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Abstract 

Approximately three-quarters of bladder cancer patients initially present with a non-

muscle invasive tumour, which is usually resected. Transurethral resection can be followed by 

adjuvant chemo- and immune-therapy. However, in up to 50% of patients, aggressive flat 

lesions remain intact and progress into muscle-invasive disease, potentially leading to 

cystectomy and a less favourable outcome. 

This project addresses the development of novel biohybrid nanocomplexes representing 

upconversion nanoparticles coupled to antibodies termed targeted upconversion 

photoluminescent nanoconjugates for photodynamic diagnosis and therapy of bladder cancer. 

The unique photophysical properties of upconversion nanoparticles allow optical imaging at 

the centimetre-depth in biological tissue, which is demanded for a number of applications in 

urology. Coupled to specific antibodies, these nanoconjugates selectively bind to urothelial 

carcinoma cells and make them visible by emitting visible photoluminescence upon excitation 

with deeply-penetrating near-infrared light. This photoluminescence can be used for tumour 

detection and fluorescence-guided resection. In addition, photoluminescent nanoconjugates 

can carry photosensitiser drugs to cancer cells followed by their photoactivation for targeted 

photodynamic therapy. 

In this study, upconversion nanoparticles were synthesised, coated with a silica layer 

and linked to anti-Glypican-1 antibody MIL38. Incubation with urothelial carcinoma cells with 

high expression of Glypican-1 (T24) and control cells with low expression of Glypican-1 (C3) 

demonstrated specific binding of these nanoconjugates to cells expressing the target antigen. 

This result highlights potential of this technology for further studies of their application in the 

diagnosis and therapy of bladder cancer. 
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Aim and hypothesis of this research project  

Bladder cancer is the fourth most common cancer in men, eleventh in women1 and one 

of the most expensive tumours to treat2. Despite the considerable progress in biotechnology 

and medicine over the past few decades, the recurrence and progression rates of bladder cancer 

remain significant and emphasise a need for novel methods of bladder cancer diagnosis and 

therapy. 

This project aims to investigate means of targeted labelling of urothelial carcinoma cells 

by photoluminescent nanoparticles functionalised with specific antibodies. This represents the 

first stage of this study aimed at development of a novel photoluminescent nanoconjugate for 

early detection, fluorescence-guided resection and deeply-penetrating targeted photodynamic 

therapy (PDT) of non-muscle-invasive bladder cancer (NMIBC). This in vitro study represents 

a proof-of-concept and the first step in the development of diagnostic and therapeutic agents 

based on upconversion nanoparticles and enables their optimisation for further studies in vivo. 

This study hypothesises that upconversion photoluminescent nanoparticles can be 

functionalised by a monoclonal antibody, selectively label urothelial carcinoma cells 

expressing a specific antigen and emit visible photoluminescence. 
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Structure of this thesis 

This thesis includes five chapters, which give concise description of this research 

project aimed at the investigation of application of photoluminescent nanomaterials for 

diagnosis and therapy of bladder cancer. 

The first chapter identifies patients with NMIBC who need novel methods of diagnosis 

and therapy. Then it reviews possible causes and mechanisms of bladder cancer recurrence and 

progression together with existing methods of photodynamic diagnosis (PDD) and PDT of 

bladder cancer. It also suggests the ways to overcome resistance of bladder cancer and gives 

information about prospective contemporary methods. Finally, this chapter describes our 

approach to the problem of resistant non-muscle-invasive disease and outlines main objectives 

of this study. 

The second chapter describes production of upconversion nanoparticles and their 

conjugation with antibodies. Then it details characteristics of these targeted photoluminescent 

nanoconjugates. 

The third chapter gives information about the morphology, adhesion and growth of 

urothelial carcinoma cell cultures, which were studied in this project and outlines the process 

of their preparation for investigation of targeted labelling. 

The fourth chapter describes the investigation of targeted labelling of urothelial 

carcinoma cells by targeted nanoconjugates. It also highlights the role of a monoclonal 

antibody MIL38 in targeted binding of the nanoconjugates to urothelial carcinoma cells. 
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The final chapter compares the results of this research project with the existing methods 

and describes its significance and potential applications. This chapter then outlines the 

limitations of this study, conclusions and intended future directions for further development of 

this research project. 
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Chapter 1: Review of current state of bladder cancer and 

photodynamic diagnosis and therapy 

1.1. Introduction 

This chapter provides a background for this research project. The first part gives 

information about the epidemiology, etiology, presentation and classification of bladder 

cancer. The next section contains a more detailed characterisation of non-muscle-invasive 

disease, its classification, diagnosis, therapy and issues associated with the management 

of patients with this type of cancer who do not respond to standard treatment. It also 

identifies a number of possible reasons for unsuccessful treatment of bladder cancer and 

mechanisms of its recurrence and progression. 

This chapter then provides a review of PDD and PDT of bladder cancer and 

describes its mechanisms and overall effects of these techniques on cancer recurrence and 

progression. Moreover, this chapter reviews conventional photodynamic methodologies, 

investigated preclinically or applied clinically for diagnosis and therapy of patients 

diagnosed with bladder cancer. Then, it identifies limitations inherent to existing 

photodynamic techniques and ways to overcome them. After that, this chapter reviews 

novel methods, such as photoluminescent nanomaterials, and highlights the reasons why 

upconversion photoluminescent nanoparticles have great potential in this field. 

The last part of this chapter summarises findings of this review and describes our 

approach and the research objectives of this study. 
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1.2. Current state of bladder cancer diagnosis and therapy 

1.2.1. Epidemiology, etiology and presentation of bladder cancer 

Bladder cancer is the ninth most common cancer worldwide3. In 2012, bladder 

cancer was diagnosed in 430,000 patients and caused 156,000 deaths3. Due to a high risk 

of recurrence and progression of bladder cancer, every patient needs long-term 

surveillance, which includes regular cystoscopy, sometimes followed by a biopsy of 

suspicious lesions or resections of recurring tumours. This surveillance, as well as a 

number of other aspects, make bladder cancer one of the most expensive tumours to treat 

on a per patient basis4-7. 

Genetic factors and exposure to carcinogens are the main etiological factors of 

bladder cancer8. Alterations of genes responsible for urine concentration and 

neutralisation of some carcinogens are among those discovered to increase risk of bladder 

cancer9-11. Major external sources of carcinogens causing urothelial cancer are tobacco 

smoking and occupational exposure. Tobacco smoke is the main cause of urothelial 

cancer. It contains carcinogens that are excreted through the urinary system and directly 

contact all parts of the urinary tract, increasing risk of bladder cancer fourfold compared 

to that of non-smokers12-14. Approximately 20% of bladder cancers are estimated to be 

caused by occupational exposure to carcinogens, such as aromatic amines and chlorinated 

or polycyclic aromatic hydrocarbons. Most often, these compounds affect workers in 

tobacco factories, dye workers and chimney sweeps8,15. Another common factor causing 

bladder cancer is infection of the urinary tract with a parasite trematode Schistosoma 

haematobium. This infection leads to squamous cell carcinoma of the urinary bladder and 

is observed predominantly in northern Africa8. 
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About 80% of bladder tumours manifest with painless haematuria, while others 

can present with irritative urinary symptoms or pain of different localisation, which is 

usually associated with the later stages of this disease16-20. The most reliable method of 

diagnosing bladder cancer is cystoscopy, an endoscopic examination of the inside of the 

urinary bladder through the urethra. Any suspicious lesions detected during cystoscopy 

are removed by a transurethral resection of bladder tumour (TURBT) procedure. Resected 

samples are sent for a histological analysis, in order to confirm the diagnosis and 

determine grade and invasiveness of the disease16-18,21,22. High-grade tumours consist of 

undifferentiated cells and are more likely to recur or progress than better-differentiated 

low-grade tumours16,23. Depending on the invasiveness, bladder cancer can be muscle 

invasive (MIBC) if it invades a muscle layer of the urinary bladder or NMIBC, if it is 

confined to the urothelium and subepithelial connective tissue (lamina propria)16,21. 

1.2.2. Classification of non-muscle invasive bladder cancer 

Approximately 75% of patients are initially diagnosed with NMIBC, which may 

present as three types of tumour: Ta – papillary tumour, confined to the urothelium; T1 – 

tumour invaded into the subepithelial connective tissue; or CIS (Carcinoma in-situ) – flat, 

low differentiated tumour in the urothelium (Figure 1)18,21,22. Depending on the risk of 

recurrence and progression, these tumours can be classified as low, intermediate and high 

risk21. Patients with well-differentiated Ta tumours have low or intermediate risk and 

should be treated by transurethral resection and immediate single adjuvant chemotherapy 

instillation, which, in some cases, should be followed by a 1-year maintenance 

chemotherapy or Bacille Calmette-Guerin (BCG) immunotherapy. In contrast, CIS, T1 

and poorly differentiated Ta tumours have high risk of recurrence and progression, 

therefore, patients with such tumours require up to 3 years of BCG immunotherapy 
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following TURBT. In addition, while T1 and Ta tumours are more likely to reoccur, rather 

than progress, CIS tumours tend to invade and progress to MIBC more often, resulting in 

the necessity of radical cystectomy and worsening of survival prognosis for such 

patients24. Another issue associated with CIS tumours is that they are extremely 

challenging to detect during cystoscopy as they can look like an inflamed or completely 

normal urothelium of the bladder wall. 

 

Figure 1. Layers of the bladder wall and stages of non-muscle invasive bladder cancer.  

1.2.3. Patients with resistant non-muscle invasive bladder cancer  

Despite the treatment modalities mentioned above, up to 50% of the patients 

diagnosed with NMIBC have recurrence or progress and eventually require surgical 

removal of their urinary bladder (termed radical cystectomy) as multiple TURBT and 

long-term BCG immunotherapy are not effective18,25,26. 

In general, every recurrence or progression after a course of BCG immunotherapy 

is considered as BCG failure. However, due to the diversity of BCG failures, they were 

divided into four groups27. The first group includes BCG refractory patients whose 
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condition remained unchanged or worsened after a 6-month course of BCG treatment. 

The second group is BCG resistant patients. In contrast with the first group, they respond 

to BCG, however, this response is slow and characterised by the reduction of tumour only 

after 3 months and absence of the tumour after 6 months of BCG immunotherapy. The 

third group is BCG relapsing patients, who respond well at first but relapse after 12 

months or later. The forth group is BCG intolerant. These patients are not suitable for 

BCG therapy because of its individual toxicity or side effects. 

More recent classification by European Association of Urology categorised BCG 

intolerance separately from BCG failures23. The first of the three groups of BCG failures 

in their classification is detection of MIBC after a course of immunotherapy for a NMIBC. 

The second group is BCG-refractory tumours and included high-grade tumours remaining 

intact after 3 months of BCG therapy, CIS tumours remaining intact after 6 months of 

BCG therapy and new high-grade tumours that appear during BCG therapy. The third 

group is a recurrence of high-grade tumours after a course of BCG, despite initial 

response. 

One of the purposes of the BCG failures classification is to define for which 

patients further BCG immunotherapy will not be effective. Currently, radical cystectomy 

is a gold standard for the management of patients with NMIBC who failed BCG and 

should not be postponed without a reason16,18,21,22. Raj et al. have shown an increase of 

the survival in patients with early radical cystectomy after BCG failure compared to 

repeated transurethral resection followed by a course of immunotherapy28. However, 

radical cystectomy is a highly invasive procedure, associated with many risks and 

significant morbidity29. As a result, a significant number of patients are unfit or unwilling 

to undergo radical surgery30,31. A range of therapies is currently available for these 
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patients. However, these therapies are less effective than radical cystectomy and may 

cause excessive adverse side effects32,33. 

1.2.4. Reasons for bladder cancer recurrence and progression 

A number of known reasons can cause recurrence or progression of bladder cancer 

despite active therapy. In general, it is usually caused by the incomplete initial treatment. 

It can be incomplete resection, which may lead to the development of remaining tumours 

and tumour cells, or ineffective adjuvant therapy, which may lead to reimplantation of 

cancer cells34. 

Incomplete TURBT may lead to understaging of the disease. If the resected 

sample does not include obturator muscle, a patient diagnosed with NMIBC can in fact 

have MIBC. This understaging was found by the pathology study in a significant 

proportion of patients (40%), who were initially diagnosed with NMIBC and had a radical 

cystectomy35. The second known reason for the recurrence and progression is initial 

incomplete resection of tumour margins35. 

