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Abstract

This thesis examines the need for new antibacterial materials to treat small colony variants
(SCVs) of Staphylococcus (S.) aureus bacteria and their parental strains. While ZnO-based
nanoparticles (NPs) activated by ultraviolet (UV) and short wavelength visible light have been
researched for their antibacterial properties, the potential benefits of incorporating UCNPs to
allow activation by near-infrared (NIR) light have been overlooked. This study aims to fill this
research gap by comprehensively investigating the synthesis and performance of ZnO-coated
lanthanide-doped upconversion nanoparticle (UCNP) composites activated by NIR light
against S. aureus SCVs and parental strains.

Furthermore, this research addresses the limited understanding of the potential risks associated
with UV emission from UCNPs used as fluorescent probes in super-resolution microscopy
(SRM). Despite extensive research on the usage of UCNPs as fluorescent probes for SRMs,
the potential cytotoxic effects of UV emission from UCNPs have not been thoroughly studied.
To advance cellular imaging techniques and ensure cellular viability, a comprehensive
investigation of UV emission from UCNPs is necessary. This thesis aims to identify and
quantify UV emission by UCNPs used in SRM and develop strategies to minimise UV
emission and mitigate potential cytotoxic effects.

These two main aims are addressed in three results chapters. The first aim, the focus of chapters
2 and 3, focuses on the synthesis UCNP@ZnO composites that can be activated by NIR light
for antimicrobial photodynamic therapy (aPDT) applications against S. aureus SCVs and
parental strains. Chapter 2 reports the synthesis and performance of these composites, showing
these materials to be effective antibacterial therapies against S. aureus SCVs, while chapter 3
improves upon the performance of these composites by careful tuning of the UCNP core and
provides enhancements to the ZnO shell composition to improve reactive oxygen species
generation and add a second mode of action in the form of silver nanoparticles. The second
aim of this research is covered in chapter 4, which reports an investigation into the UV emission
from UCNPs used as fluorescent probes in SRM. The work posits the need to understand the
UV emission properties of these UCNPs as knowledge of these and the potential for cytotoxic
effects are crucial for optimizing cellular imaging experiments and ensuring accurate and
reliable results. Chapter 4 identifies design features and compositions that can limit UV
emission, thereby minimizing the risk of phototoxicity and advancing the field of cellular
imaging.

Overall, the findings from this research have the potential to contribute to the development of
safer and more effective targeted antibacterial therapies and enhance the understanding of UV
emissions in cellular imaging techniques.
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Chapter 1: Introduction and

literature review



1.1 A brief overview of nanomedicines

This chapter is divided into three sections that outline the field of nanomedicine. The first section
provides a brief overview of nanomedicines and illustrates their diverse applications. As relevant
to this thesis, it focuses on their role as therapeutic agents in anticancer and antibacterial treatment
applications. A more specific overview of inorganic antibacterial nanomedicines, a subgroup of
therapeutic nanomedicines that are a focus of this thesis, as well as their mechanisms of action is
provided, emphasizing their importance in the detection and monitoring of disease. In the second
section, the design and synthesis of lanthanide-doped upconversion nanoparticles (UCNPS) will
be discussed. In this section, the synthetic procedures used to prepare UCNPs will be reviewed.
Furthermore, the procedures used to form ZnO-coated UCNP composites will be discussed,
providing insight into current synthesis methods. Lastly, the document will address the knowledge
gap and present the objectives of this study. The purpose of this section is to identify gaps in the
current understanding of nanomedicines, as well as highlight areas that need more research.
Moreover, it will outline the specific objectives of the project, and provide a roadmap for the

remainder of the thesis.

As nanotechnology develops, it is finding applications in diverse fields, including electronics, the
energy sector, cosmetics, agriculture, and medicine.™® In general, nanomedicine is the application
of knowledge and techniques from nanoscience to medical biology, disease prevention and
treatment.® A nanomedicine encompasses any material that is intended for therapeutic or
diagnostic purposes with at least one of its dimensions falling within the nanoscale (1-100 nm).’
Despite this broad definition, nanomedicines are typically nanoparticles (NPs), which can be
classified by their composition® and include lipid nanoparticles (LNPs), polymer-based

nanomedicines, protein-based NPs, drug nanocrystals and inorganic/metallic NPs.®® Several



examples of each of these groups are provided in Table 1. The properties of nanoparticles make

them a diverse class of materials both in terms of their structures and physicochemical properties,

and they have a wide range of applications.® In recent years, NPs have been extensively studied

for the treatment of cancer and bacterial infections (as therapeutic agents), and in bioimaging

applications (diagnostic and imaging agents).

Table 1. Examples of nanomedicines and diverse applications.

Nanomedicines

Examples

Application

Ref.

Lipid NPs

liposomes: doxorubicin liposome (Doxil)

and doxorubicin citrate liposome (Myocet)

solid lipid nanoparticles (SLNSs):

cyclosporine-loaded SLNs

nanostructured lipid carriers (NLCs):
coenzyme Q10 (CoQ10)-loaded NLC and
idebenone (IDE) loaded NLC

lipid-polymer hybrid nanoparticles
(LPHNSs): paclitaxel encapsulated LPHN

and norfloxacin encapsulated LPHN

solid lipid nanocarriers (SLNCs):
fenofibrate-loaded SLNC (Lipanthylnano)

drug delivery

10,11

12

13,14

15

16,17

Polymer-based

polymeric NPs and polymer-drug
conjugates: microgels (e.g. poly(N-
isopropylacrylamide) (PNIPAmM)),
dendrimers (e.g. polyamidoamine
(PAMAM)), nanospheres (e.g. poly(lactic-
co-glycolic acid) (PLGA)), and

drug delivery and
tissue engineering,
gene therapy,
medical imaging
and diagnostic
agent

18-21




Nanomedicines | Examples Application Ref.

nanocapsules (e.g. polymeric lipid hybrid

nanocapsules)

polymeric drug: glatiramer acetate drug 22,23

(Copaxone) and colesevelam hydrochloride

(Welchol)
Protein-based protein NPs: virus-like particles (VLPs) and | drug delivery 24,25
NPs albumin-based nanocarriers
Drug nanocrystals | sirolimus  (Rapamune) and aprepitant | drug delivery 26,21
(Emend)

Inorganic/metallic | semiconductor polyvinylpyrrolidone (QDs) | imaging 28

NPs as a fluorescent label

iron oxide (FesOs) NPs in magnetic | medical imaging 29
and diagnostic

resonance imaging (MRI) agent

plasmonic NPs: gold (Au) and silver (Ag) | drug, drug delivery, | *°
imaging and
NPs diagnostic agent

1.1.1 Applications of nanomedicines as therapeutic agents

1.1.1.1 Cancer treatment

One of the most important applications of nanomedicines is the treatment of cancer, which is a
major public health problem worldwide. According to the World Health Organization,®! 18.1
million people worldwide suffered from cancer in 2018, and 9.6 million died from it. By 2040,
these figures are predicted to nearly double, with the greatest increase occurring in low- and
middle-income countries, where more than two-thirds of all cancers will occur. Lung cancer is the

most frequently diagnosed type of cancer (11.6%), followed by breast cancer (11.6%) and



colorectal cancer (10.2%). The most common cause of cancer death is lung cancer (18.4% of all
cancer deaths), followed by colorectal cancer (9.2%) and stomach cancer (8.2%).! Surgery,*
radiation therapy,® chemotherapy,3* phototherapies (photodynamic therapy (PDT) and
photothermal therapy (PTT)),% vaccinations,® immunotherapy,®” stem cell transplantation, or
combinations of these therapies are the conventional treatment options for cancer.®® The treatment
procedure may involve a combination of techniques in which the primary tumour is typically
removed through surgery, often followed by further treatment.*® While these techniques have
achieved success, they are associated with severe side effects as well. The side effects of these
treatment options range from mild discomfort to secondary tumour development and severe
toxicity to multiple systems, including the immune system.** Furthermore, an increasing number

of relapses, drug resistance, and metastatic tumours are being reported.*

It is difficult to treat the major types of cancer, mainly due to the heterogeneous and idiosyncratic
nature of each cancer and the difficulty in targeting therapeutics to cancerous cells without
damaging the normal tissues.*>** The unique properties of nanomedicines have revolutionised
theranostics (the pairing of diagnostic and therapeutic agents that share a specific target in diseased
cells or tissues)* for cancer because they feature small particle size, high drug loading, and highly
active targeting features.® The development of anticancer nanomedicines has primarily focused
on improving therapeutic activity and selectivity for the above-mentioned cancer treatment
methods. Liposomes and micelles were the first generation of NP-based drug-delivery
nanomedicines that were approved by the Food and Drug Administration (FDA).® A number of
cancer treatments use liposome-based encapsulation systems (for example, Myocet, Daunoxome,

and Doxil).



1.1.1.2 Antimicrobial agents

Another important application of nanomedicines is to treat bacterial infections, which is also a
global major public health problem. Antimicrobial resistance (AMR) may be attributed to several
factors,* but the emergence and spread of new mechanisms may have been significantly
accelerated by the overuse and misuse of antimicrobials.*® The emergence of AMR results in
decreased drug effectiveness and persistent infections, which increases the risk of serious disease
and disease transmission.*” The occurrence of AMR has become an endemic and widespread
problem affecting both high-income and low-income countries.®® Acinetobacter baumannii,
Staphylococcus (S.) aureus, Klebsiella pneumoniae, Streptococcus (P.) pneumoniae,
Escherichia (E.) coli, and Pseudomonas (P.) aeruginosa represent the six pathogens associated
with the majority of deaths worldwide. During 2019, this group of pathogens was responsible for
an average of 929,000 deaths, with methicillin-resistant S. aureus (MRSA) alone causing more
than 100,000 deaths.*® Among the above AMR pathogens, S. aureus, is a particularly important
bacteria as it can cause chronic, persistent infections that do not respond well to antibiotic

treatment.

1.1.1.3 Persistent S. aureus diseases

The S. aureus bacterium is a Gram-positive, coagulase-positive bacterium,>® with a spherical
shape, that is non-motile and forms clusters of approximately 1 um in diameter that are similar to
grape clusters.®® There are 52 species and 28 subspecies of S. aureus, and it is estimated that
between 20 and 40% of the general population harbour commensal S. aureus in the nasal mucosa
and on the skin.®® S. aureus was initially identified by Ogston in 1880 and was isolated by
Rosenbach soon after.> S. aureus quickly became identified as one of the most common causes of

healthcare-associated infections. Despite the discovery of penicillin and its clinical use only



commencing in the 1940s, resistance to penicillin emerged shortly afterwards (as early as 1952)
as a result of the B-lactamase gene blaZ. This is a plasmid-encoded penicillinase produced by
S. aureus that hydrolyzes the B-lactam ring of penicillin, the primary antimicrobial component of
penicillin. Around 1960, the first semi-synthetic anti-Staphylococcal penicillin (methicillin) was
developed, and within one year, methicillin-resistant S. aureus emerged in clinical settings.
Evidence suggests that methicillin resistance occurred even before the first anti-Staphylococcal

penicillins were clinically used.>

The human infections caused by S. aureus are generally acute; however, S. aureus can cause a
wide range of chronic and persistent infections including bacteriemia, osteomyelitis and
endocarditis, and it is a significant cause of hospital-associated infections.>* Staphylococcal
infections are primarily fought by neutrophils. Several virulence factors and immune evasion
factors are produced by S. aureus, hindering the human immune response.® S. aureus infections
are typically treated with antibiotics but, there is a continuing problem with methicillin-resistant
S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) preventing effective clinical

treatments. %657

Another major aspect of S. aureus infections is their ability to establish chronic and persistent
infections despite appropriate antibiotic treatment.® A genetically identical population of
S. aureus cells can harbour a sub-population of different cell types as a result of developing
alternative lifestyles during their growth.® These sub-populations of S. aureus have changes in
cell biology, providing additional survival strategies in stressful conditions. One example is the
switch to a Small Colony Variant (SCV).%° S. aureus SCVs grow very slowly and produce very
small, non-pigmented colonies (Figure 1) and lack or exhibit a reduction of B-hemolysis, low

coagulase activity, less sensitivity to aminoglycosides, and they often require exogenous hemin,

10



menadione, thiamine, or CO- for their growth.?®3 In general, SCVs take more than 24 hours to
become visible on solid media (typically 48 to 72 hours) due to their slower growth rate compared
with metabolically normal S. aureus (Figure 1b). As a result, SCVs may be overgrown or missed
during the routine processing of clinical specimens.® In acute infection by S. aureus, multiple
antimicrobial agents are effective; however, during chronic infection, when SCVs are dominant in
the bacterial population, these agents are ineffective.® Additionally, antibiotics such as
gentamicin, moxifloxacin, and clindamycin, when used at low concentrations, enhance the
formation of SCV in infected cells.%®° These SCV cells can therefore avoid clearance by the
antibiotic identified as able to be effective against the infecting strain. Furthermore, these cells do

not generate the usual immune mediators and can hide from immune responses.

(b) = S. aureus-JB1-SCV
= S. aureus-6850
== TSB (control)

0.1 ——
0 500 1000 1500 2000 2500
Time (min)

Figure 1. Incubation of S. aureus colonies on Columbia blood agar for 48 hours, showing the small colony
variant (SCV) on the upper section, and the normal phenotype on the lower section, adopted from von Eiff

et al.% (a), growth curves for S. aureus JB1-SCV and parental 6850 on tryptone soy broth (TSB) (b).
In general, a clear preventative treatment strategy is not available to prevent the formation of SCVs
and the resulting chronic infections. Since bacterial persistence mechanisms — such as SCV

formation — develop early in the infection period, the most effective strategy is to eliminate
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infection as soon as possible, before bacteria adapt to the development of SCVs. This could be
accomplished by utilizing antibiotics for MRSA and specifically their SCVs. Fluoroquinolones (a
family of broad-spectrum and systemic antibacterial agents) are generally used to treat SCVs.*®
However, as fluoroquinolone resistance is also frequent, vancomycin was the "gold standard"
MRSA therapy for many years. Vancomycin has, however, several significant downsides,
including the fact that it is not absorbed in the gastrointestinal tract, its side effect profile, and the
need to conduct therapeutic drug monitoring (TDM).%* As a result, a number of nanomedicine
strategies have been developed to combat MRSA bacteria, including metal ions (Ag and Au),
antibacterial peptides, peptidomimetics, oligonucleotides (RNAI, TFD, CRISPR, Aptamers) and
nanoparticles (chitosan and liposomes) for antibiotic delivery. In addition to being cytotoxic to
bacteria, NPs can also protect molecular antibiotics from detection and degradation, enhance the
efficacy of current antibiotics, and provide a method of delivering agents locally to
microorganisms to maximise their local concentrations and bactericidal effect. However, despite
the wealth of research studies that have been conducted,®® and the potential benefits of
nanomedicine in treating S. aureus SCVs, several limitations have prevented clinical trials and
widespread use. Nanomedicines are subject to various limitations, such as the development of
antibacterial resistance, toxicity and side effects, and uncertainty in their performance. The
development of metal or metal oxide nanoparticles that possess inherent antibacterial properties
has made great progress, but their toxicity is a significant drawback. For example, as Ag NPs are
not selective for bacterial cells, they may cause local toxicity to normal cells.% In the following

section, the inorganic antibacterial nanomedicines, and their mechanism of action will be explored.
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1.1.2 Inorganic antibacterial agents: materials and mechanisms of action

Inorganic antibacterial nanomedicines can be categorised into two major groups based on the
mechanisms underlying their antibacterial effects: endogenous and exogenous antibacterial
agents.%” The primary antibacterial mechanism of action for endogenous inorganic nanomedicine
is ion toxicity. The noble metals such as Ag and Au NPs are the most common materials in this
category. Fast and effective antibacterial action are the advantages of this strategy, but they do not
guarantee safety and their antibacterial action is uncontrolled. Alternatively, exogenous inorganic
nanomedicines possess antibacterial properties due to the release of reactive oxygen species (ROS)
or the generation of heat as a result of light activation. Metal oxides such as titanium dioxide (TiO2)
and zinc oxide (ZnO) and more recently semiconductor-coated UCNPs are examples of these
materials. Besides light, other external stimuli (e.g. electricity, magnetism, microwave, and
ultrasound) have also been reported to stimulate materials, among which light-responsive materials

have long been a subject of considerable research.®”-"°

The effectiveness of Ag NPs has been demonstrated against a wide range of both Gram-positive
(e.g. S. aureus, S. pneumoniae) and Gram-negative (e.g. E. coli, P. aeruginosa) bacteria, making
them a promising alternative to conventional antibacterials.’*”> Nanotechnology has enabled the
synthesis of Ag NPs, which have remarkable antibacterial properties due to their large surface
area-to-volume ratio compared to larger particles and bulk metals.” Several reports demonstrate
the effectiveness of Ag NPs against bacterial cells in slow-growing or resting states (e.g. SCVs).”
The antibacterial action is attributed to both Ag NPs and Ag ions (Ag*) formed during their
dissolution.”®">76 Although extensive studies have been conducted on both Ag* ions and Ag NPs,
the exact antibacterial mechanism of action is still debated.”” It has been shown that both Ag NPs

and Ag" ions are capable of interacting with multiple components of bacteria. As a result of these
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interactions, they may interfere with bacterial metabolism and harm outer cellular functioning.’®"°

Generally, Ag NPs possess antibacterial properties due to the destruction of cell walls,
destabilisation of structural proteins, inactivation of membrane proteins, inactivation of enzymes,
inhibition of the electron transport chain (ETC), damage to nucleic acids, and oxidative stress

induced by the generation of ROS.®

Currently, experimental studies are combining the use of Ag NPs with certain molecular antibiotics
as antibacterial agents.8'®2 There is, however, a limitation to this synergistic effect as not all
molecular antibiotics combined with Ag NPs display a beneficial effect.3* Ag NPs combined with
well-known antibiotics such as enoxacin, kanamycin, neomycin, and tetracycline inhibited the
growth of multiple drug-resistant Salmonella Typhimurium, whereas ampicillin and penicillin did
not have a similar effect.®? As an example of the beneficial activity of combined antibiotics, it was
observed that tetracycline may enhance the binding of Ag NPs to the bacterial cell surface.
Combined with streptomycin, vancomycin, tetracycline, amoxicillin, gentamicin, erythromycin,
and ciprofloxacin, Ag NPs have also been shown to have a synergistic effect against S. aureus and
E. coli,®* while Ag NPs in combination with ampicillin, chloramphenicol, and kanamycin have
also been demonstrated to be effective against Enterococcus (E.) faecium, S. aureus, Streptococcus

mutans, and E. coli.88

As noted, antimicrobials face the challenge of decreased efficacy over time due to the development
of resistance. Contrary to conventional antibacterials, the study of Ag NP resistance in bacteria
and the mechanisms by which it occurs has been limited and has not led to any conclusive results.®
Despite the existence of well-established resistance to Ag™ ions, the evolution of Ag NP resistance
in bacteria has only recently been recognised.®”-% It has been shown that Gram-positive bacteria

are more resistant to Ag NP treatment due to their comparatively thicker cell walls and higher
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levels of peptidoglycan than Gram-negative bacteria.®® While Ag NPs may have significant
potential for nanomedicine, their primary drawback is that they release silver ions uncontrollably
causing cytotoxicity.®**® Since the therapeutic window concentration range (determined by the
difference between therapeutic and toxic concentrations) for Ag NPs is very narrow, Ag NPs are

severely limited in their application as antimicrobials.®*

Although Au NPs are less commonly studied than Ag NPs, they also possess antibacterial
properties. The antibacterial activity of Au NPs appears to be dependent on surface
functionalisation, which may add to their complexity.®® Gold atoms exhibit a low level of
reactivity, particularly concerning oxidation by dissolved oxygen. As a result, fewer free Au™ ions
are released from Au NPs, and fewer ROS are generated. As a consequence, ROS generation and
ion release are thought to contribute much less to the antibacterial activity of Au NPs compared to
Ag NPs, while direct interaction with the cell envelope, and binding to the intracellular
components of the bacteria are the key mechanisms.”’ A special feature of Au NPs is their localised
surface plasmon resonance (LSPR), which is useful in many nanotechnological applications. LSPR
occurs as the electrons on the surface of noble metal nanoparticles interact with electromagnetic
radiation, producing LSPR.%® As a result, metal nanoparticles exhibit strong extinction and

scattering spectra, which are very useful in a variety of applications.

There are two main approaches to increasing the antibacterial activity of Au NPs that employ light
activation: antibacterial photothermal therapy (aPTT) and antibacterial photodynamic therapy
(aPDT).% It has been demonstrated that vancomycin-immobilized Au NPs (Au@Van NPs) have
antibacterial and photothermal properties against vancomycin-resistant E. faecalis (VRE1 and
VRE4). After 5 minutes of irradiation with an 808 nm near-infrared (NIR) laser, the sample

solution temperature increased by approximately 15 °C. For VRE growth inhibition, the amount
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of vancomycin required on the vancomycin-coated Au NPs combined with NIR irradiation is
approximately 16-fold less than the amount required when the same cells were treated with free
vancomycin.*® However, despite these positive results, there are several limitations and challenges
associated with the use of Au NPs as antibacterial nanomedicines. In comparison to other
antibacterial agents, Au NPs have limited antibacterial activity. Additionally, Au NPs may not be
toxic at low doses; however, higher doses have been reported to disrupt the functioning of all tested
organs, including the brain, liver, spleen, kidney, heart and lung in animal experiments.

Furthermore, long-term effects on human health are not fully understood.3:97:99-101

Exogenous antibacterial inorganic nanomedicines activated by light can also be used for aPDT. In
aPDT, nontoxic photosensitizing NPs absorb light at a specific wavelength and produce ROS
molecules that provide antibacterial action. There are two ways in which aPDT produces ROS.
Type | reactions produce hydroxyl radicals (HO"), superoxide anion (O2™), and hydrogen peroxide
(H202) from the direct reaction between the activated photosensitiser and the cell membrane. Type
Il reactions involve the activated photosensitiser transferring energy to molecular oxygen to
produce excited singlet oxygen (*O2). Even though both reactions occur simultaneously, the Type
Il pathway is generally more dominant for antibacterial activity because excited singlet oxygen
causes the majority of cellular damage due to its high quantum yields.'%? There have been several
recent studies that demonstrate the antibacterial properties of semiconductor TiO2 NPs.1%1% With
a band gap of 3.2 eV, TiO2 NPs can generate electron-hole (e/H") pairs with high energy when
exposed to UV light with a wavelength of 385 nm or lower.1%>1% The irradiation of UV light results
in the production of ROS with high oxidative potential when oxygen is present.’®” This can result
in the alteration of cellular DNA synthesis processes, damage to DNA and proteins, and

inactivation of metabolic enzymes caused by ROS.1%>197:108 Tj0, NPs may also cause cell death
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through attachment to the microbial cell wall and subsequent internalisation, thus damaging the
integrity of the membrane. Furthermore, TiO2 NP accumulation causes the development of “pits”
on the surface and the accumulation of free radicals. It has been reported that TiO> NPs have

antibacterial properties against a range of bacteria including E. coli and S. aureus.%®109110

Another example of a material used for aPDT is ZnO NPs. ZnO NPs are compatible with human
cells, and their properties make them useful for a wide range of biomedical applications, including
tissue engineering, drug delivery systems, and bioimaging. Furthermore, ZnO NPs have also been
demonstrated to possess antibacterial properties due to their large surface area, reduced volume,
high surface reactivity, and ability to produce ROS when exposed to UV radiation.®®110-112 The
antibacterial mechanisms of ZnO materials have been reported previously, but are still under
debate.’™® Among its antibacterial mechanisms that have been suggested are the release of Zn?*
metal ions from ZnO NPs, the production of ROS produced by photo-induced reactions and the
direct interaction between ZnO NPs and the bacteria. As a result of the release of Zn?* ions, they
could interact with the membrane of the bacterial cell, enter the cell, and form chemical bonds
with the sulfhydryl, amino, and hydroxyl functional groups of the bacteria in order to disrupt the
metabolism of the cell.1** However, the antibacterial activity of ZnO NPs in dark (non-illuminated)
conditions against both E. coli and S. aureus has been found to be a minor component of their
mode of action in previous research,® suggesting that Zn?* ions and mechanical damage to
bacterial cells may have had limited contributions to the death of bacteria. Other studies have also
demonstrated similar results regarding the role played by Zn?* ions in ZnO NPs antibacterial
activity.! As with TiO, NPs, photo-induced ROS generation is considered to be the main

mechanism of action of ZnO NPs in antibacterial applications.
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One of the main drawbacks of both TiO> and ZnO NPs is their wide band gap that can only be
activated by UV light, with the usage of UV in biological systems being constrained due to the
potential for irradiation-induced cellular damage. As a result of this drawback, several metals, and
non-metals have been incorporated into ZnO NPs to extend their photo-response into the visible
spectrum. 18117 Despite these efforts to narrow the band gap for TiO2 and ZnO NPs, they must still
be activated by visible light, which does not penetrate the tissues well. Consequently, the
development of advanced NP composites based on ZnO or TiO2 NPs with light activation in the
longer wavelength near-infrared (NIR) region, which has limited absorption by biological tissues,

is highly desirable.

A potential alternative to semiconductor NPs could be core-shell NPs composed of upconverting
nanoparticles (UCNPs), such as NaYF4:Yb/Tm, as the core and a ZnO semiconductor in the
shell.**® To induce cell death, 980 nm NIR light can be used to activate the core UCNP to produce
UV emission, which in turn is then absorbed by the ZnO shell, resulting in cytotoxic ROS that
induce cell death. In contrast to commonly used photosensitisers, core/shell UCNP@ZnO NP
composites may have several advantages. The main advantage of these composites is the ability to
be activated by NIR light and biocompatibility. The NIR light that excites the UCNP core is within
the optical window (700-1100 nm) of biological systems, which means that it is generally safe
since biological tissue exhibits relatively low attenuation at these wavelengths.'*® A further
advantage of NIR light is its ability to penetrate deeper into biological tissues.*?° Finally, the ZnO
shell also has attracted attention for biological applications due to its abundance and
biocompatibility (non-toxicity), and acceptance as a generally recognised as safe (GRAS)
substance by the FDA.'?! This approach is the focus of two chapters in this thesis, focussing

specifically on “Facile multistep synthesis of ZnO-coated B-NaYF4:Yb/Tm upconversion
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nanoparticles as an antimicrobial photodynamic therapy for persistent Staphylococcus aureus
small colony variants” (Chapter 2) and “Reactive oxygen species (ROS) and ROS-stimulated Ag

release by UCNP@ZnO:Co/Ag composites for antibacterial photodynamic therapy” (Chapter 3).

1.1.3 Applications of nanomedicines as diagnostic and imaging agents

In addition to being used for the treatment of diseases such as cancer and bacterial infections,
nanomedicine can also assist in the differentiation of normal cells from diseased cells or detect
pathogens themselves. Medical diagnosis has been improved due to the development of
nanomaterials in the form of sensors or imaging agents that are sensitive, and highly specific.??
129 Bjosensors are chemical sensors that contain a biological recognition element that recognises
analytes and a transducer that transmits the signals.’*®*3! |t is possible to generate optical,
electrochemical, thermal, or piezoelectric signals based on different biological interactions, for
example, antigen-antibody or antigen-aptamer interactions, which can be used to detect diseases
caused by bacteria or viruses.'® As noted previously, NPs possess high surface area per unit
volume, high electrical conductivity, colourimetric properties, and high mechanical strength, all
of which make them suitable for conjugation with antibodies and aptamers in biosensor

applications, 122132139

Anatomical and functional imaging with nanomaterials is also a key focus in nanomedicine.
Bioimaging techniques are crucial for detecting and locating cancerous tumours, characterising
them, monitoring the treatment, and detecting cancer recurrence.'® The use of nanomaterials as
contrast agents can help visualise structures inside the human body and to enable clinicians to
differentiate healthy from diseased tissues. A variety of imaging configurations are available,
including computed tomography (CT),}14 magnetic resonance imaging (MRI),147148

photoacoustic imaging,'*® and fluorescence imaging.'*>**! In all these techniques, NPs serve as
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contrast agents and can be engineered to localise in specific tissues and produce high contrast.®

The examples of nanomedicines as diagnostic and imaging agents are presented in Table 2.

Table 2. Examples of nanomedicines used as diagnostic and imaging agents.

