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ABSTRACT 

Prostate cancer (PCa) is one of the most common cancer in men and affecting 

hundreds of thousands of men worldwide. The early detection of PCa have been 

proven to be advantageous for more efficient treatment against PCa. However, the 

conventional screening methods towards PCa are lack of selectivity and sensitivity, 

which leading to high false positive rate and overdiagnosis of PCa. The objective 

of this study is to (1) identify more sensitive and accurate diagnostic biomarkers 

towards PCa; (2) followed by developing new chemosensor towards the newly 

found biomarkers. 

In the first part of this study, based on the previously findings on urinary 

spermine as useful biomarker for PCa, a more comprehensive study on urinary 

polyamine levels was carried out and the important role of urinary spermine as 

biomarker for PCa detection was consolidated. 

In the second part of this work, molecularly imprinted polymer (MIP) towards 

the target analyte of urinary spermine was prepared for the capturing and extraction 

of spermine. The specific adsorption and selectivity towards spermine of the MIP 

were discussed and reported. 
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In the third part of this study, a rapid detection method of spermine was 

developed via the use of aggregation-induced emission (AIE) active molecules. The 

presence of spermine would cause aggregation of this chemosensor for a “turn-on” 

detection of spermine under ultra-violet (UV) excitation, which would be useful in 

PCa diagnosis in the future. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Prostate Cancer 

1.1.1 The Prostate Gland 

The prostate is a walnut-sized structure, composed of branching glands, 

situated in the pelvis and located below the bladder, which surrounds the male 

urethra. It is positioned ventrally to the lower rectum and is separated by a thin layer 

of connective tissue.1 In details, the prostate can be sub-divided into three distinct 

glandular zones: peripheral, central and transition zone. The peripheral zone 

represents the main part of the prostate tissue. The central zone makes up the center 

of the prostate and surrounds the ejaculatory ducts while the transition zone 

surrounds the proximal urethra.2 
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Figure 1.1 Location of the prostate.3 

 

 

Figure 1.2 Anatomical zones of the prostate: (1) peripheral zone, (2) central zone, 

and (3) transition zone.3 
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The major function of the prostate gland is to secrete a slight alkaline fluid into 

the urethra during ejaculation, which forms part of the seminal fluid. The alkalinity 

of this secretion neutralizes the low pH of the vaginal environment, thereby 

enhancing sperm survival and prolonging its lifespan.4,5 

 

1.1.2 Background information of prostate cancer 

Prostate Cancer (PCa), also called prostatic carcinoma, refers to the abnormal 

and uncontrolled cell growth in the prostate gland. The abnormal cell growth within 

prostate tissue would generate a lump that could either be benign or malignant 

(cancerous) form. The former condition, benign prostatic hyperplasia (BPH), 

involves the non-cancerous enlargement of the prostate gland, leading to symptoms 

of problems urinating, weak urine stream and etc. The later, PCa, is a malignancy 

that the cancerous cells can spread to other parts of the body to form new tumours 

via the process of metastasis, developing into deadly advanced cancer.6,7 

 

Epidemiology of prostate cancer - Incidence, Mortality and Survival 

Regarding to the statistics of Centre of Health Protection, Department of 

Health, HKSAR, PCa was the 3rd most common cancer in men and ranked the 5th 

fatal male cancer, which accounted for 11.9% of all new cancer cases in males in 
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2015; and accounted for 4.9% of male cancer deaths in 2016 respectively.8 Apart 

from Hong Kong, PCa is the most common cancer in men across the UK, where 

there is a high incident rate of 1 in 8 men will be diagnosed with PCa. In UK, over 

47,000 men are diagnosed with PCa and more than 11,000 PCa death every year.9 

Meanwhile in the US, PCa is the 2nd most common male cancer. The American 

Cancer Society estimates that there will be about 174,650 new PCa cases and about 

31,620 deaths from PCa in 2019.10 All the above figures on the incidence and 

mortality of PCa have suggested that it remains an important public health concern 

worldwide. 

 

Causes of Prostate Caner 

Researches have pointed out that several risk factors would have correlations 

with PCa. It was reported that high-grade prostatic intraepithelial neoplasia 

(HGPIN) is the major precursor of PCa, which involved extensive change in shape 

and size of the epithelial cells line in the prostate gland. With reference to the figure 

of about 50 percent of all men over age 50 have prostatic intraepithelial neoplasia 

(PIN) and the chance of having PCa rises rapidly after age 50, it is suggested that 

there is a great association between PCa and patients’ age.11 In addition, ethnic 
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group, family history, genetic factors, dietary and smoking habit are also risk factors 

to cause PCa.12-14 

 

1.1.3 Detection and diagnosis of prostate cancer 

Detection method of prostate cancer 

For some types of cancer, including PCa, early detection and screening are 

important to improve cancer treatment significantly and to avoid the development 

into advanced lethal stage. Nowadays, the three major diagnostic tools for PCa are 

the serum prostate-specific antigen (PSA) test, digital rectal examination (DRE) 

and transrectal ultrasound (TRUS)-guided prostatic biopsy. Additionally, there are 

increased interests on the development of functional magnetic resonance imaging 

and discovery of new biomarkers on PCa diagnosis. 

 

Serum PSA test 

Both normal prostate epithelial cell and cancerous prostate cells would 

produce a glycoprotein named PSA, which is specific to the prostate gland. It is 

highly abundant in semen and is essential to the cleavage of semenogelins I and II 

in the seminal coagulum.15 Since the US Food and Drug Administration (FDA) 

approval of PSA test in 1986, it has become the major screening method for PCa 
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by evaluating the elevated PSA level in blood. PSA is measured in the unit of 

nanograms per milliliter of blood (ng/mL) and the normal serum PSA levels ranges 

from 0.0 – 4.0 ng/mL. In general, a PSA level greater than 10 ng/mL is considered 

as high risk towards PCa. However, the elevated PSA can be associated with both 

benign conditions, such as prostate inflammation or BPH; and cancerous 

conditions. In addition, the serum PSA level is also varied by different parameters, 

including age and race. (Table 1.1) As a result, there are limitations of PSA poor 

sensitivity and non-specificity on PCa. The general cut-off point of 4.0 ng/mL may 

give false results where majority of patients with an elevated PSA level are not 

found to have PCa. 

 

Age \ Race Caucasian African American Hispanic Asian 

40 – 49 0 – 2.3 0 – 2.7 0 – 2.1 0 – 2.0 

50 – 59 0 – 3.8 0 – 4.4 0 – 4.3 0 – 4.5 

60 – 69 0 – 5.6 0 – 6.7 0 – 6.0 0 – 5.5 

70 – 79 0 – 6.9 0 – 7.7 0 – 6.6 0 – 6.8 

Table 1.1 Age-specific PSA (ng/mL) normal distribution reference range by race16 
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DRE 

DRE is a simple procedure in which a healthcare professional or doctor would 

use his/her finger inserting into the rectum for the examination of abnormalities of 

lower rectum and other internal organs. (Figure 1.3) DRE allows a directly assess 

of the size of the prostate for detection of abnormalities including prostate gland 

enlargement and the presence of hard lump. However, DRE allows evaluation of 

the back of the prostate only that is incomplete, lack of sensitivity and inaccurate 

as a sole detection method. 

 

 

Figure 1.3 DRE of the back of the prostate.17 
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TRUS-guided Prostatic Biopsy (TRUSPB) 

In the cases of abnormalities felt during DRE and elevated PSA level, 

TRUSPB is used to further diagnose PCa. TRUSPB involves the use of ultrasound 

probe scanning by emitting subsequent high frequency sound waves to detect 

abnormalities. (Figure 1.4) Normally, 12 biopsies are performed on suspicious area 

from different location of the prostate and are then microscopically examined and 

evaluated by the Gleason grading system and TNM classification of malignant 

tumors (TNM) staging system. (Table 1.2) Nevertheless, despite being the standard 

of care of PCa diagnosis, TRUSPB has still missed 21 - 28% of PCa and undergrads 

14 - 17% according to an extensive statistical study.18 
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Figure 1.4 Ultrasound probe and biopsy needle.17 
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TNM Stage Grouping Stage Description 

Tumour (T) TX 

T0 

T1 

T2 

T3 

T4 

Primary tumour cannot be evaluated 

No evidence of primary tumour 

Tumour cannot be felt during a DRE 

Tumour is found in prostate only 

Tumour invades perivesical tissue 

Tumour grows into nearby structures 

Node (N) NX 

N0 

N1 

Regional lymph nodes cannot be assessed 

No regional lymph node metastasis 

Cancer spreads into regional lymph nodes 

Metastasis (M) MX 

M0 

M1 

Distant metastasis cannot be assessed 

No distant metastasis 

Distant metastasis 

Table 1.2 TNM Staging system of Prostate Cancer.19 

 

Magnetic Resonance Imaging (MRI) 

Apart from the above major PCa diagnosis approaches, recent advances in 

functional MRI have been regarded as new promising detection technique of PCa 
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on localization, staging and obtaining functional information about the tumour. 