It was found that the site of initial tumour and surrounding tissues are the most 

common locations of recurrence (33% - 67 %), which means that a new tumour had most 

likely grown from the remaining non-resected part of the original lesion36,37. Another type 

of incomplete resection is missing tumours that are not visible during initial TURBT, such 

as CIS. This tumour can be extremely hard to detect as it can look like an inflammation 

or be completely unnoticeable23. Missed CIS lesions can progress rapidly and lead to an 

aggressive MIBC and cystectomy. 
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The implantation of tumour cells disturbed during TURBT is another major cause 

of recurrence and progression. Immediate chemo or immune adjuvant therapies are aimed 

at the avoidance of this implantation, however, sometimes they are not effective enough. 

1.3. Existing and emerging techniques for photodynamic diagnosis 

and therapy of bladder cancer 

1.3.1. Influence of photodynamic diagnosis and therapy on recurrence and progression of 

bladder cancer 

Photodynamic diagnosis (PDD) is a method based on the accumulation of 

photosensitisers in cancerous lesions and their photoluminescence under the excitation 

by light of a specific wavelength. In urology, this method is used in cystoscopy and such 

cystoscopy is called fluorescence cystoscopy. In fluorescence cystoscopy, a 

photosensitiser can be administered either intravesically or intravenously and the 

excitation radiation is delivered via a transurethral endoscope to excite the 

photosensitiser38. In comparison with conventional white-light cystoscopy, the 

fluorescence cystoscopy was found to be superior for detection of bladder tumours (92% 

versus 71%), especially, CIS16,23,39. Fluorescence can also guide a surgeon taking a biopsy 

and resecting the tumour. 

Another application of photosensitisers in urology is PDT of NMIBC. In PDT, a 

photosensitiser accumulates in cancerous cells and produces reactive oxygen species 

under illumination by the excitation light. Despite several relatively successful clinical 

trials, PDT is not widely used in the therapy of bladder cancer. Preclinical studies of novel 

photodynamic drugs are still ongoing. 
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Both, PDD and PDT are very promising platforms in diagnosis and therapy of 

bladder cancer capable to reduce the recurrence and progression. While fluorescence 

cystoscopy can help surgeons detect a tumour at the early stage, fluorescence-guided 

resection can help them avoid incompleteness and understaging, showing the 

inconspicuous margins. PDT, as an adjuvant therapy can ablate remaining cancerous 

cells, avoiding their implantation. Another benefit of PDT is its integration of three 

mechanisms of action on tumour cells. In addition to the direct cytotoxic effect of reactive 

oxygen species on tumour cells and damage of the tumour vasculature, it induces an 

inflammatory reaction, which may play a significant role in bladder cancer therapy40. 

Therefore, application of PDD and PDT in bladder cancer therapy has seen a significant 

development over the past decades. A number of photodynamic agents studied 

preclinically or applied clinically in diagnosis and therapy of bladder cancer are described 

in the following paragraphs. 

1.3.2. Existing photodynamic agents for application on bladder cancer 

1.3.2.1. Haematoporphirin derivative 

The first photosensitiser used for photodynamic therapy of bladder cancer was 

haematoporphirin derivative (HpD) Porfimer sodium. This agent showed preferable 

accumulation in cancer cells and caused mitochondrial damage. In vivo studies 

demonstrated that 2-3 days after administration, the agent accumulated in cancerous cells 

evading the majority of normal cells, leading to the reduction of the effects on healthy 

bladder wall41,42.  Porfimer sodium was effective for some patients, reducing the 

recurrence and progression rates in a number of clinical trials carried out from 1983 to 

200343-49. However, accumulation of this photosensitiser in normal cells was also 

relatively high and long-lasting. Consequently, patients suffered from side effects, 
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including skin photosensitivity, irritative bladder symptoms and possibly other 

complications for several weeks45,46,49-54. 

Experimental use of HpD for diagnosis of bladder cancer in the fluorescence 

cystoscopy was reported from 197644,48,55-57. Application of Porfimer sodium for the 

diagnosis of bladder cancer was also associated with the same side effects58. The presence 

of these adverse side effects urged further development of novel agents for bladder cancer 

photodynamic diagnosis and therapy. 

1.3.2.2. Photodynamic agents based on aminolevulinic acid 

The study of Porfimer sodium was followed by the development of 5-

Aminolevulinic acid (5-ALA). Five-ALA participates in the production of haem in living 

cells. The pivotal product in this process is a strong endogenous photosensitiser 

protoporphyrin IX (PpIX). Administered orally or intravesically, 5-ALA can cause 

excessive production of PpIX only in cancer cells due to the metabolic difference, causing 

their photoluminescence and death under illumination of the bladder wall. Compared to 

the derivatives of haematoporphirin, 5-ALA demonstrated higher efficiency and 

exhibited fewer side effects59. However, since 5-ALA is a hydrophilic amino acid, its 

cellular uptake was relatively low and biodistribution was heterogeneous60-62. Another 

disadvantage of this agent was the possibility of haemodynamic instability in patients 

after its systemic intravenous administration.  

In order to enhance the cellular uptake of a photosensitiser and to optimise its 

biodistribution, a hexil ester of 5-ALA, hexaminolevulinic acid (HAL) was synthesised. 

Hexaminolevulinic acid is characterised by the higher lipophilicity. This quality allows 

deeper penetration into tissues, better accumulation in tumours and better sensitivity. It 
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has shown up to a 25-fold increase in PpIX levels in malignant cells compared to normal 

cells and a more homogeneous distribution across the tumour. High concentrations of 

PpIX in cancer cells can be achieved faster than with 5-ALA63. Another benefit of HAL 

is a significant increase in fluorescence compared to the agents used previously64. Phase 

1 clinical study of PDT with HAL was performed by Bader et al. in 201365. HAL was 

administered intravesically and resulted in transient irritative symptoms with no systemic 

adverse effects. 

Application of HAL was much more significant in bladder cancer diagnosis. In 

2003, HAL was reported to be more effective than 5-ALA, causing stronger fluorescence 

and better tumour-to-healthy cell accumulation ratio66. Numerous clinical studies have 

taken place over the following years. In 2013, a meta-analysis of these studies by Burger 

et al. has confirmed improved detection and recurrence after the fluorescence cystoscopy 

with HAL in comparison with conventional white-light cystoscopy67. Long-term risk of 

progression was analysed by Gakis and Fahmu in 2016. They also confirmed better 

outcomes after the fluorescence cystoscopy with HAL in comparison with white-light 

cystoscopy68. HAL-assisted fluorescence cystoscopy has been recommended in the latest 

guidelines on bladder cancer from European Association of Urology, American 

Urological Association and a number of other international and national panels16,23,39,69. 

Sensitivity of HAL was found to be significantly higher than that of white-light 

cystoscopy, detecting 92% and 71% of tumours, respectively. However, the specificity of 

HAL fluorescence cystoscopy was found to be 63%, which was lower than those of white-

light, reaching 81%70. One of the possible reasons was speculated to be the accumulation 

of HAL in inflamed tissues and immune cells, as its selectivity was based only on the 

metabolic differences between normal and cancer cells23,71. 
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1.3.2.3. Chlorine-based photodynamic agents 

After a number of successful preclinical studies, novel chlorin-based 

photosensitiser, chlorin e6-polyvinylpyrrolidone (Ce6-PVP) was of a high interest, as a 

potential photodynamic agent for bladder cancer72,73. The first clinical trial of this agent 

was performed by Lee et al. in 201074. The study included only five patients, four of 

whom received Ce6-PVP intravesically and one patient had an intravenous 

administration. Of all these patients, four had complete response at three-month follow-

up. All patients reported the presence of mild irritative symptoms lasting for less than a 

week after the procedure. The patient who received Ce6-PVP intravenously had an 

enterovesical fistula 16 month after the PDT. The other patients had no systemic side 

effects after intravesical instillation of Ce6-PVP, due to the absence of the systemic 

uptake, which was confirmed by the emission spectroscopy of blood serum. Even though 

this study has shown that treatment with Ce6-PVP is effective in some patients, the cohort 

was relatively small and further studies with more patients and longer surveillance are 

required to validate the safety and therapeutic performance of this agent.  

Photodynamic therapy with Porfimer sodium, 5-ALA and HAL requires the use 

of red 630-635-nm light whose penetration into tissues of the human body is limited to 6-

8 mm. In contrast, a complex natural photosensitiser Radachlorin can be irradiated by 

662-nm light and penetrates up to 10 mm74. This photosensitiser has a high cellular uptake 

and homogenous distribution75. Radachlorin has a short clearance time of 24-48 hours, 

which produced no long-term adverse side effects75. Furthermore, in a clinical trial 

Radachlorin has shown better response rates than the other agents76. However, adverse 

side effects were still relatively common among the patients. Another limitation is that 
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even 10 mm is not enough to eliminate residual bladder tumours thoroughly, as its size 

can easily reach more than 10 mm77. 

1.3.2.4. Hypericin 

Hypericin is a naturally occurring compound sourced from a number of plants of 

the genus Hypericum. Preferential accumulation of Hypericin in bladder tumours in 

comparison with healthy urothelium was demonstrated in vivo by Kamuhabva, et al. and 

caused increasing interest in the use of this agent for bladder cancer PDD and PDT78. 

Whereas the application of Hypericin for PDT was limited to preclinical studies78,79, its 

use for PDD attracted more attention. A number of clinical studies demonstrated a 

potential of Hypericin as a drug for fluorescence cystoscopy78-83. The main advantages of 

Hypericin in comparison with 5-ALA and HAL were reported to be the higher specificity 

and lower photobleaching, allowing the use of the lower drug dose and achieving 

photoluminescence for the longer excitation time exposures38,84. Straub, et al. have 

recently reported their results of phase IIA clinical study and announced a multicentre 

phase IIB study, where the sensitivity and specificity of polyvinylpyrrolidone-hypericin 

fluorescence cystoscopy will be assessed84.  

1.3.3. Limitations of conventional photodynamic agents 

Despite the remarkable success of PDD and PDT of bladder cancer and 

recommendation of PDD by major international panels, several studies had controversial 

results with inconsistent effects of fluorescence cystoscopy on progression70,85,86. Even 

though a gradual development allowed an increase of the efficacy and reduction of side 

effects of the existing photodynamic agents, they have a number of limitations51,87,88. 
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Conventional photosensitisers demonstrate good sensitivity, detecting almost all 

tumours, while their specificity is lower than those of white-light cystoscopy. The 

mechanism of their specific accumulation in tumours, which is based only on slight 

differences in the metabolism between cancerous and normal cells, is likely to account 

for this poor specificity 89. As a result, conventional 5-aminolevulinic acid based 

photodynamic agents suffer from the excessive accumulation in inflamed regions of the 

bladder wall and can result in unwanted skin accumulation, if applied intravenously, 

leading to phototoxicity and limitation of its clinical applicability90. 

Another problem of the conventional photodynamic agents is difficulty of their 

modification and optimisation. It is a major issue in the light of the findings of the 

phenotypic diversity and high variability of cancer characteristics91-94. Consequently, 

their efficacy can be inconsistent in different patients. 

Conventional PDD and PDT can be applied only superficially, as their depth is 

limited by the penetration depth of visible light through bladder tissues. Even though the 

latest photosensitisers can be excited by far red light with the better penetration, its 

penetration is limited to 10 mm, which is not enough, as some bladder tumours can reach 

more than 10 mm in size76. 

Finally, conventional photodynamic agents cannot carry other drugs and combine 

multiple modalities of action on cancer cells, such as photothermal action, chemotherapy, 

radiotherapy or immunotherapy90. 
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1.3.4. Contemporary approach to photodynamic diagnosis and therapy 

1.3.4.1. Nanomaterials as novel multifunctional photodynamic agents 

Development of new methods and approaches for the diagnosis and therapy of 

malignant tumours is one of the most dynamic and actively developing areas of 

biomedicine. Over the past few decades, great progress has been made in studying the 

genetic characteristics91,95-97, molecular basis98 and metabolic pathways99 of tumours. 

This knowledge allowed the establishment of a model of a highly effective contemporary 

medical approach that should: (1) be based on the individual molecular profile of the 

disease in each patient, (2) involve various mechanisms of action on cancer cells and (3) 

allow monitoring of the treatment progress. These tasks can be carried by one of the most 

promising methods in oncology, “theranostics”, which is based on the use of 

multifunctional agents for simultaneous molecular diagnostic and specific targeted 

therapeutic action on tumour cells with monitoring of treatment response100. 