Nanomedicines as diagnostic | Examples of NPs Ref.

and imaging agents

Biosensors Au NPs and their derivatives 132,152,153
Ag NPs and their derivatives 124,126,136,154
Diagnostic | computed Au coated with folic acid and silica, 143-145.155
and tomography (CT . . :
o graphy (CT) lanthanide-doped upconversion nanoparticles | 146
imagin
ging (UCNPs) based on NaGdF4 NPs

agents

magnetic paramagnetic agents (e.g. gadolinium-based 156.157

resonance agents)

imaging (MRI . . .

ging (MRI) superparamagnetic agents (e.g., iron oxide- 158,159

based agents such as SPIONSs)

NaGdF4:Yb:Er-Ag nanowire hybrid 160

nanocomposites

Gd,03:Si0,@Au NPs 161

carbonized paramagnetic complexes of 162
manganese (1) (Mn@CCs)

photoacoustic Au-based NPs, UCNPs, gallium@rGO and 163-166
imaging Fe@y-Fe203@H-TiO>

fluorescence SiO2-based NPs, F- and Cl-doped carbon 167-169
imaging guantum dots (confocal microscopy),

NaYF4:Yb/Tm UCNPs (SRMs)
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In recent years, optical microscopy, which can examine morphological details as well as
physiological details in real-time with high sensitivity, has become a crucial part of diagnosing
diseases.'’® Optical imaging technology has developed significantly in both preclinical and clinical
translational research. Optical imaging, especially fluorescence imaging, has become increasingly
popular in the study of tissues and has potential applications intraoperatively.’®! Imaging
techniques based on fluorescence involve the excitation of fluorescent probes (fluorophores) by
light at a specific wavelength, followed by the visualization of their emission by using an
appropriate detector, such as optical microscopy. Depending on the application, fluorescence
imaging can be divided into two categories: in vivo and in vitro imaging. While there is an overlap
between in vivo and in vitro fluorescence imaging techniques,'’* confocal microscopy and super-
resolution microscopy (SRM) are the most widely used techniques for in vitro imaging. One of the
major disadvantages of fluorescence microscopy for imaging is the limitation to a spatial resolution
of 200 nm, which is due to the light diffraction limit rationalised by Abbe's rule.}’> With the
development of SRM techniques, the resolution limitations of fluorescence microscopy have been

overcome.1”

Fluorescent probes are crucial components of SRM since they can identify target molecules and
structures with high precision by labelling and thereby revealing insights into cellular structure
and activity.}’* Fluorescent probes are being developed and evaluated continuously for SRM,
including fluorescent dyes, fluorescent proteins, quantum dots (QDs), and UCNPs,155171.174-179 ¢
is critical that a fluorescent probe exhibits adequate brightness, excellent photostability, and
superior biocompatibility.*®° Recent developments in UCNPs have established them as novel
fluorescent probes for SRM techniques.!” UCNPs have unique optical properties compared to

organic fluorophores or QDs. Among the advantages of UCNP probes are sharp and controllable
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light emission, tunable and long lifetime, low background autofluorescence, and limited
photobleaching.t%1® UCNPs have been tested in a wide variety of SRM techniques, including ion
beam excitation, stimulated emission depletion microscopy (STED), fluorescence emission
difference microscopy (FED), and structured illumination microscopy (SIM).X"® It was
successfully shown in 2017 that NaYF4:Yb/Tm UCNPs can be used as a fluorescent probe for
STED  microscopy.’®®8  As another example, it has been reported that
NaYF4:Nd/Yb/Er@NaYF4:Nd UCNP can be used as a fluorescent probe in FED.!8 However,
there are a number of disadvantages to using UCNPs as fluorescent probes in SRMs, including
their poor water solubility, low fluorescent quantum yields, and the difficulty of tuning the
luminescence, in comparison with organic dyes and QDs. Furthermore, high excitation powers
should be avoided in the wavelength range relevant for UCNPs, since sample heating is an

issue.170’175

Ongoing research efforts in this field are focused on developing brighter emissions in UCNPs for
use as fluorescent probes in SRMs. Despite this, there are concerns regarding the emergence of
UV emission for cellular photodamage from UCNP probes in SRMs. Thesis Chapter 4 reports an
investigation of commonly reported UCNPs and their potential for UV emission as a tradeoff

against the visible emissions targeted for SRM applications.

1.2 Design and synthesis of UCNP materials and their composites

The purpose of this section is to provide an overview of the design and the synthetic methods used
to form UCNPs and their ZnO-coated composites. UCNPs consist of an inorganic host matrix and
lanthanide ions distributed uniformly within a host matrix that insulates the ions from one
another.'® The ion emitting the radiation is referred to as an activator, whereas the energy donor

is referred to as a sensitiser. The ideal host matrix should possess the following characteristics: a
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high tolerance for luminescent centres, low phonon energy that minimises deleterious nonradiative
relaxations, high transparency so that NIR photons may migrate freely throughout the lattice, and
excellent chemical and thermal stability for preserving crystal structure.!®® The lanthanoid
elements comprise fifteen elements from lanthanum (La) to lutetium (Lu), which share similar
ground-state electronic properties (Figure 2). The fifteen lanthanides together with scandium and
yttrium are called rare earth (RE) elements. Upconversion luminescence in these materials is
typically induced by electronic transitions between 4f orbitals with associated wave functions
within a single lanthanide.'® A weak shielding of the 4f electrons occurs as a result of 5s? and 5p®
orbitals lying outside the 4f orbitals, resulting in sharp and narrow emissions from the 4f to 4f

transition. 183185
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Figure 2. Periodic table of elements. The lanthanoid elements are highlighted with a red dashed line.

Efficient upconversion occurs only with carefully selected host and activator-sensitiser
combinations. The hexagonal B-NaYFs crystal is one of the most efficient host matrixes for
UCNPs.18 Other host matrixes such as hexagonal p-NaYbFs and B-NaGdF are also important
host UCNP crystals for biological applications. UCNPs are optically tuned by manipulating the
dopant concentration and changing the lanthanide dopant.*®38" In general, Er®*, Tm%", and Ho®*

are the most commonly used lanthanide activators. UCNPs utilizing Er®* and Tm®* as activators
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are among the most efficient UCNPs due to their relatively large energy gaps and low probability
of non-radiative transitions between excited state energy levels.'® Using a sensitiser with a
sufficient absorption cross-section in the NIR region can also greatly enhance the efficiency of
upconversion luminescence. Co-doping a host with a sensitiser allows for efficient energy transfer
upconversion (ETU) between the sensitiser and the activator. Several sensitisers can be used for

Er3* and Tm®*, but the most widely used is Yb3* 18

In general, good quality UCNPs with small, uniform and highly crystalline structures are
synthesised by the thermolysis method because it allows precise control of composition, phase,
and size for core-only and core/shell UCNP structures.'® First used by Yan et al.’®® for the
synthesis of LaFs, the thermolysis method is now standard for the synthesis of UCNPs. Although
thermolysis produces high-quality crystals with a narrow size distribution, it is not without its
limitations. A few examples of the issues of the thermolysis approach are requiring high
temperatures of approximately 300 °C or greater for synthesis, being difficult and laborious to use,
and giving crystal defects arising from fast nucleation or growth that may result in lower
upconversion quantum yields.%%! The thermolysis synthesis method uses lanthanide salts as
precursors, which decompose at elevated temperatures in a high boiling point organic solvent with
the assistance of surfactants. Salts of chloride or trifluoroacetate are the most common sources.
The thermolysis method utilises the non-coordinating 1-octadecene (ODE) as a solvent with a
boiling point of 320 °C, along with oleic acid (OA) as both a solvent and surfactant. As a surfactant,
OA stabilises metallic elements (preventing their aggregation) and regulates the growth and shape
of nanoparticles.!®? Alternatively, UCNPs are also synthesised using solvo(hydro)thermal
synthesis methods.***% During the solvothermal process, the precursors are dissolved in ethylene

glycol and then transferred to a Teflon-lined stainless steel autoclave where they are heated at
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200 °C for approximately 12 hours. Following centrifugation, a series of washing steps are
performed in order to collect the product. The hydrothermal synthesis method is similar, except
that water serves as the solvent.® Despite solvo(hydro)thermal synthesis capabilities, UCNPs are

more commonly synthesised by thermolysis, which provides uniform, high-quality NP

Crystals 184,190,191,196

Hexagonal B-NaREFs UCNPs (RE = rare earth; for example hexagonal B-NaYFs and B-NaYbFa)
are generally regarded to have higher upconversion efficiency than their cubic counterparts, with
this attributable to features of their crystal structures.'®31971% |n hoth of these host crystal UCNPs,
emission from the cubic phase is extremely weak, as a result of several structural differences. In
particular, the hexagonal B-NaYFs crystal structure has two types of low-symmetry lanthanide
sites where distorted electron clouds are strongly coupled to the lattice. In comparison, the cubic
phase is characterised by random substitutions between Na* and lanthanide cations in the lattice,
which complicates their bonding. This results in more non-harmonic phonon modes providing
detrimental energy loss channels, in comparison with the highly ordered cation distribution in the
hexagonal lattice.’®® Additionally, there is a smaller distance between adjacent lanthanide ions in
the hexagonal structure, 3.548 A compared to 3.868 A in the cubic phase.'®” For these reasons, the
upconversion efficiency of cubic lanthanide-doped NaYFs materials is typically much lower than
that of the hexagonal NaYFs phase.'®® The cubic phase is usually formed at the beginning of the

synthesis process, and then the cubic UCNP phase is converted into the hexagonal phase.?®

The photoluminescence efficiency of UCNPs has been enhanced by a variety of strategies,
including size or phase control, incorporation of impurities, modification of the host matrix,
core/shell structures and increasing activator concentrations,18190196.201.202 The nrimary strategy

to enhance the UV emission from the UCNPs is the manipulation of the sensitiser and activator

25



concentration within the host matrix. The use of NaYb(99%)F4:Tm(1%) UCNP compositions has
been shown to produce intense emissions in the UV region compared with the commonly used
NaY F4:Yb(18%)/Tm(1%) composition.?®® The high sensitiser (Yb%*) to activator (Tm*") ion ratio
leads to saturation of the Tm energy levels resulting in much higher UV emission than a non-
saturated system. However, surface quenching, which is detrimental to the emission intensity from
UCNPs, is more pronounced in highly Yb** doped materials like NaYb(99%)Fs:Tm(1%) UCNPs.
Surface quenching involves energy migration from lanthanide ions in the centre of the nanocrystal
to those on the surface and relaxation non-radiatively leading to a decrease in the luminescence
intensity. To reduce the quenching effects, an inert UCNP shell can be coated on an active UCNP
core. The inert UCNP shell crystal is typically synthesised using the same composition of the core
but without the active lanthanide dopants. This is an important factor allowing the synthesis of a
homogenous and uniform shell. For example, for NaYF4:Yb/Tm and NaYbF4: Tm UCNPs, an inert
NaYFs shell would be a suitable structure. An additional advantage of core-shell structural
engineering is the possibility of incorporating organic dyes into energy transfer pathways for more

flexible optical tuning.?%?

It is worth noting that, the inert shell does not contribute to generating a
new emission peak and also the majority of core/shell UCNPs have been reported to enhance the
emissions in the visible rather than UV range. The next section will provide an overview of the

current methods of synthesising ZnO-coated UCNPs.

Despite the comprehensive development of the UCNP core/shell materials, a reproducible
synthesis protocol for the UCNP core/ZnO shell with a uniform ZnO shell and precisely controlled
thickness remains to be developed. The epitaxial growth in heterostructure NPs creates a
homogenous interface between the core and the outer shell, resulting in a high degree of atomic

order at the interface, which provides an ideal channel for efficient energy transfer between the
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core and outer shell (e.g. energy transfer from core UCNP to ZnO shell). As a result, epitaxial
core-shell NPs often exhibit improved photocatalytic activity compared to non-epitaxial NPs,20%204
The oleate ligands on the surface of the UCNPs render them hydrophobic (and able to be dispersed
in nonpolar solvents), while ZnO shell formation typically preferences NPs with hydrophilic
surfaces.?%>2%” Removing the oleate ligand by washing it with acids like hydrochloric acid (HCI)
or exchanging it with other ligands such as polyvinylpyrrolidone (PVP) to make the hydrophobic
UCNPs more hydrophilic have been reported as effective strategies.?®2% A simple method of
removing the oleate ligands in UCNP samples that are sensitive to stronger acids has also been
reported using formic acid as a stripping agent.?'° However, this is not the only difficulty in coating
uniform ZnO NPs onto the surface of UCNPs. It is generally accepted that in a core/shell
nanoparticle structure, the host and shell materials should have a low lattice mismatch in order to
form a homogeneous interface between them, which results in epitaxial growth. However, the
synthesis of homogenous epitaxial ZnO-coated UCNPs (UCNPs@ZnO) is a challenging task due
to significant lattice mismatching between the UCNP core and ZnO shell. The application of an
inert thin SiO> shell between UCNP and ZnO shell appears to be a viable method of not only
facilitating the deposition of a ZnO shell but also preventing surface quenching on the UCNP core.
The following section summarises the synthesis methods that have been reported in the literature

for the synthesis of core/shell ZnO-coated UCNPs.

ZnO-coated NaYF4:Yb/Tm UCNPs have been synthesised from existing UCNPs without
modification of the surface chemistry, e.g. the removal of the oleate ligand.**® This method used
zinc acetate (Zn(acac).), oleic acid (OA) and oleylamine as surfactants and a relatively high
temperature of 220 °C in the synthesis. The study claimed the formation of continuous ZnO shells

on UCNP based on the high-resolution transmission electron microscopy (TEM) and elemental
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mapping of scanning electron microscopy (SEM) images. An alternative study used a similar
protocol with some variations to coat ZnO onto B-NaYF4:Yb/Tm at the slightly higher temperature

of 250 °C; however, the ZnO shell was not uniformly coated around the UCNP core.?!!

Another study formed a zeolitic imidazolate framework 8 (ZIF-8) coating on the UCNPs, which
was then converted into ZnO.?2 In this case, HCI was used to remove the oleate ligand from the
surface of the UCNP and the UCNPs were coated with PVP to increase their hydrophilicity. This
allowed ZIF-8 coated UCNPs to be formed followed by the calcination at 400 °C to give ZnO-
coated NaYF4:Yb/Tm UCNPs. A potential advantage of this method is the ability to incorporate
other elements into the ZIF-8 shell to modify the final ZnO shell (e.g. doping ZnO with impurities).
However, this method also fails to produce a uniform ZnO shell around the UCNP core.
Additionally, ZnO-coated UCNPs have been prepared using a chemically inert SiO2 layer between
the UCNP core and ZnO shell. Microemulsions were used to coat UCNP with SiO., and then ZnO
shells were deposited on top of the Si02.2% Then PVP was coated on the surface of the sample
before coating the ZnO. This method has presented a continuous ZnO shell around the

UCNP@SiO2 which is considered desirable.

1.3 Thesis knowledge gap and objectives

For targeted antibacterial therapies against MRSA, ZnO-coated UCNP composites which can be
activated by NIR light represent a promising approach. However, the current literature lacks
comprehensive studies focused on the development of these composites, particularly materials
with enhanced antibacterial efficacy against methicillin-resistant S. aureus SCVs and their parental
strains. There has been a significant amount of research into ZnO-based NPs activated by UV and
near visible light and their antibacterial properties, without considering the potential benefits of

incorporating UCNPs to allow activation by NIR light, which can result in deeper tissue
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penetration as well as less photodamage than UV and/or near visible light irradiation. Additionally,
the synthesis of ZnO-coated UCNPs has not been widely studied and preliminary results indicated
these methods have limitations or issues with reproducibility. This study aims to address this
research gap in understanding the synthesis and performance of ZnO-coated UCNP composites

activated by NIR light against S. aureus SCVs and their parental strains.

Additionally, UV emissions from UCNPs used as fluorescent probes in SRM may cause cellular
damage during these imaging experiments that may complicate or interfere with the results. In
particular, there is limited knowledge about the potential risks associated with UV emissions from
UCNPs, despite their popularity as versatile fluorescent probes for SRM imaging. Research on
UCNPs has primarily focused on their visible fluorescence properties and imaging capabilities,
neglecting their UV emission and potential cytotoxic effects. As it is essential to maintain cellular
viability and minimise phototoxicity in certain SRM studies, an extensive investigation of the UV
emissions from UCNPs is necessary. In order to advance the field of cellular imaging, this study
aims to identify and understand the UV emission by UCNPs being used as fluorescent probes in
SRM, as well as develop strategies to minimise UV emission and thereby mitigate potential

cytotoxic effects.

This research work had two aims. First, it aimed to synthesise UCNPs@ZnO composites that will
be activated by NIR light for aPDT applications against methicillin-resistant S. aureus SCVs and
the parental strains. The second aim of this overall study was to investigate the UV emissions from
UCNPs when used as fluorescent probes within SRM and to understand the design features and
compositions that could be used to limit UV emission. In order to achieve the research aims, the

following research objectives were determined.
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1. Synthesise UCNP@ZnO materials activated by NIR light for aPDT application against
methicillin-resistant S. aureus and their SCVs.
a. synthesise UCNP@ZnO materials.
b. enhance the antibacterial activity of the UCNP@ZnO composite by:
i. improving the efficiency of UV generation by the UCNP core and
ii. improving the absorption and photocatalytic efficiency of the ZnO shell.
2. Examine UV emissions from UCNPs when used under SRM conditions.
a. synthesise UCNPs commonly used as fluorescent probes in SRM.
b. investigate the UV emission from as-synthesised UCNPs.
c. analyse the emission results and determine the potential for cell damage from UV

emissions by UCNPs.

To address the first aim of this research, a reproducible synthesis of ZnO-coated UCNP materials
was developed using a step-by-step approach. Several synthesis techniques were adopted and
modified, including the surface modification of the UCNP cores and the intermediacy of the metal-
organic framework (MOF, ZIF-8) templating approach to synthesise UCNP@ZnO. The synthetic
parameters for ZIF-8 formation were evaluated to determine the optimal conditions for forming
ZIF-8 around the UCNPs, and further the best conditions to convert the ZIF-8 into the ZnO NP
shell without converting the UCNPs into the less desirable cubic phase. The as-synthesised
UCNP@ZnO materials were tested against S. aureus WCH-SK2-SCV and parental S. aureus
WCH-SK2 strains. LEDs with a wavelength of 980 nm were used as the source of NIR light to
activate the materials (since the required NIR laser setup was under construction during the first

stage of the project). LEDs are also more portable and safer sources of light, and they can activate
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a larger area. The results of this work are presented in Chapter 2 and published as a research paper

in the peer-reviewed journal ACS Applied Bio Materials.

Based on the outcomes of this work, the ZnO-coated UCNP composite was optimised to enhance
its antibacterial activity. Both the UCNP core and the ZnO shell were evaluated independently
using different strategies to enhance the overall photocatalytic activity. To enhance UV light
generation from the UCNP core for activation of the ZnO shell, UCNPs of various compositions
were examined. Additionally, the ZnO shell was formed with different dopants to determine
whether it would be more capable of utilizing near-visible light and UV emitted from the UCNP
core. The combination of an improved UCNP core with an optimised ZnO shell resulted in
materials with better antibacterial activity. The antibacterial activity of the improved UCNP@ZnO
composites was evaluated using a continuous wave (CW) NIR laser against antibacterial-resistant
S. aureus JB1-SCV and the parental S. aureus 6850. Additionally, different protocols were used
to examine the antibacterial mechanism of action for the as-synthesised compound. This work is

currently being prepared for publication and is presented in Chapter 3.

The second objective of this PhD project was to investigate the potential UV emissions from
UCNPs when used as fluorescent probes in SRMs. A total of eight UCNPs based on
NaYF4:Yb/Tm, NaYbF4:Tm, and NaYbF4:Tm/Gd structures were synthesised, characterised, and
assessed for their UV emissions. A UV-sensitive detector system was used to detect the presence
and extent of UV emissions from these UCNPs under continuous and pulsed excitation regimes.
The potentially negative impact of high-energy UV emissions on the surrounding biological
sample was discussed. A key rationale for this research was to shed light upon the importance of
accurate measurement of UV emission characteristics of UCNPs, in addition to the targeted visible

emission measurements, when developing UCNPs as fluorescent probes for SRM applications.
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The findings concerning UV emission from UCNPs were published in the journal ACS Applied

Nano Materials and are presented in Chapter 4.

In the course of this PhD project, an additional research paper was published as collaborative work
that is presented in the appendices section. This paper leveraged the synthetic methodologies and
understanding of UCNP materials that was garnered in this research, and thus, while not central to
the aims of the overall work, provides a useful contribution to the area and supporting knowledge
for the thesis. This research paper has been referenced in another thesis with the title of “A Dual
Tuneable-Laser Excitation System for the Discovery of Naturally Occurring Fluorescence

Signals”.

1.4 Thesis outline

Chapter title Chapter Type

Introduction and project overview 1 literature review/research
output

Facile multistep  synthesis of ZnO-coated 2 research output

B-NaYF4:Yb/Tm upconversion nanoparticles as an (published)

antimicrobial photodynamic therapy for persistent

Staphylococcus aureus small colony variants

Reactive oxygen species (ROS) and ROS-stimulated 3 research output (to be

Ag release by UCNP@ZnO:Co/Ag composites for submitted to a peer-
antibacterial photodynamic therapy reviewed journal)
UV emission from lanthanide-doped upconversion 4 research output
nanoparticles in  super-resolution microscopy: (published)

potential for cellular damage

Conclusion and outlook 5 conclusion
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2.1 Abstract

Antibacterial treatment strategies using functional nanomaterials, such as photodynamic therapy,
are urgently required to combat persistent Staphylococcus aureus small colony variant (SCV)
bacteria. Using a stepwise approach involving thermolysis to form B-NaYF4:Yb/Tm upconversion
nanoparticles (UCNPs), surface ligand exchange with cetyltrimethylammonium bromide (CTAB),
followed by zeolitic imidazolate-8 (ZIF-8) coating and conversion to zinc oxide (ZnO),
B-NaYFsYb/Tm@ZnO  nanoparticles  were  synthesised.  Direct  synthesis  of
B-NaYF4Yb/Tm@ZIF-8 UCNPs proved problematic due to the hydrophobic nature of the
as-synthesised material, which was shown by zeta potential measurements using dynamic light
scattering (DLS). To facilitate deposition of a ZnO coating, the zeta potentials of (i) as-synthesised
UCNPs, (ii) calcined UCNPs, (iii) polyvinylpyrrolidone (PVP), and (iv) CTAB-coated UCNPs
were measured, which revealed the CTAB-coated UCNPs to be the most hydrophilic, and better-
dispersed form in water. B-NaYF4Yb/Tm@ZIF-8 composites formed using the CTAB-coated
UCNPs were then converted into B-NaYF4:Yb/Tm@2ZnO nanoparticles by calcination under
carefully controlled conditions. Photoluminescence analysis confirmed the upconversion process
for the UCNP core, which allows the B-NaYFsYb/Tm@ZnO nanoparticles to photogenerate
reactive oxygen species (ROS) when activated by near-infrared (NIR) radiation. The NIR-
activated UCNPs@ZnO nanoparticles demonstrated potent efficacy against both Staphylococcus
aureus (SK2) and associated SCV bacteria (0.67 and 0.76 in log CFU reduction, respectively),
which was attributed to ROS generated from the NIR activated B-NaYFsYb/Tm@ZnO

nanoparticles.
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2.2 Introduction

The Staphylococcus (S.) aureus is a significant bacterium associated with chronic infections.?
S. aureus small colony variants (SCVs), as a subpopulation of S. aureus, are a slow-growing
bacterial cell-type that is now known to be responsible for persistent, relapsing infections (such as
osteomyelitis), which respond poorly to conventional antibiotics.? The persistent infections as a
response to remaining SCVs are attributed to their tolerance of antimicrobials, intercellular
survival and the limited production of toxins necessary to elicit immune clearance.®* Despite
significant efforts,>>° there remains an urgent need for developing effective antibiotics or

preventative therapeutic strategies to eradicate both S. aureus and their SCVs.

Antimicrobial peptides,®> nanoparticles,’ bacteriophage therapy,®® and antimicrobial
photodynamic therapy (aPDT)!*® have all been considered as alternative strategies to antibiotics
for combatting antimicrobial-resistant bacteria.’* PDT has been used for decades as a cancer
treatment due to its low toxicity and high selectivity; however, it has not seen significant use in
antimicrobial applications.?2*>1¢ In PDT, non-toxic photosensitisers (PS) are activated by light
with an appropriate wavelength to generate reactive oxygen species (ROS) that are fatal to
proximal cells. PS with absorption peaks between 600 and 800 nm are required as at this
wavelength light will have adequate energy to penetrate tissue and excite the molecule for the
therapy.*>" Porphyrin, chlorin, pheophorbide, chlorin-e6 (Ce6), and their derivatives are common

PS for PDT.1218

Lanthanide-doped upconversion nanoparticles (UCNPs) have been recently used as a novel class
of PS nanomaterials for PDT against cancer cells.!®* Core/shell nanoparticles consisting of an
UCNP as the core and a semiconductor coating (e.g. ZnO or TiO2) can be used as a PS. These

materials generate ROS upon activation by near-infrared (NIR) light, which is absorbed by the
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UCNP core and which in turn emits visible and UV light that is used to excite the semiconductor
and produce the reactive oxygen species (Scheme 1). The use of NIR light is advantageous as
human tissues are transparent to wavelengths between 750 and 1100 nm, allowing for deep tissue
penetration.?* NIR light is also relatively safe for bio-applications due to the long wavelength (low
energy), with recent studies having confirmed the effectiveness of UCNPs for in vitro cancer
therapy.’®% In terms of a coating, ZnO has attracted attention for bio-applications due to low
manufacturing cost, abundance, and acceptance as a generally recognised as safe (GRAS)
substance by the Food and Drug Administration (FDA) in the USA.?® ZnO-based nanoparticles
can also inactivate microorganisms under UV light irradiation,?” and a ZnO NP shell can be

synthesised by various methods such as solvothermal, precipitation, and sol-gel syntheses.?’

Despite examples of NaYF4:Yb/Tm@semiconductor NPs being known, the reproducible synthesis
of a semiconductor coated B-NaYF4 core/shell NP structure remains challenging.?® This is because
B-NaYFs NPs, synthesised by a thermolysis method, have a hydrophobic surface, whereas water-
dispersed or soluble NPs are required for the synthesis of the core/shell structure. The hydrophobic
behaviour of the B-NaYF4 NPs synthesised by thermolysis arises from the oleic acid capping agent
used in the reaction.? Oleate ligand-oxidation, ligand-acidification, ligand-exchange, and ligand-
interaction are several strategies that have been used to increase the hydrophilicity of the

B-NaYF; NPs.28

This study evaluates the use of aPDT to treat both S. aureus and their SCVs using NIR-activated
core/shell UCNPs. Scheme 1 illustrates the proposed mode of action, with the formation of ROS
originating from ZnO-coated UCNPs, when activated by NIR light (typically 980 nm). As UCNPs
without a semiconductor coating are inactive, in this work, a stepwise approach was developed to

synthesise B-NaYF4:Yb/Tm@2ZnO nanoparticles. As-synthesised, hydrophobic B-NaYF4:Yb/Tm
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NPs were modified by a ligand interaction approach using cationic cetyltrimethylammonium
bromide (CTAB). The hydrophilic UCNPs could then be dispersed in water to allow the growth
of a zeolite imidazolate framework-8 (ZIF-8) coating, which in turn could be calcined to give a
ZnO NP shell around the UCNP core. The effect of calcination temperature was also investigated,
examining three different temperatures (400, 450, and 500 °C) to mitigate conversion of the NP
core and enhance ZnO formation. The antibacterial efficacy of the resulting core/shell
B-NaYF4Yb/Tm@ZnO NPs was assessed against S. aureus WCH-SK2-SCV and the parental
WCH-SK2 in NIR light-illuminated and dark modes (control experiment). Our results showed that
a stepwise synthesis approach could be used to overcome the synthesis challenges of core/shell
UCNPs@semiconductor NPs. The aPDT using hybrid UCNPs/semiconductor could be a potent

therapeutic strategy to eradicate both S. aureus and their SCVs.

NIR Excitation
980 nm

ROS —» Antibacterial
C activity

H20, O2

Zn0O .
Upconversion

process

Scheme 1. An illustration of the mechanism of photocatalytic ROS generation by upconversion

nanoparticles when irradiated by NIR light.
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2.3 Results and discussion

2.3.1 Synthesis, composition, and morphology

UCNPs consist of a host material, such as NaYF4, doped by lanthanide ions as sensitisers and
activators. The selection of lanthanide ion dopants determines the excitation and emission profile
of the UCNPs. The trivalent lanthanide ion Yb®* is the most common sensitiser, while the trivalent
ions Er®* and Tm*2 are common activators; Tm*3 is particularly favourable in bio-applications due
to very low heat generation and luminescence peaks in both the UV and visible ranges (350, 450,
and 479 nm).?8 In terms of the host, hexagonal B-NaYFs NPs have been reported to be a more
efficient host than cubic a-NaYF4 for lanthanide-doped upconversion luminescence,?*% as the low
lattice phonon energy of the hexagonal form minimises the nonradiative energy loss and increases

the radiative emissions.3!