Individual conventional MR imaging techniques, such as anatomic T1- and T2-

weighted images, or functional multiparametric MR imaging techniques and proton 

MR spectroscopic imaging have their advantages and limitations. The use of 

combined multiparametric MR imaging has shown to be increasing MR imaging 

accuracy. However, it has limited availability only and has not been widely used 

due to the immature development and lack of equipment.20, 21 

 

 

Figure 1.5 Axial T1-weighted image shows left iliac bone metastasis (arrow)20 
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1.2 Biomarkers for prostate cancer 

For the last decades, PSA has been the predominant biomarker for PCa despite 

showing lack of specificity towards PCa and varying sensitivities. Recently, 

research interests on new generation of biomarkers have emerged to act as potential 

supplement or even replacement of PSA in long term. 

 

PSA-based markers 

PSA-related serum markers and derivatives of PSA have been developed and 

studied to improve the specificity of PSA test, such as the ratio of free and 

complexed PSA (fPSA and cPSA) to total PSA (tPSA). It could be used to 

differentiate between PCa and BPH, where PCa patient normally have a lower 

proportion of fPSA.21 Additionally, PSA protein isoforms (propSA), along with 

measurement of PSA dynamics, namely PSA velocity (PSAV) and PSA doubling 

time (PSADT) are also utilized for improved prognostic value.22 

 

Urinary Proteomic and Genomic Biomarkers 

In addition to PSA-related markers, non-invasive urinary biomarkers-based 

assays have emerged as another research hotspot. Urine serves as a non-invasive 

and readily available sample that contains a rich source of biomarkers for PCa, due 
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to the discovery of several cancer-related products found to be present in urine or 

carried in prostate cell.23 Prostate cancer antigen 3 (PCA3) is a messenger 

ribonucleic acid (mRNA) that has been found to be elevated in PCa tissue only, 

which exhibits greater PCa specificity than PSA. In 2012, it was approved by the 

FDA as an alternative diagnostic test for PCa after negative prostate biopsy. On top 

of that, the transmembrane protease, serine 2 (TMPRSS2) and v-ets erythroblastosis 

virus E26 oncogene homolog (ERG) gene fusion have been repeatedly shown in 

prostate carcinogenesis, which has been identified as a promising urinary biomarker 

and is undergoing series of clinical testing.24 The above most advanced urinary PCa 

specific biomarkers have showed some good values sensitivity and specificity that 

further consolidate the development of urine-based assay appear to be an ideal PCa 

screening strategy with its advantages of non-invasiveness, good sensitivity, and 

easy sample collection.25,26 More detailed discussion on urinary biomarkers on PCa 

will be discussed in the next chapter. 

 

1.2.1 Introduction to metabolomics 

Fundamentals of metabolomics 

‘Omic’ sciences, including the mentioned proteomics and genomics, have a 

broad range of applications, especially on biomedical system research. 
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Metabolomics has emerged as a new strategy for the investigation of 

disease/metabolic pathways by the study of small molecules and metabolites. 

Metabolomic technique allows high throughput qualitative and quantitative 

analysis of hundreds of metabolites in a complex sample and to facilitate the 

understanding of metabolic changes for the identification of specific biomarkers, 

which are important for the discovery of novel biomarkers in cancer research.27-29 

 

UPLC-MS/MS-based metabolomics  

Despite the advances in analytical instrumentation and wide range of 

analytical platforms, the complexity and dynamic nature of metabolites has been 

the challenges for metabolomics.30 Recently, ultrahigh performance liquid 

chromatography coupled with tandem mass spectrometry (UPLC-MS/MS) has 

emerged as one of the most powerful and widely used platforms for sensitive and 

reliable quantitation in biomarker research.  

 

Workflow of metabolomic study using UPLC-MS/MS 

First, the liquid chromatography compartment separates the analytes based on 

their polarity by the reversed phase liquid chromatography (RPLC) and hydrophilic 

interaction chromatography (HILIC) column. The isolated analyte eluted out from 
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the column of varying retention times in the column will enter the triple-quadrupole 

mass spectrometers. They will be ionized and fragmented and only specific ions 

will pass through the first quadrupole mass analyzer as precursor ions into the 

second quadrupole, where the precursor ions are further decomposed. Lastly, the 

product ions will reach the third quadrupole for selection of final target ion for 

detection. Tandem MS (triple quadrupole/QQQ) technology with multiple reaction 

monitoring (MRM) assays, where a suitable pair of precursor and product ions for 

a target analyte is chosen, provides highly sensitivity and accurate analysis of 

metabolites with enhanced precision and linearity.31 

 

 

Figure 1.6 Illustration of multiple reaction monitoring (MRM) in LC-MS/MS.32 
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1.2.2 Metabolomic alterations associated with prostate cancer 

Prostate cancer is a particularly interesting model from metabolomics 

perspective and a number of metabolic alterations had already been identified. For 

example, the healthy prostate would produce constant amount of citrate, PSA and 

polyamines that composite the prostate fluid. Healthy prostate cells are 

characterized by a high concentration of citrate due to the decreased citrate 

oxidation.33 Another metabolite that has been studied extensively is sarcosine. 

Number of reports had demonstrated that sarcosine in urine correlates with PCa 

progression and elevated sarcosine levels in PCa patients were observed. 34-36 In 

addition, several metabolic alterations were found in PCa tissue only, such as 

elevated level of choline and reduced levels of polyamine and citrate.37-39 To 

conclude from clinical perspective, the discovery of novel PCa biomarkers by 

metabolomics have shown to be promising and offers a great potential, which would 

be beneficial for developing new detection method towards PCa. 

 

1.2.3 Polyamine 

Polyamines are multifunctional organic cations that have been studied 

extensively on their associations with cancer for the past decades. In the late 1960s, 

Russell and Snyder had reported the first remarkable finding that high level of 
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ornithine decarboxylase (ODC) was found in patients with different types of solid 

tumors, where ODC was essential in polyamine synthesis and was identified later 

as a marker of carcinogenesis and tumor progression.40,41 Through the studies of 

colon cancer, the association between polyamine and cancer had become evident 

and the studies reported that the polyamine synthesis was upregulated in cancer 

cells and cancer patient had higher urinary polyamine content.42 In particular, 

urinary spermine (Spm) has been validated to be useful biomarkers to differentiate 

between PCa and BPH patients that suggested it could be a secondary screening 

tool to assist and tackle the poor specificity of the serum PSA test.43 Details of 

urinary spermine as biomarker to PCa will be discussed in the next chapter. 

 

1.3 Introduction to Bioanalysis 

Bioanalysis is the general term for qualitative or/and quantitative analysis of 

biological matrices including plasma, serum, whole blood, tissues, urine and so on. 

It is an essential part of drug development and clinical studies, especially for the 

needs in high-throughput screening and study. The breakthrough in analytical 

methodology and instrumentation in the last two decades have provided rapid and 

cost-effective bioanalytical method with improved selectivity and sensitivity.44 
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1.3.1 Challenges of LC-MS based bioanalysis 

As described beforehand, LC-MS is one of the most widely-used analytical 

platform for metabolomic research. It is also considered to be the benchmark for 

quantitative and qualitative bioanalysis, providing rapid, highly specific and 

sensitive results.45 Despite having the above mentioned advantages, it also endures 

several limitations including the matrix effect and declined selectivity and 

sensitivity in biological matrix.46 

 

Matrix effect 

Matrix effect is a common effect that is found in ESI-MS that the residual 

matrix coextracted with the target analyte and leads to signal response alterations. 

Typically, the analyte response is suppressed or enhanced, which is observed more 

with electrospray ionization (ESI). It affects precision and accuracy; and limits the 

utility for LC-MS.47 

 

Declined selectivity and sensitivity in biological matrix 

The complicated physiological nature and presence of various components, 

including inorganic salts, proteins, etc., in biological matrix would cause 
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interference to the selectivity and sensitivity of the targeted analyte in the biological 

matrix like plasma, serum, whole blood and urine. 

 

1.3.2 Sample pretreatment and clean-up strategy 

The challenges faced by LC-MS based bioanalysis can be minimized or 

eliminated by good analytical practice and protocol that are developed base on 

efficient sample handling strategies. Sample handling refers to any action applied 

to the sample before the analytical procedure. Sample handling incorporates a 

number of processes that include sampling and sample preparation (e.g. sample 

pretreatment, extraction, clean up and sample enrichment). Effective sample 

preparation is essential for large-scale bioanalysis as it consumes the majority 

duration and it is also the most error-prone process of the analysis.44 Extraction 

techniques are employed to selectively separate the target species from their 

biological matrix (e.g. biological tissues or fluids) and two major technique are 

described as follows:48 

 

Liquid-liquid extraction (LLE) 

Liquid-liquid extraction is the technique based on the relative solubility of an 

analyte in two immiscible liquids for extraction of analyte. The analyte of interest 
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is first partitioned by a solvent, after which it is extracted, concentrated, and diluted. 