Targeted theranostic agents need to be characterised by high stability and low 

toxicity. Also, they must be amenable for bioconjugation with other molecules, as 

theranostic agents have to be assembled from targeting, diagnostic and therapeutic 

modules. The majority of such multifunctional agents are based on a variety of 

nanocompounds, such as iron oxide magnetic nanoparticles101-104, carbon nanotubes105, 

gold nanoparticles106 and silica nanoparticles107,108. All of these nanomaterials have their 

own advantages and disadvantages and can be optimal for specific applications.  

Due to the convenience of transurethral endoscopic access, PDT may be the best 

platform for theranostics of bladder cancer90. Novel multifunctional photodynamic 

nanoconjugates should be able to allow early detection of tumours, guide a surgeon during 
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resection and deliver targeted PDT to kill remaining tumours and disturbed cancer cells. 

Another prerequisite for these nanoconjugates is the ability to be optimised for the highest 

possible efficacy in every patient, depending on characteristics of their tumour. A 

multifunctional agent able to be used for both photodynamic diagnosis and therapy of 

bladder cancer must consist of a targeting part, that can bind to bladder tumour, a part 

that can produce bright luminescence and a part that can cause death of cancer cells. 

1.3.4.2. Photoluminescent nanomaterials, upconversion nanoparticles 

Over the past few decades, fluorescent nanoparticles have been thoroughly 

studied and used in many experiments109,110. Conventional single-photon excited 

fluorescence is based on the excitation of a fluorophore by the short-wavelength visible 

or ultraviolet light. A major drawback of this photoluminescence is low penetration depth 

of its short-wavelength excitation light in human tissue111. In contrast, low energy near-

infrared (NIR) photons with wavelengths ranging from 700 nm to 1000 nm can penetrate 

biological tissue up to 2 cm, as this spectrum falls within the biological tissue 

transparency window112,113. Moreover, the low energy of NIR photons have minimal 

adverse effects on normal cells and tissues112. 

However, short-wavelength visible light is preferable for imaging and generation 

of reactive oxygen species by photosensitisers. Two-photon fluorescent imaging is widely 

used in microscopy to transform NIR to visible light. Its application scope in vivo is 

limited due to the need for simultaneous absorption of two NIR photons and, 

consequently, high laser power density (up to 109 W/cm2), which is hard to achieve using 

standard clinical equipment. Therefore, upconversion photoluminescence, which also can 

convert NIR radiation to visible light is advantageous, as it uses sequential photons and 
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requires lower laser power densities (1-103 W cm-2) to generate higher-energy visible 

photons110,114-116 demanded for imaging and photoactivation of photosensitisers (Figure 

2). 

 

 

Figure 2. Schematic illustration of the application of upconversion nanoparticles (UCNP) 

for diagnosis and therapy. 

Lanthanide-doped inorganic photoluminescent upconversion nanoparticles, such 

as NaYF4:Yb,Er, are believed to hold promise for biomedical applications due to their 

low cytotoxicity and higher photoluminescence efficiency compared to the other 

photoluminescent agents, such as organic fluorophores and semiconductor quantum 

dots117-121. The key photophysical property of upconversion nanoparticles is energy 

transfer upconversion (Figure 3). Firstly, 980 nm light excites Yb atoms embedded in an 

inorganic nanocrystal matrix. Yb atom then transfers the absorbed energy to Er atom, 

which makes a transition to the first excited state. Subsequent second energy transfer from 

Yb atom excites Er to the next excited state from where Er emits green light with 

wavelength of approximately 550 nm, when relaxing back to the ground state (Figure 3). 
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Figure 3. Schematic presentation (A) and mechanism (B) of energy transfer upconversion 

in upconversion nanoparticle (UCNP) NaYF4:Yr,Er limited to two-photon upconversion 

process. 

1.3.4.3. Upconversion nanoparticles for theranostics of bladder cancer 

Upconversion nanoparticles of the composition NaYF4:Yb:Er are among the most 

promising platforms for PDD and PDT of bladder cancer. Photophysical properties of 

these photoluminescent nanoparticles provide high contrast of the labelled structures 

against the background of strong scattering and autofluorescence of biological tissue122. 

Moreover, upconversion nanoparticles can preferentially accumulate in tumour tissue due 

to the leaky capillary blood vessels in tumours in virtue of enhanced permeability and 
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retention effect (EPR)123. Coating with silica could allow incorporation of imaging or 

targeting agents or the most effective individually chosen drugs116,124-126. 

To become a multifunctional photodynamic agent, upconversion nanoparticles 

need a tumour-targeting unit. Proteins127, folic acid128-130 and antibodies131 were 

previously used for diagnostic and therapeutic actions of upconversion photoluminescent 

nanoparticles. Antibodies are preferable as targeting agents, as they will allow adjustment 

of the affinity of nanoconjugates, depending on the antigen expression of target cells. In 

combination with monoclonal antibodies, upconversion nanoparticles form targeted 

upconversion photoluminescent nanoconjugates for imaging and therapeutic 

applications. Antibody mediated targeting should result in the preferential accumulation 

of the agent in tumours and avoid side effects caused by the accumulation of a drug in 

normal tissues. A monoclonal antibody MIL38 supplied by Minomic International Ltd. 

(Sydney, Australia) had shown high affinity to Glypican-1, which is expressed by urinary 

bladder cancer cells and has a potential to deliver nanoconjugates to urothelial carcinoma 

cells. 

The choice of a method of the bioconjugation of nanoparticles with antibodies is 

crucial, as it can affect functioning of antibody. Conventional methods of bioconjugation 

involving carboxyl activating agents or amine-reactive crosslinking suffer from 

complexity and poor coordination control of functional biomolecules132-135. 

In this project, we applied a recently developed self-assembling bioconjugation 

strategy based on a silica-specific solid-binding peptide (linker) that exhibited the high 

binding affinity towards silica (Figure 4)136. This linker can be genetically fused to a 

protein of interest and the resulting recombinant fusion protein (Linker-Protein) binds 
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strongly to silica-containing materials. Using genetic engineering, the Linker was 

incorporated into the N-terminus of truncated form of antibody-binding Protein G of 

Streptococcus strain G148136. This bifunctional fusion protein, Linker-Protein G (LPG), 

has been shown to act as an anchorage point for antibodies at the surfaces of silica-coated 

nanoparticles132. Specific binding to crystallisable fragment (Fc) of an antibody prevents 

interference with antigen-binding sites (Fab) and happens within minutes, without the 

need for any chemical modification or physical treatment and allows attachment of 

desired quantities of antibody for specific applications132. 

 

Figure 4. Schematic diagram of bioconjugation of a silica-coated (SiO2) upconversion 

nanoparticle (UCNP), Linker-Protein G (LPG) and antibody MIL38 with crystallisable 

(Fc) and antigen-binding (Fab) fragments. It also shows a targeted upconversion 

nanoconjugate with oriented binding of MIL38. 
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1.4. Conclusions of the review of current state of bladder cancer and 

research objectives of this study 

1.4.1. Conclusions of the literature review 

The review of existing and emerging techniques in diagnosis and therapy of 

bladder cancer demonstrated unmet clinical needs of patients with resistant disease. The 

review also highlighted an incomplete resection, reimplantation of cancer cells and high 

aggressiveness of a tumour, as potential reasons for recurrence and progression and 

outlined the ways in which PDD and PDT could improve an outcome of the bladder 

cancer treatment. Upconversion photoluminescent nanoparticles have a number of unique 

properties, such as highly efficient conversion of deep-penetrating near-infrared light into 

visible light and possibility of their conjugation with biomolecules, making them a 

promising candidate for PDD and PDT. Therefore, these nanoparticles were chosen for 

this study of targeted labelling of bladder cancer. 

It was found that upconversion nanoparticles linked with anti-Glypican-1 monoclonal 

antibody MIL38 have a potential in targeting urothelial carcinoma cells with the high 

expression of Glypican-1 (T24). It was also found that one of the most suitable ways of 

bioconjugation was based on an LPG linker, as it allowed oriented binding of MIL38 to 

upconversion nanoparticles to produce targeted upconversion nanoconjugates 

UCNP@SiO2-LPG-MIL38 for PDD and PDT of bladder cancer (Figure 5). 
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Figure 5. Schematic illustration of the proposed application of targeted upconversion 

nanoconjugates in PDD and PDT of bladder cancer. 

1.4.2. Approach 

Upconversion nanoparticles of the composition NaYF4:Yb:Er were chosen as a 

platform for this research. They were produced and coated with silica to become 

amenable for further conjugation with biomolecules. To target T24 urothelial carcinoma 

cells, expressing Glypican-1, silica-coated upconversion nanoparticles (UCNP@SiO2) 

were conjugated with a Glypican-1 monoclonal antibody MIL38, by using LPG linker, 

resulting in targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38. 

Specific targeted binding of the targeted nanoconjugates UCNP@SiO2-LPG-

MIL38 was assessed in vitro by using T24 human urinary bladder carcinoma cells, which 

had the high expression of surface proteoglycan Glypican-1. For this purpose, T24 cells 

and control C3 cells with low expression of Glypican-1 were incubated with these 
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nanoconjugates. To demonstrate that specificity was caused by a MIL38 antibody, 

controls included incubation of T24 cells with upconversion nanoparticles conjugated 

with a control antibody and without an antibody. 

To assess the sensitivity and specificity of the targeting, results were analysed by 

visual quantification of labelled cells in each group. The proportions of labelled cells were 

then calculated and compared between the groups. To further assess the labelling 

performance of the targeted upconversion nanoconjugates, we analysed the 

photoluminescence intensity of single cells after the incubation with nanoconjugates and 

also carried out group cross-comparison. This analysis was performed by using a confocal 

laser-scanning microscopy and imaging software. 

1.4.3. Research objectives 

The main objective of this project was to produce a targeted upconversion 

photoluminescent nanoconjugate that can specifically bind to Glypican-1 positive 

urothelial carcinoma cells T24 and render them optically detectable by means of 

photoluminescence. In order to achieve this objective, we needed to: 

1. Produce upconversion nanoparticles of the composition NaYF4:Yb:Er 

relying on their low cytotoxicity and strong upconversion 

photoluminescence; 

2. Coat these nanoparticles with a layer of silica to make them amenable for 

further conjugation with biomolecules; 

3. Conjugate these nanoparticles with a Glypican-1 monoclonal antibody 

MIL38 without affecting upconversion photoluminescence of the 

nanoparticle and affinity to the antibody; 
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4. Establish growth conditions of Glypican-1 high and Glypican-1 low 

urothelial carcinoma cell lines T24 and C3; 

5. Investigate the binding of targeted upconversion nanoconjugates 

UCNP@SiO2-LPG-MIL38 to Glypican-1 high (T24) and Glypican-1 low 

(C3) urothelial carcinoma cells to assess their specificity; 

6. Investigate the binding of control upconversion nanoconjugates without 

an antibody or conjugated with a different antibody to T24 urothelial 

carcinoma cells, in order to assess the role of a monoclonal antibody 

MIL38 in targeting urothelial carcinoma. 
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Chapter 2: Production and characterisation of targeted 

upconversion photoluminescent nanoconjugates 

2.1. Introduction 

To address the first two objectives of this project, we had to produce and 

characterise targeted upconversion photoluminescent nanoconjugates.  The review of the 

literature concluded that photoluminescent nanomaterials and especially upconversion 

nanoparticles have a great potential in diagnosis and therapy of bladder cancer. 

Therefore, we synthesised lanthanide-doped upconversion nanoparticles of 

composition NaYF4:Yb,Er, functionalised them with LPG linker, to prepare for a 

conjugation with an antibody, and conjugated them with anti-Glypican-1 monoclonal 

antibody MIL38 to target Glypican-1 positive urothelial carcinoma cells. 

The protocol of LPG-mediated conjugation of upconversion nanoparticles with an 

antibody was developed and applied previously136,137. However, modification of 

upconversion nanoparticles and antibody in this project were different from the method 

described previously. Also, to the best of our knowledge, this is the first ever investigation 

of the bioconjugation of anti-Glypican-1 monoclonal antibody MIL38 with an 

upconversion nanoparticle. 

This chapter describes the production of upconversion photoluminescent 

nanoparticles and their conjugation with a monoclonal antibody MIL38. 
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2.2. Materials and methodologies applied in the production, 

characterisation and conjugation of upconversion nanoparticles 

2.2.1. Reagents for production of upconversion nanoconjugates 

Upconversion nanoparticles were prepared by using Yttrium(III) chloride 

hexahydrate (YCl3·6H2O; 99.999%), ytterbium(III) chloride hexahydrate (YbCl3·6H2O; 

99.9%), erbium(III) chloride hexahydrate (ErCl3·6H2O; 99.9%), sodium hydroxide 

(NaOH; ≥97.0%), ammonium fluoride (NH4F; ≥98.0%), oleic acid (OA; 90%), 1-

octadecene (ODE; 90%), cyclohexane (99.5%), tetraethylorthosilicate (TEOS), Igepal 

CO-520, ammonium hydroxide solution (NH4OH; 30%). All these reagents were supplied 

by Sigma-Aldrich Chemicals (Sydney, Australia) and did not require further purification. 