NaYF4:Yb/Tm@ZnO NPs were synthesised in a multistep process involving (a) core upconversion
NaYF4Yb/Tm NP synthesis and elimination of organic impurities; (b) deposition of CTAB
coating; (c) ZIF-8 formation; and, (d) conversion of ZIF-8 to ZnO by calcination (Scheme 2).
Upconversion NaYF4:Yb/Tm NPs with 18% Yb and 5% Tm doping were prepared by a thermal
decomposition method.*? In this method, non-coordinating ODE was used as a solvent due to its
high boiling point (315 °C), while OA was used as both a solvent and surfactant to control
nanoparticle growth and prevent aggregation of nanoparticles; * OA is often used for the synthesis
of UCNPs and magnetic ferrite NPs.233435 Studies show/propose the carboxylate group of OA
attaches to the surface of the NPs, with the nonpolar tail directed toward the solvent to facilitate
the formation of highly uniform, monodisperse NPs, typically with highly hydrophobic surface
characteristics.®®3” While there is some debate, it has been proposed that the hydrophobic tail of

additional OA can also interact with the nonpolar tail of the coated OA molecules to form a double
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layer coating around the NPs.3® Nevertheless, it is common to initially synthesise OA coated NPs

before the exchange with other coatings to change the hydrophobicity of the NPs.
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Scheme 2. Schematic illustration of the synthetic route used for the preparation of core/shell
NaYF4:Yb/Tm@ZnO NPs.

The structure of the synthesised NPs was confirmed by PXRD and data presented in Figure 1. The
PXRD patterns for the synthesised NaY F4:Yb/Tm NPs (Figure 1a) confirm samples are crystalline,
with the diffraction peaks indexed to B-NaYF4 (JCPDS # 16-034). The diffraction peaks located
at 17.2°, 30.1°, 30.8°, 43.5°, and 53.7° (strong diffraction peaks) correspond to the NaYFs
hexagonal structure indexed with (100), (110), (101), (201), and (211), respectively

(JCPDS # 16-034).
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Figure 1. PXRD data for samples of (a) NaYF.Yb/Tm (b) NaYF4sYb/Tm@ZIF-8 and (c)
NaYF4:Yb/Tm@2ZnO. The JCPDS cards for ZnO, ZIF-8 simulation, a-NaYF. and B-NaYF, are presented

in the lower section.

The morphology of the as-synthesised NP samples was studied by TEM and SEM analysis, with
the images, particle size measurement, and elemental analysis (EDS) results presented in Figure 2
(Energy-dispersive X-ray analysis (EDX) data is presented in Figure S7 —9). High-resolution TEM
imaging confirmed that particles with a hexagonal morphology are formed, consistent with the
hexagonal B-NaYF4 crystal structure (Figure 2a). The interplanar distance of the NaYF4:Yb/Tm
NPs was measured to be approximately 0.52 nm (Figure 2a), which can be indexed to the (100)
lattice plane for the hexagonal B-NaYF4 crystal structure (0.515 nm, JCPDS # 16-0334). The
selected area electron diffraction (SAED) of synthesised NaY F4:Yb/Tm NPs (Figure 2h) confirms

a hexagonal structure for the NPs that is in good agreement with PXRD data. The HRTEM images
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also revealed that synthesised NaYF4:Yb/Tm NPs are uniformly sized with mean particle sizes of
30 + 5 nm (based on 130 NPs, Figure 2i). The SEM image for the as-synthesised
NaYF4:Yb/Tm NP samples presented in Figure 2d is in good agreement with the TEM image,

showing monodisperse NPs across the sample.

To confirm the composition and provide some insights into the distribution of Yb and Tm dopants
within the NaYF4:Yb/Tm NPs, elemental mapping was conducted. The elemental mapping of the
as-synthesised NaYF4:Yb/Tm NP samples (Figure 2g), confirms that Yb and Tm are distributed
across the NaYF4:Yb/Tm NP samples. EDX analysis showed that the atomic molar ratios for
Yb/Tm elements in NaYF4:Yb/Tm were 3.33, which is in good agreement with the feed Yb/Tm
ratio of 3.6 that was used in the synthesis of NaYF4:Yb (18%)/Tm (5%). While the dopant level
used in the synthesis of the UCNPs is slightly lower, the EDX data confirmed the distribution of

the dopants within the crystal nanoparticles.

XPS analysis was used to additionally confirm the elemental composition and chemical bonding
on the surface of the as-synthesised NaYF4:Yb/Tm NPs. The XPS spectra are included in the
Supporting Information Figure S2. The XPS spectra (Figure S2a) confirm the presence of Na, Y,
F, Yb, and Tm elements in the NaYF4:Yb/Tm NP sample. The binding energy peak for Nazs was
found at 1,071.6 eV (Figure S2b). The two peaks at 159.2 and 161.3 eV are assigned to Y'zgs2 and
Y3a3p, respectively, while the peaks at 174.8, 178.7, and 198.7 eV are associated with Tmag,
Ybagsre, and Ybagsr, respectively (Figure S2c¢). The binding energy at 685 eV, ascribed to Fis
(Figure S2d). All the reported XPS binding energies are consistent with the typical values reported

for NaYF4:Yb/Tm Np.38:39
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Figure 2. HR-TEM image of NaYF.Yb/Tm, selected area diffraction (inset) (a), TEM images of
NaYF4+Yb/Tm@ZIF-8, NaYF.:Yb/Tm@zZnO  (b-c), SEM images  for NaYF4Yb/Tm,
NaYF.Yb/Tm@ZIF-8, NaYF4:Yb/Tm@2zZnO (d-f), EDS element mapping, particle size distribution plot
for NaYF4:Yb/Tm (g-h), EDS element mapping for NaYF4:Yb/Tm@2ZnO (i).

The as-synthesised UCNPs appeared to contain a considerable amount of organic impurities, likely
originating from ODE and OA. These impurities caused issues when isolating the nanoparticles,
leading to the loss of material. TGA data (Figure S4a) showed an approximately 12% mass
reduction, attributed to OA and ODE impurities in the as-synthesised UCNPs. To remove these,

the NP samples were calcined at 450 °C for 30 min (the boiling points for OA and ODE are 360
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and 320 °C, respectively), followed by a washing step, using Milli-Q water to remove the NaCl
impurities (synthesis by-product) observed by close analysis of the PXRD data. The
NaYF4:Yb/Tm UCNPs were analysed with PXRD before and after the calcination to confirm the
temperature was suitable for the elimination of organic impurities without modifying the UCNP
structure. The PXRD results (Figure S3) showed a negligible change to the UCNP crystal structure
after calcination. The TGA curve for the calcined UCNPs (Figure S4b) also showed a negligible
mass change in the temperature range 100 - 600 °C, demonstrating that all the organic impurities

have been eliminated from the sample in the calcination step.

Due to issues with the literature procedures used to apply the ZnO coating to the NaYF4:Yb/Tm
UCNPs, 340 zeta potential and associated pH values were measured to determine the
hydrophobicity and colloidal stability of the as-synthesised UCNPs, calcined UCNPs, and
additional PVP and CTAB coated UCNPs samples (Table S1). The latter two samples were
prepared to improve the hydrophilicity and colloidal stability of the UCNP samples. The zeta
potential results for the impure, calcined, PVP coated and CTAB coated NaYF4:Yb/Tm NP
samples were 14.9, 15.6, 21.9, and 54.5 (mV), respectively. The measured zeta potentials for the
impure, calcined, and PVP coated UCNP samples all fall in the +30 mV range, which is considered
to be the unstable range for colloids and indicates the possibility of agglomeration.?”** The positive
zeta potential for the uncoated UCNP samples may also indicate a positive surface charge due to
the lanthanide ions. Furthermore, calcination only seemed to have a very slight effect on the
zeta potential despite being able to eliminate the organic impurities. Thus, these samples lacked
the colloidal stability and surface chemistry for dispersal in water and issues encountered in the
semiconductor coating steps could be attributed to lack of colloidal stability. In contrast, the

CTAB-coated UCNPs were observed to have a much higher zeta potential value. The zeta potential

60



for the surface modification of UCNPs with cationic CTAB falls in a £40 to £60 mV range,
consistent with colloidal stability.*>** Moreover, the CTAB coating could be inferred to be the
most effective at changing the UCNPs surface chemistry to be more hydrophilic, which is ideal

for the dispersion and growth of ZIF-8 in the following step.

Given that ZIF-8, and related Zn-based metal-organic frameworks, can be induced to readily grow
around functionalised nanoparticles,** and moreover, that ZIF-8 can be converted into ZnO by
calcination,*® we adopted a new two-stage approach to introduce the semiconductor ZnO shell
to the UCNP core. This was conducted by adding Zn(OAc)2 to a suspension of the UCNPs in water
and then adding an ethanol solution of HmIM. In the absence of the nanoparticles under these
conditions, ZIF-8 only forms in trace amounts but with the UCNPs present to catalyze ZIF growth,
ZIF-8 forms around the UCNPs.*” The PXRD pattern for NaYF4:Yb/Tm@ZIF-8 (Figure 1b) is
similar to NaYFsYb/Tm NPs with additional peaks at 7.4°, 10.5, 12.8, 14.8 and 16.6
corresponding with (110), (200), (211), (220), and (310) planes of ZIF-8. The TEM image for
NaYF4:Yb/Tm@ZIF-8 showed uniformly-sized ZIF-8 crystals around NaYF4:Yb/Tm NPs with a
mean particle size of ca. 500 nm (Figure 2b). The SEM image for the as-synthesised

NaYF4:Yb/Tm@ZIF-8 sample presented in Figure 2e is in good agreement with the TEM image.

The synthesised NaYF4:Yb/Tm@ZIF-8 composite was calcined at 400 °C in the air for 5 h to
convert the ZIF-8 to ZnO. The diffraction peaks for NaYF4:Yb/Tm@ZnO (Figure 1c) show that
the peaks for ZIF-8 have disappeared while new peaks for ZnO appear in the PXRD pattern. The
diffraction peaks located at 34.7°, 36.5°, 47.8°, 56.8°, 63.1°, and 68.2° corresponding to the ZnO
indexed with (002), (101), (102), (110), (103) and (112), respectively (JCPDS # 2300113). The
three weak diffraction peaks at 28.8°, 47.6°, and 56.8° correspond with the cubic a-NaYF4 (JCPDS

# 06-342). This suggests a portion of UCNPs have converted from B-NaYFs to a-NaYFs. The
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TEM and SEM imaging of the NaYF4:Yb/Tm@ZnO confirmed the non-epitaxial ZnO shell
formation around NaYFsYb/Tm NPs (Figure 2c and 2f). The TEM image for
NaYF4Yb/Tm@zZnO (Figure 2c) confirmed the formation of small size ZnO particles with no
changes in the size of the NaYF4:Yb/Tm core material. The elemental mapping of the as-
synthesised NaYF4:Yb/Tm@2ZnO NP samples (Figure 2j), confirms the distribution of elements
across the NaYF4:Yb/Tm@ZnO NP samples. As expected, the ZIF-8 conversion to ZnO NPs by
calcination is concomitant with a reduction in particle size. This is due to ZIF-8 having a typical
crystal density of between 1.05 to 1.19 g/cm*® (influenced by synthesis methods), while the ZnO
has a much higher density of 5.61 g/cm.*® The SEM image for the NaYF4:Yb/Tm@ZnO sample
presented in Figure 2f is in good agreement with the TEM image however, slightly larger sized

clusters were observed.

The calcination conditions, including the temperature and time, are important factors for the
conversion of ZIF-8 to Zn0.*>* Additionally, a crystal phase change for the upconversion host
material phase by calcination has also been reported,® which is a limitation. To study the effect of
calcination temperature, three different calcination temperatures of 400, 450, and 500 °C with a
calcination duration of 5 h in air were examined in this experiment and the samples were analysed
by PXRD (Figure S5). The diffraction results for calcination at 450 and 500 °C showed the growth
of new peaks at 28.4, 32.9, and 47.2°, corresponding with cubic a-NaYFs crystal form and
indicating a portion of the NaYF4 NP crystal underwent a phase change from the hexagonal to
cubic form, which may affect the photoluminescence efficiency. Even using a calcination
temperature of 400 °C, the diffraction peaks for the cubic a-NaYFs crystal form are observed;
however, they show considerably lower intensity. The diffraction peaks for the ZnO NPs at 31.9,

34.7, and 36.4° were observed in all three samples with slightly reduced intensity of the peaks,
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relative to B-NaY Fs, being observed for the 400 °C calcination temperature. Based on these results,

a calcination temperature of 400 °C for 5 h in air was selected for all samples.

2.3.2 Photoluminescence analysis

Photoluminescence (PL) spectroscopy was performed to evaluate the upconversion emission
spectra from UCNPs when excited with NIR light. The photoactivation efficiency of the ZnO shell
in the NaYF4Yb/Tm@2ZnO NPs was also examined by PL spectroscopy. The solid-state PL
spectra of as-synthesised NaYF4:Yb/Tm, NaYF4:Yb/Tm@ZIF-8, and NaYF4:Yb/Tm@ZnO NPs
studied at room temperature are presented in Figure 3. The proposed mechanism of NIR-driven
energy transfer is shown in Figure S6. As shown in Figure 3, four emission peaks were observed,
all of which are assigned to the Tm®" ion. The UV emission peaks centred at 345 and 361 nm
correspond to the s — 3Fs and D, — 3Hs transitions, while the blue emission peaks at 451 and
477 nm correspond to 'D, — 3F4, and 1G4 — 3He transitions in the Tm** ion.!° The large absorption
cross-section at 980 nm for Yb** ions correspond with a 2F7, — 2Fs;; energy transition, and this
matches well with a large number of f-f transitions in Tm3* ions. The energy in the long-lived 2Fs/,
state in Yb®* is transferred to the Tm** ions to generate emissions in the UV and visible ranges
(Figure S6).28°° The mechanism of energy transfer is five photon energy transfer due to the high
concentration of Tm** ions, and there is likely to be a strong contribution from cross-relaxation.
The addition of the ZIF-8 coating in NaYF4:Yb/Tm@ZIF-8 does not significantly change the
UCNP emission, aside from some small reductions in the three shortest wavelength emission bands
due to absorption. In comparison, the peak ratio of UV to blue emission is significantly reduced in
the NaYF4Yb/Tm@2ZnO NP sample, implying that the UV is being absorbed by ZnO as this

absorption is not seen in the other samples (ZnO NPs cannot absorb the photon energy in the
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visible region due to its wide bandgap of 3.3 eV). This result indicates that the ZnO shell utilises

the emission from the UCNP core.
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Figure 3. Photoluminescence spectra for NaYF4#Yb/Tm, NaYF.:Yb/Tm@ZIF-8, and
NaYF4:Yb/Tm@ZnO NPs.

2.3.3 Antibacterial properties

The antibacterial properties of NaYF4#Yb/Tm@ZnO NPs were tested against S.aureus
WCH-SK2-SCV and S. aureus WCH-SK2, with the results are presented in Figure 4. The
experiments were conducted under both NIR light-illumination and dark conditions, with the
summary of the antibacterial efficacy results presented in Table 1. Two LED lights with a total
radiant intensity of 12 mW/cm? was used in this experiment. The efficacy results in NIR light-
illuminated mode were found to be 0.76 and 0.67 log CFU reduction in cell viability for the

S. aureus WCH-SK2-SCV and WCH-SK2, respectively. For the dark conditions mode, the log
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CFU reduction in cell viability was found to only be 0.027 and 0.029 for the S. aureus WCH-SK2-
SCV and S. aureus WCH-SK2, respectively. The results confirmed the effectiveness of the as-
synthesised UCNPs@ZnO NPs against both S. aureus strains under NIR light-activated
conditions. The non-illuminated experiment showed the as-synthesised NaYF4:Yb/Tm@2ZnO NPs
were not toxic toward either bacteria when not illuminated by NIR light, with no significant
antibacterial effects observed. The minor cell reduction observed for the dark conditions is related
to the dilution and culturing of the bacteria upon completion of the efficacy test. In addition,
bacteria without NPs as a control, showed no CFU reduction, demonstrating that the NIR light
used in the experiment had minimal effects on eliminating the bacteria alone. All the antibacterial

effects are therefore a result of the NaYF4:Yb/Tm@ZnO NPs.

Ideally, antibacterial materials that eliminate all bacterial cells whilst providing no side effects,
including toxicity to normal cells are typically desired. Among NP-based antibacterial materials,
silver NPs have been shown to completely eradicate a bacterial population, even at very low
nanoparticle concentrations.®°! Several studies have suggested silver ions (Ag*) released from the
dissolution of metallic silver nanoparticles to be the basis for these antimicrobial effects.>? Such a
mechanism, which lacks an activation mode, is also a drawback for silver NP which may cause a
local toxicity for normal cells in vivo.%2%* Furthermore, several studies have shown the
antibacterial effectiveness of synthesised NPs to be lower than 100%.'® For example, Fe-doped
Zn0O, Nb/N-doped ZnO, and Cu-doped TiO have been reported to have antibacterial efficiencies
of approximately 90%.%°°7 Other results have highlighted the value of having distinct
performances for the activated and non-activated treatments. For example, cationic polysaccharide
chitosan (CS) combined with chlorin €6 (Ce6) activated by NIR radiation has shown an 8.5 log

reduction (>99.9999% CFU reduction) against methicillin-resistant S. aureus (MRSA) bacteria.
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This composite material also shows a 1-2 log reduction (90-99% CFU reduction) in non-irradiated
conditions.!* In another study, Cucurbit[7]uril-anchored Porphyrin Assembly (TPP-4CB7)
demonstrated 100% biocidal activity against Bacillus subtilis when activated by light; however, a
70% biocidal activity was observed in the dark condition.®® In some cases, reduction of the
bacterial cell population to a low level such that the immune system could take care of the

remaining bacteria is an acceptable strategy for antibiotics.>®

The combined results also allow discussion of the mechanism of action and comparison of the
antibacterial efficacy of NaYF4:Yb/Tm@ZnO to other photoactivated antibacterial materials.
Given that UCNPs have been demonstrated to have low toxicity,®® the observed antimicrobial
activity can be attributed to the ZnO coating of the nanoparticles. The role of the core UCNPs is
to excite the semiconductor ZnO coating by emitting light in the UV range (additional emission in

the visible range is not absorbed by the ZnO coating).

The antimicrobial mechanisms for ZnO materials have been reported previously but remain
debated.®* The proposed antimicrobial mechanisms include Zn?* metal ion release, photo-
generated ROS formation (e.g. hydroxyl radicals, superoxide anions etc.), and mechanical damage
of the bacterial cell due to direct interaction with NP forms. Released Zn?* ions could interact with
the bacterial cell membrane, enter into the bacterial cell and bind with the sulfhydryl, amino and
hydroxy! functional groups of the bacteria to disrupt the cell metabolism.®? In previous research,?’
studies of ZnO NP in dark (non-illuminated) conditions against both Escherichia (E.) coli and
S. aureus were found to have negligible antibacterial activity, which suggests that Zn?* ions and
mechanical damage of bacterial cells may have limited contributions to the bacterial cell death.
Similar results have also been shown in other studies about the role of the Zn?* ion in the

antibacterial activity of ZnO NPs.%® These observations are in line with our current study that
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shows under dark conditions a limited antibacterial activity of the NaYF4Yb/Tm@ZzZnO
nanoparticles. On the other hand, formation of ROS has strong antimicrobial toxicity that is
correlated with the extremely high oxidizing properties of these species. The experiments
conducted here show ROS are produced under NIR illumination of NaYF4Yb/Tm@2ZnO
nanoparticles and only bacterial samples treated with NaYF4:Yb/Tm@ZnO nanoparticles and

illuminated have statistically significant log CFU reductions.

Given that ROS are the likely cause of the observed antibacterial activity, here we discuss their
generation to highlight the importance of the core-shell composite used. ZnO is a wide bandgap
(approximately 3.3 eV) semiconductor that only absorbs UV light (specifically photons with an
energy equal to or greater than its band-gap, i.e. a A<369 nm).%* The absorbed photons prompt an
electron to be excited from the valence band (VB) to the conduction band (CB), which hence leads
to the formation of free electrons (¢) in the CB and holes (h*) in VVB. In the presence of water, the
electron-hole pair simultaneously splits the water molecule into a hydroxyl radical ("OH) and a
hydrogen ion (H*). The electron-hole pair can also react with dissolved oxygen in water to form
superoxide radicals ("O2).2"626566 The Yb%* dopant in the NaYF4:Yb/Tm core of the ZnO coated
UCNPs absorbs and transfers the NIR photon to the Tm3* dopant within the core UCNPs. The
Tm?3* dopant then converts the NIR radiation, via an upconversion mechanism (see Figure S6) to
the shorter wavelength photons of visible and UV light. The generated UV is then absorbed by the

ZnO shell to form the electron-hole pair which in turn generate ROS, as outlined above.

Porphyrin, chlorin, pheophorbide, chlorin-e6 (Ce6), and their derivatives are common PS for PDT.
Cucurbit[7]uril-anchored Porphyrin Assembly (TPP-4CB7) was recently employed for
phototherapy of cancer and bacterial cells.®® In that work the authors demonstrated the antibacterial

efficacy of TPP-4CB7 against E. coli bacteria when the PS was activated with broadband white
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light (wavelengths between 400 to 700 nm). In another study, trans-AB-porphyrin was used as a
PS in combination with gelatin; the composite was used in aPDT against Gram-positive and
negative bacteria.®” A green LED (520—560 nm) was used in this study, with a PS concentration
between 4 to 8 pg/mL, which resulted in 99.999% growth inhibition. In another study, excellent
antibacterial efficacy was demonstrated for the cationic polysaccharide chitosan (CS), combined
with Chlorin e6 (Ce6) as a PS, for E. coli and S. aureus bacteria.®® A 660 nm (200 mW/cm?) light
was used in this experiment to activate the PS. As can be seen from this set of studies, a significant
advantage of the NaYF4Yb/Tm@2zZnO nanoparticles used here over commonly used
photosensitisers is that NIR light, which is not absorbed by cells and has excellent tissue

penetration, can be used for activation.

Several studies have recently investigated UCNPs with organic and inorganic sensitisers for aPDT.
For example, NIR activated LiYF4:Yb/Er UCNPs coupled with CPZ (B-carboxyphthalocyanine
zinc) as a photosensitiser and a polyvinylpyrrolidone (PVP) layer have shown excellent efficacy
against Methicillin-Resistant Staphylococcus aureus (MRSA) and Escherichia (E.) coli
multidrug-resistance (MDR) bacteria. The efficacy results have shown 4 to 4.5 logio reduction in
E. coli and 5 logio reductions in S. aureus. The illumination time of 10 min using a 980 nm NIR
laser (500 mW/cm?) and NP samples with a concentration of 75 pg/ml were used in that
experiment.®® In a similar study, LiYFsYb/Er UCNPs loaded with rose bengal (RB) as
photosensitiser have shown almost 100% antibacterial efficacy against drug-resistant
Acinetobacter baumannii (XDR-AB) using a 980 nm NIR laser (1,000 mW/cm?) for a 10 min
illumination of NP samples with a concentration of 50 pg/ml.” In another study, Tou et al.*® tested
NaYF4Yb, Tm@SiO.@Zn0, NaYF4:Yb, Tm@SiO2 and ZnO NPs against B. subtilis. A 980 nm

diode laser with a power density of 50 mW/cm? was used to activate NPs (5 mg of NPs in 8 ml of
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bacteria, 625 pg/ml) with results demonstrating that after 45 min the majority of the bacteria
population had been eradicated (although no bacteria colony counting had been performed). A
minimum inhibitory concentration (MIC) of E. coli and S. aureus against these UCNPs were found
to be 50 and 100 pg/ml.*8 It is worth highlighting that the LED light used in this work had a total
radiant intensity of 12 mW/cm?. This increased the treatment time to 3 h compared with other
experiments listed above. However, the LED light is safer, more portable, cheaper and illuminates
a bigger area compared with traditional laser systems. Despite the need to increase treatment time,

an approximately 80% CFU reduction in cell viability was observed.

ROS quantification was conducted to evaluate the efficiency of the NPs in antibacterial
applications and determine the antibacterial mechanism of the NP composites. Figure 4c presents
data on the photogenerated ROS from NaYF4:Yb/Tm@2ZnO NPs. The assay was conducted in NIR
light-illumination and dark conditions simultaneously for comparison. The results showed a
notable amount of ROS is generated in the NIR light-illumination mode compared with the dark
conditions. This result is consistent with the PL results for the NaYF4:Yb/Tm@2ZnO NPs shown

in Figure 3.
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Figure 4. Antibacterial efficacy results for the NaYF4:Yb/Tm@2ZnO NPs against S. aureus WCH-SK2-
SCV (a) and S. aureus WCH-SK2 (b) in the NIR light-activated and dark conditions modes (c) photo-
generated ROS measurement for the NaYF4:Yb/Tm@2ZnO NPs evaluated by APF fluorescent agent.
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Table 1. Summary of antibacterial efficacy results

Sample CFU reduction ratio in NIR CFU reduction ratio in dark
light-illuminated mode, % conditions mode, %
SCV S. aureus SCV S. aureus
NaYF4:Yb/Tm@ZnO 82.6 78.8 5.9 6.5

2.4 Conclusions

In summary, B-NaYF4:Yb/Tm@2ZnO nanoparticles were synthesised to target Staphylococcus
aureus and associated small colony variant (SCV) bacteria using NIR light. Calcination at 450 °C
in the air for 30 min was used to eliminate the organic impurities of OA and ODE from
NaY F4:YDb/Tm upconversion nanoparticles (UCNPs). A combination of PXRD and TGA was used
to confirm that changes to the UCNPs structure by the calcination were negligible. Zeta potential
data was used to evaluate the hydrophobicity and colloidal stability of the as-synthesised, calcined,
PVP coated and CTAB coated UCNPs samples. The CTAB coating was determined to be the most
suitable option, among the tested samples, to convert the hydrophobic UCNPs to the hydrophilic,
water-soluble NPs required for the coating process. The water-soluble CTAB-coated UCNPs were
then able to be readily coated with ZIF-8 by treatment with zinc acetate and 2-methylimidazolate,
before the ZIF-8 was converted to a nanoparticle ZnO shell on the UCNPs by calcination at 400 °C
for 5h. Given the potential trade-off between increased ZnO formation and UCNP structure
modification, calcination conditions were also investigated across three different temperatures,
showing the 400 °C calcination step was the most advantageous (limited UCNP phase change and

good ZnO formation).
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The desired upconversion luminescence properties were observed for each sample, with a
reduction in the UV range seen in the B-NaYF4:Yb/Tm@2ZnO sample, showing its potential for
photo-generating ROS when activated by NIR light. The NIR-activated UCNPs@ZnO
nanoparticles demonstrated potent efficacy against S. aureus WCH-SK2-SCV and WCH-SK2
bacteria. Using a commercial APF fluorescent agent, the production of ROS from the NIR-
activated NPs was confirmed and coupled with the data obtained under illuminated and dark
conditions, photo-generated ROS were shown to be responsible for the observed reductions in
bacterial CFUs. Given the ability to position and adhere MOF crystals on surfaces,’* the new,
ZIF-8 based synthetic methodologies used for the preparation of B-NaYF4:Yb/Tm@ZnO

composites could be adapted to form antibacterial surfaces activated by ambient light.

2.5 Experimental section
2.5.1 Raw materials

Oleic acid (Sigma-Aldrich, technical grade, 90%), 1-octadecene (Sigma—Aldrich, technical grade,
90%), chloroform (Chem-Supply, 99.8%), cyclohexane (Chem-Supply), methanol (Sigma-
Aldrich, 100%), ethanol (Chem-Supply, 100%), yttrium (Il1l) chloride hexahydrate (Sigma-
Aldrich, 99.9%), ytterbium(lll) chloride hexahydrate (Sigma—Aldrich, 99.9%), thulium (II)
chloride (Sigma-Aldrich, 99.9%), sodium hydroxide (Sigma—Aldrich, 99.99%), zinc acetate
dihydrate (Sigma-Aldrich, >98%), hexadecyltrimethylammonium bromide (Sigma-Aldrich,
>98%), polyvinylpyrrolidone (Sigma-Aldrich), 2-methylimidazole (Sigma—Aldrich, 99%), 3'-p-
(aminophenyl) fluorescein (APF) (Thermo Fisher (Invitrogen)), and ammonium fluoride (Chem—

Supply, 98%) were obtained from commercial sources and used without further purification.
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2.5.2 Synthesis of NaYF4:Yb/Tm@2ZnO nanoparticles

The NaYF4Yb/Tm@ZnO NPs were synthesised in 4 steps, involving NaYF4:Yb/Tm UCNP
synthesis and purification; cationic ligand CTAB coated UCNPs synthesis; ZIF-8 coating of the

UCNPs; and finally, conversion of ZIF-8 to ZnO by calcination.