Despite the simplicity of conventional LLE, it exhibits several limitations including 

variable recovery, the need for large volume of organic solvents, poor selectivity 

and matrix effects in LC-MS methods. Recently, alternative LLE methods have 

been developed to improve its effectiveness, such as salting-out assisted LLE and 

protein precipitation techniques.49,50 

 

 

 

Figure 1.7 Schematic illustration of liquid-liquid extraction procedure. 
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Solid-phase extraction (SPE) 

Solid phase extraction is often used to separate compounds dissolved in 

solutions based on the affinity of target analyte to the solid support: interaction 

mechanisms including adsorption, hydrogen bonding, polar and non-polar 

interactions, cation/anion exchange or size exclusion. Typically, a cartridge is 

packed with an octadecyl (C-18) stationary phase and the sample solution is 

allowed to pass, where the retention and elution of analyte from biological fluid 

occurs, for the removal of unwanted interfering substances.  

 

 

Figure 1.8 Schematic illustration of solid phase extraction procedure.51 
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Molecularly Imprinted Polymer SPE 

Recently, new selective SPE materials were developed to enhance the 

extraction selectivity, despite the improvement and advantages of SPE over 

conventionally LLE. One of the selective sorbents developed is based on molecular 

imprinted polymers (MIPs). MIPs are highly cross-linked polymers which have 

artificially generated binding sites specific to the target analyte to provide high 

selectivity. MIPs were often used as alternative molecular approach for SPE 

stationary phases with improved specificity and selectivity.52 The development of 

molecular imprinting technique will be further described and discussed in detail in 

chapter three. 

 

1.4 Introduction to Biosensor and Chemosensor 

1.4.1 Background information of bioassay, biosensor and chemosensor 

Despite the rapid advance of LC-MS/MS-based bioanalysis techniques and  

improved sample preparation protocol could enhance the bioanalysis outcome by 

providing a more rapid, accurate and highly sensitive assay, there are still 

limitations on instrumentation and analytical problems needed to be considered 

such as the “ion suppression effect”.53 Thus, there is always a high demand for 
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developing novel, simple, accurate and rapid analysis of bio-samples for the 

detection of specific biomarkers for disease diagnosis and monitoring. 

Bioassay is defined as a method that can translates the quantity of the target 

analyte in the sample into a quantifiable signal, where biosensor is defined as a 

device which uses specific biochemical reactions interacted by a transducing 

element to generate signals proportional to the concentration of the target analyte 

for specific quantitative analysis.54 The key element of biosensors is the ability of 

molecular recognition for specific detection due to the interactions between the 

bioactive molecules and the target analyte.55 Compounds that incorporating a 

binding site, a fluorophore and communication mechanism connecting two sites for 

detection-based fluorescence response are known as fluorescent chemosensor. The 

development of biosensors and chemosensor could provide high specificity in 

complex matrices in a real-time, reversible manner without any needs of 

complicated sample preparation steps or a large sample volume in a quick, simple 

and convenient manner. 

 

1.4.2 Applications of biosensors and chemosensor on biomarker detection 

Biosensors and chemosensor have been utilized in biomedical diagnosis as 

well as a broad range of applications including the detection of biomarkers in 
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clinical fluids, such as blood, urine and saliva, which shows great importance in 

drug discovery and disease monitoring practice. In particular, numerous efforts had 

been paid for the development of novel biosensors on the biomarker-related area. 

 

Electrical biosensors 

Electrical biosensors measure the change of electrical properties, such as 

current and impedance, due to the recognition of a biological target by a modified 

electrode interface. Recently, several electrical biosensors-based platforms have 

been developed for the electrical detection for PSA for PCa screening. For example, 

Kim and co-workers has developed a label free biosensor for PSA by using PSA 

antibody modified n-type silicon nanowire FET configuration;56 and more recently, 

Liu’s group have reported a bioconjugated electrochemical-based biosensor with 

self-assembled monolayer showing highly selective detection of PSA or alpha-

methylacyl-CoA racemase by differential pulse voltammetry measuremet.57 

 

Magnetic biosensors 

Alternatively, detection of biomarkers can be done by magnetic field 

biosensors, such as giant magnetoresistance (GMR) sensors, by measuring the 

resistance change of a conducting sensor fabricated with different coatings of 
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ferromagnetic and non-magnetic materials in nanometer thicknesses under applied 

current and magnetic field.58 

 

Optical biosensors 

The detection of analyte by optical biosensors are normally achieved by the 

visualization or/and measurement of fluorescence. Besides PSA, sarcosine has 

emerged to be another prostate cancer-indicating biomarker as the elevated level in 

serum and urine were found to be highly correlated with progressive PCa.35,36 Lan 

et al. have reported a colorimetric assay of urinary sarcosine by imitating enzyme 

palladium nanoparticles that detects the catalytic generation of hydrogen 

peroxide.59 Another example was a DNA capped gold nanoparticles (AuNPs) based 

biosensor platform prepared by Tsoi et al. for the detection of urinary spermine as 

a newly emerged biomarker for the effective differentiation between PCa and 

BPH.60 

 

1.5 Objective of thesis 

This dissertation focuses on the current medical status and improved early 

detection of PCa, which is one of the most common cancer in men around the world 

with high incidence rate. The early detection of PCa have been proven to be 
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advantageous since the 5-year survival rate for most men with local or regional PCa 

is nearly 100%; while for those with metastatic PCa, the survival rate is 30%.10 

In Chapter One, background information of prostate cancer followed by the 

fundamentals of bioanalysis especially sample preparation and biosensor were 

introduced; along with some most recent applications on prostate cancer biomarkers 

detection were briefly reviewed. 

In Chapter Two, the relationship between polyamines and PCa is briefly 

introduced. Based on the findings of urinary spermine as a potential PCa biomarker, 

a more in-depth post-prostate massage urine metabolomic approach was employed 

on evaluating different polyamines levels to reveal the metabolic profile of PCa 

more comprehensively. The result of different urinary polyamine levels of PCa, 

BPH and healthy patients is reported and discussed. The findings consolidate the 

promising role of urinary Spm as biomarkers of PCa with high specificity and 

sensitivity for the differentiation of PCa from non-cancerous BPH. 

In Chapter Three, the development of molecular imprinted polymer as SPE 

sorbent for urinary Spm is reported, which aims to provide an alternative material 

for the selective extraction and preconcentration of spermine from urine samples, 

followed by quantitative analysis for the detection of PCa. The result shows that the 



 27 

as-prepared MIP material is highly selective to Spm and is promising for the 

pretreatment of complex bio-fluids with further optimization. 

In Chapter Four, brief review on aggregation-induced emission (AIE) 

phenomenon and the developments of AIE chemosensor are presented, followed by 

the preparation of a new tetraphenylethene based fluorescent probe with AIE 

properties for the highly selective “turn-on” fluorescent detection of Spm. The 

aggregation of the chemosensor induced by Spm can be observed under the 

excitation of an UV source, which acts as a mean of urinary Spm sensing for PCa 

diagnosis. 

In Chapter Five, conclusion and some proposed future works are illustrated. 

In Chapter Six, detailed description and characterization of the experimental 

procedures in each chapter are illustrated.  
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CHAPTER 2. A PILOT STUDY OF POST-PROSTATE MASSAGE URINE 

SAMPLES HIGHLIGHTS THE ROLES OF URINARY SPERMINE AS 

PROSTATE CANCER DETECTION BIOMARKERS 

 

2.1 Introduction 

2.1.1 Current medical status of prostate cancer 

Prostate cancer (PCa) refers to the abnormal and uncontrolled cell growth in 

the prostate gland. The abnormal cell growth within prostate tissue would generate 

a lump that could either be benign or malignant form. The former condition, benign 

prostatic hyperplasia (BPH), involves the non-cancerous enlargement of the 

prostate gland. The latter, PCa, is a malignancy that the cancerous cells can spread 

to other parts of the body to form new tumours via the process of metastasis, 

developing into deadly advanced cancer. Regarding to the statistics of the American 

Cancer Society, PCa is the 2nd most common male cancer in US and it is estimated 

that there will be about 164,690 new PCa cases and about 29,430 deaths from PCa 

in 2018.1 The incidence and mortality of PCa have suggested that it remains an 

important public health concern worldwide. 

Aforementioned early detection and diagnosis are by clinical examination of 

DRE and serum PSA test, where their utilization had changed the clinical 
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presentation of PCa since 1990s, resulting in high incidence dramatically.2 As 

described in Chapter 1, DRE could only evaluate the back of the prostate and the 

diagnostic outcomes are affected significantly by the experience of the examiner 

and therefore inaccurate and incomplete. Also, the most PCa detectable by DRE 

tended to be locally advanced, which is already at latter stage of PCa showing its 

lack of sensitivity. For serum PSA test, the change in PSA level is associated with 

prostate disorders including both cancerous and non-malignant condition. The non-

specificity of serum PSA test towards PCa has limited its accuracy and leading to 

high false positive rate and the cut-off value is unclear (Figure 2.1), where 

overdiagnosis would lead to excessive treatments and unfavourable effects.3 As a 

result, abnormal DRE and PSA test results require further investigation by TRUSPB 

to obtain prostatic tissue followed by histological examination for the definitively 

diagnosis of PCa. The invasive nature of biopsies may result in adverse effects 

including serious bleeding and infection. Furthermore, early stage PCa are unlikely 

to produce any symptoms and therefore there is urgent needs to discover alternative 

non-invasive PCa-specific biomarkers for accurate early detection and progression 

monitoring of PCa. 
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Figure 2.1 False positive and false negative rate of PSA test and DRE. 