Tris(hydroxymethyl)aminomethane (Sigma-Aldrich Chemicals) and UltraPure 

Distilled Water (Invitrogen) were applied in the preparation of Tris-buffered saline 

required for conjugation of upconversion nanoparticles with LPG and MIL38. 

Cryptosporidium monoclonal antibody CRY104 and LPG linker were kindly 

provided by A. Sunna and A. Care (Department of Chemistry and Biomolecular science 

and ARC Centre of Excellence for Nanoscale BioPhotonics, Macquarie University). 

Glypican-1 monoclonal antibody MIL38 was produced and kindly provided by Minomic 

International Ltd. (Sydney, Australia). 
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2.2.2. Equipment used in characterisation of upconversion nanoparticles 

Transmission electron microscopy of upconversion nanoparticles was performed 

using a Philips CM10 electron microscope. This microscope had a resolution of 0.2 nm, 

which allowed the high-quality visualisation of their shape and of the silica layer on their 

surface. Size distribution of upconversion nanoparticles on transmission electron 

microscopy images was analysed by using the ImageJ software. Hydrodynamic diameter 

by dynamic light scattering and zeta potential were measured on a Zetasizer Nano ZS90 

(Malvern instruments Ltd.). The intensity of the photoluminescence of upconversion 

nanoparticles was measured using a spectrofluorometer Fluorolog-Tau3 (Jobin Yvon-

Horiba) equipped with an external 978-nm fibre-coupled diode laser. Microcentrifuge 

5415R (Eppendorf) and 120 W 40 kHz and ultrasonic cleaner PS20 (Jeken Ultrasonic 

Cleaner Ltd.) were used for washing of upconversion nanoparticles and their 

functionalisation with LPG and antibodies. Solutions containing required concentrations 

of the nanoparticles were prepared by using a balance UMX2 Ultra-microbalance 

(Mettler Toledo). The pH level of Tris-buffered saline was adjusted by using pH meter 

pHTestr 10 (Thermo Scientific). 

2.2.3. Methodology of synthesis of upconversion nanoparticles 

Upconversion nanoparticles of the composition NaYF4, doped with 18% Yb and 

2% Er (NaYF4:Yb,Er), were synthesised as per previously published protocol116. YCl3 

(0.8 mmol), YbCl3 (0.18mmol) and ErCl3 (0.02mmol) were added to a flask containing 6 

mL of OA and 15 mL of Octadecene, heated to 160 °C for 30 min to dissolve the 

lanthanide salts under an argon flow. After the heating, the mixture was cooled to room 

temperature. NaOH (2.5 mmol) and NH4F (4 mmol) dissolved in 10 mL of methanol were 
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then added to the flask and stirred for 30 min at room temperature. Subsequently, this 

mixture was heated to 110 °C for 30 min to remove the residual methanol and water. For 

the following 1 hour, this mixture was heated to 310 °C under argon flow with stirring 

and cooled to room temperature afterwards. Finally, before being coated with silica, 

nanoparticles were washed three times with ethanol/methanol (1:1, v/v) solution and 

suspended in cyclohexane to obtain the particle suspension. 

Upconversion nanoparticles were then coated with a layer of silica. Firstly, 

coating with silica converts the hydrophobic nanoparticles into hydrophilic. Secondly, the 

silica coating improves the colloidal stability of the nanoparticles, increasing solubility 

and decreasing their aggregation in water and in physiological buffers. Thirdly, the silica 

layer allows efficient functionalisation of these nanoparticles with other molecules, such 

as photosensitisers for photodynamic therapy, antibodies for targeted action and 

immunomodulation or various drugs to use upconversion nanoparticles as 

nanocarries124,125,138-142. 

Silica coating was performed as following: 5 mL of NaYF4:Yb,Er (0.1 mmol) 

cyclohexane suspension and 5 mL of Igepal CO-520 (0.5 mL) cyclohexane solution were 

mixed in a one-neck flask and kept sealed and stirring at room temperature for 3 h. After 

that, 500 μL of ammonium hydroxide solution was added to the mixture and kept stirring 

for another 2 h. The following step was the slow injection of 40 μL of Tetraethyl 

orthosilicate (2 μl/min) to the reaction mixture. The stirring was continued for 24 h before 

the addition of ethanol to precipitate the nanoparticles. The obtained silica-coated 

upconversion nanoparticles (UCNP@SiO2) were then washed three times with 100 % 

ethanol and another three times with ultrapure distilled water. In each washing an 

Eppendorf tube with nanoparticles was centrifuged for 7 min at the speed of 13100 × g, 
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supernatant was replaced with 1 mL of ethanol or water and nanoparticles were sonicated 

for 10 min in an ultrasonic water bath.  

A transmission electron microscope (Philips CM10) was used to visualise 

distribution of upconversion nanoparticles with and without silica coating. The 

hydrodynamic diameter of upconversion nanoparticles was measured by using dynamic 

light scattering via a Zetasizer Nano ZS90 (Malvern instruments Ltd.), which was also 

used to measure zeta potential of the particles. Zeta potential is the potential difference 

between electric double layer of dispersed nanoparticles and the layer of dispersant 

around them. This electric double layer consists of ions with different charge and 

correlates with surface potential of the particle, electrostatic repulsive forces between 

particles and, therefore, their colloidal stability143. 

2.2.4. Conjugation of upconversion nanoparticles with LPG linkers 

In order to conjugate upconversion nanoparticles with antibodies, nanoparticles 

firstly had to be functionalised with LPG linker, which was kindly provided by Andrew 

Care and Anwar Sunna. This linker is a bifunctional fusion protein that consists of a solid-

binding peptide linker and Protein G from Streptococcus strain G148132,136,144. The 

affinity of the solid-binding peptides towards solid surfaces is caused by a combination 

of hydrophobic, electrostatic, polar and other multiple non-covalent interactions132,136. 

The solid-binding peptide linker employed in this project has demonstrated strong 

binding affinity towards surface materials containing silica, such as silica nanoparticles 

or nanoparticles coated with a silica layer132,136,137,144. The negative charge of the silica 

surfaces and positive charge of the linker made by a number of basic lysine and arginine 

residues underpins this binding145. Moreover, an intrinsic structural disorder of this linker 
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increases its flexibility and plasticity. As a result, it further promotes electrostatic 

interactions between positively charged residues of the peptide and negatively charged 

silica-containing nanomaterials136,144. 

Protein G, purified from Streptococcus strain G148, is an antibody-binding 

protein that has a strong avidity towards a variety of immunoglobulins144,146,147. This 

protein binds to the crystallisable fragment (Fc) of Ig-G antibody and leaves the antigen-

binding fragment (Fab) available for recognition and binding to antigen. Protein G was 

genetically fused with a solid-binding peptide linker, resulting in a linker-protein G (LPG) 

with a region binding to silica-containing materials, such as silica-coated upconversion 

nanoparticles, and a region that allows oriented immobilisation of Ig-G antibodies, such 

as anti-Glypican-1 monoclonal Ig-G antibody MIL38. 

Before conjugation with LPG, silica-coated upconversion nanoparticles were 

washed three times with 100% ethanol and another three times with ultrapure distilled 

water. Nanoparticles were centrifuged in an Eppendorf tube for 7 min at 13,100 × g; 

supernatant was removed and replaced by 1 mL of ultrapure water or ethanol, 

respectively; nanoparticles were then sonicated in an ultrasonic cleaner water bath for 10 

minutes. 

Conjugation of nanoparticles with LPG required the use of 100mM Tris-buffered 

saline (pH=7.5). To prepare this buffer, 7.88 g of Tris(hydroxymethyl)aminomethane 

(Sigma-Aldrich Chemicals) was added to 400 mL of distilled water. Then, under a control 

of a pH meter pHTestr 10 (Thermo Scientific), pH of the solution was adjusted from 5 to 

7.5, by adding in 0.1 M sodium hydroxide solution.  
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Linking of LPG to upconversion nanoparticles consisted of a number of simple 

mixing and washing steps. Firstly, 1 mL ethanol solution containing 1 mg of 

nanoconjugates was produced by using the UMX2 Ultra-microbalance (Mettler Toledo). 

Then, nanoparticles were washed three times with 100 mM Tris-HCl buffer (pH=7.5), 

and resuspended in 400 µl of Tris-HCl buffer containing 20 μg of LPG. After that, this 

mixture was rotated at 4°C for 30 min and centrifuged at 7000 × g to collect the LPG 

bound nanoconjugates (UCNP@SiO2-LPG) and to separate the unbound LPG. Before 

functionalisation with an antibody, nanoconjugates UCNP@SiO2-LPG were washed two 

more times with Tris-buffered saline via centrifugation and sonication. In order to prevent 

overheating of LPG, all procedures were performed at low temperatures. Water bath 

sonicator was filled with ice to maintain the low temperature, and the centrifugation and 

incubation were performed at 4 ºC 

Successful conjugation of upconversion nanoparticles with a positively charged 

LPG was confirmed by a positive shift of zeta potential, which was measured using a 

Zetasizer Nano ZS90 (Malvern instruments Ltd). Measurement of zeta potential was 

performed by using 0.8 mL of 100 μg/mL solution of nanoconjugates UCNP@SiO2-LPG 

in Tris buffer. 

2.2.5. Production of the targeted upconversion nanoconjugates 

MIL38 is a monoclonal antibody, that was initially raised against urothelial 

carcinoma cells and was previously known as BLCA-38148,149. The target of this antibody 

was recently discovered to be a proteoglycan Glypican-1150,151. Glypican-1 is a cell 

membrane heparan sulfate proteoglycan. This proteoglycan consists of a variable number 

of heparan sulphate chains and a core protein attached to a phospholipid bilayer via a 
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glycosylphosphatidylinositol linker150,152,153. Glypican-1 is a growth factor receptor and, 

therefore, participates in the control of growth and division of cells152. In addition to 

urothelial carcinoma, the presence of this proteoglycan was previously reported in 

prostate150,151,154-156, pancreatic157-160, oesophageal161, breast162 and brain163,164 cancers. In 

this project, the specificity of anti-Glypican-1 antibody MIL38 towards urothelial 

carcinoma cells was utilised for their targeted labelling by upconversion nanoparticles 

coupled to MIL38 and termed targeted upconversion nanoconjugates. 

After washing, LPG-bound nanoconjugates UCNP@SiO2-LPG were ready for 

functionalisation by a monoclonal antibody MIL38. These nanoconjugates were 

resuspended by sonication and incubated with antibody MIL38 with ratio of 20 μg of the 

antibody per 1000 μg of nanoparticles with rotation for 30 min at 4°C. Finally, targeted 

nanoconjugates UCNP@SiO2-LPG-MIL38 were separated from unbound antibodies by 

centrifugation and two washings with Tris buffer. Resulting nanoconjugates were 

redispersed in 1040 μL of Tris-buffered saline (pH=7.5) to produce the 1 mg/mL 

suspension of targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38. 

Characterisation of UCNP@SiO2-LPG-MIL38 included the measurement of zeta 

potential and hydrodynamic diameter using Zetasizer and photoluminescence spectrum 

using a spectrofluorometer Fluorolog-Tau3 (Jobin Yvon-Horiba) equipped with an 

external 978-nm laser. 
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2.3. Results of the synthesis and conjugation of upconversion 

nanoparticles 

2.3.1. Upconversion nanoparticles amenable for conjugation with biomolecules 

A solvothermal decomposition method was used to synthesise upconversion 

nanoparticles NaYF4:Yb,Er (as described in section 2.2.3)137. Nanoparticles had spherical 

shape, were monodispersed (Figure 6, A) and had a mean size of 33.1 nm with a narrow 

size distribution (standard deviation = 1.5 nm) (Figure 6, C). Then these nanoparticles 

were coated with a layer of silica using water-in-oil microemulsion method (as described 

in section 2.2.3)165.  