Step (&) — NaYF4:Yb/Tm UCNPs: NaYFs:Yb/Tm UCNPs were synthesised via a thermal
decomposition method.®? In a typical synthesis for NaYFs:Yb/Tm NPs (18% Yb and 5% Tm),
YCl3:6H20 (242.7 mg, 0.8 mmol), YbCl3-6H.O (69.8 mg, 0.18 mmol) and TmClz (13.8 mg,
0.05 mmol) were mixed with oleic acid (OA, 6 mL) and 1-octadecene (ODE, 15 mL) ina 150 mL
3-neck round bottom flask. The suspension was heated to approximately 150 °C to form a
homogeneous solution before being cooled to room temperature. A solution of NaOH (100 mg,
2.5 mmol) and NHsF (148.1 mg, 4 mmol) in methanol (10 mL) was added to the reaction mixture
and stirred at room temperature for 20 min. The solution was heated to approximately 70 °C to
evaporate the methanol from the solution, increased gradually to 110 °C and maintained for
approximately 10 min while argon gas flow was used to degas the solution, and finally heated to
approximately 300 °C and maintained for 1 h under argon gas flow. The solution was then cooled
to room temperature and the NPs were precipitated from the solution by the addition of ethanol
(20 mL). The precipitated NPs were then collected by centrifugation (10,000 rpm for 5 min,
Eppendorf 5920 R, Fa-6x50), washed with cyclohexane and ethanol several times, and finally

dried at 70 °C overnight.

The UCNPs contain impurities of OA and ODE (organic impurities) and NaCl (reaction by-
product) that need to be removed. Impure UCNPs were calcined in air at 450 °C for 30 min with
a heating rate of 10 °C/min to eliminate the organic impurities, followed by washing several times

with Milli-Q water to remove NaCl by-products, before being dried at 70 °C.
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Step (b) — CTAB coating of the UCNPs: CTAB (300 mg, 0.82 mmol) was dissolved in Milli-Q
water (10 mL) and then a suspension of UCNPs (45 mg), dispersed in chloroform (10 mL), was
added and the combined biphasic solution stirred for 2 h. The mixture was then heated to 60 °C to

evaporate the chloroform and produce a clear solution of CTAB coated UCNPs.

Step (c): Formation of NaYF4:Yb/Tm@ZIF-8: Zinc acetate dihydrate (Zn(OAc)., 219.5 mg,
1 mmol) was dissolved in the CTAB coated UCNP solution. 2-methylimidazole (HmIM,
266.8 mg, 3.25 mmol) was dissolved in ethanol (10 mL) and added to the previous solution, and
stirred at 250 rpm overnight. The product was precipitated from the solution by addition of
methanol (5 mL), collected by centrifugation (9,000 rpm for 10 min), washed with Milli-Q water

and ethanol several times, and dried at 70 °C overnight.

Step (d) — Formation of NaYF4:Yb/Tm@2ZnO: NaYF4:Yb/Tm@2ZnO NPs were synthesised by

calcination in air at 400 °C for 5 h with a heating rate of 10 °C/ min.

Alternative PVP Coating of the UCNPs: The PVP coated UCNPs were also synthesised to
compare against CTAB coated UCNPs. PVP (35 mg, MW = 24,000) was dissolved in ethanol
(35 mL) then UCNPs (45 mg) were added and stirred overnight. The product was then obtained

by centrifugation (9,000 rpm, 10 min) and washing with ethanol several times.

2.5.3 Characterisation of as-prepared NPs

Powder X-ray diffraction (PXRD) data collected on a MiniFlex 600 (Rigaku, Cu Ko, A =
0.15418 nm) was used to confirm the structure of the synthesised NPs. Samples were mounted in
a flat plate holder and the data was collected with the instrument operating at 40 kV and 15 mA

by scanning 26 from 10° to 70° with a step size of 0.02°. JCPDS cards # 16-0334 (hexagonal
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B-NaYFs), 06-0342 (cubic a-NaYF4), 79-0208 (ZnO), and simulated PXRD pattern of ZIF-8 (from

the cif) were used for comparison to the experimental data.

The particle size and morphology of the NPs were investigated by scanning electron microscopy
(SEM) on a Quanta 450, and transmission electron microscopy (TEM) on an FEI Tecnai G2 Spirit
TEM and high-resolution TEM (HRTEM) on an FEI Titan Themis 80-200 G TEM operated at an
accelerating voltage of 120 and 200 kV, respectively. The NP samples were coated with platinum
(3 nm) before SEM measurements. Samples for TEM were dispersed in absolute ethanol using a
vortex shaker, a small droplet of each suspension was transferred to the TEM sample holder and

the ethanol evaporated before placing into the TEM.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemistry of the
NPs using ESCALAB250Xi (Thermo Scientific, UK). Al Ko radiation (photon energy,
hv = 1,486.68 eV) was used as the excitation source and high-resolution (HR) scans with a pass
energy of 100 eV were measured. The spectrometer calibration was performed using binding

energy levels of Cu 2ps (932.62 eV), Ag 3ds (368.21 eV), and Au 4f7 (83.96 eV).

Thermal gravimetric analysis (TGA) was conducted with a heating rate of 10 °C/min in a thermal

analysis instrument (Mettler Toledo TGA/DSC2).

The zeta potentials of the synthesised NPs in aqueous suspensions (Milli-Q water) were evaluated
by dynamic light scattering (DLS, Zetasizer Nano, Malvern Instruments Ltd., UK). A He-Ne laser
with wavelength A = 633 nm was used as the light source. The intensity of light was scattered at

an angle of 173°,

Photoluminescence measurements were carried out under 980 nm excitation. The samples were

excited by pulses with a 5 ns duration and 20 Hz repetition rate from an Optical Parametric
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Oscillator (OPO) (Opotek LLC model "Opolette 355™). An 840 nm long-pass filter was placed
before the sample to block visible wavelengths present in the OPO beam, and a silica lens was
used to focus the spot size of the laser to approximately 2 mm. The emission was collected using
a spectrofluorometer (Edinburgh Instruments F980) with an air-cooled photomultiplier
(Hamamatsu R928) for detection. The sample emission was passed through a focusing lens into a
monochromator (TMS302-M) and then the photomultiplier detector. An illustration of the
experimental configuration of the Edinburgh instruments spectrofluorometer is presented in

Figure S1.

2.5.4 Antibacterial assays

The S. aureus WCH-SK2-SCV along with parental S. aureus WCH-SK2 were used in the
antibacterial efficacy studies.”® The antibacterial efficacy of UCNPs@ZnO NPs was evaluated in
both NIR light-illuminated and dark conditions. The NIR light source was used to activate the
UCNPs, while the dark conditions were used as a control to compare the bacterial reduction due
to the NIR light source. A bacterial assay without any NPs was also used as the control in both

NIR light-illuminated and dark conditions.

The antibacterial properties of the NPs were assessed against S.aureus WCH-SK2 and the
associated WCH-SK2-SCV in Luria-Bertani (LB) media. The cells were grown to the mid-
logarithmic phase and then diluted by PBS solution to approximately 10° colony-forming units per
mL (CFU/mL). Sterilised glass vials with a volume of 4 mL were used in the experiment due to
their transparency to NIR light. Two LED NIR light sources (LED970-66-60) with a peak
wavelength at 970 nm (960-980 nm) and a combined radiant intensity of 12 mW/cm? were used
for the NIR activated mode. The LED NIR light sources were located at a distance of about 5 cm

from the bacterial growth samples inside the shaker incubator. The experiment under dark
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conditions was conducted by placing the glass vials inside a 50 mL black colour centrifuge tube.
The NIR light-illuminated and dark mode experiments were performed simultaneously in two
separate incubator shakers (to prevent NP sedimentation) at 37 °C for 3 h. A
NaYF4Yb/Tm@ZnO NP sample with a concentration of 100 mg/mL was prepared using
phosphate-buffered saline (PBS) for the antimicrobial assay. Each assay included 850 uL of
normalised bacteria and 150 pL of NP sample. After completion of the experiment, the assay
samples were spread on LB agar (1.5%) plates for bacterial counting and evaluation. The
experiments were repeated at least three times. The one-way ANOVA was performed using
GraphPad Prism V9.0.0, with a statistical significance indicated by ns for P>0.05; * for P <0.05;

** for P <0.01; *** for P <0.001; and **** for P <0.0001, respectively.

Aminophenyl fluorescein (APF, A36003) was used to determine the amount of ROS (hydroxyl
radical (*OH)) generated by the NIR light-activated UCNPs. The APF agent exhibits green
fluorescence upon chemical reactions with the hydroxyl radicals, peroxynitrite anion or the
hypochlorite anion. Briefly, NaYF4:Yb/Tm@ZnO NPs (100 mg) were dispersed in Milli-Q water
(2 mL) inside a 4 mL glass vial. Then APF (5 uL, 5 uM) was added to the vial, vortexed, and
placed into a shaker incubator to illuminate with the NIR light for 3 h. Upon completion of the
experiment, the sample was centrifuged, then 100 uL of the supernatant was added to a black
96 well fluorescence microplate. Milli-Q water without any NPs was used as a control. The
Fluorescence microplate reader (PHERAstar FS) was used to measure the fluorescence intensity

of the APF agent at 520 nm (485 nm excitation). The experiment was repeated in dark conditions.

2.6 Supporting Information

Illustration of the experimental configuration for the Edinburgh instruments spectrofluorimeter;

XPS spectra (survey and binding energies) for the NaYF4:Yb/Tm core; PXRD data showing

77



removal of the organic impurities from NaYF4:Yb/Tm: before and after calcination; TGA curves
for NaYF4Yb/Tm UCNPs: before and after calcination; zeta potential and associated pH
measurements for the impure, calcined, PVP coated and CTAB coated NaYF4:Yb/Tm NP samples;
PXRD data for the different calcination temperatures (400, 450 and 500 °C); proposed energy
transfer mechanism from Yb% to Tm®; SEM elemental analysis for NaYFsYb/Tm,

NaYF2:Yb/Tm@ZIF-8 NPs and NaYF4:Yb/Tm@ZnO NPs.
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2.8 Supporting information

Photomultiplier
Hamamatsu R928

Monochromator
TMS302-M

ilica focusing lenses

Excitation path of
OPO (“Opolette”)

Figure S1. lllustration of the Edinburgh instruments spectrofluorimeter experimental configuration.
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Figure S2. XPS spectra. NaYF4:Yb/Tm survey (a), binding energy spectra for Nas (b), binding energy

Binding Energy (eV)
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spectra for Ysq, Ybag and Tmag (), binding energy spectra for Fis (d).
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Figure S3. PXRD for removing organic impurities from NaYF4:Yb/Tm (a) before calcination, (b) calcined

450 °C for 30 min.
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Figure S4. TGA curves for NaYF.:Yb/Tm UCNPs (a) before calcination (b) after calcination at 450 °C for

30 min. Approximately, 12% mass reduction in the impure UCNPs is confirmed.
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Figure S5. PXRD for different calcination temperature (a) 400 °C, (b) 450 °C and (c) 500 °C. The

calcination time was 5 h in the air for all cases.
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Figure S6. Proposed energy transfer mechanism from Yb3* to Tm?3*.
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Figure S8. SEM elemental analysis for NaYF4:Yb/Tm@ZIF-8 NPs.
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Figure S9. SEM elemental analysis for NaYF4:Yb/Tm@ZnO NPs.

Table S1. The zeta potential and associated pH measurement for the impure, calcined, PVP coated
and CTAB coated NaYF4:Yb/Tm NP samples.

Sample Zeta potential (mV) pH
Impure NaYF.:Yb/Tm 14.9 4.50
Calcined NaYF4:Yb/Tm 15.6 6.25
PVP coated NaYF4:Yb/Tm 21.9 4.39
CTAB coated NaYF4:Yb/Tm 54.5 6.18
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3.1 Abstract

Antibacterial photodynamic therapy (aPDT) based on ZnO-coated lanthanide-doped upconversion
nanoparticles (UCNP@ZnQO) is a promising alternative for treating infections caused by
antibacterial-resistant bacteria. By doping the ZnO shell of UCNP@ZnO materials with cobalt and
silver, the latter in the form of Ag nanoparticles on the UCNP@ZnO:Co surface, we narrow the
band gap and prevent electron-hole pair recombination, enhancing reactive oxygen species (ROS)
generation and stimulating Ag ion release. When these improved UCNP@Zn0O:Co/Ag materials
are activated by near-infrared (NIR) light (980 nm) they demonstrated strong antibacterial efficacy
against Staphylococcus (S.) aureus small colony variant (S. aureus JB1-SCV) and parental (6850)
bacteria. Control experiments with the two bacteria strains in dark conditions showed no
antibacterial activity. Ag NPs loaded onto the UCNPs@ZnO:Co surface, act as a co-catalyst and
in combination with a localized surface plasmon resonance (LSPR) enhance the photogeneration
of ROS by ZnO:Co shells. The photogenerated ROS also causes oxidation of co-located Ag NPs,
resulting in the release of Ag ions and a more pronounced antibacterial response. This novel dual
mode of action promises efficient treatment of resistant or hard to treat bacterial strains in exposed

wounds.

3.2 Introduction

Nosocomial infections caused by the bacterium Staphylococcus (S.) aureus are steadily increasing,
with a common characteristic being its resistance to antibiotics.»?> Methicillin-resistant S. aureus
(MRSA), which was historically associated with hospitals, has evolved into community-associated
methicillin S. aureus (CA-MRSA).> A significant part of the S. aureus problem can be attributed

to chronic infections caused by S. aureus small colony variants (SCVs), a subpopulation of
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S. aureus.® It is possible for SCVs to cause bone (osteomyelitis), heart (endocarditis), implant-
associated and skin infections.” Infections of the skin are also a major issue, especially for people
with compromised immune systems, such as those suffering from diabetes or having chronic
wounds.® As a result of their slow growth, SCVs have a high level of resistance, making treatment
of chronic skin infections difficult.® Due to the lack of new antibiotics to combat antibacterial-
resistant SCVs, and other resistant bacteria, alternative strategies have been pursued. One of these
strategies, photodynamic therapy (PDT) using lanthanide-doped upconversion nanoparticles

(UCNPs), may offer a new option for combating antibacterial-resistant S. aureus and their SCVs.®

Antibacterial PDT (aPDT) can be performed with a core/shell structure that consists of a zinc oxide
(ZnO) semiconductor shell and a NaYF:Yb/Tm UCNP core,'° leading to photogeneration of
reactive oxygen species (ROS) that are lethal to proximal cells.!! In the core, near-infrared (NIR)
light, typically at 980 nm, is absorbed by the Yb®* ion (sensitizer) and transferred sequentially to
the Tm** ion (activator) to generate visible and UV light emission. The UV emission is then
absorbed by the ZnO shell, resulting in electron-hole (e7/h*) pairs that react with oxygen and water

to produce ROS (Scheme 1).
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Scheme 1. Proposed mechanisms of antibacterial activity for doped ZnO-coated UCNPs. Photogeneration
of reactive oxygen species (ROS) by doped ZnO-coated UCNP activated by NIR light could result in
bacterial cell death. Cobalt ion dopants and Ag NPs could enhance the photocatalytic performance of the
ZnO shell, improving ROS generation and facilitating Ag* ion release, which in turn could inactivate
bacteria through multiple modes of activity. Created with BioRender.com.

ZnO-coated UCNPs have several advantages over alternative antibacterial agents, including their
ability to be activated safely by NIR light (even within the body due to the transparency of human
tissue to NIR radiation) and biocompatibility due to the ZnO shell.!> Although examples of
NaYF4Yb/Tm@ZnO NPs have been synthesised recently, their low photocatalytic ROS
generation, stemming from limitations of both the core UCNP and the ZnO shell, have limited
their efficacy for aPDT. This is because ZnO has a wide band gap (3.37 eV), meaning it mostly
absorbs only the UV portion of the NaYF4:Yb/Tm UCNP emission. Moreover, the UV emission

from the NaYF4:Yb/Tm UCNPs is of considerably lower intensity compared with the visible light
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emission at 450 and 475 nm.3 Finally, the recombination of electron-hole pairs on the surface of

ZnO, reducing ROS generation, is another limitation of purely ZnO-coated aPDT systems.*41°

In this work, we proposed to improve the performance of ZnO-coated UCNPs for aPDT by doping
the ZnO shell with cobalt ions (Co?") to improve core-to-shell energy transfer and decoration with
silver NP to act as a co-catalyst and a secondary antibacterial agent. Doping the ZnO
semiconductor, introduces a dopant-related energy level into the mid-gap region of the
semiconductor, providing optical properties that are determined by the nature of these mid-gap
states.'® Additionally, by decorating the surface of ZnO with Ag, which acts as an electron sink,
the separation of electron-hole pairs can be improved resulting in the retention of the holes on the
ZnO surface.r” Ag NPs also have strong absorption in the visible region due to their localized
surface plasmon resonance (LSPR) effect,'® allowing them to act as plasmonic sensitizers, which
can enhance the absorption of light by ZnO and thereby lead to the generation of more electron-
hole pairs, ROS and thereby improving performance for aPDT. Additionally, Ag ions released by
Ag NPs are proven antibacterial agents® (Scheme 1) and could provide a synergistic antibacterial
activity to the ROS. Finally, considering the UCNP component, the inherently low upconversion
quantum yield can be improved by several strategies including size or phase control, incorporation
of impurities, modification of the host matrix, core/shell structure, and increasing the activator
concentration.?® Herein, we use a high activator concentration to improve the overall

photoluminescence of the ZnO-coated UCNPs.

Utilising these design principles, this study evaluates the performance of optimised ZnO-coated
NaYF4Yb/Tm materials for aPDT of S. aureus and their SCVs. We assessed the
photoluminescence of two different core UCNPs, NaY (81%)F4:Yb(18%)/Tm(1%) and a higher

Yb** composition of NaYb(99%)F4:Tm(1%) to improve the emission. Additionally, we doped
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cobalt ions (Co?*") into the ZnO (formed from a Co-doped zeolitic imidazolate-8 coating) to reduce
the band gap energy and added Ag NPs to the surface of the cobalt-doped ZnO (Zn0O:Co) to prevent
the recombination of electron-holes on the doped ZnO surface and further enhance the antibacterial
activity of ZnO-coated UCNP. The antibacterial performance of the resulting core/shell doped
ZnO-coated UCNPs was assessed against S. aureus JB1-SCV and the parental S. aureus 6850 in
NIR light-illuminated and dark conditions to demonstrate these materials are viable aPDT agents

for the treatment of resistant bacteria.

3.3 Results and discussion

3.3.1 NaYFsYb/Tm@ZnO:Co/Ag Synthesis

To improve the photoluminescence efficiency of the UCNP core, we used a high sensitizer
concentration and synthesised hexagonal 3-NaYb(99%)F4:Tm(1%) by a thermal decomposition
method.*? As a comparison, a hexagonal B-NaY (81%)F4:Yb(18%)/Tm(1%) UCNP core was
synthesised directly at 300 °C, while the hexagonal B-NaYbFs:Tm sample with the higher
sensitizer loading was synthesised in two steps by first preparing the cubic form at 160 °C then
converting it into the hexagonal structure at an elevated temperature (320 °C). PXRD data for
NaYF4Yb/Tm NP (Figure 1c) and NaYbFsTm NP (Figure S1) confirmed the samples are
crystalline, with the diffraction peaks indexed to hexagonal B-NaYFs (# 16-0334) and B-NaYbF4
phase (# 27-1427), respectively. This was supported by high-resolution TEM imaging and the
selected area electron diffraction (SAED) which confirmed that UCNPs with a hexagonal
morphology are formed (Figures 1d and 1h). The interplanar distances of the NaYF4:Yb/Tm and
NaYbF4:Tm NPs were measured to both be approximately 0.52 nm, which can be indexed to the
(100) lattice plane for the hexagonal B-NaYF4 (0.515 nm, # 16-0334) and B-NaYbF4 (0.513 nm,

# 27-1427) crystal structures. The TEM images also revealed that synthesised B-NaYFs:Yb/Tm
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and B-NaYbF4:Tm NPs are uniformly sized with mean particle sizes of 24 + 2 nm and 642 + 99
nm, respectively (Figure S4 a to c). The B-NaYbFs:Tm samples were notably larger, as increasing
the Yb3®" concentration typically leads to an increase in particle size, especially where there is no
change in synthetic conditions.?* Here, the same synthetic conditions were used to prevent
variation in the surface chemistry which has been shown to perturb ZnO shell formation.* The
HRSEM images for B-NaYF4:Yb/Tm and B-NaYbFs:Tm NP confirm the TEM data, showing
monodisperse NPs for both samples (Figure S5a and d). An even distribution of Yb and Tm was
confirmed for both samples by HRTEM elemental mapping (Figure 1e and i), with EDS analysis
confirming 16 mol% Yb and 2 mol% Tm for NaYF4:Yb/Tm (slightly below the feed ratio for Yb)
and 99 mol% Yb and 1 mol% for NaYbF4:Tm (Figure S5). ICP-MS analysis on digested samples

confirmed these surface-based analyses reflect the bulk composition (Table S1).

We utilised our previously reported two-step approach to coat the ZnO shell on the UCNP cores.!!
As zeolitic imidazolate framework-8 (ZIF-8), can be induced to form rapidly around functionalized
nanoparticles, we used cetyltrimethylammonium bromide (CTAB) coated UCNPs to seed ZIF-8
shell growth and converted this to ZnO by calcination (400 °C for 5 hours in the air). This was
shown to have minimal effects on the hexagonal to cubic phase change of the UCNP host while
completely converting the ZIF-8 shell to ZnO nanoparticles.!! Pure ZnO nanoparticles have a low
photocatalytic efficiency due to their wide band gap energy and a high recombination rate of
charge carriers.?? To overcome this, we doped Co?* ion into the ZnO nanoparticle coating by
introducing it during the ZIF-8 shell formation step. PXRD data showed the successful formation
of NaYF4:Yb/Tm@ZIF-8:Co and NaYbF4: Tm@ZIF-8:Co (Figure 1c and S1) with retention of the
hexagonal UCNP structure and addition of the ZIF-8 phase. Calcination in the air for five hours at

400 °C gave UCNPs@ZnO:Co (UCNPs = NaYF4:Yb/Tm and NaYbF4:Tm) samples, with PXRD
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data (Figure 1c and S1) showing that the peaks for ZIF-8 have disappeared while new peaks
corresponding to ZnO have appeared in the PXRD traces. The UCNP@2Zn0O:Co samples showed
small traces of the cubic phases of a-NaYFs (# 06-0342) and a-NaYbFs (# 77-2043) (Figure 1c
and S1), which were minimized by conducting the calcination at 400 °C. HRTEM and SEM
imaging (Figures S2.b, S2.e, S4.b and S3.e), combined with elemental mapping (Figure 1F and
1J) of both composites, confirmed non-epitaxial cobalt-doped ZnO shell formation around UCNP
cores, with the formation of small ZnO:Co nanoparticles on the surface of an unchanged UCNP

core.

Finally, the aPDT composites were loaded with Ag nanoparticles to further enhance the
photocatalytic activity of ZnO:Co shell. This was achieved by treating a suspension of the
UCNP@ZnO:Co samples with an Ag salt and sodium borohydride (NaBHa4) solution at low
temperatures. PXRD data for the UCNP@ZnO:Co/Ag (NaYF4:Yb/Tm and NaYbF4:Tm) samples
(Figures 1c and S1) confirmed the formation of Ag nanoparticles (additional peaks at 38.1°, 44.3
and 64.5 corresponding with the (111), (200), and (220) planes of Ag (# 1100136)). Furthermore,
HRTEM (Figure 1g and 1k) and HRSEM (Figure S2.c and f) images confirmed the formation of

Ag NPs localised on the surface of both UCNP@ZnO:Co/Ag samples.
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Figure 1. Details of the preparation of core/shell NaYF.Yb/Tm@2zZnO:Co/Ag and
NaYbF,;:Tm@2ZnO:Co/Ag nanoparticles (a-b). PXRD data for all steps involved in the synthesis of
NaYF4Yb/Tm@2ZnO:Co/Ag (c). HR-TEM image of NaYF.:Yb/Tm, selected area diffraction in the inset
(d), and EDS element mapping for NaYF4:Yb/Tm, NaYF4.Yb/Tm@ZnO:Co, NaYF4:Yb/Tm@2ZnO:Co/Ag
(etog). HR-TEM image of NaYbF.:Tm, selected area diffraction in the inset (h), and EDS element mapping
for NaYbF4+:Tm, NaYF4Yb/Tm@ZnO:Co and NaYbF.:Tm@ZnO:Co/Ag (i to k). Parts a and b were

Created with BioRender.com.
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3.3.2 Photoluminescence analysis

Since the ZnO shell in the UCNP@ZnO composites must be activated by UV or short wavelength
visible light to produce ROS for antibacterial activity, we investigate photoluminescence by the
core and composites. Specifically, solid-state photoluminescence (PL) spectroscopy was utilised
to examine the impact of YDb%" sensitizer concentration on UV emission by
NaY (81%)F4:Yb(18%)/Tm(1%) and NaYb(99%)F4:Tm(1%) UCNPs (Figure 2a and b - pink
lines). In these UCNPs, sequential energy transfers from Yb** to Tm3* result in visible and UV
emissions, which are generated from the D2 level in four steps and from the 2ls level in five steps

(Figure S6).

A typical Tm®* ion emission spectrum for Yb/Tm UCNPs includes tle — 3F4 (345 nm), 1Dz — *Hs
(360 nm), D, — 3F4 (455 nm), and 1G4 — 3Hs (475 nm), as well as several additional visible light
emissions (Figure S6). Compared to visible light emission, the UV emissions from the Tm** ions
in Yb/Tm UCNPs are considerably less intense. In Yb/Tm UCNPs, UV emission is mediated by
additional energy transfer between the sensitizer (Yb%*) ions and the activator (Tm3*) ions. To
utilise the UCNP@2ZnO composite for aPDT applications, it is necessary to tune the optical
properties of the UCNP core to enhance the UV and short wavelength visible emission from the
UCNP core. A saturation of the Tm** energy levels, which can be achieved by increasing the ratio
of Yb® to Tm** in UCNPs, may result in a higher UV emission rate than a non-saturated model.
We analysed NaYF4:Yb(18%)/Tm and NaYb(99%)F4+:Tm UCNP samples to determine which
sample emits more UV light. The NaYb(99%)FsTm UCNP sample compared to the
NaYF4:Yb(18%)/Tm UCNP sample, exhibited slightly higher UV emission and a significantly
higher emission at 450 nm peak (Figure 2a and b — pink lines). In each sample, peak intensities

were extracted and the ratio of the combined peaks in the UV-A region (320 to 400 nm) to the
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475 nm peak was calculated based on the area under the curve for each peak. The ratio between
the combined UV-A emission and 475 nm peak emission in the NaYb(99%)F4:Tm UCNP sample
was 0.27, whereas it was slightly lower at 0.21 in the NaYF4:Yb(18%)/Tm UCNP sample. Based
on these two Yb/Tm UCNP samples, the results indicated that increasing sensitizer (Yb®")

concentration can lead to slightly more UV light being generated during the upconversion process.

As noted, further enhancing the photocatalytic activity of the ZnO-coated UCNPs can be achieved
by doping the ZnO NP shell with other elements. The UV-visible absorption spectrum for the ZnO
doped with Co showed the absorption band could be extended into the visible region with
absorption to approximately 470 nm (Figure 2c). This is consistent with previous studies.??*
Importantly, ZnO:Co red-shifted absorption overlaps with the visible emission from the UCNPs
at approximately 450 nm validating the choice to use cobalt-doped ZnO. As expected, for both
UCNP@ZnO:Co samples, the peak ratio of UV to 475 nm emission has been significantly reduced
(Figure 2a and b - green lines), consistent with the ZnO:Co shell in NaYF4:Yb(18%)/Tm@Zn0O:Co
and NaYb(99%)F4: Tm@2ZnO:Co absorbing this UCNP emission (Figure 2a and b — green lines).
Due to the stronger emission at 450 nm, the NaYb(99%)Fs: Tm@2ZnO:Co sample is expected to

perform better in aPDT.
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Although the Co doping of the ZnO shell has expanded the absorption band into the visible
range, we explored the possibility of using an additional cocatalyst in the form of Ag NP, which
was also expected to provide additional antibacterial activity.?>?® Rapid recombination of
photoinduced electron-hole pairs adversely affects the photocatalytic activity of ZnO NP, limiting
practical application in aPDT.?” Ag NP incorporation on the surface of ZnO NP is proposed to act
as an electron trapping site, preventing recombination and consequently improving the
photocatalytic activity of ZnO NP.?® Furthermore, the LSPR effect of Ag NP decoration on
ZnO NP has been reported to enhance light absorption in the visible region of the spectrum and
funnel it toward ZnO NP.?® Additionally, as plasmonic metals rarely affect the energy band
structures of semiconductors, except at the metal/semiconductor interface where the conduction
and valence bands generally bend, the major properties of the semiconductor component are
expected to remain unaffected.’® The effect of Ag NP decoration of the NP composites was
examined by UV-visible absorption spectroscopy, with the spectrum for ZnO:Co/Ag showing a
broad absorption band in the visible range similar to previous studies (Figures 2c).3**2 The broad
absorption is consistent with electronic coupling between the Ag NP and the ZnO:Co
semiconductor, and LSPR. Combined, these enhancements — better UCNP emission, and higher
and efficient absorption from the ZnO:Co/Ag shell — are expected to lead to more active materials

for aPDT.