 

2.1.2 Background of urinary biomarkers and polyamines 

For many years, blood plasma has been the predominate diagnostic fluid and 

has been used extensively for the source of biomarker research. The stability of 

plasma was regulated by the homeostasis mechanism of our body to maintain a 

stable and relatively constant internal environment, where many variables, 

including body temperature, pH, inorganic salt concentrations and blood 

compositions, are regulated. In the perspective of biomarker research, maintaining 
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homeostasis would lead to upregulation/elimination of many potential biomarkers 

that the changes of these substances are difficult to detect and thus constitutes 

obstacle to plasma-derived biomarkers discovery.4 Comparatively, there is no 

homeostasis mechanism in urine and it is often considered as waste that contained 

the “unwanted” substances cleared from the blood homeostasis mechanism. Urine 

is a non-invasive and readily available biological fluid that carries important 

information of the body status. The urethra runs through the prostate gland that 

would carry many information to reflect our prostatic and urological conditions and 

act as another source of clinical samples for biomarkers study. Unlike other 

physiological body fluid, the collection of urine does not require any special 

equipment and can be possibly collected in large quantities by the patient 

themselves. Also, the handling and storage of urine samples are relatively simpler 

that is advantageous over other clinical samples and facilitates large-scale study of 

urinary biomarkers (See table 2.1 for summary of urinary biomarkers in PCa).5 
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Urinary biomarkers Sensitivity (%) Specificity (%) Ref. 

DNA markers    

GSTP1 promoter methylation 73 98 6 

8-OHdG 31 100 7 

RNA markers    

PCA3 69 79 8 

TMSPRss2-ERG, PCA3 93% for aggressive PCa 33% for aggressive PCa 9 

MicroRNA markers    

miR-1825 60 69 10 

miR-484 80 19 11 

Protein markers    

Urinary PSA 92.5 36 12 

Telomerase activity 90 76 13 

Sarcosine - - 14 

Metabolites    

Spermine 85 68 15 

 

Table 2.1 Summary of urinary biomarkers in PCa. 
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In general, some of the above urinary biomarkers for PCa showed good values 

in terms of sensitivity or specificity. However, most of these studies had limitations 

of inadequate sample size and unvaried sample source that requires further study to 

consolidate decisive conclusion. One example of the cancer biomarker is polyamine, 

which are multifunctional organic cations that emerged as potential biomarkers to 

detect various cancers since its relationship with cancer been reported by Russell 

and Snyder back in 1960s, where high level of ODC was found in patients with 

different types of solid tumors and ODC was essential in polyamine synthesis and 

was identified later as a marker of carcinogenesis and tumor progression.16 Most 

recently, a pilot study on urinary polyamine was conducted among 165 patients who 

underwent biopsy, 66 cases of PCa were detected. Overall, urinary spermine level 

was significantly different between patients with PCa and those with BPH. The 

receiver operating characteristic curve analysis identified a diagnostic cutoff for 

urinary Spm of <700 ppb, with a sensitivity of 85%. The results had demonstrated 

that urinary Spm has been validated to be useful biomarkers to differentiate between 

PCa and BPH patients suggesting it could be a secondary screening tool to assist 

and tackle the poor specificity of the serum PSA test.15 Therefore, Spm have 

emerged to be potential prognostic biomarkers for PCa due to the correspondence 

of its metabolism and cancer, in addition to its usefulness to differentiate between 
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PCa and BPH. 

 

2.1.3 Design of experiment 

Despite the initial promising results of Spm’s outstanding diagnostic 

performance for PCa, the untimed, fractionated urine sample collection might not 

be able to catch majority of cancer-related excretion products and therefore limit 

the sensitivity or reliability. To further validate these results and to explore the 

applicability of urinary Spm as new PCa biomarkers, a post-massage urine 

metabolomics approach was employed to evaluate the levels of polyamine family 

to reveal the metabolic profile of PCa more comprehensively for establishing a 

more reliable diagnostic model for PCa.17 Recently, the urinary N-acetyl polyamine 

derivatives were demonstrated to be promising biomarkers in certain cancers.18 

Therefore, the purpose of this study is to assess the potential of nine urinary 

metabolites, including putrescine (Put), spermidine (Spd), Spm and their N-acetyl 

derivatives as biomarkers for early diagnosis of PCa and to compare the diagnostic 

performance of unnormalized urinary polyamine value against the conventional 

clinical practice of normalizing to creatinine based on a method for accurate 

quantitation developed on UPLC-MS/MS using separated deuterated internal 

standards (IS) for each of the analytes. The obtained datasets were analysed using 

Student’s t-test and receiver operating characteristics (ROC) analysis for evaluation 
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of significance of difference, sensitivity and specificity of each proposed analyte. 

This proof-of-principle study consolidates the promising role of urinary Spm as 

biomarkers of PCa with high specificity and sensitivity for the differentiation of 

PCa from non-cancerous BPH. 

 

2.2 Results and Discussion 

2.2.1 Patients characteristics 

MS spectra were obtained from 142 patients and these clinical samples were 

divied into three subsets. 53 patients were diagnosed with either low grade (n=29) 

or high grade (n=24) PCa ranging in Gleason score from 6 to 7 and 8 to 10 

respectively. 75 patients diagnosed with BPH by using TRUSPB as the reference 

standard and further categorized by the prostate volume (>30.0 mL) to distinguish 

between BPH and healthy control (HC) with a mean prostate volume of 24.9 mL. 

The ages of the three groups are all over 50 years with the median ages of 71, 68 

and 67.5 for the three groups respectively (range: 53-86 years). Table 2.2 shows all 

the clinicopathologic characteristics of samples. 
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Characteristics 
PCa 

(n=53) 

BPH 

(n=74) 

HC  

(n=15) 

p value  

(PCa vs 

BPH) 

p value  

(PCa vs 

HC) 

p value 

(BPH vs 

HC) 

Age (Years)       0.0050* 0.0302* 0.4610 

Mean 70.83 67.46 66.27       

Standard Deviation 7.485 5.796 5.092       

Std. Error of Mean 1.028 0.6738 1.315       

Median 71 68 67       

Range 54-86 55-79 53-74       

Preoperative PSA 

(ng/ml) 
      0.0034* 0.1739 0.9978 

Mean 54.79 11.70 11.68       

Standard Deviation 120.2 16.08 22.82       

Std. Error of Mean 16.66 1.908 5.893       

Median 13.35 8.10 5.10       

Range 4.30-564 1.16-104 0.84-92    

Gleason Score (GS)             

5 0           

6 18           

7 11           

8 13           

9 8           

10 3           

Prostate volume (mL)       <0.0001* 0.0006* <0.0001* 

Mean 42.93 65.90 25.20       

Standard Deviation 18.71 33.19 3.844       

Std. Error of Mean 2.571 3.859 0.992       

Median 43.0 59.7 26.6       

Range 14.0-114 30.5-236 20-30       

* Significant differences of p <0.05 (unpaired t-test) 

Table 2.2 Clinicopathologic characteristics of patients. 
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2.2.2 Post-massage urinary polyamine content 

All calibration curves were with r2 not less than 0.995 (data not shown). The 

concentrations of polyamines in the analysed urine samples were listed in Table 2.3. 

The polyamines concentration in urine for each patient was normalized to their 

creatinine levels in urine for the compensation of variable diuresis and represented 

the ratio to μmol/g of creatinine (Table 2.4 for urinary polyamine content and Table 

2.5 for creatinine results from all patients). Normalized and unnormalized levels of 

polyamines studied among the three groups, PCa, BPH and healthy controls were 

also compared using distribution plots. Among the nine polyamines studied, both 

normalized Spm and unnormalized Spm (Figure 2.1) showed significant decline in 

PCa patients comparing to BPH patients and HC in terms of distribution plot and 

statistical analysis (See Figure 2.2 and Figure 2.3 for the distributions plots of the 

normalized and unnormalized levels of polyamines). 
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Polyamine 

contents 

PCa 

(n=53) 

BPH 

(n=74) 

HC 

(n=15) 

p value  

(PCa vs 

BPH) 

p value  

(PCa vs 

HC) 

p value 

(BPH 

vs HC) 

Put    0.4768 0.4944 0.3567 

Mean (SEM) 70.42(15.96) 89.24(19.16) 49.47(8.74)    

Median 46.11 47.71 35.87    

Range 5.730-855.0 6.384-891.3 12.99-143.5    

25% Percentile 31.85 27.63 27.30    

75% Percentile 77.70 68.57 65.11    

Spd    0.0010* 0.0546 0.2638 

Mean (SEM) 63.01(5.10) 167.6(26.04) 100.4(31.66)    

Median 57.46 96.00 44.61    

Range 8.905-169.4 17.66-1449 25.26-474.8    

25% Percentile 37.94 55.64 37.40    

75% Percentile 83.36 180.9 107.5    

Spm    0.0004* 0.0085* 0.5852 

Mean (SEM) 666.1(86.92) 3919(750.9) 2926(1565)    