Transmission electron microscopy demonstrated the successful coating with 

silica, resulting in improved dispersion of upconversion nanoparticles (Figure 6, B). An 

increase of their average diameter (measured by imaging software) from 33.1 ± 1.5 nm 

to 41.2 ± 2.4 nm (Figure 6, D) demonstrated that the thickness of the silica layer was 

approximately 4 nm. The shape of the nanoparticles after silica coating remained 

spherical (Figure 6, A and B). 
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Figure 6. Transmission electron microscopy of upconversion nanoparticles NaYF4:Yb,Er 

before (A) and after (B) the coating with a silica layer. (C) and (D) show the size 

distribution of nanoparticles before and after the silica coating. 

Characterisation of the silica-coated upconversion nanoparticles also included the 

measurement of their zeta-potential and hydrodynamic diameter by dynamic light 

scattering using a Zetasizer system (Malvern instruments Ltd.). Resulting nanoparticles 

displaced a negative zeta-potential of -16.6 mV and mean hydrodynamic diameter 

(measured by the dynamic light scattering) of 227 nm, which was probably affected by a 

limited number of large clusters, whereas the vast majority of nanoparticles had a 

hydrodynamic diameter around 100 nm (Figure 7). 
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Figure 7. Size distribution of silica-coated upconversion nanoparticles (UCNP@SiO2) 

measured by the dynamic light scattering. 

One of the most advantageous properties of the silica-coated nanoparticles is 

upconversion photoluminescence. These nanoparticles emit bright green light under the 

illumination with a 980-nm near-infrared laser. The upconversion photoluminescence of 

as-synthesised silica-coated nanoparticles measured by a spectrofluorometer Fluorolog-

Tau3 (Jobin Yvon-Horiba) equipped with a 978-nm laser featured two bands in green 

(535-555 nm) and red (645-679 nm) regions of the emission spectrum, with the green 

band being almost two-fold brighter than that of the red band, as shown in Figure 8. Peaks 

of green light at 550 nm and red light at 650 nm are characteristic to Yb/Er co-doped 

upconversion nanoparticles137. 
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Figure 8. Photoluminescence spectra of upconversion nanoparticles under the excitation 

with a near-infrared 980-nm laser before (UCNP) and after coating with silica 

(UCNP@SiO2). 

As one can infer by comparing two curves in Figure 8, the coating of 

upconversion nanoparticles with a silica (SiO2) layer slightly affected their 

photoluminescence properties, while retaining characteristic spectral features. 

Nonetheless, the optical properties of UCNPs were largely preserved after silica coating, 

and particles displayed satisfactory brightness for the subsequent observation of cellular 

labelling. Slight decrease of their photoluminescence intensity caused by the coating with 

a silica layer is consistent with literature and may be caused by absorption of light by 

silica and by its quenching properties166.  
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2.3.2. Upconversion nanoparticles conjugated with LPG 

In order to conjugate silica-coated upconversion nanoparticles with an antibody, 

they were, firstly, functionalised by the LPG linker. LPG was attached to the 

nanoparticles following a previously developed protocol136,137. Functionalisation by a 

positively charged LPG was confirmed by a reduction of the negative zeta potential 

charge of the nanoparticles from -16.6 mV to -9.65 mV (Table 1). Resulting 

upconversion nanoparticles conjugated with LPG (UCNP@SiO2-LPG) were washed 

from unbound LPG and were ready for bioconjugation with similar amounts of anti-

Glypican-1 Ig-G antibody MIL38 and control cryptosporidium Ig-G antibody CRY104. 

Table 1. Zeta-potentials of silica-coated upconversion nanoparticles (UCNP@SiO2), 

LPG bound nanoconjugates (UCNP@SiO2-LPG) and targeted upconversion 

nanoconjugates (UCNP@SiO2-LPG-MIL38) 

Nanoparticle/nanoconjugate Zeta potential, mV 

UCNP@SiO2 -16.6 

UCNP@SiO2-LPG -9.65 

UCNP@SiO2-LPG-MIL38 -5.75 

2.3.3. Targeted photoluminescent upconversion nanoconjugates 

The anchoring of LPG on the surface of upconversion nanoparticles allowed their 

simple bioconjugation with monoclonal antibodies MIL38. The success of the 

conjugation was confirmed by a positive shift of the zeta potential of UCNP@SiO2-LPG 

(Table 1) and an increase of the hydrodynamic diameter of nanoconjugates (Figure 9). 
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Figure 9. Size distribution of silica-coated upconversion nanoparticles (UCNP@SiO2) 

and targeted nanoconjugates UCNP@SiO2-LPG-MIL38 measured by the dynamic light 

scattering. 

The decrease of the surface charge, following the binding of LPG, was noted, 

which can be explained by the highly positive charge of LPG in neutral pH (isoelectric 

point of LPG, 11.2), which compensated the negative charge of the silica-coated 

upconversion nanoparticles. The binding of MIL38 further decreased the absolute value 

of the surface charge, which can be explained by the thickening of Stern layer due to the 

antibody attachment. 

The increase of the mean hydrodynamic diameter of the antibody-coupled 

targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38 can be interpreted by 

the attachment of MIL38 to the surface of nanoparticles and by some degree of 

aggregation (as can be seen by a secondary peak centred at ~700 nm - see Figure 9).  This 
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aggregation was likely attributed to the slight decrease of the overall surface charge, 

which provided insufficient electrostatic repulsion to prevent the close-range nanoparticle 

interaction. 

Upconversion photoluminescence intensity decreased slightly after the 

bioconjugation with antibody (Figure 10).  However, the emission spectrum remained 

unchanged, with targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38 

featuring the characteristic green and red photoluminescence bands under the 980-nm 

excitation. 

 

Figure 10. Emission spectra of silica-coated upconversion nanoparticles (UCNP@SiO2) 

and targeted upconversion nanoconjugates (UCNP@SiO2-LPG-MIL38) under excitation 

by an 980-nm laser. 
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Overall, targeted nanoconjugates UCNP@SiO2-LPG-MIL38 were produced and 

upconversion photoluminescence was not affected considerably.  In order to investigate 

targeting ability of these nanoconjugates, they were further incubated with urothelial 

carcinoma cells. 

2.4. Conclusions 

In summary, a method of the production of targeted upconversion nanoconjugates, 

which was described here, had three steps. The first step was production of upconversion 

nanoparticles NaYF4:Yb,Er and their coating with a silica layer. Characterisation of 

nanoparticles demonstrated effectiveness of the method and their suitability for further 

conjugation. Following steps were the attachment of LPG linkers to silica-coated 

upconversion nanoparticles and the conjugation of LPG-bound nanoconjugates 

UCNP@SiO2-LPG with a monoclonal antibody MIL38, which were also highly effective 

and affected the upconversion photoluminescence insignificantly. The success of the 

conjugation was confirmed at each step by alteration of the zeta potential, hydrodynamic 

diameter and photoluminescence spectrum. As a result, we produced targeted 

upconversion photoluminescent nanoconjugates suitable for investigation of the targeted 

labelling of urothelial carcinoma cells T24 and C3. 
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Chapter 3: Culturing and characterisation of urothelial 

carcinoma cell lines T24 and C3 

3.1. Introduction 

The previous chapter concisely described the production and characterisation of 

targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38 with proposed affinity 

towards Glypican-1 positive urothelial carcinoma cells. To investigate the sensitivity and 

specificity of the binding of these nanoconjugates to cells expressing Glypican-1, we 

incubated them with urothelial carcinoma cell line, with high expression of Glypican-1 

(T24) and urothelial carcinoma cell line with low expression of Glypican-1 (C3). This 

chapter describes the origin of these cell lines, their main characteristics and optimisation 

of their culturing conditions for this experiment.  

3.2. Materials and methods applied in the culturing of T24 and C3 

urothelial carcinoma cell lines 

3.2.1. Reagents used for cell culturing 

Following products were used in cell culturing: Fetal Bovine Serum (Sigma-

Aldrich Chemicals); sterile-filtered trypsin-EDTA solution 0.25%, containing 2.5 g 

porcine trypsin and 0.2 g EDTA • 4Na per litre of Hanks′ Balanced Salt Solution with 

phenol red (Sigma-Aldrich Chemicals); RPMI-1640 medium with sodium bicarbonate, 

without L-glutamine (Sigma-Aldrich Chemicals); and Phosphate-buffered saline (PBS) 

pH7.2 (Gibco). For, the investigation of the influence of coverslip coating on adhesion 

and growth of urothelial carcinoma cells T24 and C3, coverslips were coated by Poly-D-
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lysine hydrobromide (Sigma). Cells were fixed by methanol-free 16% Formaldehyde 

(Thermo Scientific). After the incubation of cells with nanoconjugates, coverslips were 

mounted of slides using ProLong Diamond Antifade Mountant with DAPI (Thermo 

Scientific). 

3.2.2. Equipment used for cell culturing and investigation 

T24 and C3 cells were cultured in a CO2 Incubator Heracell 150i (Thermo 

Scientific) and aseptically handled in a Biological Safety Cabinet Herasafe KS (Thermo 

Scientific). Rectangular Canted Neck Cell Culture Flask with Vented Cap (Falcon) and a 

benchtop centrifuge Allegra X-15R (Beckman Coulter) were also used for cell culturing. 

Counting of the cells was performed by using an automated cell counter Countess C10281 

(Invitrogen). Imaging of live T24 and C3 cells was performed by an inverted microscope 

ECLIPSE TS100 (Nikon) equipped with a microscope camera controller Digital Sight 

DS-L3 (Nikon), allowing fast transfer of images to a desktop computer (Figure 11). 

 

Figure 11. Imaging of live T24 cells on inverted microscopes ECLIPSE TS100 (Nikon) 

equipped with a microscope camera controller Digital Sight DS-L3 (Nikon) 



42 

 

3.2.3. Origin of T24 and C3 urothelial carcinoma cell lines 

T24 and C3 urothelial carcinoma cell lines were kindly provided by Minomic 

International Ltd. These cell lines were chosen for this experiment due to the high 

expression of surface proteoglycan Glypican-1 on the membrane of T24 cells167 and low 

expression of Glypican-1 by C3 cells150. 

T24 urothelial carcinoma cell line was derived in 1970 by Bubenik et al. from 82-

year-old female patient with a muscle-invasive (T3), grade III urothelial carcinoma of the 

urinary bladder168. Initially, her bladder cancer was diagnosed in 1962 and she was then 

unsuccessfully treated by multiple transurethral resections and fulgurations. In 1970, the 

tumour reached grade III and invaded muscle layer. This tumour was then resected and 

sample was taken for a cell culture collection. The patient died seven months later from 

myocardial infarction, with no clinical signs of urothelial carcinoma metastasises168. 

Urothelial carcinoma cell line C3 is a cloned subline of cell line UCRU BL 17Cl96.  

UCRU BL 17Cl cell line was sourced from a 69-year-old male patient with an invasive, 

stage T4b, grade III urothelial carcinoma97. This tumour was resistant to cisplatin and 

radiotherapy and resulted in a death of the patient four months later. Initially, 

establishment of a cell line from the tumour was unsuccessful. After that, cells from a 

biopsy were implanted into a nude mouse and a cell line UCRU BL 17Cl was then 

established from this xenograft. 

3.2.4. In vitro culturing of T24 and C3 urothelial carcinoma cell lines 

Frozen cells were thawed for two minutes in a water bath at 37 ºC and seeded into 

a 25 cm2 and then a 75 cm2 rectangular cell culture flasks with vented cap (Falcon). The 



43 

 

choice of media for the cell lines was based on a recommendation from Minomic 

International Ltd. T24 and C3 cells were cultured in a Roswell Park Memorial Institute 

(RPMI) 1640 Medium supplemented with 10% and 20% of FBS, respectively. Both cell 

lines were split twice a week, as was also recommended by Minomic International Ltd. 

Daily monitoring and live-cell imaging of T24 and C3 cells by an inverted microscope 

ECLIPSE TS100 (Nikon) equipped with a microscope camera controller allowed analysis 

of their morphology and growth patterns. 

3.3. Results of the investigation and optimisation of the culturing of 

T24 and C3 urothelial carcinoma cells 

3.3.1. Characteristics of T24 and C3 urothelial carcinoma cell lines 

3.3.1.1. Immunological characterisation of T24 and C3 cells 

In order to demonstrate the ability of upconversion nanoconjugates coupled to 

MIL38 antibodies to target Glypican-1 positive urothelial carcinoma, we used Glypican-

1 high T24 and Glypican-1 low C3 (control) urothelial carcinoma cell lines kindly 

provided by Minomic International Ltd. Affinity a monoclonal antibody MIL38 towards 

urothelial carcinoma cells T24 was described previously167 and was confirmed by the 

results of the flow cytometry analysis provided by Minomic International Ltd.  

Flow cytometry was used to assess affinity of MIL38 towards T24 and C3 cells. 