Although the Co doping of the ZnO shell has expanded the absorption band into the visible range,
we explored the possibility of using an additional cocatalyst in the form of Ag NP, which was also
expected to provide additional antibacterial activity.?®>?® Rapid recombination of photoinduced
electron-hole pairs adversely affects the photocatalytic activity of ZnO NP, limiting practical

application in aPDT.?” Ag NP incorporation on the surface of ZnO NP is proposed to act as an
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electron trapping site, preventing recombination and consequently improving the photocatalytic
activity of ZnO NP.28 Furthermore, the LSPR effect of Ag NP decoration on ZnO NP has been
reported to enhance light absorption in the visible region of the spectrum and funnel it toward ZnO
NP.2° Additionally, as plasmonic metals rarely affect the energy band structures of
semiconductors, except at the metal/semiconductor interface where the conduction and valence
bands generally bend, the major properties of the semiconductor component are expected to remain
unaffected.®® The effect of Ag NP decoration of the NP composites was examined by UV-visible
absorption spectroscopy, with the spectrum for ZnO:Co/Ag showing a broad absorption band in
the visible range similar to previous studies (Figures 2c).31*? The broad absorption is consistent
with electronic coupling between the Ag NP and the ZnO:Co semiconductor, and LSPR.
Combined, these enhancements — better UCNP emission, and higher and efficient absorption from

the ZnO:Co/Ag shell — are expected to lead to more active materials for aPDT.
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Figure 2. Photoluminescence spectra for NaYF4:Yb/Tm and NaYF.:Yb/Tm@2ZnO:Co samples (a), and
NaYbF4:Tm and NaYbFs: Tm@2Zn0O:Co samples (b), UV-Vis spectra for ZnO:Co and ZnO (c).

3.3.3 Antibacterial properties and mechanistic insights

To examine the effect of these chemical modifications, we evaluated the antibacterial activity of
NaYF.Yb/Tm@ZnO, NaYbFi:Tm@ZnO, NaYFi:Yb/Tm@ZnO:Co, NaYbF4Tm@ZnO:Co,

NaYF4:Yb/Tm@ZnO:Co/Ag, and NaYF4Tm@ZnO:Co/Ag against S. aureus 6850 and its SCV
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phenotype S. aureus JB1-SCV (Figure 3). S. aureus JB1-SCV is believed to be responsible for
chronic and relapsing infections.®3* Experiments were conducted under both NIR illumination
(using a CW laser with a power density of 1.75 W/cm?) and dark conditions to probe both
antibacterial activity and the mechanism of action for these new composites. NaYF4:Yb/Tm@2ZnO
showed 0.29 and 0.10 log CFU reduction in cell viability in the NIR light-illuminated mode for
S. aureus 6850 and JB1-SCV, respectively (Figure 3a and b, Table 1). NaYbFs#Tm@2ZnO
exhibited a comparable antibacterial efficacy against S. aureus 6850 and JB1-SCV, respectively
with a 0.27 and 0.12 log CFU reduction in cell viability, under NIR illumination. As expected,
NaYF4:Tm@ZnO and NaYbF4: Tm@2ZnO samples both showed no reduction in CFUs under dark
conditions against either bacteria strains. With the addition of Co dopant to UCNPs@ZnO
samples, the NaYF4:Yb/Tm@2ZnO:Co showed 0.36 and 0.18 log CFU reductions in cell viability
in the NIR light-illuminated mode for S. aureus 6850 and JB1-SCV, respectively (Figure 3a and
b). Interestingly, NaYbFs: Tm@2ZnO:Co demonstrated much higher antibacterial efficacy against
S. aureus 6850 with a 1.02 log CFU reduction in cell viability compared to S. aureus JB1-SCV
(0.17 log CFU reduction), under NIR illumination (Figure 3a and b and Table 1). In contrast,
NaYbFsTm@2ZnO:Co and NaYbF4: Tm@2ZnO:Co samples showed almost no reduction in CFUs
under dark conditions against these bacteria strains (except a 0.04 log CFU reduction against

S. aureus JB1-SCV for NaYF4:Yb/Tm@2ZnO:Co) (Figure 3a and b and Table 1).
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Figure 3. Antibacterial efficacy results for the NaYF4:Yb/Tm@ZnO:Co, NaYF.:Yb/Tm@ZnO:Co/Ag,
NaYbF;:Tm@2ZnO:Co and NaYbF,;:Tm@2zZnO:Co/Ag in the NIR light-activated and dark conditions
modes against S. aureus 6850 (a), and against S. aureus JB1-SCV (b). Photo-generated ROS analysis
evaluated by confocal laser scanning microscope and the CellROX® Deep Red reagent for
NaYF4:Yb/Tm@ZnO:Co/Ag NPs in NIR light-activated mode (c), NaYF4Yb/Tm@ZnO:Co/Ag NPs in
dark conditions (d), NaYbF#Tm@ZnO:Co/Ag NPs in NIR light-activated mode (e), and
NaYbFs Tm@2ZnO:Co/Ag NPs in dark conditions (f).

O
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Table 1. Summary of antibacterial efficacy data.

Nanoparticle samples CFU log10 reduction (reduction ratio, %)
Dark conditions mode NIR light illuminated mode
S. aureus S. aureus S. aureus S. aureus
(6850) (JB1-SCV) (6850) (JB1-SCV)
1 | NaYF5Yb/Tm@ZnO 0.00 (0.0%) | 0.00(0.0%) | 0.29 (48.7%) | 0.10 (21.5%)
2 | NaYbF;: Tm@ZnO 0.00 (0.0%) | 0.00(0.0%) | 0.27 (46.7%) | 0.12 (23.6%)
3 | NaYF4Yb/Tm@ZnO:Co 0.00 (0.0%) | 0.04(9.5%) | 0.36 (56.4%) | 0.18 (34.3%)
4 | NaYbFsTm@ZnO:Co 0.00 (0.0%) | 0.00(0.0%) | 1.02(90.4%) | 0.17 (32.5%)
5 | NaYF.Yb/Tm@2ZnO:Co/Ag | 0.08 (17.5%) | 0.00 (0.0%) | 4.24 (100.0%) | 4.24 (100.0%)
6 | NaYbF, Tm@ZnO:Co/Ag 0.00 (0.0%) | 0.00(0.0%) | 4.24 (100.0%) | 4.24 (100.0%)

In comparison, both NaYbF4#Tm@ZzZnO:Co/Ag and NaYbF4#Tm@ZnO:Co/Ag completely
eliminated cells (4.24 log CFU reduction) for both S. aureus strains under NIR illumination (Figure
3aand b and Table 1). Satisfyingly, in the dark, again almost no reduction in CFUs was observed
(except a minor 0.08 log CFU reduction for NaYF4:Yb/Tm@2ZnO:Co/Ag against S. aureus 6850)
(Figure 3a and b and Table 1). Critically, these experiments demonstrated that the core/shell
UCNPs were effective against both S. aureus strains under light-activated NIR conditions, and
under dark conditions are not toxic to bacteria, even for the silver-incorporated NP samples.
Finally, a control without ZnO-coated UCNPs showed no CFU reduction in the experiment,

confirming the NIR light source used had a minimal contribution to eliminating bacteria.

Having established the composites have excellent antibacterial activity, we examined the
mechanisms of action, in particular focussing on the Ag NP loaded samples. Like other ZnO-
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coated UCNPs, the likely antibacterial activities of NaYF4Yb/Tm@ZnO:Co and
NaYbF.: Tm@2ZnO:Co are primarily due to the ZnO:Co shell, as the core has low toxicity.®®
Generation of photo-induced ROS is the main antibacterial mechanism for ZnO NP, although other
mechanisms have been reported, including the release of Zn?" ions and mechanical damage to
bacteria caused by direct interaction with NPs.'! The photo-induced ROS mechanism is consistent
with observations in our current study, which indicates limited antibacterial activity for
NaYbFsTm@2ZnO:Co and NaYbF4: Tm@2ZnO:Co samples under dark conditions and only those

samples used under NIR illumination had statistically significant reductions in log CFU.

As noted, the addition of Ag NP to ZnO-coated UCNPs could increase the effectiveness of ZnO NP
in three ways: they may act as a co-catalyst to prevent electron-hole pairs recombining;* as a
plasmonic sensitizer, which enhances the absorption of light by the ZnO;® and as a source of toxic
Ag ions,® particularly where Ag ion release is coupled to irradiation. In NIR-illuminated mode,
NaYF4Yb/Tm@ZnO:Co/Ag and NaYbFsYb/Tm@ZnO:Co/Ag NP samples completely
eradicated both bacterial strains. Pleasingly, under dark conditions, the antibacterial activity of
these materials was negligible, and the small amount of Ag NP dopant did not lead to a reduction
in the viability of cells. These results are desirable for an ideal antibacterial material, specifically

preventing unwanted toxicity when the compound is not activated (e.g., under dark conditions).

To obtain insight into the mode of action of NaYbFs#Tm@zZnO:Co/Ag and
NaYbFsTm@2ZnO:Co/Ag (Figure 3c to f), we checked for photogenerated ROS by confocal
microscopy with the CellROX Deep Red Reagent. The assay was performed in both NIR and dark
conditions simultaneously, and compared to dark conditions, both NaYF4:Yb/Tm@ZnO:Co/Ag
and NaYbF4# Tm@2ZnO:Co/Ag generated a significant amount of ROS during NIR illumination.

These observations are consistent with the PL results shown in Figure 2. As a further step, Ag
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release from NaYF4:Yb/Tm@2ZnO:Co/Ag and NaYbF4: Tm@2Zn0O:Co/Ag was quantified by ICP-
MS in NIR light illumination and dark illumination. Based on the ICP-MS results, the Ag release
from both NaYF4:Yb/Tm@2ZnO:Co/Ag and NaYbF4: Tm@ZnO:Co/Ag was 1.3 mmol in the NIR
light-illumination mode, while only 0.4 and 0.6 mmol was released in the dark conditions over the
same timescale, respectively. The results confirm that NIR-light irradiation stimulates Ag ion
release from these composites. While these data confirm that in NIR-light mode, an increase in
ROS and Ag release from NaYF4Yb/Tm@ZnO:Co/Ag and NaYbF4#Tm@2zZnO:Co/Ag, the
results; however, we are unable to determine which mechanism of antibacterial action is most
dominant. The co-catalytic and LSPR effects of Ag NP may have enhanced the photocatalytic
activity and thereby ROS generation by the ZnO shell but, in addition, this improved ROS
generation in turn facilitates the oxidation of Ag NP which could release more Ag ions.
Nonetheless, a combination of ROS and Ag™ is responsible for the strong antibacterial activity of
both Ag-doped materials against S. aureus and associated SCV bacteria. In spite of this excellent
activity when NIR activated, UCNPs@Zn0O:Co/Ag NPs are nontoxic in dark conditions, making
them ideal as an antibacterial agent for a variety of applications. If we compare
UCNPs@Zn0O:Co/Ag materials with other antibacterial agents and photosensitisers used in aPDT,
we see some potential advantages. Although Ag NPs have been reported to eliminate bacteria
completely, the lack of activation mode (uncontrolled release), leading to potential local cell
toxicity, remains an issue.® Among the most common photosensitisers used in aPDT are chlorine,
chlorin-e6 (Ce6), pheophorbide, and porphyrin, along with their derivatives.3® A number of studies
have demonstrated the excellent performance of these photosensitisers against a variety of
bacteria.*®*! UCNP-based photosensitiser (such as the one employed here) has the advantage of

utilising NIR light for activation, which only has limited absorption by cells.
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3.4 Conclusions

The development of alternative antibacterial strategies, such as antibacterial photodynamic therapy
(aPDT) using ZnO-coated UCNP, is critical for dealing with antibacterial-resistant bacteria, such
as S. aureus small colony variants (SCV). In this study, different approaches were evaluated to
improve the photocatalytic activity of ZnO-coated UCNP for use as an effective photosensitiser
for aPDT, ultimately in topical applications. Firstly, increasing the amount of activator (Yb®*) was
used to enhance the emission of the UCNP core. Secondly, Co was first doped to the ZnO shell in
order to narrow the band gap energy, followed by Ag loading onto UCNP@ZnO:Co in order to

prevent electron-hole recombination.

In dark conditions, neither of the bacteria strains was affected by these new NP composites (with
or without the incorporation of Ag). NIR-activated NaYF4+Yb/Tm@ZnO:Co and
NaYbFsTm@2ZnO:Co samples both exhibited significant antibacterial properties against
S.aureus SCV and parental 6850 (cell viability decreased between 32 to 90%). For
UCNPs@ZnO:Co NP samples, ROS arising from the ZnO:Co shell have been confirmed as the
main mode of antibacterial activity. By incorporating Ag NP into these materials
(NaYF4:Yb/Tm@ZnO:Co/Ag and NaYbF4#Tm@ZnO:Co/Ag), they are able to completely
eliminate both S. aureus SCV and parental 6850 strains under NIR illumination. With the addition
of Ag NP to the UCNPs@Zn0O:Co materials, ROS generation by the shell is likely enhanced due
to the combined effects of co-catalysis and improved LSPR. Furthermore, we show that irradiation
stimulates the release of Ag*, which is responsible for the improved antibacterial activity of

UCNPs@Zn0O:Co/Ag samples over the non-doped materials.
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Overall, the materials show excellent antibacterial activity against chronic S. aureus and associated
SCV bacteria. The findings from this study, improving the efficacy of UCNP-based compounds
for aPDT, should pave the way for effective and safe antibacterial treatments based on UCNP.
Future potential research could examine ZnO:Co/Ag coated UCNP with different UCNP host
materials that utilise a longer NIR light wavelength. Furthermore, to target bacteria cells, targeting

compounds may be added to the composite surface.

3.5 Experimental section
3.5.1 Raw materials

Oleic acid (Sigma-Aldrich, technical grade, 90%), 1-octadecene (Sigma—Aldrich, technical grade,
90%), chloroform (Chem-Supply, 99.8%), cyclohexane (Chem-Supply), methanol (Sigma-
Aldrich, 100%), ethanol (Chem-Supply, 100%), yttrium (IIl) chloride hexahydrate (Sigma-
Aldrich, 99.9%), ytterbium(lll) chloride hexahydrate (Sigma-Aldrich, 99.9%), thulium (111)
chloride (Sigma-Aldrich, 99.9%), sodium hydroxide (Sigma—Aldrich, 99.99%), zinc acetate
dihydrate (Sigma-Aldrich, >98%), hexadecyltrimethylammonium bromide (Sigma-Aldrich,
>98%), polyvinylpyrrolidone (Sigma-Aldrich), 2-methylimidazole (Sigma—Aldrich, 99%), 3'-p-
(aminophenyl) fluorescein (APF) (Thermo Fisher (Invitrogen)), and ammonium fluoride (Chem-

Supply, 98%) were obtained from commercial sources and used without further purification.

3.5.2 Synthesis of UCNP@ZnO:Co/Ag nanoparticles

UCNP@ZnO:Co/Ag NP was synthesised in a multistep process involving (a) synthesis of core
NaYF4:Yb/Tm and NaYbFs:Tm UCNPs; (b) deposition of CTAB coating; (c) formation of
ZIF-8:Co coatings followed by conversion to ZnO:Co through calcination; and (d) deposition of

Ag NPs on the surface of UCNP@ZnO:Co.
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Step (a): The synthesis of NaYF4:Yb/Tm and NaYbF4:Tm upconversion NPs was performed by a
thermolysis method which included a few variations.?! In a typical synthesis for NaYF4:Yb/Tm
NP (18% Yb and 1% Tm), YCl3-6H20 (0.81 mmol), YbClz-6H20 (0.18 mmol) and TmCls
(0.01 mmol) were mixed with oleic acid (OA, 6 mL) and 1-octadecene (ODE, 15 mL) ina 150 mL
3-neck round bottom flask. A homogeneous solution was formed by heating the suspension under
argon protection to 150 °C before cooling it to room temperature. A solution of NaOH (2.5 mmol)
and NHsF (4 mmol) in methanol (10 mL) was added to the reaction mixture and stirred at room
temperature for 30 minutes. Under argon gas protection, the solution was heated to evaporate the
methanol from it and then gradually increased to 300 °C. Once the solution had cooled to room
temperature, ethanol (10 mL) was used to precipitate the NPs from the solution. Following
precipitation, the NPs were centrifuged at 10,000 rpm for 10 minutes with an Eppendorf 5920 R,
Fa-6x50, washed several times with cyclohexane, ethanol, and MilliQ water, and then dried at
70 °C overnight. The NaYbFs:Tm UCNPs were synthesised with a similar method but were
maintained at 160 °C for one hour, then were heated to 320 °C under argon gas for 40 minutes.
The remaining steps of the synthesis, including product precipitation and washing/drying, were

similar to those of NaYF4:Yb/Tm UCNP.

Step (b): CTAB (0.82 mmol) was dissolved in Milli-Q water (10 mL) and then a suspension of
UCNP (45 mg) from the previous section, dispersed in chloroform (10 mL), was added and the
combined biphasic solution was stirred for 2 h. A clear solution of CTAB-coated UCNPs was

obtained by heating the mixture to evaporate the chloroform.

Step (c): Zn(NO3)2.6H20 (4 mmol) and Co(NO3)..6H20 (0.02 mmol) were dissolved in Milli-Q
water (5 mL) then added the CTAB-coated UCNP solution from the previous section and vortexed

to mix. 2-methylimidazole (16.84 mmol) was dissolved in ethanol (10 mL) and added to the
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previous solution and stirred at 250 rpm overnight. The UCNPs@ZIF-8:Co NP product was
precipitated from the solution by the addition of ethanol (5 mL), collected by centrifugation
(9,000 rpm for 10 min), washed with ethanol several times, and dried at 70 °C overnight. The
UCNPs@ZnO:Co NPs were synthesised by calcination of UCNPs@ZIF-8:Co NPs in the air at

400 °C for 5 h with a heating rate of 10 °C/ min.

Step (d): AgNO3 (0.05 mmol) and UCNPs@ZnO:Co NPs (50 mg) were added to Milli-Q water
(5mL) in a flask. The mixture was stirred at 800 rpm for 5 min. A freshly made solution of NaBH4
(2.64 mmol) in Milli-Q water (5 mL) was dropwise added to the previous mixture in the iced bath.
The mixture was stirred for 1 h then the product was collected by centrifugation (9,000 rpm for

10 min), washed with ethanol and Milli-Q water several times, and dried at 70 °C overnight.

Using the above method, Co?* doped ZnO NPs and ZnO without any dopant were also synthesised.
In order to prepare Co(ll) doped ZnO NP, Zn(NO3)2.6H20 (4 mmol) and Co(NO3z)2.6H20
(0.02 mmol) were dissolved in Milli-Q water (10 mL). A solution of HmIM (16.84 mmol) in
ethanol (10 mL) was prepared and added to the previous solution, which was stirred overnight at
250 rpm. The product was collected by addition of ethanol (5 mL) and centrifugation (9,000 rpm
for 10 min), then washed with ethanol several times, and dried at 70 °C overnight. Finally, the
Zn0O:Co NP was synthesised by calcination of ZIF-8:Co NP in the air at 400 °C for 5 h with a
heating rate of 10 °C/ min. The ZnO NP was also synthesised via a similar method but without any

dopant precursor.

3.5.3 Characterisation of as-prepared NPs

Powder X-ray diffraction (PXRD) data collected on a MiniFlex 600 (Rigaku, Cu Ka, A =

0.15418 nm) was used to confirm the structure of the synthesised NPs. Samples were mounted in
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a flat plate holder and the data was collected with the instrument operating at 40 kV and 15 mA
by scanning 26 from 10° to 70° with a step size of 0.02°. The hexagonal structure B-NaYbF
(#27-1427), hexagonal B-NaYFs (#16-0334), ZnO (#2300113), Ag (1100136) and simulated

PXRD pattern of ZIF-8 (from the cif) were used for comparison to the experimental data.

The particle size and morphology of the NPs were investigated by scanning electron microscopy
(SEM) on a Quanta 450 and high-resolution SEM (HRSEM) Hitachi SU7000, and transmission
electron microscopy (TEM) on an FEI Tecnai G2 Spirit TEM and high-resolution TEM (HRTEM)
on an FEI Titan Themis 80-200 G TEM operated at an accelerating voltage of 120 and 200 kV,
respectively. The NP samples were coated with platinum (3 nm) before SEM measurements.
Samples for TEM were dispersed in absolute ethanol using a vortex shaker, a small droplet of each
suspension was transferred to the TEM sample holder and the ethanol evaporated before being

placed into the TEM.

Photoluminescence measurements were carried out under 980 nm excitation by a continuous wave
(CW) laser. A fixed amount of powdered NP sample was used in the experiment for each sample.
The samples were excited by MDL-111-980 diode laser at 980 nm. The emission spectra were
collected using a spectrofluorometer (Edinburgh Instruments F980) with an air-cooled

photomultiplier (Hamamatsu R928) for detection.

The optical property of the pure ZnO and Co, Cu and Ni doped ZnO NP samples was evaluated
by a spectrophotometer UV-3600 Plus, Shimadzu with an integrated sphere and a Renishaw inVia
Raman Microscope integrated with Photoluminescence at an excitation wavelength of 325 nm.
The band gap energy then was calculated by the Tauc plot using the following equation: (hva)1/n

=A(hv-Eg), where h is Planck's constant, v is the frequency of vibration, a is the absorption
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coefficient, Eg is the band gap, A is a proportion constant and n is the nature of sample transition

(n=2 for indirect allowed transition).*?

3.5.4 Antibacterial assays

The S. aureus JB1-SCV along with parental S. aureus 6850 were used in the antibacterial efficacy
studies. Both NIR light illumination and dark illumination were used to evaluate the efficacy of
ZnO-coated UCNPs in antibacterial efficacy. UCNPs were activated with NIR light, while dark
conditions were used as controls to compare the reduction in bacteria caused by NIR light. In
addition, a bacterial assay without any NPs was used as a control in NIR light-illuminated

experiments.

The antibacterial properties of the NPs were assessed against S. aureus 6850 and the associated
JB1-SCV in tryptic soy broth (TSB) media. After growing the cells to the mid-logarithmic phase,
they were diluted in PBS solution to approximately 10° colony-forming units per mL
(CFU/mL). The experiment was conducted using 2.5 mL sterile glass vials. The NIR-activated
mode utilised a CW NIR laser (MDL-111-980) with a central wavelength of 980 + 10 nm and a
power intensity of 700 mW (equivalent to an estimated power density of 1.75 W/cm?). We used a
30 minute treatment time for both NIR-activated and dark conditions. We tested the laser power

intensity for the duration of the treatment and found no reduction in viable cells.

The antibacterial experiment was conducted in the setup fabricated specifically for this purpose
(Figure S8). A rotor with automated ON and OFF (approximately 10 s ON and 3 S OFF) was used
to confirm the powder nanoparticles are in the pathway of the laser beam. The experiment under
dark conditions was conducted simultaneously using the same treatment time of 30 min. Each

assay included 1 mL of normalised bacteria and 5 mg of NP sample. The powder NPs were added
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to each glass vial and sterilised by a UV light before use in the assay. After completion of the
experiment, the assay samples were spread on LB agar (1.5%) plates for bacterial counting and
evaluation. The experiments were repeated three times. The one-way ANOVA was performed
using GraphPad Prism V9.0.0, with a statistical significance indicated by ns for P>0.05; * for P

<0.05; ** for P <0.01; *** for P <0.001; and **** for P <0.0001, respectively.

A fluorescent indicator (CellROX® deep red reagent, Ex./JEm. 640/660 nm, Thermo Fisher
Scientific) was used to determine ROS generation from NP samples. The deep red reagent is non-
fluorescent in a reduced state but exhibits a fluorogenic signal when oxidised by ROS such as
hydrogen peroxide (H20-), hydroxyl radical (*OH) and superoxide anion (¢O2’). The NP sample
(5 mg) was added to the glass vial containing Milli-Q water (1 mL). The CellROX reagent diluted
in Milli-Q water was added at a final concentration of 5 uM. The treatment time of 30 min was
used to illuminate the mixture in NIR-activated mode. The experiment under dark conditions was
conducted using the same treatment time of 30 min. A FLUOVIEW FV3000 (Olympus) confocal

laser scanning microscope was used to image the samples.

ICP—MS was conducted on an Agilent 8900x ICP-MS/MS instrument. A series of mixed-element
standard solutions were used to determine the calibration curve needed to quantify Ag. Calibration
standard solutions with concentrations of 0.004, 0.02, 0.1, 0.5, 1, 5, 10, 50, 100 and 200 ppb were
prepared using ICP-MS-68A-B (High Purity Standard, 10 pg/mL in 2% HNO3) solution. 5 mg of
each NaYbF4Tm@Zn0O:Co/Ag and NaYbF4#:Tm@2ZnO:Co/Ag NP samples and 1 mL of Milli-Q
water was used in each assay. The experiment was conducted in NIR-activated and dark conditions
using the same setup for antibacterial, laser power and experiment time. Upon completion of
assays, the samples were centrifuged and the supernatant was collected and filtered (0.2 um

syringe filter). Each sample was digested in HNO3 (70% v/v) and then diluted in HNO3 (2% v/v)
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sequentially several times. Pure HNO3z (2% v/v) was also used as the control (blank sample). The
plasma conditions of RF power 1,550 W, sample depth 10 mm and Ar carrier gas flow rate of 0.95
L/min and makeup gas flow rate of 0.1 L/min with a Micro Mist nebuliser and Scott Type spray
chamber were used for measurements. The collision cell was run in He mode (4 ml/min He gas

flow) for the 107 Ag isotope. Online addition of Indium was used as the internal standard element.
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3.7 Supporting information

B-NaYbF,: 27-1427
o-NaYbF,: 77-2043
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Figure S1. PXRD data for the as-synthesised NaYbFs:Tm, NaYbFiTm@ZIF-8:Co, NaYbF:
Tm@2ZnO:Co and NaYbFs: Tm@ZnO:Co/Ag NP samples. The PDF cards for hexagonal 3-NaYbF, (#27-
1427), ZIF-8 simulation, ZnO (#2300113) and Ag (#1100136) are also presented.
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Figure S2. HRTEM image of NaYFsYb/Tm (a), NaYFs#Yb/Tm@ZnO:Co  (b),
NaYF.Yb/Tm@2ZnO:Co/Ag (©), NaYbFs:Tm (d), NaYbF4#Tm@2znO:Co (e), and
NaYbFsTm@ZnO:Co/Ag (f).
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Figure S3. HRSEM image of NaYFs#Yb/Tm (@), NaYFaYb/Tm@zZnO:Co (b),
NaYF.Yb/Tm@2ZnO:Co/Ag (©), NaYbFs:Tm (d), NaYbF4#Tm@2znO:Co (e), and
NaYbFsTm@ZnO:Co/Ag (f).

121



a 301 Avg. particle size = 24 + 2 nm b Avg. particle length= 642 + 99 nm
30
254
>
g =]
g E 15
w
104
5_
0 4
16 18 20 22 24 26 28 30 32 400 500 600 700 800 900
Particle size (nm) Particle size (nm)
25
C Avg. particle width= 240 + 26 nm
P
Q
[ =
[
=]
o
o
[

150 200 250 300 350 400
Particle size (nm)

Figure S4. Particle sizes for NaYF4:Yb/Tm (a), particle sizes for NaYbF4:Tm (b, ¢).
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Figure S5. Example spectrum and elemental analysis determined from the SEM-EDS spectrum for
NaYF.:Yb/Tm (a), and NaYbF4:Tm (b).
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Table S1. Raw ICP-MS data for the concentration of Co, Zn, Y, Ag, Tm and Yb in the as-synthesised
UCNP samples.

Samples Co Zn Y Ag Tm Yb

Conc.  Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc.
[ppb] RSD*  [ppb] RSD  [ppb] RSD  [ppb] RSD  [ppb] RSD  [ppb]  RSD

NaYbF,:Tm 1.75 025 19721 0.98
NaYbF;: Tm@2znO:Co 0.64 158 586.14 0.70 0.57 333 6518 042
NaYbF,;: Tm@ZnO:Co/Ag 0.56 591 55330 031 58.64  0.25 0.50 567 55.01 0.93
NaYF,:Yb/Tm 91.94 448 1.81 434 3366 6.38
NaYF.:Yb/Tm@ZnO:Co 0.78 526 34508 1.05 3097 0.60 0.57 5.85 11.78 558

NaYF.:Yb/Tm@ZnO:Co/Ag  0.98 530 41084 3.09 3503 9.90 79.23 150 0.64 7.53 12.71 1.57

[a] RSD: relative standard deviation.
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Figure S6. The schematic energy diagram for an ideal energy transfer process of Yb** to Tm®*
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Figure S7. Schematic of the Edinburgh instruments spectrofluorimeter experimental configuration.