Median 511.4 1414 993.8    

Range 19.13-2193 207.5-37714 84.21-23490    

25% Percentile 148.7 624.0 148.0    

75% Percentile 963.3 3523 2266    

AcPut    0.1183 0.0898 0.0956 

Mean (SEM) 378.4(62.29) 280.9(27.73) 172.9(37.75)    

Median 227.3 197.2 130.6    

Range 46.38-2578 32.95-1258 45.66-606.4    

25% Percentile 117.8 134.2 91.08    

75% Percentile 463.4 356.3 169.8    

N1-AcSpd    0.1049* 0.1558* 0.0172* 

Mean (SEM) 1272(288.6) 853.9(66.26) 487.5(67.26)    

Median 751.5 772.6 507.2    

Range 71.55-13096 108.2-2832 104.7-1105    

25% Percentile 306.7 444.5 286.5    

75% Percentile 1290 1113 633.9    
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N8-AcSpd    0.4362 0.0752* 0.0163* 

Mean (SEM) 827.7(106.0) 743.8(50.17) 459.6(69.66)    

Median 670.7 688.5 408.8    

Range 103.9-4630 117.2-1855 125.9-1158    

25% Percentile 322.7 404.7 293.4    

75% Percentile 996.1 997.1 666.0    

DiAcSpd    0.4450 0.0430* 0.0094* 

Mean (SEM) 54.81(7.73) 48.62(4.02) 24.37(3.83)    

Median 40.91 38.16 19.63    

Range 5.345-283.4 7.691-153.6 5.970-60.49    

25% Percentile 16.32 22.01 12.89    

75% Percentile 62.55 70.71 31.19    

AcSpm    0.0277* 0.0336* 0.9771 

Mean (SEM) 4.859(0.33) 8.451(1.21) 8.556(3.47)    

Median 4.778 4.999 5.251    

Range 1.867-12.45 1.466-55.75 1.803-28.46    

25% Percentile 3.613 3.730 3.520    

75% Percentile 5.677 9.063 9.487    

DiAcSpm    0.2815 0.5151 0.1482 

Mean (SEM) 252.9(167.0) 98.88(15.91) 46.28(14.50)    

Median 58.44 64.51 25.79    

Range 7.669-8893 11.91-825.3 13.11-242.7    

25% Percentile 24.27 32.22 19.65    

75% Percentile 86.00 100.9 48.95    

 

Table 2.3 Column statistics of polyamine contents (ppb) in different subsets. 
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Polyamine 

contents 

PCa 

(n=53) 

BPH 

(n=74) 

HC 

(n=15) 

p value  

(PCa vs 

BPH) 

p value  

(PCa vs 

HC) 

p value 

(BPH vs 

HC) 

Normalized Put    0.4871 0.8888 0.6161 

Mean(SEM) 1.185(0.22) 1.458(0.30) 1.124(0.18)    

Median 0.7722 0.6268 1.041    

Range 0.0911-10.56 0.1218-15.88 0.2246-2.945    

25% Percentile 0.3922 0.1218 0.2246    

75% Percentile 1.319 1.200 1.523    

Normalized Spd    0.0020* 0.0259* 0.9024 

Mean(SEM) 0.781(0.10) 1.619(0.21) 1.553(0.54)    

Median 0.6204 0.8264 0.5680    

Range 0.0478-2.988 0.1897-10.69 0.2936-8.198    

25% Percentile 0.2447 0.5185 0.4458    

75% Percentile 1.031 2.062 1.702    

Normalized 

Spm 
   <0.0001* 0.1530 0.5059 

Mean(SEM) 6.961(1.21) 24.52(3.55) 32.21(18.93)    

Median 3.513 11.82 4.152    

Range 0.1130-40.43 1.110-120.5 0.6588-291.2    

25% Percentile 0.8923 3.840 1.583    

75% Percentile 9.829 31.98 28.27    

Normalized 

AcPut 
   0.7274 0.2542 0.4459 

Mean(SEM) 3.288(0.31) 3.126(0.32) 2.555(0.45)    

Median 2.715 2.113 2.344    

Range 0.5835-11.77 0.4575-17.66 0.6535-7.373    

25% Percentile 1.583 1.495 1.250    

75% Percentile 4.154 3.910 3.134    

Normalized 

N1-AcSpd 
   0.4505 0.3512 0.3980 

Mean(SEM) 6.983(0.98) 6.209(0.51) 5.210(0.72)    

Median 5.012 5.144 4.686    
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Range 0.819-41.56 0.5791-24.66 0.4068-13.14    

25% Percentile 3.777 3.498 3.823    

75% Percentile 7.275 7.080 6.086    

Normalized 

N8-AcSpd 
   0.5242 0.4692 0.3814 

Mean(SEM) 5.116(0.32) 5.472(0.41) 4.647(0.42)    

Median 4.903 4.714 4.867    

Range 0.9671-16.21 0.9040-24.01 0.5736-7.436    

25% Percentile 4.034 4.046 3.845    

75% Percentile 5.866 5.829 5.630    

Normalized 

DiAcSpd 
   0.6489 0.1921 0.1589 

Mean(SEM) 0.2699(0.023) 0.2850(0.023) 0.2096(0.032)    

Median 0.2210 0.2364 0.1783    

Range 0.0448-0.8899 0.0447-1.104 0.0352-0.508    

25% Percentile 0.1840 0.1840 0.1400    

75% Percentile 0.3017 0.3017 0.2340    

Normalized 

AcSpm 
   0.0022* 0.0024* 0.0048* 

Mean(SEM) 0.02255(0.0034) 0.04229(0.004) 0.1111(0.046)    

Median 0.01980 0.02980 0.03610    

Range 0.0051-0.1061 0.0095-0.1516 0.0111-0.452    

25% Percentile 0.0119 0.0185 0.0122    

75% Percentile 0.0267 0.0538 0.1555    

Normalized 

DiAcSpm 
   0.3502 0.6509 0.8301 

Mean(SEM) 1.033(0.71) 0.4675(0.078) 0.4251(0.21)    

Median 0.2699 0.2984 0.2071    

Range 0.0576-37.66 0.0417-5.128 0.0333-3.290    

25% Percentile 0.1949 0.2184 0.1670    

75% Percentile 0.3449 0.4204 0.2662    

Table 2.4  Column statistics of normalized polyamine contents (μmol/g of 

creatinine) in different subsets. 
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PCa 

(n=53) 

BPH 

(n=75) 

HC 

(n=14) 

p value  

(PCa vs 

BPH) 

p value  

(PCa vs 

HC) 

p value 

(BPH vs 

HC) 

Creatinine 

(ppm) 
   0.3271 0.1127 0.0545 

Mean 

(SEM) 

942.71 

(114.41) 

829.45 

(52.85) 

587.09 

(89.72) 
   

Median 752.18 799.32 489.87    

Range 
141.08-

4676.32 

128.98-

1928.70 

138.17-

1374.15 
   

Table 2.5 Summary of creatinine results from all patients. 
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Figure 2.1 Graphical distribution and comparison of normalized and unnormalized 

spermine (mean values and p values) in different subsets. 
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Figure 2.2 Distributions of normalized (a) Put, (b) Spd, (c) AcPut, (d) N1AcSpd,  

(e) N8AcSpd, (f) DiAcSpd, (g) AcSpm, and (h) DiAcSpm values in PCa, BPH and 

HC. 
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Figure 2.3. Distributions of unnormalized (a) Put, (b) Spd, (c) AcPut, (d) N1AcSpd, 

(e) N8AcSpd, (f) DiAcSpd, (g) AcSpm, and (h) DiAcSpm values in PCa, BPH and 

HC. 
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2.2.3 Receiver operating characteristics analysis 

In order to evaluate the diagnostic performance of both the normalized and 

unnormalized polyamines, ROC analysis was performed. The ROC curves of the 

nine normalized polyamines and unnormalized polyamines are shown in Figure 2.4 

and Figure 2.5. Both normalized and unnormalized Spm particularly showed 

preferential and superior diagnostic performance among the investigated polyamine 

with AUC values of 0.75 and 0.78 respectively (Table 2.6). The threshold values 

for normalized and unnormalized Spm with the corresponding sensitivity and 

specificity are shown in Appendix A2.1 and A2.2. 

 

Polyamine Put Spd Spm AcPut N1AcSpd N8AcSpd DiAcSpd AcSpm DiAcSpm 

AUC value 

(normalized) 

0.52 

±0.053 

0.67 

±0.048 

0.75 

±0.043 

0.56 

±0.052 

0.50 

±0.052 

0.50  

±0.052 

0.51  

±0.052 

0.73  

±0.054 

0.59  

±0.050 

AUC value 

(unnormalized) 

0.52 

±0.052 

0.71 

±0.046 

0.78 

±0.040 

0.53 

±0.054 

0.50 

±0.054 

0.51  

±0.053 

0.51  

±0.053 

0.59  

±0.060 

0.596 

±0.053 

	

Table 2.6 Summary of ROC analysis for normalized and unnormalized polyamine 

values. 
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Figure 2.4 ROC analysis for normalized polyamines values. 
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Figure 2.5 ROC analysis for unnormalized polyamines values. 