Firstly, T24 and C3 cells were incubated with antibodies MIL38 and washed twice to 

remove unbound antibodies. Then, they were incubated with secondary antibodies, which 

were conjugated to a fluorescent label. These fluorescent secondary antibodies bound to 

MIL38 antibodies attached on the surface of cells. As a result, cells with MIL38 on their 
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surface were fluorescently labelled. T24 and C3 cells were subsequently analysed using 

a flow cytometer to assess their fluorescence intensity as a sign of the binding of MIL38 

to their surface. At least ten thousand cells were analysed in each group. Results of this 

analysis are presented in Figure 12, which shows the distribution of the fluorescence 

intensity of T24 and C3 cells. 

 

Figure 12. Flow cytometry analysis performed by Minomic International Ltd., 

demonstrated the binding of MIL38 antibody to T24 cells and minimal binding to C3 

cells. Secondary antibody alone was used as a control. 

Flow cytometry analysis performed by Minomic International Ltd. demonstrated 

that T24 cells (Figure 12, red histogram) had stronger fluorescence than that of C3 cells 

with a median fluorescence intensity of 3531.74 a.u. versus 482.16 a.u. Minimal binding 

to C3 cells was also observed (Figure 12, blue histogram). Secondary antibody alone was 

used as the control for this analysis (Figure 12, black histogram). 
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Morphology of T24 and C3 cells 

For further investigation of the targeted labelling, urothelial carcinoma cells T24 

were going to be incubated with targeted nanoconjugates UCNP@SiO2-LPG-MIL38. To 

assess the specificity of their binding, the same nanoconjugates had to be incubated with 

C3 cell line. Daily monitoring and live-cell imaging of T24 and C3 cells by an inverted 

microscope ECLIPSE TS100 (Nikon) equipped with a microscope camera controller 

allowed analysis of their morphology and growth patterns to optimise culturing 

conditions for the following experiment (Figure 11).  

 

Figure 13. Abnormal cells observed via microscopy of T24 (left) and C3 (right) cell lines 

growing in 75-cm2 flasks. 

T24 and C3 cells featured different shape. T24 cells were polygonal or spindle-shaped, 

spreading wider in the culturing flask, while C3 cells looked smaller and more rounded 

(Figure 13). Interestingly, abnormally large spherical cells occasionally containing two 

or more nuclei were noted in both cell lines. In T24 cell line, these abnormal cells were 
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observed in the regions with the lower cell density, while in C3 cell culture, such cells 

were evenly spread. 

As a result, the cell culturing was optimised before carrying out labelling 

experiments, so that the growth was relatively stable and the number of abnormal cells 

minimal. 

3.3.2. Effects of coverslip coating on adhesion and growth of urothelial carcinoma 

cells T24 and C3 

For investigation of labelling of T24 and C3 cells by targeted nanoconjugates, 

these cells had to be seeded on coverslips in a well plate. Cell culturing plates with 24 

wells (Costar) were chosen for this experiment. Glass coverslips with diameter of 13 mm 

were optimal for subsequent confocal fluorescent imaging. A choice of 13-mm coverslips 

included coated and uncoated. To investigate if T24 cells require coating of coverslips, 

they were seeded in a plate without coverslips, on non-coated glass coverslip, on crystal 

clear glass coverslips with Poly-D-lysine coating (NeuVitro) and on glass coverslip 

coated with Poly-D-lysine hydrobromide (Sigma) in our laboratory (Figure 14).   

 

Figure 14. T24 cells growing in a 24-well plate without a coverslip, on a glass coverslip 

without coating, on a glass coverslip pre-coated with Poly-D-lysine and a coverslip coated 

with Poly-D-lysine in our laboratory. 
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The results suggested that the adhesion and growth of T24 cells on a glass 

coverslip without coating was sufficient and was not reduced in comparison with that of 

the coated coverslips. Coating of a coverslip in our laboratory had the same result as a 

pre-coated coverslip. The growth on the plastic surface in a well without a coverslip was 

found to be unsuitable for this experiment. 

3.3.3. Optimal seeding density and fixation time point of T24 cells 

To find optimal cell density for this experiment, we seeded 7.5×104, 1×105, 

1.5×105, 2×105 and 2.5×105 cells per well on coverslips in a 24-well plate. Even though 

C3 were found to be smaller than T24 and could be seeded in a higher number of cells 

per well, we concluded that 2×105 cells per well is optimal to analyse luminescence from 

single cells. Less than 2×105 C3 cells would be challenging for a confocal fluorescent 

microscopy as not many cells could be observed in a field. More than 2×105 T24 cells per 

well was too many to analyse binding of nanoparticles to individual cells as some of them 

were too close to each other. 

For the following investigation of targeted labelling, cells had to be fixed before 

incubation. To find the optimal time point for fixing, T24 and C3 cells were seeded on 

glass coverslips in a 24-well plate. Live cell imaging was then performed every 24 h for 

a few days. Optimal timing for fixing was found to be 24 h after seeding. This time was 

enough for the cells to adhere to the coverslips and was not enough for them to start 

dividing, which would be challenging for visualisation of single cells. 

As a result of this experiment, we concluded that T24 and C3 cells for the 

investigation of targeted labelling should be seeded in the amount of 2×105 cells per well 

and fixed after 24 hours. 
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3.4. Conclusions 

Urothelial carcinoma cells T24 and C3 were chosen to investigate their selective 

labelling by targeted upconversion photoluminescent nanoconjugates. T24 cell line 

demonstrated strong binding of MIL38 antibody, whereas binding of MIL38 to C3 cells 

was minimal. These results made T24 and C3 cell lines perfect candidates for the 

investigation of their targeted labelling by upconversion photoluminescent 

nanoconjugates. Analysis of their morphology, adhesion and growth allowed us to 

optimise their seeding for the following study. It was found that coating of coverslip does 

not improve adhesion and growth of these cell lines. The optimal seeding density was 

found to be 2×105 cells per well and the cells had to be fixed after 24 hours of incubation. 
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Chapter 4: Targeted labelling of urothelial carcinoma cells by 

photoluminescent nanoconjugates 

4.1. Introduction 

This chapter describes methodology and results of incubation of experimental and 

control nanoconjugates with T24 and C3 cells. Assessment of targeted binding of 

upconversion nanoconjugates UCNP@SiO2-LPG-MIL38, was performed by incubation 

with Glypican-1 high T24 and Glypican-1 low C3 urothelial carcinoma cells. To find out 

the role of the antibody MIL38, other controls consisted of incubation of T24 cells with 

upconversion nanoconjugates UCNP@SiO2-LPG-CRY104, functionalised by a control 

isotype cryptosporidium antibody CRY104 and with nanoconjugates UCNP@SiO2-LPG, 

without an antibody. After the incubation, unbound nanoconjugates were washed away 

and confocal laser scanning microscopy was used to analyse the results. Visual 

quantification of labelled cells was followed by a computerised analysis of 

photoluminescence intensity of cells in all groups. 

4.2. Materials and methods applied in the investigation of targeted 

labelling of urothelial carcinoma cells 

4.2.1. Equipment for the analysis of targeted labelling of urothelial carcinoma cells 

The imaging of labelled cells was performed by using a confocal laser-scanning 

microscope Zeiss LSM880 (Zeiss, Germany) equipped with 405-nm and 980-nm lasers, 

which allows detection of upconversion nanoconjugates on the cells. The laser with a 

wavelength 405-nm allowed visualisation of DAPI-stained nuclei and bright-field 
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imaging to visualise cell membranes. The 980-nm laser allows visualisation of 

upconversion nanoparticles. This microscope can perform Z-stack imaging of different 

layers and tile-scanning, which was useful in the analysis of a large number of cells. This 

microscope and ZEN imaging software were also used to analyse photoluminescence 

characteristics of labelled cells. Another innovative feature of this microscope is a 

superresolution mode termed Airyscan, where instead of a pinhole, a number of 

photodetectors were used creating a “synthetic aperture”, affording the greater light 

collections efficiency and improved resolution. This mode was used in the preliminary 

experiments with UCNP and T24, however these results are not presented in this thesis. 

4.2.2. Seeding of T24 and C3 cells to cell culture plates for the study of targeted 

labelling 

The ability of targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38 

to detect and label T24 urothelial carcinoma cells was studied in vitro by incubation of 

paraformaldehyde-fixed Glypican-1 high T24 and control Glypican-1 low C3 cells with 

UCNP@SiO2-LPG-MIL38 nanoconjugates. Other controls were incubation of T24 cells 

with nanoconjugates UCNP@SiO2-LPG-CRY104 with control antibody CRY104 and 

LPG-bound nanoconjugates not functionalised by any antibody UCNP@SiO2-LPG. The 

optimisation steps of this experiment are described below. 

For the labelling experiment, T24 and C3 cells were seeded into a cell culture 

plate at the density of 2×105 cells per well. In order to get this cell density, cells in 75-

cm2 cell culture flask were trypsinised by a 0.25 % Trypsin-EDTA solution, centrifuged 

and resuspended in 10-mL of RPMI 1640 media with 20% FBS. Then, 10-µL of cell 

suspension was mixed with 10-µL of trypan blue and applied into cell-counting chamber 
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slides, which was then inserted into an automated cell counter Countess C10281 

(Invitrogen). Every cell counting procedure was performed at least twice. 

T24 and C3 cells were seeded on glass coverslips in a 24-well plate. After 

incubation for 24 h at 37 ºC and 5% CO2, cells were fixed with 4% PFA, which was 

prepared from methanol-free 16% Pierce Formaldehyde (Thermo Scientific) and PBS. 

Firstly, cells were washed three times by PBS. Then, 200-µL of 4% PFA was added to 

each well, cells were incubated at RT for 20 min. Then they were washed with PBS three 

more times and refrigerated for 24 h before the targeted labelling experiment. 

4.2.3. Methodology of the incubation of T24 and C3 urothelial carcinoma cells with 

nanoconjugates 

To find the lowest possible concentration of nanoconjugates, preliminary 

experiments included incubation of T24 and C3 cells with 500 µl per well of Tris buffer, 

containing 6.25, 12.5, 25, 37.5 or 50 µg of nanoconjugates. The minimal concentration 

of nanoconjugates suitable for our application was 12.5 µg of nanoconjugates per well. 

Specific binding of targeted nanoconjugates UCNP@SiO2-LPG-MIL38 was 

assessed in vitro by incubation with Glypican-1 high T24 and Glypican-1 low C3 

urothelial carcinoma cells, which were fixed on glass coverslips in a 24-well plate. To 

investigate if the targeted binding of nanoconjugates was mediated by monoclonal 

antibodies MIL38, the other negative controls were set up.  These included incubation of 

Glypican-1 positive T24 urothelial carcinoma cells with LPG bound upconversion 

nanoconjugates without functionalisation by an antibody (UCNP@SiO2-LPG) and with 

upconversion nanoconjugates conjugated to a control isotype antibody CRY104 that did 

not have affinity towards urothelial carcinoma (UCNP@SiO2-LPG-CRY104). 
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T24 and C3 cells were seeded on glass coverslips at the density of 2×105 cells per 

well, incubated for 24 h at 37º C with 5 % CO2 and fixed for 20 min by a 4% PFA solution 

Targeted upconversion nanoconjugates UCNP@SiO2-LPG-MIL38, 

nanoconjugates UCNP@SiO2-LPG-CRY104 functionalised by control antibodies 

CRY104 non-specific to Glypican-1, and nanoconjugates UCNP@SiO2-LPG without 

antibodies were prepared in Tris-buffered saline. Their concentration was adjusted to 25 

µg/mL and 500 µL of these solutions was added to the wells containing cells. Targeted 

nanoconjugates UCNP@SiO2-LPG-MIL38 were added to T24 and C3 cells. Control 

nanoconjugates UCNP@SiO2-LPG-CRY104 or UCNP@SiO2-LPG, were added to the 

other wells containing T24 cells. After incubation for 1 h, coverslips were washed with 

PBS to remove unbound nanoconjugates. Then they were stained with nuclei staining 

DAPI and mounted on glass coverslips by using ProLong Diamond Antifade mountant 

with DAPI (Thermo Scientific) and sealed with nail polish for subsequent imaging using 

a confocal laser-scanning microscope and analysis of the sensitivity and specificity of in 

vitro labelling of T24 cells by targeted nanoconjugates UCNP@SiO2-LPG-MIL38. 