Created with BioRender.com.
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Figure S8. Schematic of the antibacterial experiment setup. Created with BioRender.com
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4.1 Abstract

Upconversion nanoparticles (UCNPS) co-doped with lanthanide ions have recently attracted
significant attention as fluorescent probes for super-resolution microscopy (SRM). This is due to
the advantages of UCNPs over other fluorescence probes, such as fluorescent proteins, owing to
their unique optical properties, limited photobleaching and sharp emissions. However, the
concurrent emission of ultraviolet (UV) wavelength radiation by UCNPs and the potential for cell
photodamage, which may limit useful live cell analysis, have been overlooked. Here, UCNPs
synthesised with eight commonly used combinations of Yb/Tm and Yb/Tm/Gd dopants were
excited by either pulsed or continuous wave (CW) lasers to evaluate their UV emission. The ratio
of emitted UV-A and UV-B were measured relative to blue emission at 475 nm, which is
traditionally used for imaging during SRM. We demonstrate that most UCNP samples emit UV
light and that the dopant concentration has a key role in generating UV emissions. In addition, the
use of pulsed or CW lasers for excitation could lead to a large variation in the amount of UV
emitted. This work highlights the importance of considering upconversion dopant composition and
concentration, as well as analysing the emission of synthesised UCNPs before their use to prevent
unwanted cell photodamage during live cell imaging by SRM. Moreover, it established a need to

improve the visible light emission of UCNPs with respect to UV emission for SRM applications.

4.2 Introduction

Fluorescence microscopy is a widespread tool used to enhance our understanding of biological
interactions, especially spatial organization.! It visualises the physiological details and interactions
of biological molecules with high sensitivity in real-time whilst being a low-invasive technique.?

However, fluorescence microscopes are characterised by their spatial resolution limitation of
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200 nm. This limitation is enforced by the light diffraction limit rationalised by Abbe’s rule.? This
weakness has limited the use of these microscopes as an effective tool in biological sciences for
the study of nanosized bio-structures, such as neurons and cytoskeletons. The development of
super-resolution microscopy (SRM) techniques has solved the resolution limitations of
fluorescence microscopy.* The prime technique in SRM is stimulated emission depletion (STED),
implemented by either pulsed or continuous wave (CW) lasers.>” The SRM approaches rely upon
fluorescence probes that are capable of emission upon excitation by light in an intensity range from
Wi/cm? to GW/cm? (compared with fluorescence microscopy at mW/cm? to W/cm?) and a specific

wavelength, while being photostable.®

Recently, lanthanide ion-doped upconversion nanoparticle (UCNP) probes have gained attention
for SRM over the traditionally used organic fluorophores.® The UCNP probes have advantages
including sharp and tuneable light emission, long lifetimes, low background autofluorescence and
limited photobleaching.'® The most common co-doped UCNP ion pairs used as a probe in SRM
are Yb%* and Tm*".1* Yb/Tm based UCNPs produce bright emissions in the blue region at 475 nm
when excited by near-infrared (NIR) light at 980 nm. The NIR photon is absorbed by the Yb**ion
(sensitiser) and transferred sequentially to the Tm3* jon (activator), with consecutive energy
transfer events exciting the Tm3* ion into the emissive D, state. The 1D, state then emits blue
fluorescence at 450 nm, undergoing a 'D, — ®F4 transition. Additionally, this excitation pathway
promotes a 1G4 — 3Hg transition that emits fluorescence at 475 nm. The blue emissions at 450 and
475 nm are imaged together through a NIR short pass blocking filter in a microscopy setting due
to the similar wavelength of these emissions. Continual development of Yb/Tm doped UCNPs to
achieve brighter blue emissions suitable for imaging in SRM has been pursued.*? In that work, the

focus has been on improving the efficiencies of photon transfer processes and the lifetimes of the

136



sequential Tm3* excited states.*®>** A high concentration of Yb** sensitiser improves the transfer
of the photon to Tm*" in Yb/Tm doped UCNPs, while the core/shell structure of Yb/Tm UCNPs
reduces surface quenching effects, hence improving the upconversion efficiency.>!® These
strategies have been implemented to produce brighter blue light emission from a given power
density of 980 nm excitation light.!” However, this improvement in the blue fluorescence yield has
a drawback. The energy transfer process continues past the blue, generating fluorescence in the
ultraviolet (UV) range (wavelengths 280 to 400 nm). Thus, Yb/Tm doped UCNPs imaged near or

inside of cells will have the ability to emit UV light in this wavelength range too.

While some studies intentionally generate UV light from UCNPs to directly influence or Kill
cells!®2° most imaging applications do not consider the emissions in this range. This raises
questions as to whether some UCNPs have significant energetic UV emissions that are not being
detected, commonly due to most spectral systems having difficulty readily characterising UV
emissions. While UV emissions are rarely studied and do not contribute to standard imaging

experiments, UV emission is potentially damaging to the cells under study at such close range.

The UV light spectral region is subdivided into three distinct regions UV-A (wavelengths between
320 to 400 nm), UV-B (wavelengths between 280 to 320 nm) and UV-C (wavelengths between
200 to 280 nm).2t UV light causes cell phototoxicity by intracellular interactions or generating
reactive oxygen species (ROS) that consequently cause oxidative damage to the cell. DNA strand
breakage and thymidine dimerisations, UV response activation apoptosis and toxic reactive
oxygen species (ROS) generation (endogenous and exogenous) have been identified as the main

causes of cell damage by UV light (Scheme 1).22
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Scheme 1. Excitation of lanthanide-doped upconversion nanoparticles (UCNPs) with near-infrared (NIR)
light and the associated upconversion emissions in the UV-A, B and visible regions. The Yb3+ is shown
as blue and Tm3+ in pink in the UCNP in the scheme. The visible emissions at 450 and 475 nm are desired
for super-resolution microscopy (SRM); however, certain lanthanide-doped materials, such as Tm/Yb
doped UCNPs, also emit UV-A and UV-B light. The potential cell damage by the emitted UV light is
presented when it causes damage to biological molecules, e.g. DNA strand breakage/base dimerization,
initiates apoptotic pathways, or interacts with endogenous (e.g. NADH) or exogenous (e.g. GFP) molecules
to generate reactive oxygen species. Components adapted with permission from Ref.?2. Copyright 2020 IOP
Publishing Ltd. Created with BioRender.com.

This paper reports the UV emission properties for several UCNPs designed for SRM applications.

Eight UCNPs, based on NaYF4Yb/Tm, NaYbFs#Tm and NaYbFs:Tm/Gd structures, were
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synthesised and characterised for this purpose. The presence and extent of UV emissions under
continuous and pulsed excitation regimes were measured using UV sensitive detector systems,
with the potential negative impact of high energy emissions from these UCNPs on a surrounding
biological sample discussed. The findings from this work suggest that a correct measurement of
emission across the UV range, in addition to the targeted visible emission measurements, should

be strongly considered when developing UCNPs for SRM applications.

4.3 Results and discussion

4.3.1 Synthesis, composition, and morphology

Lanthanide-doped UCNPs, NaYb(100-x%)F4:Tm(x%) (x = 1, 2.5, 5 and 10 mol%), NaY(100-
X%)F4:Yb(18%)/Tm(x%) (x = 1 and 5 mol%) and NaYb(100-x%)F4:Tm(0.5%)/Gd(x%) (x =5 and

20 mol%), were synthesised via the thermolysis method (Scheme 2).%3

@
Y3+ Yb3* Tm?3* _ 300 °C
OA, ODE - ST

B-NaYF.Yb/Tm

(b)

Yb3, Tm3* 160 °C s 320°C

a-NaYbF4:Tm B-NaYbF,Tm

@ b iondopant
@ Tm*/Gd*ion dopant

Scheme 2. Methods used to synthesise the lanthanide-doped upconversion nanoparticles. (a) Synthetic
procedure for hexagonal B-NaYF4:Yb/Tm materials and (b) for hexagonal B-NaYbFs: Tm UCNPs. Created

with BioRender.com.

139



Powder X-ray diffraction (PXRD) data for NaYb(100-x)F4#:Tm(x) and NaY(100-
X%)F4:Yb(18%)/Tm(x%) samples confirmed all materials are crystalline, with the diffraction
peaks indexed to the hexagonal B-NaYbFs (# 27-1427) and hexagonal B-NaYFs (# 16-0334)
structures (Figure la and Table S1). The only exception is nanoparticle sample
NaYb(90%)F4:Tm(10%) which shows a small trace of the cubic structure of a-NaYbF
(#77-2043) (Figure la and Table S1). The 5% Gd loaded sample of NaYb(100-
X)F4:Tm(0.5%)/Gd(x) shows diffraction peaks that match a mixture of hexagonal B-NaYbFs
(# 27-1427) and cubic a-NaYbFs (# 77-2043) structures (Figure 1aand Table S1). In comparison,
the sample with 20% Gd loading shows a predominately hexagonal structure with a small trace of
the cubic structure (Figure 1a and Table S1). In the presence of Gd**, the formation of a phase pure
hexagonal B-NaYDbF4 host material by the thermolysis method was challenging despite using a
well-established two-step synthesis procedure (160 °C for 1 hour to form the cubic a-phase, then
320 °C for 40 minutes to convert cubic a-phase to hexagonal f-phase). Potentially, this issue could
be overcome by adjusting the synthesis protocol, including the ratio of OA to ODE, the synthesis
time, the use of different precursor salts, etc. As altering the synthesis parameters may affect the

surface chemistry of the NP samples, leading to different emissions, we avoided this approach.

Transmission electron microscopy (TEM) images revealed that the synthesised UCNPs are
uniformly sized, as shown by the mean particle sizes for each NP sample (Figure 1b to i, Table S1
and Figure S9-11). The as-synthesised hexagonal NaYbF4 based samples are larger, as expected,
as increasing the Yb®* concentration and the synthesis time will normally lead to an increase in
particle size (Figure 1d to g, S9-11). While this could be overcome by increasing the oleic acid
(OA) to 1-octadecene (ODE) ratio in the synthesis and altering the other synthesis parameters,*

the same ratio of OA to ODE was used in the synthesis of all NPs for consistency. The composition
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of the nanoparticles, primarily determined by the feed ratios of the components, was confirmed by
Energy Dispersive Spectroscopy (EDS) as well as inductively-coupled plasma mass spectrometry
(ICP-MS). EDS analysis showed that the Tm concentrations were approximately 1 and 5 mol%,
as expected, in the NaY(100-x%)F4:Yb(18%)/Tm(x%) (x= 1 and 5 mol%) NP samples,
respectively (Table S1 & Figure S1 to S2). The Tm dopant concentration was measured to be 1, 2,
5 and 11% for the NaYb(100-x%)F4:Tm(x%) (x=1, 2.5, 5 and 10 mol%) NP samples, respectively
(Table S1 & Figure S3 to S6). Finally, the Gd concentration was also measured to be 5 and 28%,
while the Tm concentrations were found to be negligible for NaYb(100-x%)F4:Tm(0.5%)/Gd(x)
(x=5 and 20 mol%) NP samples, respectively (Table S1 & Figure S7 to S8. Note that the figures
in Figures S1 to S8 show SEM-EDS measurement results rounded to whole numbers). In the SEM-
EDS, Tm and Gd elemental doses were calculated based on Yb values and Tm/Yb and Gd/Yb
ratios. ICP-MS data for the UCNP samples supported these results, confirming Tm concentrations
of 0.9% and 4.8% in NaY (100-x%)F4:Yb(18%)/Tm(x%) (x= 1 and 5 mol%), respectively (Table
S1 & S2). Similarly, the Tm dopant concentration was measured to be 1.0, 2.5, 5.0 and 10.1% for
the NaYDb(100-x%)F4:Tm(x%) (x=1, 2.5, 5 and 10 mol%), respectively. Finally, the Gd
concentrations were found 4.9 and 20.0% while the Tm concentrations were 0.4 and 0.3% for
NaYb(100-x%)F4:Tm(0.5%)/Gd(x) (x=5 and 20 mol%) NP samples, respectively. Overall, the
combined EDS and ICP-MS results confirmed that the Tm and Gd dopant concentrations broadly
matched those used in the synthesis, and moreover, that the distribution of dopants was relatively
homogenous, e.g. surface-sensitive EDS data matched that for the bulk sample determined by ICP-

MS.
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Figure 1. PXRD PXRD data and TEM images for the as-synthesised UCNP samples. (a) PXRD data for

the NaYDb(100-x)Fs:Tm(x) (x=1, 2.5, 5 and 10 mol%), NaY(100-x%)F4:Yb(18%)/Tm(x%)(x=1 and 5

mol%) and NaYb(100-x)F4:Tm(0.5%)/Gd(x) (x= 5, 16.5, and 20 mol%) UCNP samples. The PDF cards
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for a-NaYFs # 06-0342, B-NaYF, # 16-0334, a-NaYbF, # 77-2043 and B-NaYbF, # 27-1427 are also
presented. (b) TEM images for the as-synthesised hexagonal structure of f-
NaY (81%)Fs:Yb(18%)/Tm(1%), (c) hexagonal structure of B-NaY(77%)F4:Yb(18%)/Tm(5%), (d)
hexagonal structure of B-NaYb(99%)F4:Tm(1%), (¢) hexagonal structure of B-NaYb(97.5%)Fs:Tm(2.5%),
(f) hexagonal structure of B-NaYb(95%)F4:Tm(5%), (g) hexagonal structure of -NaYh(90%)F4: Tm(10%).
The B-NaYb(90%)F4: Tm(10%) UCNP sample shows a small trace of the cubic structure of a-NaYbF while
the majority of the sample is hexagonal structure B-NaYbF; as confirmed by the PXRD data, (h)
NaYb(94.5%)F4:Tm(0.5%)/Gd(5%). The NaYb(94.5%)F.:Tm(0.5%)/Gd(5%) UCNP sample shows a
mixture of hexagonal B-NaYbFs and cubic a-NaYbF; structures, (i) NaYb(79.5%)F4:Tm(0.5%)/Gd(20%)
UCNP. The NaYb(79.5%)F:Tm(0.5%)/Gd(20%) UCNP sample shows a small trace of the cubic structure
a-NaYDbF,; while the majority of the sample is hexagonal B-NaYbF. as confirmed by the PXRD data.

4.3.2 Excitation power density used

UCNP samples can be excited by continuous laser sources, which offer high average power, or by
pulsed lasers, which offer relatively low average power but can produce a large amount of light in
a short period. Both pulsed and CW lasers are routinely used to excite UCNPS in microscopy;
however, the behaviour of an upconversion material often changes depending on the power regime
used (high average power or high peak power). To investigate this, different excitation lasers were
used to excite the samples studied, with a CW diode laser allowing high average power and a
pulsed optical parametric oscillator producing high peak excitation power. The CW measurements
were conducted using a 980 nm solid-state diode laser with its power adjustable over 50 mW to
2 W. The emission spectra of the samples were collected at 75 mW spread over a beam spot size
of 40 mm?, exciting the samples at a power density of 0.185 W/cm?. This laser was additionally
used in the CW slope dependence measurements up to a maximum value of 4.5 W/cm?. In
comparison, the spectra for the samples under high peak power excitation were produced by a

flashlamp pumped optical parametric oscillator (OPQ) laser set at 980 nm which fired pulses 5 ns
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in length at 20 Hz. The laser had an energy of 0.8 mJ per pulse and was focused down to a spot
size of 2 mm, resulting in a peak power of 0.16 MW and a power density of 5.1 MW/cm?. A second
OPO laser was used for the high peak power slope dependence measurements due to its wider
accessible range pulse of energies. This OPO fired pulses of 5 ns in length at 10 Hz with maximum
energy at 980 nm of 7.5 mJ over a 5 mm diameter beam, giving a peak power density approaching

8 MW/cm?.

While optical techniques can vary greatly between research groups, the excitation power densities
used in this paper (hundreds of mW/cm?to several W/cm? for CW excitation and several MW/cm?
for pulsed excitation) are representative of many examples of UCNP excitation and STED

microscopy.2>?

4.3.3 Emission spectra

To examine the factors that govern the presence and extent of UV emission for UCNPs, including
nanoparticle composition and excitation mode, the synthesised UCNPs were excited under
continuous and pulsed excitation regimes and the emission was measured using a visible and UV
sensitive detector system. The power density for the pulsed and CW lasers was kept unchanged
for the excitation of all NP samples to allow comparison of the emissions. The
NaYb(99%)F4:Tm(1 mol%) and NaYb(97.5%)F4:Tm(2.5 mol%) NP samples were the brightest
of the eight samples with strong blue emissions at 450 and 475 nm. These also gave UV-A and B
emissions at 289, 345 and 361 nm when excited by the pulsed laser (Figures 2a, b and c). Under
non-saturated conditions, UV emission is considerably less likely than blue emission, due to the
UV emission requiring additional transfers of energy from the sensitiser ion (1G4 — 3Hg o lex®

(475 nm), D2 — 3F4, ID2 — 3Hes o lex* (455, 362 nm), tls — 3F4, g — 3Hs o< lex® (345, 289 nm)).
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If this model for excitation is used, any UV lines shorter than 362 nm would have low intensities
relative to the blue emission lines. However, due to the high sensitiser (Yb*") to activator (Tm?3")
ion ratio, a saturation of the Tm energy levels results in much higher UV emission than a non-
saturated model suggests. The 1ls — 3Hs peak has a significantly lower intensity than the other
transitions and, as such, this emission line is difficult to observe for any other samples. Similar to
the data with the pulsed laser, in a CW laser excitation experiment, the NaYb(99%)F4:Tm(1%)
and NaYb(97.5%)F4:Tm(2.5 mol%) again showed among the strongest blue wavelength emissions
(Figure 2d and e), although NaY (81%)F4:Yb(18%)/Tm(1%) and
NaYb(94.5%)F4:Tm(0.5%):Gd(5%) samples had relatively brighter blue emission. CW excitation
of the Gd doped samples showed a noticeable emission peak at 311 nm, compared with pulsed

laser excitation, with a much lower excitation intensity.
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Figure 2. Emission spectra for UCNP samples excited by pulsed and CW lasers. (a) Emission spectra for

pulsed laser excitation, and (b and c) enlargements of the emission spectra for the UV-A and B regions for
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brightest and less bright NP samples excited by pulsed laser. (d) Emission spectra for CW laser excitation,
and (e) enlargement of the emission spectra for the UV-A and B emissions excited by CW laser.

The emission peaks from UCNP samples were further analysed to assess the significance of the
UV emission relative to the blue emission. For this purpose, first, the peak intensity for each
sample was extracted and presented based on dopant concentration changes (Figures 3a and c, 4a
and c, 5a and c). Then the ratio of combined peaks in the UV-A (320 to 400 nm) and UV-B (280-
320 nm) ranges to the blue (475 nm) peak for each sample was calculated, based on the area under
the curve for each peak (Figure 3b and d, 4b and d, 5b and d). For the NaY(100-
X%)F4:YDb(18%)/Tm(x%) (x = 1 and 5 mol%) samples, the 1% Tm doped sample showed higher
peak intensity for the 289, 345 and 361 nm peaks, when excited by pulsed laser (Figure 3a). The
UV-A ratio to 475 nm peak was also much higher than the UV-B ratio for the 1% Tm sample in
the pulsed laser excitation mode (Figure 3b). This result reveals that in NaYFs UCNPs, a lower
Tm composition may lead to a higher chance of generating UV emissions. This behaviour could
be due to a reduced number of emitting ions and this appears to be suppressed by increasing the
Tm doping. A similar observation occurs when the NP samples were excited by the CW laser
(Figures 3c and d). The emission peak intensity for the 1% Tm sample again showed a higher value
than the 5% Tm sample (Figure 3c). The 1% Tm sample showed a larger UV-A to 475 nm emission
ratio (Figure 3d), while the ratio of UV-B to 475 nm is similar for both 1 and 5% Tm samples

under CW laser excitation (Figure 3d), highlighting the importance of irradiation setup.

147



NaY(100-x%)F ,-Yb(18%)/Tm(x%)

c ] i -4 -289 nm) ] B NaY (81%)F, Yb(18%)Tm(1%)
2 5 3.0x10* (a)somo3 - ® 345 nm ) (b) ] NaY(77%)F ;- Yb(18%)Tm(5%)
T © i 4 A - ¥ -361nm i
2 g ] . - - 450 nm 02
g = ]l m 475nm v :
o B 2.0x10* 1 e
5 & : A
5 o ] o —— T )
c_‘{‘; E 1_0)(104_: 12 3 4 5 0.1+
B9 ] -
] ]
a 0.0 4— T T T T 0.0 -
1 2 3 4 5 UV-A /475 nm UV-B /475 nm
,,,,,,,,,,,,,,,,,,, Tmmole%
< T - - T o B 0,
S g s (C) o s [(d)  mEererorsmmmon
= 3 1'm - 361 | Y (77%)F ;- Yb(18% ) Tm(5%)
S s ; , 0.2 4
5 = A 450 nm
> 5 ] M- 475 nm i
= = 2.0x10
v B ]
58 1
8 £ 1.0x10° . 0.1+
58 14
00] @ ]
T T T T T T 0.0 -
1 2 3 4 5 UV-A /475 nm UV-B /475 nm
Tm mole%

Figure 3. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaY(100-
X%)F4:Yb(18%)/Tm(x%) (x = 1 and 5 mol%). (a) Emission peak intensity data excited by the pulsed laser,
with the lower emission peaks are shown in the inset, (b) ratios of UV-A and B to the 475 nm peak excited
by the pulsed laser, (c) emission peak intensity data excited by the CW laser, and (d) ratios of UV-A and B
to the 475 nm peak excited by the CW laser.

For samples of composition NaYb(100-x%)Fs:Tm(x%) (x = 1, 2.5, 5 and 10 mole%) excited by
the pulsed laser, the intensity of emission at 345, 361, 450 and 475 nm declines upon increasing
the Tm loading from 1% to 10% (Figure 4a). This reduction in brightness can be explained by the
combined effects from quenching caused by higher activator concentration (Tm3*) and improved
upconversion efficiency by increasing the sensitiser concentration (Yb®").282° Interestingly,
despite the 1% Tm loaded sample giving the most intense emission overall, the sample with 2.5%

Tm loading showed the highest ratio of UV-A and B to 475 nm emission among all four samples
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excited by pulsed laser (Figure 4b). This is due to the 475 nm peak in the 1% Tm loaded sample
having a considerably higher emission intensity compared with the other samples. The ratio of
UV-A and B to 475 nm emission decreased in the following order: 2.5 >5 > 1 > 10% Tm doped
samples, respectively (Figure 4b). This result demonstrates that although the sample with 1% Tm
loading gives the most intense emission among these four samples (Figures 2a and 4a), the 2.5 and

5% Tm doped NP samples emit a larger proportion of UV radiation.

For excitation with the CW laser, again the sample with 1% Tm loading showed the most intense
emissions at 345, 361, 450 and 475 nm among all these NP samples (Figure 4c), while the NP
samples with 5 and 10% Tm loading showed the highest ratio of UV-A and B to 475 nm emission,
respectively (Figure 4d). These results reveal that both the ratio of emissions at particular
wavelengths and the emission intensities need to be considered to reduce the probability of
phototoxicity in SRM applications. Of the four NaYb(100-x%)Fs: Tm(x%) NP samples excited by
the pulsed laser, both lower (1%) and higher (10%) doping leads to less pronounced UV emission
relative to the desired 475 nm emission. However, the 475 nm emission is notably brighter for the
1% Tm sample (Figures 4a). In contrast, when these four samples are excited by the CW laser, the
sample with 2.5% doping emits less UV emission relative to the 475 nm emission, while the 5%
Tm doped sample emits the most intense UV emission relative to the 475 nm emission, definitively
highlighting the importance of considering how the UCNPs are excited in an SRM application

(Figure 4c and d).
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Figure 4. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaYb(100-
X%)F4:Tm(x%) (x = 1, 2.5, 5 and 10 mol%). (a) Emission peak intensity data excited by the pulsed laser,
(b) ratios of UV-A and B to the 475 nm peak excited by the pulsed laser, (c) emission peak intensity data
excited by the CW laser, and (d) ratios of UV-A and B to the 475 nm peak excited by the CW laser.

Gd-doped UCNPs have attracted attention recently as a fluorescent probe for STED microscopy
due to their ability to reduce depletion saturation intensity. Gd dopants create massive energy
migration networks that move energy from the luminescent centre to surface quenchers.
Consequently, STED microscopy using these nanoparticles benefits from a lower-intensity light
source to deplete photons.®® While, the Gd dopant in UCNP has addressed a fundamental problem
with STED microscopy (high-intensity depletion), it also produces UV emission at 311 nm. With

Yb/Tm co-doped UCNP exhibiting UV emission, we used NaYbF4 host structure to investigate
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Gd effects on UV generation. In these UCNP samples, the Tm3* concentration was reduced from

1 mmole to 0.5 mmole to emphasise Gd** effects.

As the PXRD results (Figure 1a) demonstrated for the as-synthesised Gd-doped UCNP samples, a
quantity of the a-NaYbF4 host possessing a cubic crystal structure was formed in addition to the
desired hexagonal B-NaYbF4 crystal host phase. In the emission investigation conducted herein,
the cubic a-NaYDbF; crystal form is considered to be essentially silent and should not contribute to
the emissions. Due to their structures, hexagonal 3-NaREF; crystal structures (RE= rare earth, e.g.
B-NaYbF, and B-NaYF.) are generally regarded as more efficient than their cubic counterparts.®!-
3 In both of these host UCNPs, emission from the cubic phase is extremely weak, due to a number
of structural differences. In particular, the hexagonal B-NaYF4 crystal structure has lanthanide sites
in low-symmetry positions where distorted electron clouds are heavily coupled to the lattice. In
comparison, the cubic crystal structure has random substitutions between the lanthanide cations
and the Na* ions within the crystal lattice. This inevitably complicates their bonding, and thus the
cubic phase suffers from a greater energy loss than the hexagonal phase.3* Additionally, there is a
smaller distance between adjacent lanthanide ions in the hexagonal structure, 3.548 A compared
to 3.868 A in the cubic form.3! For these reasons, typically the upconversion efficiency of
lanthanide-doped NaYF4 with a cubic structure is considerably lower than that of the hexagonal
NaYF4 forms.® For example, the hexagonal B-NaYF4 crystal structure facilitates the emission of
Er®* lanthanide ions with a four times higher efficiency than the cubic a-NaYF; crystal structure.®
Although potentially a Gd-doped UCNP with pure hexagonal NaYbFs host crystal could be
synthesised by adjusting the synthesis procedure, for consistency and to prevent changing the

surface chemistry of the as-synthesised UCNPs, the same synthesis protocol was used to synthesise
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these NPs resulting in the analysis necessarily involving a small amount of the weakly emitting

cubic phase.

For the NaY (100-x%)F4:Yb(18%)/Tm(0.5%)/Gd(x%) (x = 5 and 20 mole%) samples excited by
pulsed laser, the emission peaks at 289, 311, 345, 450 and 475 nm for the 5% Gd sample were of
higher intensity compared with higher 20% Gd loaded sample (Figure 5a). The new peak observed
at 311 nm is due to Gd emission in both samples. Interestingly, the peak intensities for these two
samples were notably higher when excited by CW laser (Figure 5c). This in turn leads to a much
higher ratio of UV-A and B to 475 nm emission in CW laser excitation mode compared with pulsed
laser excitation mode (Figure 5b, d). The UV-A to 475 nm ratio of emission is higher for 5% Gd
doped UCNPs, while the UV-B to 475 nm is higher at 20% Gd doped materials in both pulsed and
CW laser mode (Figure 5b, d). These results indicate that Gd doping could play a key role in the
UV light generation of these NP samples, possibly by the formation of crystal defects. It has been
shown previously that crystal defects change the symmetry around the lanthanide emitter ions in
the crystal structure, leading to better energy transfer and enhanced upconversion luminescence.
Hence, the phototoxicity of the NaYb(100-x%)Fs:Tm(0.5%)/Gd(x%) NP samples for SRM
applications may directly be correlated with the Gd loading and concomitant changes in the crystal

structure.
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Figure 5. Emission peak intensities and ratios of UV-A and B to the 475 nm peak for NaYb(100-x%) Fa:
Tm (0.5%)/Gd (x%) (x = 5 and 20 mol%). (a) Emission peak intensity data excited by the pulsed laser, (b)
ratios of UV-A and B to the 475 nm peak excited by the pulsed laser, (c) emission peak intensity data
excited by the CW laser, and (d) ratios of UV-A and B to the 475 nm peak excited by the CW laser.