 

2.2.4 Correlation studies 

Pearson correlations had also been performed between urinary Spm 

(preferential AUC value) and patients’ clinicopathologic characteristics like age, 

serum PSA, PCa grade, prostate volume and creatinine content. However, only 

some of them show slight/weak correlation with correlation coefficients <0.5 

(Figure 2.6). 
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Variables 
Normalized 

Spm (µmol/g 

of creatinine) 

Unnormalized 

Spm (ppb) 
Age (Year) PSA (ng/mL) Grade 

Prostate 

volume (mL) 

Creatinine 

(ppm) 

Normalized Spm 

(µmol/g of creatinine) 
       

Unnormalized Spm (ppb) 
       

Age (Year) 
       

PSA (ng/mL) 
       

Grade 
       

Prostate Volume (mL) 
       

Creatinine (ppm) 
       

 
Pearson correlation -0.5   0   +0.5 

 

Figure 2.6 Pearson correlation heat map of clinicopathologic data and 

normalized/unnormalized Spm in urine samples of PCa patients. 
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2.2.5 Comparing metabolic profile of high grade (GS ≥8) and low grade (GS 

≤7) PCa patients 

In Figure 2.7, both normalized and unnormalized Spm of BPH patients 

differed significantly (p <0.05) between high and low grade PCa patients from BPH 

patients. The results suggested that both normalized and unnormalized Spm were 

able to give a clear differentiation and prediction of the non-malignant (BPH) 

patients from PCa patients. In addition, the significant difference in normalized 

Spm (p=0.0225) between low grade and high grade PCa also demonstrate Spm to 

be a promising detection model for high/low grade PCa. 
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* Significant differences of p <0.05 (unpaired t-test). 

Figure 2.7 Metabolic profile of high grade and low grade PCa patients by 

normalized and unnormalized Spm. 
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2.2.6 Discussion 

The findings of present study of urine metabolomics analysis on urinary PCa 

biomarkers discovery have demonstrated the changes of polyamine contents in the 

urine of PCa patients.19 Urine has become interested of metabolomic biomarker 

discovery studies since urine has several advantages, including its abundant 

availability, non-invasive and easy collection, and carries urologic information of 

the body. Therefore, urine is the ideal body fluid for PCa metabolic profiling.20 

Moreover, number of studies have already evaluated the role of polyamine and 

association with PCa.16,21-25 Our previous pilot study on untimed urine analysis has 

demonstrated that normalized Spm showed a satisfactory differentiation between 

PCa patients and BPH patients. Nevertheless, ordinary untimed urine sample may 

not fully reflect the prostatic status accurately. Previous studies had measured and 

compared MCM5 gene levels with prostate massage and it was proved to be 

advantageous for PCa detection with enhanced diagnostic sensitivity.17 

Spm and citrate are produced and accumulate largely in normal prostate 

epithelial cells that is secreted as a major component of the prostatic fluid. 

Compared to normal tissue, declined level of Spm were found in PCa tissue by in 

vivo magnetic resonance spectroscopy.26 Our previous results of pilot study had 
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shown that a decrease in Spm is associated with PCa.15 In this study, we investigated 

metabolomic profiles of PCa through analyzing post-prostate massage urine 

samples by LC-MS/MS on quantification of 9 urinary polyamines. Prostate 

massage was performed prior urine collection to obtain a clinical sample that carries 

prostatic fluid and such intervention would cause clinically alterations in excretions 

of metabolites and stimulates the release of prostatic substances into urine and 

therefore more indicative of the prostatic status. In addition, our study aimed to 

further evaluate the biomarker performance of Spm by compare the biomarker 

quantitation methods, absolute and normalized concentration. For instance, 

creatinine normalization has been the standard clinical practice in urine analysis for 

years. The rationale for creatinine normalization is clear as creatinine was converted 

from free creatine. The daily excreted creatinine by an individual is relatively 

constant. Therefore, creatinine levels in urine are often utilized for the 

normalization of other analytes in urine.27,28 
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Reported study 

Polyamine contents 

PCa 

(n=66) 

BPH 

(n=88) 

HC 

(n=11) 
p-value AUC value 

Creatinine (ppm) 

Mean (SEM) 

828.30 

(76.82) 

970.40 

(69.06) 

1143 

(269.40) 

PCa vs BPH: 0.173 

PCa vs HC: 0.151 
N/A 

Normalized SPM 

Mean (SEM) 

1.47 

(0.22) 

5.87 

(0.71) 

5.43 

(1.17) 

PCa vs BPH: <0.0001* 

PCa vs HC: <0.0001* 
0.83 ±0.030 

Present study 

Polyamine contents 

PCa 

(n=53) 

BPH 

(n=74) 

HC 

(n=15) 
p-value AUC value 

Creatinine (ppm) 

Mean (SEM) 

942.71 

(114.41) 

829.45 

(52.85) 

587.09 

(89.72) 

PCa vs BPH: 0.3271 

PCa vs HC: 0.1127 
N/A 

Normalized SPM 

Mean (SEM) 

6.961 

(1.21) 

24.52 

(3.55) 

32.21 

(18.93) 

PCa vs BPH: <0.0001* 

PCa vs HC: 0.1530 
0.75 ±0.043 

Unnormalized SPM 

Mean (SEM) 

668.1 

(86.92) 

3919 

(750.9) 

2926 

(1565) 

PCa vs BPH: 0.0004* 

PCa vs HC: 0.0085* 
0.78 ±0.040 

SEM: Standard error of the mean. 

Table 2.7 Comparison on urinary Spm level and diagnostic performance (AUC 

values) between reported study (ordinary timed urine)15 and present study (post-

prostate massage urine). 

 

However, the use of creatinine for normalization sometimes is still 

controversial, and it may not be suitable to be applied in post-massage urine 

samples as demonstrated by our results here. According to our findings here and by 

comparing to our previous untimed urine data, urinary Spm concentration was ~5-

fold higher after prostate massage, while the post-massage creatinine content was 
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not significantly affected (Table 2.7). The higher polyamine concentration could be 

due to the enhanced release of prostatic products by prostate massage where the 

continual excretion of creatinine by kidney has no correction role and effect for this 

single time “extraction” of prostatic products at the prostate. The reduced urinary 

Spm in PCa patients was consistent with the findings of our previous pilot study 

and literatures about metabolomic studies of PCa.26,29-31 Among the normalized 

polyamines (Table 2.3), no obvious alterations could be found except for Spm, Spd 

and AcSpm. By comparing the normalized Spm concentration, data obtained from 

post-massage urine samples demonstrated increased difference between PCa and 

BPH that would facilitate the differentiation PCa and BPH. In view of the p-value, 

both ordinary timed urine and post-prostate massage urine showed significant 

difference for PCa and BPH. In the prediction of the PCa, we investigated the 

sensitivity and specificity of urinary Spm by ROC analysis (Figure 2.8). The AUC 

for Spm was greater for the unnormalized concentration compared with the 

normalized concentration of Spm obtained from post-massage urine samples. At 

90% sensitivity, the specificity could reach at 41.89%, which is about doubling that 

of the clinically adopting serum PSA test. 
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ROC analysis 
Spm 

content 
Sensitivity Specificity 

Positive  

predictive 

value 

Negative 

Predictive 

value 

Highest 

accuracy 

Normalized Spm 

(μmol/g of creatinine) 
8.031 0.608 0.732 0.763 0.574 0.661 

Unnormalized Spm 

(ppm) 
860.422 0.676 0.736 0.781 0.619 0.701 

Figure 2.8 Sensitivity and specificity analysis of normalized and unnormalized 

Spm (FN: false negative; FP: false positive; TN: true negative; and TP: true 

positive). 

 

This study confirms and extends these findings by demonstrating the 

preferential and superior diagnostic performance of unnormalized Spm over other 

shortlisted polyamines for PCa diagnosis. Given that the observed creatinine 

content had no obvious enhancement and suppression after prostate massage, we 

conclude that the normalization with creatinine was not necessary in the 
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quantification studies and therefore both urinary Spm content and Spm 

concentration corrected by creatinine can distinguish BPH and PCa and as 

promising PCa diagnostic biomarker panel. 