4.2.4. Methodology of confocal laser scanning microscopy of cells labelled by 

nanoconjugates 

Zeiss LSM880 Confocal laser scanning microscope equipped with 405 and 980-

nm lasers was used for imaging. For quantification of labelled cells and analysis of 

photoluminescence intensity, one coverslip was taken from each group and regions from 

1.37 to 3.19 mm2 were scanned in order to detect at least 110 cells in each group. An oil-

immersion objective with 60× magnification and numerical aperture NA 1.4 was chosen 

for the imaging. 
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Images for analysis were obtained by using the maximum intensity projection of 

stack images in order to detect all nanoparticles from the bottom to the top edge of every 

cell (Figure 15, A). Three channels were used during laser-scanning confocal microscopy 

(Figure 15, B-E). The first channel was used to observe upconversion nanoconjugates, 

detecting light in the range of 495-634 nm under the illumination with a 980-nm laser 

(Figure 15, B). The second channel was used to detect DAPI stained cell nuclei and was 

tuned to acquire 410-495-nm light under the illumination with a 405-nm laser (Figure 

15, C). The third channel used transmitted 405-nm light to obtain bright-field images, in 

order to see the cell membrane and edges of cells (Figure 15, D).  

 

Figure 15. Stack images of T24 cell after incubation with UCNP@SiO2-LPG-MIL38 (A) 

and its maximum intensity projection split into three channels: UCNP (B), DAPI (C), 

bright field image (D); and merged image (E). Magnification 60×. 

4.2.5. Methodology of the analysis of targeted labelling 

As a result of the laser-scanning confocal microscopy, we obtained images of 127 

T24 cells, incubated with UCNP@SiO2-LPG-MIL38, 111 T24 cells incubated with 
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UCNP@SiO2-LPG-CRY104, 130 cells incubated with UCNP@SiO2-LPG and 112 C3 

cells incubated with UCNP@SiO2-LPG-MIL38. 

Firstly, cells were visually classified as labelled with nanoconjugates and non-

labelled and their proportions were calculated. Then, proportions of the labelled cells 

were compared between the groups to determine the sensitivity and specificity of the 

binding of targeted upconversion photoluminescent nanoconjugates UCNP@SiO2-LPG-

MIL38 to T24 and C3 urothelial carcinoma cells. 

Secondly, computer analysis was performed to compare the photoluminescence 

intensity of T24 and C3 cells after incubation with nanoconjugates. Using imaging 

software ZEN, every single cell was manually contoured as a region of interest to detect 

the photoluminescence intensity from nanoconjugates bound to each cell (Figure 16). 

The cell membrane visualisation by transmitted light was used to contour each cell as a 

region of interest, in order to analyse the intensity of light in each channel coming from 

a single cell. Mean intensity of upconversion photoluminescence was then measured in 

every single cell in each treatment group by using ZEN software. Then the 

photoluminescence intensity of cells was compared between groups. 

 

Figure 16. Example of manual selection of a cell as a region of interest using Carl Zeiss 

proprietary imaging software ZEN (blue line). Magnification 60×. 
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4.3. Results of the experimental study of targeted labelling of 

urothelial carcinoma cells 

4.3.1. Results of visual analysis of confocal microscopy images 

Specific binding of the targeted upconversion nanoconjugates UCNP@SiO2-

LPG-MIL38 was assessed in vitro by incubation with Glypican-1 positive T24 and 

Glypican-1 negative C3 urothelial carcinoma cells fixed on glass coverslips in wells of a 

24-well plate. 

To demonstrate that the targeted binding of nanoconjugates was mediated by a 

monoclonal antibody MIL38, the other negative controls included incubation of T24 

urothelial carcinoma cells with nanoconjugates UCNP@SiO2-LPG, without 

functionalisation by an antibody and with nanoconjugates UCNP@SiO2-LPG-CRY104 

coupled to control isotype antibodies that should not have affinity towards urothelial 

carcinoma cells. 

The microscopy imaging demonstrated binding of the targeted nanoconjugates 

functionalised by a Glypican-1 monoclonal antibody MIL38 to the vast majority of T24 

cells (Figure 17, A). Labelled cells were easily observable due to the upconversion 

photoluminescence originated from upconversion nanoparticles under illumination by a 

980-nm laser, which was not affected by the conjugation with MIL38 antibodies.  

In contrast, only few Glypican-1 low C3 cells were labelled by UCNP@SiO2-

LPG-MIL38 and even non-specifically labelled cells had the lower intensity of the 

photoluminescence than T24 cells (Figure 17, B).  
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Figure 17. Glypican-1 positive T24 (A) and Glypican-1 negative C3 (Bottom) urothelial 

carcinoma cells incubated with UCNP@SiO2-LPG-MIL38 nanoconjugates. Merged 

images of 3 channels, detecting UCNP (green), DAPI (blue) and bright-field. 

Magnification 60×. 
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Incubation of T24 cells with UCNP@SiO2-LPG-CRY104 and UCNP@SiO2-LPG also 

resulted in only few cells being labelled (Figure 18). 

 

Figure 18. Control T24 urothelial carcinoma cells incubated with nanoconjugates 

UCNP@SiO2-LPG-CRY104 (A) or UCNP@SiO2-LPG (B). Merged images of 3 

channels, detecting UCNP (green), DAPI (blue) and bright-field. Magnification 60×. 



58 

 

Upconversion nanoconjugates were observable in all groups, although they were 

predominantly found adhered to the plate (perceived as background) rather than on the 

cells in the control groups. Figure 19 shows results of the incubation separated into 

different channels showing UCNP, cell nuclei (DAPI), bright-field and merged images 

for comparison between experimental groups. 

 

Figure 19. Microscopy laser-scanning confocal fluorescence images of T24 and C3 cells 

incubated with targeted nanoconjugates UCNP@SiO2-LPG-MIL38 (First and Second 

rows); T24 cells incubated with nanoconjugates UCNP@SiO2-LPG-CRY104 (Third row) 

and UCNP@SiO2-LPG (Forth row), Magnification 60×. 
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4.3.2. Results of visual quantification of labelled cells 

One coverslip from each experimental group was taken for visual quantification 

of the labelled cells. Confocal laser-scanning microscopy of regions from 1.37 to 3.19 

mm2 was performed at 60× magnification to detect a representative number of cells in 

each group. It resulted in imaging of 127 T24 cells, incubated with UCNP@SiO2-LPG-

MIL38, 111 T24 cells incubated with UCNP@SiO2-LPG-CRY104, 130 T24 cells 

incubated with UCNP@SiO2-LPG and 112 C3 cells incubated with UCNP@SiO2-LPG-

MIL38. Visual analysis was then performed to separate cells within each treatment group 

into those labelled with nanoconjugates and unlabelled, and calculate their proportions. 

Finally, the proportions of the labelled cells were compared between the groups.  

Out of 127 T24 cells incubated with targeted upconversion photoluminescent 

nanoconjugates UCNP@SiO2-LPG-MIL38, 111 cells were labelled by targeted 

upconversion nanoconjugates, making up almost 90% of the entire cell population. 

The incubation of the same nanoconjugates with the control C3 cells resulted in 

labelling of only 23.2%, which was probably caused by the low expression of Glypican-

1. Among the T24 cells incubated with nanoconjugates with the control antibodies 

(UCNP@SiO2-LPG-CRY104) and incubated with nanoconjugates without antibodies 

(UCNP@SiO2-LPG), only 22 and 34 cells were labelled, making up 19.8 % and 26.2 % 

of the entire cell population, respectively. MIL38 caused specific binding of at least 

61.2% in the targeted group, as up to 26.2% might have been non-specific. 

These results proved the specificity of the binding of the targeted nanoconjugates 

UCNP@SiO2-LPG-MIL38, which predominantly bound to Glypican-1 positive T24 

cells. This specificity was found to be caused by a Glypican-1 monoclonal antibody 
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MIL38, as nanoconjugates without this antibody or with a control isotype antibody 

CRY104 did not bind to T24 cells at the same level. This result shows that MIL38 

antibody has a high potential in targeted delivery of biohybrid nanocompounds to T24 

urothelial carcinoma cells and other cells expressing Glypican-1. The results of the visual 

quantification of the labelled cells are presented in Figure 20.  

 

Figure 20. A bar chart and a table illustrating the percentage of Glypican-1 high T24 and 

Glypican-1 low C3 urothelial carcinoma cells labelled by targeted nanoconjugates 

UCNP@SiO2-LPG-MIL38 and T24 cells labelled by nanoconjugates UCNP@SiO2-

LPG-CRY104 or UCNP@SiO2-LPG, n = 1. The table also shows the number of labelled 

cells and the total number of cells, observed in experimental and control groups. 
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4.3.3. Results of the analysis of the intensity of photoluminescence of cells in 

different groups 

In addition to the visual analysis of the binding specificity, the labelling 

performance was also characterised by measuring the photoluminescence intensity of 

cells in different groups after incubation with photoluminescent nanoconjugates. 

Photoluminescence intensity from the total of 480 cells from different groups was 

measured and compared between the groups, further demonstrating significance of the 

selectivity and labelling ability of the targeted upconversion nanoconjugates 

UCNP@SiO2-LPG-MIL38 (Table 2; Figure 21). 

The mean photoluminescence intensity of all T24 cells incubated with 

nanoconjugates UCNP@SiO2-LPG-MIL38 was found to be almost eight times higher 

than the mean photoluminescence intensity of C3 cells incubated with the same 

nanoconjugates and was more than five times higher than mean photoluminescence 

intensity of T24 cells incubated with control nanoconjugates UCNP@SiO2-LPG-

CRY104 or UCNP@SiO2-LPG (Table 2; Figure 21).  

Table 2. Mean photoluminescence intensity and standard error of T24 and C3 cells 

incubated with UCNP@SiO2-LPG-MIL38 and T24 cells incubated with UCNP@SiO2-

LPG-CRY104 or UCNP@SiO2-LPG, p = 0.05. 

 
T24 + 

UCNP@SiO2-

LPG-MIL38 

C3 + 

UCNP@SiO2-

LPG-MIL38 

T24 + 

UCNP@SiO2-

LPG-CRY104 

T24 + 

UCNP@SiO2-

LPG 

Mean 

photoluminescence 

intensity, a.u. 

0.346 ± 0.038 0.045 ± 0.004 0.045 ± 0.020 0.065 ± 0.012 
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Figure 21. Bar chart showing mean photoluminescence intensity of T24 and C3 cells 

incubated with UCNP@SiO2-LPG-MIL38, T24 cells incubated with UCNP@SiO2-LPG-

CRY104 and T24 cells incubated with UCNP@SiO2-LPG. Error bars represent the 95% 

confidence interval of the mean. 

Such a significant difference in the photoluminescence intensity of cells from the 

tested groups further demonstrated considerable potential of upconversion 

photoluminescent nanoconjugates UCNP@SiO2-LPG-MIL38 for targeting and binding 

to T24 urothelial carcinoma cells. It also proved applicability of upconversion 

nanoparticles for photoluminescent labelling and highlighted potential of these 

nanoconjugates for applications in photodynamic diagnosis and therapy of bladder 

cancer. 
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4.4. Conclusions 

Incubation of T24 and C3 cells with the targeted photoluminescent 

nanoconjugates resulted in targeted labelling of the majority of T24 cells. Analysis of the 

images concluded that 87.4% of T24 cells were labelled. The analysis of the 

photoluminescence intensity in different groups further confirmed the effectivity of 

targeted upconversion photoluminescent nanoconjugates UCNP@SiO2-LPG-MIL38 in 

labelling T24 cells, as their photoluminescence was up to eight times greater than that of 

the control groups. It was also proven that the targeting of these nanoconjugates was 

strongly dependent on a monoclonal antibody MIL38.  
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Chapter 5: Discussion, Conclusions and Future Directions 

5.1. Discussion of the techniques applied in this study 

This project studied potential of the targeted upconversion photoluminescent 

nanoconjugates representing upconversion nanoparticles coupled to antibodies for 

photodynamic diagnosis and therapy of bladder cancer. 

PDD and PDT of bladder cancer show considerable promise in bladder cancer 

treatment, as they can act at the causes of its recurrence and progression. However, the 

existing photosensitisers are associated with a number of adverse side effects, have low 

specificity and their treatment depth is limited to superficial layers of tumours. They also 

suffer from inability of proper targeting and adjustment of therapeutic effect. Biohybrid 

photoluminescent nanoconjugates based on the upconversion nanoparticles are promising 

for solving the problem of the greater treatment depth by using near-infrared light to 

photoactivate photosensitisers. This can lead to the reduction of recurrence and 

progression rates. Moreover, linked with different therapeutic agents and different 

antibodies, upconversion nanoconjugates capable to carry photosensitiser and other drugs 

to combine different modalities of action on cancer cells optimised for each patient. 