The as-synthesised UCNP samples were all confirmed to generate UV emissions in the UV-A and
B regions. The UV light generated from the same host crystal structure is directly correlated with
the dopant concentration and whether a pulsed or CW laser is used for excitation. The amount of
dopant concentration also affects the intensity of blue light emission, which is required for SRM.
Therefore, adjusting the dopant concentration and conducting analysis of the emissions of any new
UCNPs should provide a route to enhance the blue light emission, whilst reducing the UV
emission, and thereby facilitate the development of more efficient and biologically benign

fluorescence probes for SRM.
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4.3.4 Excitation power dependency of visible and UV emission

In the UCNPs, visible and UV emission is generated from the Tm*" ion by sequential energy
transfer from the Yb** ion. This process involves four energy transfer steps to cause emission from
the D, level in Tm®*, and five steps to reach the I level (Figure 6a). This process can be
experimentally verified by adjusting the excitation intensity incident on the sample and measuring
the change in intensity at each emission wavelength peak.3® The change in emission compared to
excitation intensity is directly proportional to the number of photons being used in the
upconversion process,” and therefore, when the data is presented in a log-log plot, the power
dependency is given by the slope of the excitation/emission curve. The excitation power
dependency was measured for all the as-synthesised NP samples. The power dependency for the
NaYb(95%)F4:Tm(5%) sample excited by pulsed laser is given in Figure 6b, while the slope values
for all samples excited by both pulsed and CW lasers are presented in Tables S3 and S4,
respectively. It should be noted that the experimentally determined slope values are less than the
ideal values, as is often observed.®®% This is primarily due to Tm®" - Tm3* cross relaxation
improving the photon efficiency of the system*° (Figure 6a), especially in the CW case, as well as

minor saturation effects at the high intensities used during both CW and pulsed excitation.
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Figure 6. An energy diagram showing an ideal energy transfer process, and power dependence graphs for
the UV and blue emissions from NaYh(95%)F4:Tm(5%) excited by the pulsed laser. (a) The schematic
shows energy transfer mechanism of Yb3* to Tm®". (b) The observed slope values are less than the ideal
values, but the UV energy dependence is clearly higher than either of the visible emissions and no saturation
is observed.

These slope values are important as they show that the UV emissions are not uniquely saturated in
comparison to the visible emission and that raising the excitation intensity incident on the samples
will increase the UV emission more, relative to the visible emission. Considering the
NaYb(95%)F4: Tm(5%) case depicted in Figure 6b, if a microscopy experiment required the blue
emission at 475 nm to be arbitrarily four times as bright, the excitation laser energy only needs to
be increased two times the original intensity due to the 2-photon process occurring. This two-times
increase in excitation power causes the other blue emission to amplify to approximately 8.5 times

its original value, however, and the UV peak at 345 nm magnifies to over 25 times as intense.
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Some reports of STED have utilised CW excitation power densities in excess of what is
demonstrated in this report, reaching above the kW/cm? level.*?#! Despite the upconversion
pathways eventually saturating under these conditions, the UV light generation under this

excitation power regime would be even higher than has been demonstrated in this work.

4.3.5 Difficulties in correct UV emission detection

It is of high importance for SRM applications of new fluorophores, like UCNPs, that measurement
of the UV range be undertaken, as the difficulty of detecting this range can often lead to the
erroneous assumption that a lack of detected UV emissions represents a true lack of emissions,
with the true emission peaks simply being unobserved. Fluorescence emission can be difficult to
detect and quantify in the UV range as a result of the intense absorption of UV light by many
materials, including optical glass which is designed to have high transparency in the visible regime.
This leads to an experimental bias where even strong UV light produced will not be measured and
therefore not considered in its impact on the surrounding biological environment. To correctly
analyse UV peaks without significant bias, the transparency of fibres, lenses, objectives, and filters

should be assessed, as well as the ability of the spectrometer to detect the UV range.

Lenses and filters created using borosilicate, N-BK7 or sapphire glass have substantial absorption
and will easily completely block the detection of UV light. This includes microscope slides or
coverslips if they are placed in the light collection path. Often the specialised coating layer on
interference filters will also have significant UV absorption that prevents meaningful
measurements. If optical components are required for filtering or analysis, a common choice of
material is calcium fluoride, due to its high UV/visible/NIR transmission as well as its robustness

and affordability compared to other fluoride glasses. Fused silica or quartz glass components are
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also popular but do exert some small deviations to the true UV intensity due to slightly increased
absorption over the UV-B range. This is small enough to be compensated for if a response curve

is known, such as is done for optical components in commercial spectrofluorometer systems.

Most visible/NIR detectors based on silicon imaging sensors do have some sensitivity below
350 nm, but this generally decreases to approximately a quarter of the visible light quantum
efficiency by 300 nm.*>*® Many fixed grating systems ignore this range however in favour of the
optimised resolution and efficiency across the visible and NIR range through the choice of grating

material and position that is often detrimental to UV detection.

To examine the ability of a given spectrometer and collection optics to detect UV emission,
mercury calibration lamps are useful sources of bright, sharp peaks in the UV and visible region
with well-defined emission wavelengths.*#> These can be found as small, low-powered and
portable sources for easy calibration of bench-top spectrometer systems. Strong lines are present
across the UV-A, UV-B and UV-C range and detection of these lines is positive confirmation that

a spectrometer system is appropriately capable of UV light detection.

Water and most buffer systems offer acceptable UV transmission to allow for fluorescence peak
detection; however, biological media often do not. This includes intracellular analysis, where the
high transmission of an infrared excitation source and the emitted visible light are not matched by
any UV emission, which is effectively absorbed by many parts of the cell including proteins* and
DNA.#" The consequence of this is that measurements to detect UV emission from doped
nanoparticles cannot be undertaken while in a biological medium. The lack of detected UV

emission could be falsely interpreted as a lack of UV light being produced, when the emission is
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simply much more strongly absorbed relative to the visible light or NIR emission, and potentially

influencing the environment in ways that are unaccounted for.

4.3.6 Potential impact of UV emission from UCNPs on the biological
environment
Most studies on the biological impact of UV radiation have been focused on skin cancer caused
by UV light from the sun.*®4° UV-C has the highest energy level and causes the greatest biological
damage, followed by UV-B and then UV-A.%° Biological damage from exposure to UV light is
mainly caused by the absorption of UV light by intracellular biomacromolecules or
photosensitizing interactions via exogenous or endogenous reactions that generate ROS.%%? The
main mechanism of cell damage by UV-A radiation is the interaction of UV-A with cellular
chromophores (which act as photosensitisers) to generate ROS that damage DNA and the proteins
that repair damaged DNA.>® UV-A absorption by cellular chromophores generates a pair of
radicals, including a photosensitiser anion and a target cation. The photosensitiser anion can
generate superoxide, which can be converted into hydrogen peroxide and hydroxyl group via a
series of reactions. Guanine (one of the building blocks of DNA and RNA), when excited by UV-
A, reacts with water to form 8-hydroxy-7,8-dihydroguanyl radical which then oxidises to 8-oxo-
7,8-dihydroguanine (8-oxoGua) by reaction with molecular oxygen.>* UV-B directly damages
cellular DNA by forming bulky adducts such as double-stranded breaks (DSBs) and cyclobutane
pyrimidine dimers (CPDs), as well as generating ROS like UV-A.>® The UV-B radiation
specifically generates ROS following absorption by chromophores such as carotenoids, vitamin

A, pyridoxamine, eumelanin and phaeomelanin, and heme groups.®®

The wavelength and intensity of the light emitted, the exposure duration and the biological sample

type are important factors influencing the potential for cell damage in microscopy analysis.>” The
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photosensitivity of U20S, COS-7 and HeLa cells has been studied at 405, 488, 514 and 558 nm
irradiation wavelengths for SRM,*® and the study used both pulsed and CW lasers. While 100% of
cells survived exposure to 514 nm wavelength light, the higher energy 405 nm wavelength light
led to all cells being unviable. This was despite the 514 nm wavelength experiments being
performed at an exposure duration of 4 times longer and with a laser power 10 times higher than
used in the 405 nm wavelength case. While this is concerning for cell viability in SRM
applications, it is worth noting that the UV emissions from the UCNPs shown in our study are
related to the emission of light by UCNPs after near IR excitation. The UCNP UV emissions have

lower fluxes in comparison to excitation laser used in the above study.

The as-synthesised UCNP samples emit three peaks in the UV region at 361 nm (*D;—3He),
345 nm (Ye—°3Fs) and 290 nm (*ls—3Hs), with the Gd doped UCNPs samples showing an
additional peak at 311 nm (°P72—8S7,2)>°. The amount of UV- A and B generated by UCNP probes
may not cause an immediate impact on the biological samples being examined by SRM; however,
these UV emissions could cause phototoxicity in long dynamic imaging of live cells or more
sensitive biological samples using SRM. Therefore, a consideration particularly needs to be given
to the effects over a longer experiment or if the high excitation laser power is used in combination
with particular UCNP fluorophores. In terms of the improvement of existing UCNP fluorophores
or the development of new materials, there are opportunities to reduce the UV-A and B generation

by modifying dopant types and ratios used.

4.4 Conclusions

UCNPs are in continuous development as fluorescence probes for the SRM due to their inherently

favourable photoluminescence characteristics. This study evaluated the UV emissions generated
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from UCNPs that have the potential to cause phototoxicity (cell damage). Eight combinations of
Yb/Tm and Yb/Tm/Gd doped UCNPs were synthesised and the UCNPs were excited by pulsed or

continuous wave (CW) lasers.

We found that a lower Tm activator loading, of 1 mol%, in a NaYF4:Yb/Tm UCNP will lead to
higher UV-A and B emissions relative to the desired emission at 475 nm when excited by a pulsed
or CW laser. However, in UCNPs with a NaYbF4:Tm structure, NPs with an intermediate Tm
loading of 2.5 and 5 mol% showed higher UV emissions compared to 1 and 10 mol% doped
materials when excited by both pulsed and CW lasers. Moreover, for NaYF4:Yb/Tm/Gd
nanoparticles, samples excited by the CW laser showed significantly higher UV emissions
compared with a pulsed laser excitation methodology. Importantly, the work has shown that most
samples emitted UV radiation but that the dopant concentration and the ratio of activator to
sensitiser have a significant impact on the amount of UV generated relative to the desired visible
emission at 475 nm. The use of pulsed or CW lasers for excitation of the UCNPs also leads to a

large variation in the amount of UV light produced relative to the visible emission.

Overall, these combined results highlight the importance of carefully tailoring the upconversion
dopant concentration, as well as undertaking detailed fluorescent analysis on synthesised UCNPs.
These detailed spectroscopic studies need to consider the challenges of measuring emitted UV
light and the experimental biases present in standard characterisation workflows and apparatus.
These actions are deemed necessary to prevent potential unwanted cell photodamage during live
cell imaging by SRM and to improve the performance of new UCNPs being developed for SRM

applications.
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4.5 Experimental section
45.1 Raw materials

Gadolinium (111) chloride hexahydrate (Sigma-Aldrich, 99%), thulium (111) chloride (Sigma-
Aldrich, 99.9%), ytterbium(lIl) chloride hexahydrate (Sigma—Aldrich, 99.9%), yttrium (I1I)
chloride hexahydrate (Sigma-Aldrich, 99.9%), ammonium fluoride (Chem—Supply, 98%), sodium
hydroxide (Sigma—Aldrich, 99.99%), 1-octadecene (Sigma-Aldrich, technical grade, 90%), Oleic
acid (Sigma-Aldrich, technical grade, 90%), methanol (Sigma—Aldrich, 99.9%), ethanol (Chem—
Supply, 100%) and cyclohexane (Chem-Supply) were obtained from commercial sources and used

without further purification.

4.5.2 Synthesis of nanoparticles

The NaYb(100-x)F4:Tm(x) (x = 1, 2.5, 5 and 10 mol%) and NaYb(100-x)F4:Tm(0.5%)/Gd(x) (x
=5 and 20 mol%) were synthesised via a similar method to that previously reported*® with slight
modifications. NaYb(100-x)F#Tm(x) (x = 1, 25 5 and 10 mol%) and NaYb(100-
X)F4:Tm(0.5%)/Gd(x) (x = 5 and 20 mol%) were synthesised via the same method with the
following modifications: after the addition of the NaOH/NH4F solution and evaporation of

methanol, the suspension was heated to 160 °C for 1h then to 320 °C for 40 minutes.?

4.5.3 Characterisation

Powder X-ray diffraction (PXRD) data were collected on a MiniFlex 600 (Rigaku, Cu Ka, A =
0.15418 nm). Samples were mounted in a flat plate holder and the data was collected with the
instrument operating at 40 kV and 15 mA by scanning 26 from 10° to 70° with a step size of 0.02°.

The hexagonal structure B-NaYbFs (JCPDS # 27-1427), cubic structure a-NaYbFs (JCPDS
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#77-2043), hexagonal structure B-NaYFs (JCPDS # 16-0334) and cubic structure a-NaYFs

(JCPDS # 06-0342) were used for comparison to the experimental data.

Scanning electron microscopy (SEM) was conducted on a Quanta 450, and transmission electron
microscopy (TEM) on an FEI Tecnai G2 Spirit TEM operated at an accelerating voltage of 120 kV.
The NP samples were coated with platinum (3 nm) before SEM measurements. Samples for TEM
were dispersed in absolute ethanol using a vortex shaker, a small droplet of each suspension was

transferred to the TEM sample holder, and the ethanol evaporated before placing into the TEM.

ICP—MS was conducted on an Agilent 8900x ICP-MS/MS instrument. A series of mixed element
standard solutions were used to determine the calibration curve needed to quantify Y, Yb, Gd and
Tm. Calibration standard solutions with concentrations of 10, 50, 100, 200 and 500 ppb were
prepared using HPS-Q17617A (High Purity Standard, 10 mg/L in 2% HNOg) solution. The NP
samples were digested in HNO3 (70% v/v) and then diluted in HNO3 (2% v/v) to concentrations
of 100 ppb for each NP sample. Pure HNOs (2% v/v) was also used as the control (blank sample).
The plasma conditions of RF power 1,550 W, sample depth 10 mm and Ar carrier gas flow rate of
0.95 L/min and makeup gas flow rate of 0.1 L/min with a Micro Mist nebuliser and Scott Type
spray chamber were used for measurements. The collision cell was run in He mode (4 ml/min He
gas flow) for the following isotopes: 89Y, 173Yb, 157Gd, and 169Tm. Online addition of Indium

was used as the internal standard element.

Photoluminescence measurements were carried out under 980 nm excitation using both a CW and
pulsed laser. A fixed amount of powdered NP sample was used in the experiment for each sample.
In the case of the pulsed laser, the samples were excited by pulses with a 5 ns duration and 20 Hz

repetition rate from an Optical Parametric Oscillator (OPO) (Opotek LLC model "Opolette 355").
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An 840 nm long-pass filter was placed before the sample to block visible wavelengths present in
the OPO beam, and a silica lens was used to focus the spot size of the laser to approximately
2 mm. For the CW laser case, the samples were excited by MDL-I11-980 diode laser at 980 nm.
The emission spectra were collected using a spectrofluorometer (Edinburgh Instruments F980)
with an air-cooled photomultiplier (Hamamatsu R928) for detection (Figure S12). The emission
spectra were collected across the 280 to 630 nm detection range of the photomultiplier. CW laser
power dependence scans were conducted using the 980 nm laser diode through a continuous
neutral density filter with a SpectraPro SP-2300i spectrometer and PIXIS 100 CCD sensor for
detection. Pulsed laser energy dependence data were conducted using a Radiant X30 OPO set at
980 nm (5 ns pulses at a repetition rate of 10 Hz), with variations in energy enabled by rotation of
two Glan-laser calcite polarisers placed in the beam path. UV emission was collected through a
340 nm short pass absorptive filter while visible light was collected through a 770 nm short pass

interference filter.
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4.7 Supporting information

Table S1. Host crystal structure, average particle size and summary of the elemental analysis
results for NaY (100-x%)F4:Yb(18%)/Tm(x%)(x=1 and 5 mol%), NaYb(100-x%)F4:Tm(x%) (X =
1, 2.5, 5 and 10 mol%), and NaYb(100-x%)F4:Tm(0.5%)/Gd(x%) (x= 5 and 20 mol%) NP
samples.

PXRD TEM SEM-EDS ICP-MS
Samples Host crystal avg. size Tm Gd m Gd
structure (nm) (%) (%) (%) (%)
Width=18 + 1
NaY (81%)F4:Yb(18%)/Tm(1%) Hex. (# 06-0342) 1 0.9
Length=26 +2
Width=63 + 5
NaY (77%)F4:Yb(18%)/Tm(5%) Hex. (# 06-0342) 5 48

Length=114 +8

Width= 246 + 29
NaYb(99%)F4:Tm(1%) Hex. (# 27-1427) 1 1.0
Length= 647 + 85

Width= 158 + 18
NaYb(97.5%)F4:Tm(2.5%) Hex. (# 27-1427) 2 2.5
Length= 410 + 58

Width= 161 + 13
NaYb(95%)Fa:Tm(5%) Hex. (# 27-1427) 5 5.0
Length= 465 + 52

Width= 256 + 26
NaYh(90%)Fa: Tm(10%) Hex. (# 27-1427)* | Length= 643 + 84 11 10.1

Small=27 +8

Hex. (# 27-1427), Small=16 + 4

NaYb(94.5%)FsTm(0.5%):Gd(S%) | (- 77 Hoaay ) N
: arge= 268 +

Small=33+7
NaYb(79.5%)F4:Tm(0.5%):Gd(20%) | Hex. (# 27-1427)* 0 28 0.3 20.0
Large= 290 + 11

* These NP samples also show a small trace of the cubic structure.
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Table S2. Raw ICP-MS results to confirm the concentration of Y, Yb, Tm and Gd in the as-synthesised UCNP samples.

Y Yb Tm Gd
Sample name
Conc. [ppb] Conc. RSD* Conc. [ppb] Conc. RSD* Conc. [ppb] Conc. RSD* Conc. [ppb] | Conc. RSD*

NaY (77%)F4:Yb(18%)/Tm(5%) 21.74 2.26 8.56 1.48 2.23 0.79 0.11 11.55
NaY (81%)F4:Yb(18%)/Tm(1%) 24.54 1.82 10.20 3.17 0.48 2.80 0.04 19.02
NaYb(99%)F4:Tm(1%) 0.28 3.19 54.62 1.07 0.51 0.54 0.04 4.64
NaYb(97.5%)F4:Tm(2.5%) 0.33 1.92 50.07 0.92 1.22 2.63 0.03 29.99
NaYb(95%)F4:Tm(5%) 0.58 2.36 33.16 0.38 1.72 0.96 0.05 12.49
NaYb(90%)F,: Tm(10%) 0.31 3.89 114.23 0.95 12.26 1.17 0.04 10.51
NaYb(94.5%)F . Tm(0.5%):Gd(5%) 0.28 1.26 4757 1.07 0.18 1.67 2.20 2.35
NaYb(79.5%)F4:Tm(0.5%):Gd(20%) 0.29 4.29 63.86 0.62 0.24 1.66 14.95 2.05

* RSD: relative standard deviation
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Figure S1. Example spectrum and elemental analysis for NaY(81%)F.:Yb(18%)/Tm(1%) determined the
Scanning Electron Microscopy Energy Dispersive X-ray (SEM-EDX) spectrum.
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Figure S2. Example spectrum and elemental analysis for NaY (77%)F4:Yb(18%)/Tm(5%) determined from
the SEM-EDX spectrum.
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Figure S3. Example spectrum and elemental analysis for NaYb(99%)F.:Tm(1%) determined from the
SEM-EDX spectrum.
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Figure S4. Example spectrum and elemental analysis for NaYb(97.5%)F4:Tm(2.5%) determined from the
SEM-EDX spectrum.
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Figure S5. Example spectrum and elemental analysis for NaYb(95%)F4:Tm(5%) determined from the
SEM-EDX spectrum.
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Figure S6. Example spectrum and elemental analysis for NaYb(90%)F4:Tm(10%) determined from the
SEM-EDX spectrum.
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Figure S7. Example spectrum and elemental analysis for NaYb(94.5%)F4:Tm(0.5%)/Gd(5%) determined
from the SEM-EDX spectrum.
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Figure S8. Example spectrum and elemental analysis for NaYb(79.5%)F4:Tm(0.5%)/Gd(20%) determined
from the SEM-EDX spectrum.
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Figure S9. Particle size distribution plots for the length and width of the as-synthesised (a)
NaY (81%)F.:Yb(18%)/Tm(1%) UCNP and (b) NaY(81%)Fa:Yb(18%)/Tm(1%) UCNP.
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Figure S10. Particle size distribution plots for the length and width of the as-synthesised (a)
NaYb(99%)F4:Tm(1%) UCNP, (b) NaYb(97.5%)F4:Tm(2.5%) UCNP, (c) NaYb(95%)F4+:Tm(5%) UCNP
and (d) NaYDb(90%)F4:Tm(10%) UCNP.
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Figure S11. Particle size distribution plots for the length and width of the as-synthesised (a)
NaYh(94.5%)Fs:Tm(0.5%)/Gd(5%) UCNP and (b) NaYb(79.5%)F:Tm(0.5%)/Gd(20%) UCNP.
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Table S3. Experimentally determined power dependence slope values under pulsed excitation (5 ns pulses
at 10 Hz) across a pulse energy range of 1 to 7.5 MW/cm2.

1G4 — ®He 'D; — 3F4 e — 3F4
Samples
475 nm 450 nm 345 nm

NaY (81%)F4:Yb(18%)/Tm(1%) 2.7 2.8 3.5
NaY (77%)F4:Yb(18%)/Tm(5%) 2.5 2.8 *
NaYb(99%)F4:Tm(1%) 2.2 2.7 3.3
NaYh(97.5%)F4Tm(2.5%) 2.0 3.0 3.9
NaYb(95%)F4:Tm(5%) 1.9 3.1 4.7
NaYb(90%)F4:Tm(10%) 2.1 2.6 4.1
NaYh(94.5%)F 4 Tm(0.5%):Gd(5%) 2.6 2.7 3.1
NaYb(79.5%)F.: Tm(0.5%):Gd(20%) 2.6 2.6 3.4

* Emission intensity was too weak to permit accurate measurement of the slope value

Table S4. Experimentally determined power dependence slope values under CW excitation.

1G4 — 3Hs 'D; — 3F4 g — 3F4
Samples
475 nm 450 nm 345 nm

NaY (81%)Fa4:Yb(18%)/Tm(1%) 1.8 2.0 2.0
NaY (77%)F.:Yb(18%)/Tm(5%) 1.6 2.1 2.5
NaYb(99%)F . Tm(1%) 15 2.0 2.2
NaYb(97.5%)F. Tm(2.5%) 13 13 15
NaYb(95%)F4:Tm(5%) 1.1 13 15
NaYb(90%)F.: Tm(10%) 13 1.7 1.7
NaYb(94.5%)F,: Tm(0.5%):Gd(5%) 1.6 2.1 2.1
NaYb(79.5%)F.: Tm(0.5%):Gd(20%) 2.0 2.7 2.7
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Figure S12. Schematic of the Edinburgh instruments spectrofluorimeter experimental configuration.
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5.1 Conclusion

Alternative  strategies are urgently required for dealing with  persistent
Staphylococcus (S.) aureus small colony variants (SCVs) and their antibacterial-resistant
parental strains. SCVs are now known to be responsible for numerous chronic, persistent
infections that do not respond to antibiotic treatment due to their slow growth rate and altered
cellular features. Therefore, antibacterial photodynamic therapy (aPDT) utilizing ZnO-coated
lanthanide-doped upconversion nanoparticle (UCNP) that is activated by NIR light was

evaluated in this research work to treat antibacterial-resistant S. aureus and their SCVs.

The synthesis of ZnO-coated UCNPs has not been widely studied and preliminary results
indicated the methods reported have limitations. As the first aim of this research work was
focused on synthesising UCNPs@ZnO composites for aPDT applications against methicillin-
resistant S. aureus SCVs and the parental strains, we considered the synthetic approaches in
some detail before processing. The UCNP core was synthesised with solvo(hydro)thermal and
thermolysis methods. The solvo(hydro)thermal methods did not yield quality spherical
hexagonal UCNPs, and hence the thermolysis method was used throughout this work. We also
concluded that the thermolysis method requires a setup with precise temperature control as
elevated temperatures in different stages of the synthesis process influence the particle size.
While not being the primary focus of the thesis we and others noted that a heating device (e.g.
heating mantle) with automatic temperature control, a temperature sensor inside the reaction
chamber and stirring capability must be used to produce small and uniform UCNPs.
Additionally, we concluded that utilizing a vacuum to remove the volatiles and moisture from

the reaction chamber affects the particle size and unwanted impurities.

For the ZnO coating, several synthesis methods were used and none of them provided an

epitaxial ZnO shell around UCNPs. While it has limitations, the zeolitic imidazolate

181



framework 8 (ZIF-8) template method was selected as it potentially offered more flexibility
and could accommodate modification of the ZnO shell, such as doping with transition metals
to adjust the band gap. To achieve satisfactory ZnO coatings on the UCNPs, the synthesis
parameters were evaluated to determine the optimal conditions for forming ZIF-8 around the
UCNP and calcining ZIF-8 into the ZnO NP shell. Given the potential trade-off between
increased ZnO formation and UCNP crystal structure change due to the calcination
temperature, the calcination conditions were also investigated at different temperatures,
showing that a 400 °C calcination step was the most advantageous (limited UCNP phase

change and good ZnO formation), as discussed in chapter 2.

With the composites in hand, antibacterial activity was assessed. B-NaYF4:Yb/Tm@2zZnO
composites activated with LEDs in NIR light for 3 hours showed efficacy against both
S. aureus (SK2) and its associated SCV bacterial cell type. An LED illumination source was
used in these antibacterial experiments as the laser and the antibacterial setup were under

construction at the time of the experiment.

For the second objective of this research work, the UCNP@ZnO composites from the first
part of the project were evaluated further in order to enhance their antibacterial activity. First,
the effects of manipulating the lanthanide ions in the UCNP core were examined to increase
the intensity of UV emissions. The photoluminescence efficiency of UCNPs can be enhanced
by size or phase control, incorporation of impurities, modification of the host matrix, core/shell
structures and increasing activator concentrations. Our goal here was to enhance the proportion
of UV light emitted from the UCNP core which is crucial for the activation of UCNP@ZnO
composite in aPDT. Based on the results of our experiments, we selected a higher sensitiser
ratio of the Yb®* ions as an approach to increase the UV emission of the core UCNP. To

enhance the overall photocatalytic activity of the UCNP@2ZnO composite, cobalt (Co) was first
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doped into the ZnO shell to reduce the band gap energy, followed by the loading of silver (Ag)
NPs on the B-NaYF4:Yb/Tm@2ZnO:Co composite to prevent electron-hole recombination. The
improved B-NaYF4Yb/Tm@ZnO:Co/Ag composite showed promising antibacterial results

using NIR continuous wave (CW) laser and a newly constructed antibacterial setup.

As part of the second objective of this research work, we investigated UV emissions from
UCNP when used as fluorescent probes in super-resolution microscopy (SRM). In the previous
objective, we had considered ways to enhance UV emission and this knowledge complemented
this application of UCNPs in SRM. We assessed the UV emissions from eight UCNPs based
on NaYF4:Yb/Tm, NaYbF4:Tm, and NaYbF4Tm/Gd structures. A UV-sensitive detector
system and continuous and pulsed excitation regimes were used in the experiment. The
experimental results demonstrate that most as-synthesised UCNPs can emit UV light and that
the dopant concentration has a key role in generating UV emissions. In addition, it was
observed that the use of pulsed or CW lasers for excitation could lead to a large variation in the
amount of UV emitted. This work highlighted the important contribution of upconversion
dopant composition and concentration, as well as analysing the emission of synthesised UCNPs

before their use to prevent unwanted cell photodamage during in vivo imaging by SRM.

5.2 Outlook

Our first research project will investigate different synthesis approaches to achieve high-quality
UCNPs. In the current synthesis method, thermolysis, composition, phase, and size can be
precisely controlled. For the synthesis of UCNP by thermolysis, a heating mantle equipped
with a temperature controller is required.> However, this synthesis device suffers from slow
heating rates and underestimates the reaction times. The investigation of alternative devices,
such as dielectric microwave heating (MW) may address this issue. The use of MW heating

devices has shown promising results in reaching final reaction temperatures rapidly, reducing
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reaction times and enabling small and uniform UCNP synthesis.> A MW heating device
combined with optimised reaction conditions and solvent systems may enhance the efficiency

and productivity of UCNP synthesis.

As a second potential research project, UCNPs will be fine-tuned to activate in different
excitation wavelengths by adjusting their core composition. In particular, focusing on
excitation wavelengths below 980 nm, such as around 800 nm, can minimise light absorption
by biological tissues and make it possible to synthesise UCNPs with intense emissions in this
range. Moreover, the NIR-I1 window (1000 to 1700 nm) has the potential for use in bioimaging
and theranostic applications.> UCNPs can be optimised for excitation in these specific
wavelength ranges in order to expand their applications in antibacterial/anticancer treatment

and bioimaging.