Like Spm, declined level of Spd (p = 0.0020) in urine samples was also found 

from PCa patients compared with BPH and healthy controls, where the p value was 

smaller than 0.05 demonstrated significant difference. In addition to the above p 

values for normalized Spd, its distribution plot (Figure 2.2) demonstrated that a 

significant number of BPH patient showed overlapping distribution with majority 

of PCa patients, which could limit its potential to serve as a PCa diagnostic 

biomarker. For AcSpm, it was not detected in majority of patients and therefore not 

suitable to be further investigated as PCa biomarker (Table 2.8). The observation 

of such declined levels in urinary Spm and Spd had not been fully studied and the 

mechanism is still under research. Goodwin et al. demonstrated that increased Spm 

oxidase (SMO) protein expression were found in PCa and PIN tissues. The 

increased SMO activity in PCa upregulates the back-conversion of Spm to Spd that 

could explain the declined level of Spm in PCa.29 Also, Huang et al reported that 

significant increase in spermidine/spermine N1-acetyltransferase (SSAT) 

expression in PCa as compared to BPH, which resulting in declined Spm and Spd 

content, which is in line with Pegg’s report on significant increased polyamine 
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acetylation in tumours.30,31 In a more recent study, Shukla-Dave and co-workers 

had demonstrated the up-regulation of ornithine decarboxylase (ODC), polyamine 

oxidase and spermine synthase; and the decline of spermine content, were 

associated with prostate tumorigenesis.32 The overexpression of the above-

mentioned polyamine enzymes and declined level of Spm (lost during malignant 

transformation) found in PCa were in-line with our results and proposed metabolic 

mechanism (See Figure 2.9 for the metabolic pathway of Spm). 
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Polyamine 

contents 

Found in 

sample 

PCa 

(n=53) 

BPH 

(n=74) 

HC 

(n=15) 

p value  

(PCa vs 

BPH) 

p value  

(PCa vs 

HC) 

p value 

(BPH vs 

HC) 

Normalized 

Put 
142/142 

53/53 

[1.185] 

74/74 

[1.458] 

15/15 

[1.124] 
0.4871 0.8888 0.6161 

Normalized 

Spd 
142/142 

53/53 

[0.781] 

74/74 

[1.619] 

15/15 

[1.553] 
0.0020* 0.0259* 0.9024 

Normalized 

Spm 
142/142 

53/53 

[6.961] 

74/74 

[24.52] 

15/15 

[32.21] 
<0.0001* 0.1530 0.5059 

Normalized 

AcPut 
142/142 

53/53 

[3.288] 

74/74 

[3.126] 

15/15 

[2.555] 
0.7274 0.2542 0.4459 

Normalized 

N1AcSpd 
142/142 

53/53 

[6.983] 

74/74 

[6.209] 

15/15 

[5.210] 
0.4505 0.3512 0.3980 

Normalized 

N8AcSpd 
142/142 

53/53 

[5.116] 

74/74 

[5.472] 

15/15 

[4.647] 
0.5242 0.4692 0.3814 

Normalized 

DiAcSpd 
142/142 

53/53 

[0.2699] 

74/74 

[0.2850] 

15/15 

[0.2096] 
0.6489 0.1921 0.1589 

Normalized 

AcSpm 
100/142 

33/53 

[0.02255] 

60/74 

[0.04229] 

7/15 

[0.2096] 
0.0022* 0.0024* 0.0048* 

Normalized 

DiAcSpd 
142/142 

53/53 

[1.033] 

74/74 

[0.4675] 

15/15 

[0.4251] 
0.3502 0.6509 0.8301 

* Significant differences of p <0.05 (unpaired t-test) 

 

Tables 2.8 Summary ([mean values] and p-values) of normalized polyamines 

contents (μmol/g of creatinine). 
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Figure 2.9 Urine cycle and metabolic pathway of Spm. 
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2.3 Conclusion 

In summary, we have quantified the urinary polyamines and our findings 

showed that among the nine polyamines, Spm demonstrated the best diagnostic 

performance to be employed as a biomarker towards PCa. Furthermore, our study 

further confirms that the PCa aggressiveness can be assessed by urinary Spm 

content as it demonstrated a significant difference between low grade and high 

grade PCa (samples of GS 6-7 and GS 8-10).26 (823.0 in low grade and 476.5 in 

high grade; p = 0.0461) This supports the hypothesis that the urinary Spm content 

can differentiate between high grade and low grade PCa. The significant decrease 

of its urinary level and hence the close relationship with PCa confers its specificity 

and advantages towards PCa monitoring and research. 

Nevertheless, this study has several limitations. First, the lack of comparison 

between pre-massage urine and post-massage urine from the same batch of patients 

limits a more comprehensive analysis of the prostate massage impacts on the 

diagnostic performance of urinary Spm. Second, all clinical samples are obtained 

from sole hospital in Hong Kong and the total sample size was limited (53 PCa 

patients). Adequate samples sizes and samples collection from multi-center will 

provide a more convincing result. Thirdly, different extent of prostate massage may 

lead to biased results. 
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2.5 Appendix 

Threshold  Sensitivity (%) 95% CI Specificity (%) 95% CI 

< 0.1401 1.887 0.04776% to 10.07% 100 95.14% to 100.0% 

< 0.2012 3.774 0.4603% to 12.98% 100 95.14% to 100.0% 

< 0.2410 5.66 1.183% to 15.66% 100 95.14% to 100.0% 

< 0.2657 7.547 2.095% to 18.21% 100 95.14% to 100.0% 

< 0.2902 9.434 3.135% to 20.66% 100 95.14% to 100.0% 

< 0.3162 11.32 4.270% to 23.03% 100 95.14% to 100.0% 

< 0.3499 13.21 5.479% to 25.34% 100 95.14% to 100.0% 

< 0.4518 15.09 6.749% to 27.59% 100 95.14% to 100.0% 

< 0.5570 16.98 8.071% to 29.80% 100 95.14% to 100.0% 

< 0.6326 18.87 9.437% to 31.97% 100 95.14% to 100.0% 

< 0.7059 20.75 10.84% to 34.11% 100 95.14% to 100.0% 

< 0.7939 22.64 12.28% to 36.21% 100 95.14% to 100.0% 

< 0.8923 24.53 13.76% to 38.28% 100 95.14% to 100.0% 

< 0.9587 26.42 15.26% to 40.33% 100 95.14% to 100.0% 

< 1.048 28.3 16.79% to 42.35% 100 95.14% to 100.0% 

< 1.103 30.19 18.34% to 44.34% 100 95.14% to 100.0% 

< 1.156 30.19 18.34% to 44.34% 98.65 92.70% to 99.97% 

< 1.280 32.08 19.92% to 46.32% 98.65 92.70% to 99.97% 

< 1.363 32.08 19.92% to 46.32% 97.3 90.58% to 99.67% 

< 1.399 33.96 21.52% to 48.27% 97.3 90.58% to 99.67% 

< 1.435 33.96 21.52% to 48.27% 95.95 88.61% to 99.16% 

< 1.489 35.85 23.14% to 50.20% 95.95 88.61% to 99.16% 

< 1.537 37.74 24.79% to 52.11% 95.95 88.61% to 99.16% 

< 1.563 37.74 24.79% to 52.11% 94.59 86.73% to 98.51% 

< 1.631 37.74 24.79% to 52.11% 93.24 84.93% to 97.77% 

< 1.706 39.62 26.45% to 54.00% 93.24 84.93% to 97.77% 

< 1.812 39.62 26.45% to 54.00% 91.89 83.18% to 96.97% 

< 1.923 39.62 26.45% to 54.00% 90.54 81.48% to 96.11% 

< 2.025 41.51 28.14% to 55.87% 90.54 81.48% to 96.11% 

< 2.227 41.51 28.14% to 55.87% 89.19 79.80% to 95.22% 

< 2.397 41.51 28.14% to 55.87% 87.84 78.16% to 94.29% 

< 2.575 43.4 29.84% to 57.72% 87.84 78.16% to 94.29% 

< 2.765 43.4 29.84% to 57.72% 86.49 76.55% to 93.32% 

< 2.834 45.28 31.56% to 59.55% 86.49 76.55% to 93.32% 

< 2.920 45.28 31.56% to 59.55% 85.14 74.96% to 92.34% 
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< 3.028 45.28 31.56% to 59.55% 83.78 73.39% to 91.33% 