In this experiment, upconversion nanoparticles were conjugated with anti-

Glypican-1 monoclonal antibodies MIL38 to target urothelial carcinoma cells T24. Other 

methods of tumour targeting by nanoparticles include passive targeting by enhanced 

permeability and retention (EPR-effect) of tumours and active targeting by folic acid or 

peptides, which are going to be discussed in the following paragraphs169. 
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In 1986, Matsumura and Hiroshi Maeda observed enhanced accumulation of 

macromolecules in a tumour170. This phenomenon was then called EPR-effect, which is 

caused by specificity of tumour vasculature, leading to accumulation of macromolecules 

and nanoparticles171. The main advantage of this passive targeting is that injected 

intravenously nanoparticles of size 400 nm and under can accumulate in a tumour without 

any specific targeting agents. The disadvantage is that such delivery is possible only in 

relatively large tumours with developed vasculature and is not effective against small 

tumours and metastases. Another shortfall of this method is related to the passive 

transport inability to promote cellular uptake of extravasated nanoparticles, which is 

critical for some applications. In tumours of the urinary bladder, passive accumulation of 

nanoparticles in larger tumours may be possible, but would be limited to a systemic 

intravenous injection and would not be suitable for intravesical instillation, which is 

important to avoid systemic absorption and adverse effects in normal tissues and organs. 

Active targeting of nanoparticles is usually based on an antibody, antibody 

fragments, aptamers or ligand-based targeting172. Binding to an antibody was the first and 

widespread approach of targeting nanoparticles173. In comparison with the other methods, 

antibodies do not require modification and are amenable for easy conjugation using a 

number of protocols.  One of the noteworthy protocols based on LPG linker ensures facile 

and universal attachment of antibody to all types of nanoparticles surface-coated with a 

silica layer. The presence of fragments with different functions in an antibody allows 

oriented coupling to a nanoparticle, where Fc fragment binds to a nanoparticle and Fab 

fragments remain available for binding to a specific antigen. As such, the oriented binding 

provides high efficacy and low risk of aggregation, which is oftentimes caused by binding 

of a single antibody molecule to several nanoparticles. 
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We produced upconversion nanoparticles amenable for conjugation with 

biomolecules. These nanoparticles had an average diameter of 33.1 ± 1.5 nm and 

exhibited upconversion photoluminescence. They were coated with a layer of silica and 

functionalised by LPG linker to be able to bind to a variety of Ig-G antibodies. The 

method of the production of upconversion nanoparticles appeared to be effective and 

yielded nanoparticles with desired shape, size and upconversion photoluminescence 

intensity. Coating with silica is a well-known and widely applied approach of the surface-

modification of upconversion nanoparticles139,174,175. In addition to an opportunity to load 

drugs onto a nanoparticle, a number of studies applied silica-coated upconversion 

nanoparticles as nanocarriers with a remote-controlled release141,142. We used the silica-

coating to apply LPG-mediated conjugation of upconversion nanoparticles with MIL38, 

following a previously published protocol, which was developed by Care et al.144 and also 

applied in our laboratory by Liang et al.137. This protocol was found to be highly efficient 

and non-laborious, as the loss of nanoparticles and antibodies was minimal and 

conjugated antibodies had their Fab fragments available for binding to their antigens137. 

Incubation of urothelial carcinoma cells T24 and C3 with nanoconjugates revealed 

their ability to target Glypican-1 positive cells. It also demonstrated the role of MIL38 in 

targeted labelling. This in vitro study is a necessary step before further in vivo 

investigation of viability of this technique for PDD and PDT of bladder cancer. 

5.2. Significance of the results and potential applications 

The incubation of urothelial carcinoma cells T24 with targeted nanoconjugates 

UCNP@SiO2-LPG-MIL38 resulted in labelling of 87.4% of cells and photoluminescence 

of targeted cells with the intensity up to eight times higher than in the control groups. 
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These findings demonstrated specific targeted labelling of T24 cells by targeted 

nanoconjugates UCNP@SiO2-LPG-MIL38. Moreover, a series of control experiments 

demonstrated that specificity of this photoluminescent labelling was provided by MIL38 

monoclonal antibody. These results demonstrating the high sensitivity and specificity of 

upconversion nanoconjugates functionalised by MIL38 suggests that these 

nanoconjugates have a great potential in fluorescence cystoscopy, fluorescence-guided 

resection and PDT of bladder cancer. 

5.2.1. Potential application in bladder cancer diagnosis 

In fluorescence cystoscopy and fluorescence-guided resection of bladder tumour, 

one of the main advantages of these nanoconjugates would be their targeting properties. 

Sensitivity and specificity of conventional sensitizers, such as 5-ALA and 

hexaminolevulinate, are based on slight metabolic differences between normal and cancer 

cells. It leads to their non-specific accumulation and labelling of inflamed or, sometimes, 

even normal bladder urothelium and inconsistent sensitivity caused by high variability of 

bladder tumours. In contrast, antibody-functionalised nanoconjugates can target specific 

antigens, expressed by cancer cells, regardless of their metabolic state. In particular, 

MIL38 demonstrated strong affinity towards a Glypican-1 positive urothelial carcinoma 

cell line. However, discovery of other antigens expressed by bladder cancer would allow 

conjugation of targeted nanoconjugates with other antibodies. Another advantage of 

targeted upconversion nanoconjugates for PDD is upconversion of near-infrared into 

visible light. This means that the bladder wall will need to be illuminated by deep-

penetrating invisible 980-nm light to induce visible photoluminescence of the 

nanoconjugates. It will result in a background-free green photoluminescence of cancer 

cells, whereas the illumination of bladder walls with visible and UV light poses 
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challenges in suspicious lesion imaging and visualisation due to the eclipsing background 

due to tissue autofluorescence and strong scattering.   

5.2.2. Potential application in bladder cancer therapy 

Another envisaged application of these nanoconjugates is therapy of bladder 

cancer. Here, molecular targeting is also important to avoid undesirable accumulation of 

cytotoxic drugs in healthy bladder wall or other organs. As mentioned previously, 

nanoconjugates developed in this project can act as nanocarriers for a variety of molecules 

with remote-controlled release by deep-penetrating near-infrared laser, so that a cytotoxic 

drug is released only when and where needed. Thus, nanoconjugates have a potential in 

targeted chemo and genetic therapy of bladder cancer. After accumulation in a tumour, 

nanoconjugates could release drugs in response to deep-penetrating near-infrared 

illumination, which would be possible in the bladder, due to the convenience of 

transurethral endoscopic access. 

For PDT, targeted upconversion nanoconjugates could also act as remote-

controlled nanotransducers and a photosensitiser carrier for photodynamic therapy176. 

Such complex photodynamic agents have a great potential as they can overcome a number 

of limitations inherent to conventional photosensitisers. Firstly, they can significantly 

increase the treatment depth, by converting a deep-penetrating near-infrared light into a 

high-energy visible light. This conversion can be followed by a highly efficient activation 

of a photosensitiser, as the photosensitiser can be incorporated into the silica layer and be 

in a proximity to the upconversion nanoparticle137,138. Secondly, they can combine 

photodynamic therapy with other modalities. For example, in addition to a 

photosensitiser, lanthanide-doped upconversion nanoparticles were previously coupled 
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with Gadolinium for multimodal MRI/photoluminescent imaging and PDT125,177 and 

were used for multimodal photothermal/photodynamic therapy178,179. In 2014, Fan, et al. 

have reported the production and application of upconversion nanoparticles-based 

nanocomplexes for a bimodal MRI/photoluminescent imaging and a tri-modal chemo-

/radio-/photodynamic therapy, achieving good results in the elimination of a tumour in 

vivo124. The importance of the targeted multimodal action on tumours and metastases was 

also recently highlighted by Steeg169. The targeted upconversion photoluminescent 

nanoconjugates produced in this project also present multifunctional agents and their 

multimodality can be further expanded through their modification. 

5.3. Limitations of this research project 

This investigation of targeted labelling of urothelial carcinoma cells had a number 

of limitations. The main limitation is that this study was performed on fixed cells. Fixed 

cells were chosen to investigate if there was specificity in the binding of these 

nanoconjugates to urothelial carcinoma cells. Live cells experiment would give a better 

understanding of the behaviour of nanoconjugates in physiological conditions, although 

would be more complicated and potentially require much time for optimisation of the 

experiment. The experiment with fixed cells was a proof-of-concept and demonstrated 

the selective binding of functional nanoconjugates and their photoluminescence, showing 

their potential for future studies. 

Another limitation of this project was the lack of experiments using normal 

bladder cells. Our study demonstrated that targeted upconversion nanoconjugates coupled 

to MIL38 can distinguish between different urothelial carcinoma cell lines. This work 

should be extended to normal bladder cells to further assess the specificity of the 
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nanoconjugates and their potential for diagnosis and therapy of bladder cancer. This is a 

crucial next step, as binding to a normal bladder is the main issue, currently associated 

with fluorescent cystoscopy. 

Another major limitation of this study is that it is yet unknown how these targeted 

nanoconjugates will behave in a living organism, including their colloidal stability, 

circulation time, clearance pathways and ability to target bladder tumour after intravenous 

or intravesical instillation. 

The next limitation of this study was that only one coverslip from each group was 

used for the final quantification of cells labelled by targeted upconversion nanoconjugates 

and for the analysis of mean photoluminescent intensity. However, the consistency of 

specific labelling of T24 cells was observed in all preliminary experiments. Furthermore, 

it was a proof-proof-concept study, where our aim was to investigate the possibility of 

the production of target upconversion nanoconjugates coupled to a MIL38 antibody and 

to detect any specificity in their binding to urothelial carcinoma cells T24 with high 

expression of Glypican-1. 

Finally, nonspecific binding and aggregation are currently among the main 

limitations of described targeted upconversion nanoconjugates, as specificity of labelling 

is crucial for clinical applications. While this non-specific binding can be caused by the 

nanoparticle and by LPG linker, conjugation of antibody does not seem to increase it. 

Coating of nanoparticles with a layer of silica reduces their aggregation and non-specific 

binding. However, it can be further improved by several methods. Carboxylate, amine, 

polyethylene glycol, and octadecyl and other functional groups on the surface of 

nanoparticles can improve their specificity and colloidal stability180. Effect of various 
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surface modification on aggregation and specificity of binding will be studied in the 

following experiments. 

5.4. Conclusions 

In this study, we demonstrated the production of targeted upconversion 

photoluminescent nanoconjugates UCNP@SiO2-LPG-MIL38 for photodynamic 

diagnosis and therapy of bladder cancer and assessed their selectivity and molecular 

specificity towards Glypican-1 positive urothelial carcinoma cells T24. These 

nanoconjugates labelled almost 90% of targeted cells and made them observable upon the 

excitation with a near-infrared laser. This is a significant result, showing a high potential 

of these nanoconjugates for further exploration of PDT and PDD. It was found that the 

monoclonal antibody MIL38 holds promise for diagnosis, drug delivery and targeted 

therapy, as it mediated the targeted binding of upconversion photoluminescent 

nanoconjugates to Glypican-1 positive urothelial carcinoma cells. 

5.5. Future directions 

Our future directions include investigation of intracellular uptake of 

nanoconjugates UCNP@SiO2-LPG-MIL38 by live T24 and primary normal bladder cells. 

These cell lines are planned to be co-cultured and incubated with nanoconjugates. The 

multiplexing ability of nanoconjugates, as well as their intracellular uptake and 

distribution will be studied. The study involving normal bladder cells is necessary to 

analyse the specificity of the nanoconjugates and assess their potential effects on healthy 

urinary bladder wall. 
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Then, we plan to perform a series of in vivo experiments, involving intravesical 

instillation of targeted nanoconjugates UCNP@SiO2-LPG-MIL38 to rats bearing 

orthotopic xenograft of a bladder tumour to further study application of targeted 

upconversion photoluminescent nanoconjugates for detection and therapy of bladder 

tumours. These experiments will demonstrate behaviour of upconversion nanoconjugates 

in physiological conditions and allow for a comprehensive assessment of their toxicity. 

Another direction of future studies is investigation of the expression of the 

proteoglycan Glypican-1 in bladder tumours resected from patients. That study will 

investigate role of Glypican-1 in recurrence and progression and assess the possibility of 

its application for prognosis of bladder cancer. Moreover, it will further demonstrate 

applicability of nanoconjugates linked with a monoclonal antibodies MIL38 for diagnosis 

and therapy of bladder cancer.  
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