An additional potential research area involves fine-tuning ZnO-coated UCNPs to enhance their
antibacterial and anticancer properties. Although continuous ZnO coating of UCNP cores has
been challenging, alternative approaches may be explored, including multi-step ZIF-8 or multi-
step ZnO coatings. It is also possible to utilise the advantages of localised surface plasmon
resonance (LSPR) by incorporating silver (Ag) or gold (Au) with UCNP,*® potentially
enhancing their photocatalytic efficiency. Utilizing molecular antennas to enhance the
photocatalytic activity of UCNP cores is another area of potential improvement.® With the
incorporation of these compounds, the photocatalytic efficiency of the UCNPs may be further
improved, thereby expanding their potential as therapeutic agents. In addition, future research
could explore the synthesis of UCNPs as fluorescent probes for SRMs. A major aim here would
be to develop UCNPs that are brighter in the visible range, emit less UV light, and have

increased selectivity for detecting particular cell types or features, e.g. cancer cells.
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Through the application of the knowledge gained during the current study, the properties and
applications of UCNPs can be further developed and expanded. It is anticipated that significant
advances can be achieved by fine-tuning the structures and compositions of ZnO-coated
UCNPs, exploring different excitation wavelengths, enhancing photocatalytic activity, and
synthesising UCNPs for SRMs. These future endeavours, with their relevance to
nanomedicine, will contribute to the growing body of knowledge in the field and pave the way

for innovative approaches to combat bacteria, cancer, and improve diagnostics.
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Christopher J. Sumby, and Nigel A. Spooner*

Understanding the upconversion pathways of a rare-earth dopant is crucial to
furthering the use of that material, either toward applications in imaging or
elsewhere. This work outlines a new analysis approach that consists of using
two synchronized widely-tunable laser sources to explore the properties of
upconverting materials. By examining sensitizer-free rare-earth nanoparticles
based on a matrix of hexagonal sodium yttrium tetrafluoride (f-NaYF,) doped
with praseodymium but no ytterbium sensitizer, a “non-degenerate” two-
color upconversion fluorescence at a combined excitation of 1020-850 nm

is shown. This insight demonstrates the ability of this technique to locate
and interrogate novel upconversion pathways. The dopant level of the
nanoparticles could be modified without altering other factors, such as the
particle’s shape or size, that would also change optical properties and this
allows investigation of the dopant-level dependency of the optical properties.
The approach also allows exploration of the time delay domain between the
arrival times of the two non-degenerate excitation pulses, which allows mod-
ulation of the brightness from the visible light emissions. This work opens up
the parameter space for the systematic synthesis and characterization of new
materials with non-degenerate upconversion emission.

sequential absorption of photons or by
energy transfer processes between neigh-
boring ions.”) This collected energy is
then released as one photon, which is blue
shifted from the excitation wavelength.
This effect has seen rare-earth dopants
applied toward applications in sunlight
harvesting [l high resolution imaging,
temperature sensing,”) and biological
markers,[®l among many others.”!

In order to understand the optical prop-
erties of rare-earth ions within a matrix, a
suitable host material must be doped with
the ion. Ideally, this host is a low phonon
material, allowing for long excited-state
lifetimes and higher quantum efficien-
cies.®l Also, importantly, the dopant level
should be able to be systematically altered
without changing the physical properties
of the material in unexpected ways.’l In
this regard, hexagonal sodium yttrium
tetrafluoride (B-NaYF,) nanoparticles can
be used as a host for a single rare-earth
dopant species. This single dopant level

1. Introduction

Rare-earth doped materials can produce luminescence emis-
sion at wavelengths shorter than those used to excite them,
a process known as upconversion.l!! For this to occur in ions,
the energies of two or more photons are combined, either with

can be modified easily during synthesis, with any changes to
the optical properties resulting only from changes in the dopant
ion interactions, as all other factors such as their morphology
and crystal structure are shown to be controlled.l%
Upconversion nanoparticles are usually designed to be
excited by multiple photons of the same wavelength, such as
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excitation by one laser line in the near-infrared (NIR). This sim-
plifies their use in many applications. An alternative approach
is to utilize two sources of differing wavelength to excite a
material, referred to here as “dual non-degenerate” excitation.
Dual non-degenerate excitation of nanoparticles has been dem-
onstrated before, either to enhance a luminescence pathway!'!
or to deplete an emission pathway.**!2l Additionally, display
technologies based on rare-earth dopants have been proposed
that utilize two different NIR wavelengths for excitation, with
visible light emitted most prominently at the overlap of the
two beams.[3] These materials most commonly have a single
pathway toward upconversion luminescence, often due to their
dependence on a co-doped sensitizer ion such as ytterbium that
gives rise to a specific energy transfer process between ions, in
addition to absorption and energy transfer between the indi-
vidual doped ion’s intrinsic energy levels.

These more complex excitation and energy
transfer pathways can only partially be
explored with established upconversion char-
acterization techniques. To fully characterize
the optical properties of rare-earth nanopar-
ticles, two tunable sources are required. In
this work, a dual tunable wavelength system
has been built, capable of obtaining detailed
excitation/emission profile maps over the
visible and NIR range. Utilizing the single
ion-doped B-NaYF, matrix as a platform,
in combination with the novel dual tun-
able wavelength system, the properties of
the praseodymium(IIl) ion are studied at
differing dopant levels, which elucidated a
strong dual non-degenerate upconversion
pathway.!"¥

2. Results and Discussion

NaYF,Pr nanoparticles (NP) with 1%, 2%, (d)
and 5% doping of praseodymium were
synthesized by the established thermal
decomposition method.™ To examine their
morphology the materials were investigated
by high-resolution transmission electron
microscopy (HRTEM) imaging. HRTEM
images for NaYF,:Pr (1% Pr) are presented in
Figure 1 while the data for NaYF,:Pr (2% and
5% Pr) are presented in Figures S2 and S3,
Supporting Information, respectively. The
HRTEM images confirm that particles with
a hexagonal morphology are formed, con-
sistent with the B-NaYF, structure for all
three samples. The HRTEM images also
reveal that synthesized NPs are uniformly-
sized with mean particle sizes for NaYF,:Pr
(1% Pr) of 30 = 3 nm (based on 80 NPs,
Figure 1c). NaYF;Pr (2% Pr) and NaYF,Pr
(5% Pr) were also uniformly-sized with
mean particle sizes of 40 £ 6 nm and mean
particle sizes of 27 + 4 nm respectively (see
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Supporting Information). In all cases the interplanar dis-
tance of the synthesized NPs was measured to be =0.52 nm
(Figure 1a and Supporting Information), which corresponds to
the interplanar distance of the (100) lattice plane for the hexag-
onal NaYF, structure (0.515 nm, JCPDS #16-0334). The selected
area electron diffraction (SAED) of synthesized NaYF,:Pr NPs
presented in Figure 1b and Supporting Information also con-
firms a hexagonal structure for the NaYF,Pr NPs that is in
good agreement with PXRD patterns shown in Figure S1, Sup-
porting Information.

Element mapping was conducted to provide insight into the
distribution of Pr3* within the samples. While the Pr loading is
low and thus the values not quantitative, the elemental map-
ping of the as-synthesized NP samples, along with EDX line
scan analysis across a single NP sample (Figure 1d and Sup-
porting Information), confirms that Pr is uniformly distributed
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Figure 1. HRTEM image of the NaYF,:Pr (1% Pr) NP sample. a) HRTEM image with inter-
planar distance of the synthesized NPs. b) SAED of synthesized NPs, c) size distribution and
d) EDX line scan across the NP sample.
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Figure 2. The dual laser setup used for the optical analysis of the rare-
earth nanoparticles.
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across the NaYF,;Pr NP samples with minimal aggregation.
The consistent PXRD patterns, particle size, particle mor-
phology, and inter-planar distances confirm that the samples
have the same structure and physical characteristics across the
different dopant levels.

To explore the excitation parameter space and identify new
upconverting pathways, the NaYF,jPr mnanoparticles were
excited by scanning in both the NIR and the visible using the
dual excitation system (Figure 2). The system is driven by two
tunable optical parametric oscillators (OPOs) with a pulse width
of 5 ns, and repetition rate of 10 Hz. The pulse energy was
between 0.5-15 m] depending on wavelength, see Figures S4
and S5, Supporting Information. The flashlamps were synchro-
nized by an external pulse controller such that the delay time
between the laser pulses from OPO 1 and OPO 2 arriving at the
sample could be independently controlled. Interference filters
and beam splitting polarizer cubes were used to clean up each
beam line, as shown in Figure 2. These were needed to remove
parasitic pump lines from the lasers, as well as to selectively
allow the OPO idler for NIR excitation, and signal for visible
excitation (see Experimental Section). Emission spectra were
collected with a fiber coupled spectrometer at the sample.

During the excitation maps, the delay between the pulse
arrival times was tightly controlled and set to 10 ns peak to peak.
This ensured that the pulses were not temporally overlapping at
any point. This short delay time allows for the identification of
sequential absorption features because as rare-earths such as
praseodymium have excited state lifetimes much longer than
the nanosecond regime delay time and pulse width.['¥l Although
kept constant, changes to the length of the excitation pulses will
not result in changes to the emission spectra or upconversion
pathway so long as they are considerably shorter than the life-
times of the excited states of the ion. Under these conditions
each instance of absorption is effectively instantaneous.

The visible wavelength excitation map for NaYF,:Pr (2% Pr) in
Figure 3a shows that upconversion emission was produced when
either OPO excitation wavelength was in the range 585-590 nm.
This corresponds with a Pr** absorption band promoting
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the 3H, — D, transition. This is followed by a cooperative
energy transfer process involving two Pr** ions corresponding
to 'D, + D, — 3P, + 'G,, from which the 3P, state rapidly decays to
the 3Py, excited states.”] These states emit fluorescence across the
visible spectrum,/V¢!®l for which the observed blue emission is
anti-Stokes shifted relative to the initial excitation.

The 585-590 nm excitation could be observed through
the use of only one laser source; however, the NIR excitation
maps in Figure 3b,c show a prominent non-degenerate excita-
tion feature, requiring both lasers to be observed. Excitation
at 1020 nm followed by 850 nm leads to fluorescence at sev-
eral visible wavelength bands, most prominently in the blue
(490 nm) and the yellow (608 nm), which can all be assigned
to emission from the 3P, and 3P; states.'] This feature in the
NIR corresponds to a upconversion excitation mechanism of
ground state absorption/excited state absorption (GSA/ESA)
corresponding to *H, — G, 'G, — 3Py, depicted in Figure 4a.

Rare-earth upconversion that heavily relies on energy
transfer mechanisms usually shows dramatic changes in emis-
sion intensity with changes in dopant concentration.>* To
demonstrate that NaYF,:Pr emission is not reliant on an ion—
ion energy transfer mechanism, we additionally studied the
NaYF,Pr (1% Pr) and NaYEgPr (5% Pr) samples. The excita-
tion maps and emission spectra were very similar for each of
the Pr** doping levels synthesized (Figure 4b) supporting the
proposed assignment of a GSA/ESA mechanism. Interestingly,
minor differences were observed in the ratio of emission peaks
at 490 and 610 nm across the differing dopant concentrations.
The 5% Pr sample showed the least intense emission which
may be a result of concentration quenching, as is often seen in
highly doped Pr** samples.l%

Changes in the excitation power did not change the profile
of the emission spectrum for either pathway as the measured
fluorescence is all being emitted from the 3P0,1 excited states,
and the fluorescence branching ratio at a given temperature is
independent of the state’s population.?!

To further explore the dynamics of the non-degenerate
upconversion fluorescence and associated energy levels, we
performed excitation experiments for the combination of pump
wavelengths that maximize emission from the nanoparticles
where the two pulses were delayed in regards to one another.
As the luminescence is due to a GSA/ESA process, no emission
of light from the NaYF,:Pr NP sample is seen if the 850 nm
pulse arrives first; Pr** does not have a suitable energy level
that allows it to absorb this wavelength from the ground state.
Furthermore, upon excitation at 1020 nm no energy transfer
interactions occur between ions in the G, state to produce light
in the visible region, emphasizing the necessity of the sequen-
tial absorption of the 1020 nm then 850 nm pulses.

An artifact that can be observed in the NIR excitation maps
in Figure 3 is an “echo” of the 1020 and 850 nm combination,
showing up at the 850 and 1020 nm combination where the
850 nm pulse arrives first. As stated, no emission is expected
at this point as the 1020 nm pulse must arrive first in order to
attain the 'G, state and for the second pulse to be absorbed.
However, the system operates at 10 Hz, so while there is a
delay of 10 ns between the two pulses, there is only =100 ms
before the next pair of pulses arrive. The !G, state is long lived
enough to allow interference between the first pair of pulses
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Figure 3. Excitation maps of the NaYF,:Pr (2% Pr) sample. Color intensity indicates the log of emission intensity, summed over the notated range.
a) Visible Excitation scan, emission intensity summed over 450-495 nm, b) NIR Excitation scan, emission intensity summed over 400-720 nm, c) NIR
Excitation scan, emission intensity summed over 450-500 nm (blue) and d) NIR Excitation scan, emission intensity summed over 600-650 nm (yellow).
We note that the bright lines at the edges of the excitation maps are due to scattered light, as the OPO source light approaches the edge of the filter’s
blocking range.

and the second pair; although, many ions have decayed over  luminescence being very similar. Figure 5 shows that at higher
this interval so only a small signal is seen. doping concentrations, the fluorescence intensity of the mate-

The time resolved emission intensity depletion during the  rial at each emission peak decays more rapidly as the delay time
dual non-degenerate excitation at 1020 and 850 nm is not con-  between the two pulses is increased. An upconversion pathway
stant for variations in dopant concentration, despite the total — based on GSA/ESA implies that the reduction in emission
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Figure 4. a) The energy levels present in the Pr’* ion. The two upconversion pathways of 1020 + 850 nm and 590 nm seen in the excitation maps are
shown, with dashed lines representing energy transfer between neighboring ions. Also shown are the seven most prominently observed emission
bands, with approximate labels in nanometers. b) Emission spectra from a constant mass and volume of NaYF,:Pr NP samples, after excitation with
pulses of 1020 nm light followed by 850 nm light 10 ns after. Each dopant concentration responded to the excitation in a very similar way. The state
transitions are labeled on the corresponding fluorescence peak, with (*) indicating the transitions depicted in Figure 3b.
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Figure 5. Decreasing luminescence intensity from the material is seen
with an increase in the delay time between the GSA and ESA pulse, where
a delay equaling zero indicates the 5 ns pulses arrive simultaneously. No
emission is seen from any sample if the 850 nm pulse arrives first (before
zero on the x-axis). Each sample’s brightest emission is normalized to 1.

intensity as the delay between the pulses is increased depends
only on the depletion of the intermediate G, state. Changes in
the pulse delay response between dopant concentration levels
therefore indicate a decrease in the observed G, state lifetime
with increasing concentration, a trend that is seen in similar
fluoride matrices, collated in Table 1. Due to cross relaxation
energy transfer effects however the decay from this state is non-
exponential at these high dopant concentrations, as has been
previously observed.[??!

The dual-pump delay data does however allow for estima-
tions of the !G, state lifetime to be made, despite no time-
resolved detection measurements being taken. The lifetime of
this state is an important parameter in understanding how the
material acts under dual excitation, and why the luminescence
properties of the material is altered with changes in dopant
concentration.

Despite the dual-pump delay data not conforming to a
simple exponential model due to the aforementioned cross-

Table 1. 'G, lifetime data for Pr** ions in various matrices.

Matrix Pr3* concentration G, lifetime Ref.
9] [us]
ZBLAN? 0.050 45 [22b]
ZBLAN? 0.050 110 [22b]
ZBLANPY 0.056 100 4]
YBF®) 0.1 38 [22a]
YLFY 0.24 17 [22a]
NaYF, 1 13.2+1.2 This work
NaYF, 2 1n9+1.6 This work
NaYF, 5 1.7+0.2 This work

AZrF,-BaF,-LaFs-AlF-NaF glass; YZrF,-BaF,-LaF;-AlF;-NaF-PbF, glass; 9barium
yttrium fluoride; Dyttrium lithium fluoride.
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relaxation effects, the data can be fit to a bi-exponential model
corresponding to Equation (1):

-t/ + aze—t/ﬂ:2 (1)

Intensity = ase
in which t is the time delay between pulses, g, and a, (4, + 9, = 1)
are the amplitudes of the exponentials. The dominant factor
7, is the lifetime of the !G, state and is reported in Table 1,
along with the standard deviation in each fitting parameter. 7,
is a minor influence to the trend, assigned to the rate at which
energy is lost to different states through cross-relaxation. As the
two lasers are synchronized to external timing this means that
only the total intensity is required to be measured by the spec-
trometer, with changes in emission intensity related back to the
differing pulse arrival time of the lasers.

As the material emits light in the visible region after being
excited sequentially by both pulses, the emission brightness is
tunable by modifying the delay between the two pulses. Of note
is that if a delay greater than 50 ms is implemented, visible
emission drops to negligible amounts. The delay can be mod-
ulated to increase or decrease the emission brightness, with
maximum brightness achieved with the 850 nm pulse arriving
10 ns or less after the 1020 nm pulse. Importantly, a chosen
brightness can be selected and reproduced, without requiring
changes in excitation power. For materials that produce upcon-
version emission from one wavelength of light, this type of
control is not possible. Even if a similar two pulse system is
used, there will always be some response from the material to
the first laser pulse. This is often seen in systems based on the
luminescence of the 980 nm transition of the erbium ion.[?3]
Modulating the emission brightness of a material sensitive to
a one wavelength excitation source can be achieved through
changing the power density of the excitation laser.?* However,
due to the non-linear nature of upconversion, achieving, and
controlling both very low emission intensities as well as high
brightness requires a large dynamic range in the excitation den-
sities achievable with the laser, which is not often practical.

Praseodymium doped materials have been proposed for the
application of dual laser excitation 3D displays, known as two-
step, two frequency upconversion displays.*’! To be effective in
such devices, the lifetime of the intermediate excited state (in
this case the 'G, state) should be selected to match the raster
rate of the excitation lasers across the display. As Figure 5
demonstrates, selection of a suitable lifetime could be done
through careful choice of the dopant concentration. Moreover,
modulating the brightness using the delay in dual pumping,
while using constant excitation, has the added advantage of
preserving the spectral emission profile. This is not the case
when alterating excitation power density in materials with mul-
tiple doping ions and multiple excitation pathways.?? Fixing
the pulsed laser intensity and altering delay time in the single
ion doped material allows for the emission color profile to be
preserved over large changes in emission brightness.

3. Conclusion

NaYF,:Pr nanoparticles doped with 1%, 2%, and 5% praseodymium
ions have been synthesized and their emission/excitation
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properties have been mapped over a large parameter space of
dual wavelength excitation combinations. This required the devel-
opment of a new protocol using a custom system built around
two highly tunable OPO lasers. Doping of low amounts of rare-
earths into a NaYF, matrix, without co-doping of ytterbium, is
an efficient way to study their native luminescence properties.
In this work nanoparticles were synthesized with consistent size,
shape, and controlled dopant concentration, with uniform disper-
sion of the Pr** observed in the particles. This allows factors such
as dopant aggregation, morphology changes and surface effects to
be obviated whilst altering only doping levels, an integral compo-
nent of studying the fundamental optical properties of rare-earth
ions. After doping of nanoparticles in this way, dual wavelength
excitation maps of Pr*" were produced and a non-degenerate two
wavelength upconversion excitation pathway of 1020 and 850 nm
leading to visible light emission was investigated.

Such non-degenerate two wavelength upconversion nano-
particles have interesting properties with many potential
applications, such as tunable emission brightness through
changes in the dual-pump delay times. Furthermore, changes
in the synthesized NaYF:Pr doping level altered how the emis-
sion brightness was depleted in response to the pulse delay,
with high doping levels more rapidly reducing in emission
intensity with extended delays between the dual pulses. Further
work utilizing this new technique is expected to enable a better
understanding of energy transfer processes in upconversion
nanoparticles and the development of novel, more efficient
materials for applications relying on upconversion.

4. Experimental Section

Synthesis of NaYF,:Pr Nanoparticles: NaYF,:Pr nanoparticles
(NPs) with 1%, 2%, and 5% Pr doping were prepared by thermal
decomposition.l?’l Specifically, 1-octadecene was used as a solvent due
to its high boiling point (315 °C), while oleic acid was used as both a
solvent and surfactant to control nanoparticle growth and to prevent
the aggregation of nanoparticles.?8l A full method was provided in the
supporting information. This provided nanoparticle samples designated
NaYF,:Pr (X% Pr) based on the feed ratio of PrCl; in the reaction.

Characterization of the NPs: The as-prepared nanoparticles were
characterized by powder X-ray diffraction (PXRD, structure), TEM
(particle size and morphology) and inductively-coupled plasma mass
spectrometry (ICP-MS, composition). The crystal structure of the
synthesized NPs was confirmed by PXRD. PXRD data for the synthesized
NaYF,:Pr NPs confirm all samples were crystalline. The PXRD patterns
for the synthesized NP samples were presented in Figure S1, Supporting
Information and show the diffraction peaks for the NPs were clearly
indexed to -NaYF, (JCPDS #16-034). The diffraction peaks located at
17.2°, 30.1°, 30.8°, 43.5°, and 53.7° (strong diffraction peaks) correspond
to the NaYF, hexagonal structure indexed with (100), (110), (101), (207),
and (211), respectively (JCPDS #16-034).

To determine if the feed ratios of Pr and Y salts used to prepare the
NPs gave the expected dopant ratios, ICP-MS was used to evaluate the
elemental compositions. The ICP-MS results confirmed that the molar
ratio of Pr to Y in the synthesized NaYF,:Pr NP samples were =1.1, =2.5,
and =5.8 mol%, close to the expected values based on reactant feed ratios.
The full ICP-MS results were included in Table S1, Supporting Information.

Optical Setup of Dual Excitation System: Excitation of the material was
achieved through two OPOTEK Radiant HE 355 LD pulsed OPO lasers.
Spectral information was obtained at each wavelength combination
through a fiber coupled Princeton Instruments Acton SpectraPro
Sp-2300 Spectrometer with a PIXIS 100 CCD.
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The light from each OPO laser was filtered through two OD9 715 hm
long pass filters for the NIR excitation range, and two OD9 715 nm short
pass filters for the visible light excitation range. Each laser line was
additionally cleaned through a polarizing beam splitting cube, before
being directed by silver mirrors onto the sample. A computer-controlled
motorized mirror was used in each beam line to adjust for small drifts
in the beam position as the OPO laser scanned through the excitation
wavelengths, allowing for the beam spot to stay on the sample.

The visible light excitation utilized a 498 nm short pass filter on the
collection lens to allow for the blue emission band to be observed with
the spectrometer. The NIR excitation scans utilized a 745 nm short pass
filter to allow for the visible light region to be studied.

Flip out energy meters were present in each beam line, which
measured the pulse energy of each laser at every excitation wavelength
during the mapping procedure, averaged over 10 pulses. This allowed for
the spectral data to be adjusted and normalized for changes in excitation
intensity as each laser was tuned to different wavelengths.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Synthesis and Characterisation

1.1.1 Raw material

Sodium hydroxide (Sigma-Aldrich, 99.99%), oleic acid (Sigma-Aldrich, technical grade,
90%), 1-octadecene (Sigma—Aldrich, technical grade, 90%), yttrium (IIl) chloride
hexahydrate (Sigma-Aldrich, 99.9%), praseodymium (I1l) chloride anhydrous (Sigma—
Aldrich, 99.99%), cyclohexane (Chem-Supply), methanol (Chem—Supply), ethanol (Chem—
Supply), and ammonium fluoride (Chem-Supply, 98%) were obtained from commercial

sources and used without further purification.
1.1.2 Synthesis of NaYF,4:Pr nanoparticles (1, 2 and 5% Pr)

The nanoparticles (NPs) were synthesized via a thermal decomposition method *. In a typical
synthesis for NaYF4:Pr NPs (1% Pr), YCl3.6H,0 (242.7 mg, 0.8 mmol) and PrCl; (2.5 mg,
0.01 mmol) were mixed with oleic acid (OA, 6 mL) and 1-octadecene (ODE, 15 ml) in a
150 ml 3-neck round bottom flask.. The suspension was then heated to approximately 150 °C
to form a homogeneous solution before being cooled to room temperature. A solution of
NaOH (100 mg, 2.5 mmol) and NH4F (148.1 mg, 4 mmol) in methanol (10 ml) was added to
the reaction mixture, which was stirred at room temperature for 20 min. The solution was
heated to approximately 70 °C to evaporate the methanol from solution, increased gradually
to 110 °C and maintained for approximately 10 min while argon gas flow was used to degas

the solution, and finally heated to approximately 300 °C and maintained for 1 h under argon



gas flow. The solution was then cooled to room temperature and the NPs were precipitated
from the solution by addition of ethanol (30 ml). The precipitated NPs were then collected by
centrifugation (10,000 rpm for 5 min, Eppendorf 5920 R, Fa-6x50), washed with cyclohexane
and ethanol several times and finally dried at 70 °C overnight. NaYF4:Pr NPs with Pr dopant

percentages of 2 and 5% were also synthesized using the above method.
1.2.1 Characterization of as-prepared NPs

The structure of the synthesized NP samples was confirmed by powder X-ray diffraction
(PXRD) on MiniFlex 600 (Rigaku, Cu Ka, A = 0.15418 nm). The instrument was operated at
40 kV and 15 mA and data were collected by scanning 26 from 10° to 70° with a step size of
0.02°. JCPDS cards # 16-034 (hexagonal NaYF,) and 06-0342 (cubical NaYF,) were used to

determine the crystal structure of as-synthesized NPs.
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Figure 1S- PXRD patterns of NaYF4:Pr NP samples with 1, 2 and 5% Pr dopant percentages.



The particle size and morphology of synthesized NPs were investigated by a transmission
electron microscopy (TEM) on an FEI Titan Themis 80-200 G TEM operated at 200 kV
accelerating voltage. The NP samples were dispersed in absolute ethanol using vortex shaker
then small droplet of each suspension was transferred to a TEM sample holder and ethanol

evaporated before placing into the TEM.

The composition of the nanoparticles was studied with an inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 8900x ICP-MS/MS) to confirm the Pr dopant concentration
in the crystalline NPs. A series of mixed element standard solutions were used to determine
the calibration curve needed to quantify Na, Y and Pr in the synthesized NP samples. The
calibration standard solutions with concentrations of 10, 20, 50, 100, 200, 500 and 1,000 ppb
were prepared using the HPS-Q17617A (10 mg/L in 2% HNOg) standard solution. The NP
samples with concentrations of 100 and 500 ppb for each of NaYF4:Pr (1, 2 and 5%) NP
samples were prepared by dissolving a measured amount of each NP sample in HNOj;
(2% v/v). Pure HNO3 (2% v/v) was also used as the control (blank sample). The plasma
conditions of RF power 1,550 W, sample depth 10 mm and Ar carrier gas flow rate 0.95 I/min
and makeup gas flow rate of 0.1 I/min with a Micro Mist nebuliser and Scott Type spray
chamber were used for measurements. The collision cell was run in He mode (4 ml/min He
gas flow) for the following isotopes: 23Na, 89Y and 141Pr. On-line addition of Indium was

used as the internal standard element.



1.2.2 ICP—-MS Results

2. Table S1. The ICP-MS results for the NaYF4:Pr (1, 2 and 5%) NP samples.

Sample Pr (ppb) Y (ppb) Pr (%)
100 ppb 0.57 £ 0.002 31.45+0.13 1.19%

NaYF4:Pr (1% Pr)
500 ppb 2.75£0.02 165.75 £ 0.70 1.10%
100 ppb 1.54 + 0.004 39.88 £ 0.04 2.56%

NaYF,:Pr (2% Pr)
500 ppb 7.63£0.02 202.71 £ 0.32 2.49%
100 ppb 3.21+£0.003 35.64 + 0.06 5.96%

NaYF,:Pr (5% Pr)
500 ppb 15.31 £ 0.04 178.71 £ 0.05 5.66%




1.3.1 Additional HRTEM and Elemental Mapping Images
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Figure 2S. HRTEM images of synthesised NaYF4:Pr (2% Pr) NP samples. (a) HRTEM
image with inter-planar distance of the synthesized NPs (b) SAED of synthesized NPs (c) size

distribution and (d) EDX line scan across the NP sample.
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Figure 3S. HRTEM images of synthesised NaYF4:Pr (5% Pr) NP samples. (a) HRTEM

image with inter-planar distance of the synthesized NPs (b) SAED of synthesized NPs (c) size

distribution and (d) EDX line scan across the NP sample.



2. Optical Analysis

2.1 Spectral comparison of samples

3.1 mg of the 1, 2 and 5% NaYF4:Pr NP samples were weighed out into indentical aluminium
sample holders, approximately 3 mm in diameter. The sample volumes completely covered
the bottom of each holder. Each sample holder was placed into the center of the beams, which
have a laser spot size of approximately 10 mm, completely illuminating the exposed surface
of the NP sample. An imaging EMCCD capturing the visible fluorescence light was utalised
to ensure that the surface of each sample was the same and each sample was evenly

illuminated.

Excitation energy and collection efficiency was held constant during the measurements which
allows the direct comparison of spectral brightness of each sample. The energy used on both

lasers for this measurement was 0.5 mJ per pulse.
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2.2 Energy Measurements of OPO lasers during experiment
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Figure 4S. Energy of both OPO lasers at differing wavelengths during the near-infrared

excitation scan.
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Figure 5S. Energy of both OPO lasers at differing wavelengths during the near-infrared
excitation scan.
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