< 3.086 47.17 33.30% to 61.36% 83.78 73.39% to 91.33% 

< 3.165 47.17 33.30% to 61.36% 82.43 71.83% to 90.30% 

< 3.257 47.17 33.30% to 61.36% 81.08 70.30% to 89.25% 

< 3.308 47.17 33.30% to 61.36% 79.73 68.78% to 88.19% 

< 3.352 47.17 33.30% to 61.36% 78.38 67.28% to 87.11% 

< 3.421 47.17 33.30% to 61.36% 77.03 65.79% to 86.01% 

< 3.493 49.06 35.06% to 63.16% 77.03 65.79% to 86.01% 

< 3.598 50.94 36.84% to 64.94% 77.03 65.79% to 86.01% 

< 3.694 52.83 38.64% to 66.70% 77.03 65.79% to 86.01% 

< 3.795 52.83 38.64% to 66.70% 75.68 64.31% to 84.90% 

< 4.045 52.83 38.64% to 66.70% 74.32 62.84% to 83.78% 

< 4.540 52.83 38.64% to 66.70% 72.97 61.39% to 82.65% 

< 4.880 52.83 38.64% to 66.70% 71.62 59.95% to 81.50% 

< 4.959 54.72 40.45% to 68.44% 71.62 59.95% to 81.50% 

< 5.080 56.6 42.28% to 70.16% 71.62 59.95% to 81.50% 

< 5.212 58.49 44.13% to 71.86% 71.62 59.95% to 81.50% 

< 5.354 58.49 44.13% to 71.86% 70.27 58.52% to 80.34% 

< 5.452 58.49 44.13% to 71.86% 68.92 57.10% to 79.17% 

< 5.717 60.38 46.00% to 73.55% 68.92 57.10% to 79.17% 

< 6.016 62.26 47.89% to 75.21% 68.92 57.10% to 79.17% 

< 6.109 62.26 47.89% to 75.21% 67.57 55.68% to 78.00% 

< 6.230 64.15 49.80% to 76.86% 67.57 55.68% to 78.00% 

< 6.491 64.15 49.80% to 76.86% 66.22 54.28% to 76.81% 

< 6.731 64.15 49.80% to 76.86% 64.86 52.89% to 75.61% 

< 6.853 64.15 49.80% to 76.86% 63.51 51.51% to 74.40% 

< 6.975 66.04 51.73% to 78.48% 63.51 51.51% to 74.40% 

< 7.158 66.04 51.73% to 78.48% 62.16 50.13% to 73.19% 

< 7.283 67.92 53.68% to 80.08% 62.16 50.13% to 73.19% 

< 7.459 67.92 53.68% to 80.08% 60.81 48.77% to 71.96% 

< 7.734 69.81 55.66% to 81.66% 60.81 48.77% to 71.96% 

< 7.902 71.7 57.65% to 83.21% 60.81 48.77% to 71.96% 

< 7.991 73.58 59.67% to 84.74% 60.81 48.77% to 71.96% 

< 8.243 73.58 59.67% to 84.74% 59.46 47.41% to 70.73% 

< 8.572 73.58 59.67% to 84.74% 58.11 46.06% to 69.49% 

< 8.948 73.58 59.67% to 84.74% 56.76 44.72% to 68.23% 

< 9.475 73.58 59.67% to 84.74% 55.41 43.39% to 66.98% 

< 9.775 73.58 59.67% to 84.74% 54.05 42.07% to 65.71% 
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< 9.829 75.47 61.72% to 86.24% 54.05 42.07% to 65.71% 

< 10.21 77.36 63.79% to 87.72% 54.05 42.07% to 65.71% 

< 10.69 77.36 63.79% to 87.72% 52.7 40.75% to 64.43% 

< 10.93 79.25 65.89% to 89.16% 52.7 40.75% to 64.43% 

< 11.26 79.25 65.89% to 89.16% 51.35 39.44% to 63.15% 

< 11.50 81.13 68.03% to 90.56% 51.35 39.44% to 63.15% 

< 11.82 81.13 68.03% to 90.56% 50 38.14% to 61.86% 

< 12.14 81.13 68.03% to 90.56% 48.65 36.85% to 60.56% 

< 12.63 81.13 68.03% to 90.56% 47.3 35.57% to 59.25% 

< 13.13 83.02 70.20% to 91.93% 47.3 35.57% to 59.25% 

< 13.19 84.91 72.41% to 93.25% 47.3 35.57% to 59.25% 

< 13.28 86.79 74.66% to 94.52% 47.3 35.57% to 59.25% 

< 13.81 86.79 74.66% to 94.52% 45.95 34.29% to 57.93% 

< 14.83 86.79 74.66% to 94.52% 44.59 33.02% to 56.61% 

< 15.46 86.79 74.66% to 94.52% 43.24 31.77% to 55.28% 

< 15.59 88.68 76.97% to 95.73% 43.24 31.77% to 55.28% 

< 15.75 90.57 79.34% to 96.87% 43.24 31.77% to 55.28% 

< 15.90 90.57 79.34% to 96.87% 41.89 30.51% to 53.94% 

< 16.81 90.57 79.34% to 96.87% 40.54 29.27% to 52.59% 

< 17.73 90.57 79.34% to 96.87% 39.19 28.04% to 51.23% 

< 18.11 90.57 79.34% to 96.87% 37.84 26.81% to 49.87% 

< 18.46 90.57 79.34% to 96.87% 36.49 25.60% to 48.49% 

< 18.62 90.57 79.34% to 96.87% 35.14 24.39% to 47.11% 

< 19.89 90.57 79.34% to 96.87% 33.78 23.19% to 45.72% 

< 21.58 90.57 79.34% to 96.87% 32.43 22.00% to 44.32% 

< 22.66 90.57 79.34% to 96.87% 31.08 20.83% to 42.90% 

< 23.55 90.57 79.34% to 96.87% 29.73 19.66% to 41.48% 

< 24.62 90.57 79.34% to 96.87% 28.38 18.50% to 40.05% 

< 25.46 92.45 81.79% to 97.91% 28.38 18.50% to 40.05% 

< 25.86 94.34 84.34% to 98.82% 28.38 18.50% to 40.05% 

< 26.53 94.34 84.34% to 98.82% 27.03 17.35% to 38.61% 

< 28.22 96.23 87.02% to 99.54% 27.03 17.35% to 38.61% 

< 30.39 96.23 87.02% to 99.54% 25.68 16.22% to 37.16% 

< 31.61 98.11 89.93% to 99.95% 25.68 16.22% to 37.16% 

< 31.98 98.11 89.93% to 99.95% 24.32 15.10% to 35.69% 

< 32.37 98.11 89.93% to 99.95% 22.97 13.99% to 34.21% 

< 32.76 98.11 89.93% to 99.95% 21.62 12.89% to 32.72% 

< 35.58 98.11 89.93% to 99.95% 20.27 11.81% to 31.22% 
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< 39.41 98.11 89.93% to 99.95% 18.92 10.75% to 29.70% 

< 46.04 100 93.28% to 100.0% 18.92 10.75% to 29.70% 

< 51.78 100 93.28% to 100.0% 17.57 9.699% to 28.17% 

< 56.22 100 93.28% to 100.0% 16.22 8.670% to 26.61% 

< 60.75 100 93.28% to 100.0% 14.86 7.661% to 25.04% 

< 62.09 100 93.28% to 100.0% 13.51 6.675% to 23.45% 

< 64.30 100 93.28% to 100.0% 12.16 5.715% to 21.84% 

< 67.51 100 93.28% to 100.0% 10.81 4.784% to 20.20% 

< 70.55 100 93.28% to 100.0% 9.459 3.888% to 18.52% 

< 71.50 100 93.28% to 100.0% 8.108 3.034% to 16.82% 

< 82.80 100 93.28% to 100.0% 6.757 2.230% to 15.07% 

< 102.8 100 93.28% to 100.0% 5.405 1.492% to 13.27% 

< 113.5 100 93.28% to 100.0% 4.054 0.8440% to 11.39% 

< 116.7 100 93.28% to 100.0% 2.703 0.3290% to 9.424% 

< 119.3 100 93.28% to 100.0% 1.351 0.03421% to 7.301% 

Table A2.1 Sensitivity and Specificity for normalized Spm at different threshold 

values. 
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Threshold  Sensitivity (%) 95% CI Specificity (%) 95% CI 

> 5.832 98.11 89.93% to 99.95% 0 0.0% to 4.863% 

> 6.159 96.23 87.02% to 99.54% 0 0.0% to 4.863% 

> 6.792 96.23 87.02% to 99.54% 1.351 0.03421% to 7.301% 

> 8.495 96.23 87.02% to 99.54% 2.703 0.3290% to 9.424% 

> 10.23 96.23 87.02% to 99.54% 4.054 0.8440% to 11.39% 

> 10.72 96.23 87.02% to 99.54% 5.405 1.492% to 13.27% 

> 11.45 96.23 87.02% to 99.54% 6.757 2.230% to 15.07% 

> 12.21 96.23 87.02% to 99.54% 8.108 3.034% to 16.82% 

> 12.85 96.23 87.02% to 99.54% 9.459 3.888% to 18.52% 

> 13.61 96.23 87.02% to 99.54% 10.81 4.784% to 20.20% 

> 14.18 94.34 84.34% to 98.82% 10.81 4.784% to 20.20% 

> 15.59 92.45 81.79% to 97.91% 10.81 4.784% to 20.20% 

> 16.89 90.57 79.34% to 96.87% 10.81 4.784% to 20.20% 

> 18.00 88.68 76.97% to 95.73% 10.81 4.784% to 20.20% 

> 19.20 88.68 76.97% to 95.73% 12.16 5.715% to 21.84% 

> 20.03 88.68 76.97% to 95.73% 13.51 6.675% to 23.45% 

> 20.91 86.79 74.66% to 94.52% 13.51 6.675% to 23.45% 

> 21.77 86.79 74.66% to 94.52% 14.86 7.661% to 25.04% 

> 22.42 86.79 74.66% to 94.52% 16.22 8.670% to 26.61% 

> 22.98 86.79 74.66% to 94.52% 17.57 9.699% to 28.17% 

> 23.52 86.79 74.66% to 94.52% 18.92 10.75% to 29.70% 

> 23.80 86.79 74.66% to 94.52% 20.27 11.81% to 31.22% 

> 24.19 84.91 72.41% to 93.25% 20.27 11.81% to 31.22% 

> 24.55 84.91 72.41% to 93.25% 21.62 12.89% to 32.72% 

> 25.53 84.91 72.41% to 93.25% 22.97 13.99% to 34.21% 

> 26.94 84.91 72.41% to 93.25% 24.32 15.10% to 35.69% 

> 27.77 83.02 70.20% to 91.93% 24.32 15.10% to 35.69% 

> 28.21 83.02 70.20% to 91.93% 25.68 16.22% to 37.16% 

> 28.72 83.02 70.20% to 91.93% 27.03 17.35% to 38.61% 

> 29.15 81.13 68.03% to 90.56% 27.03 17.35% to 38.61% 

> 29.29 81.13 68.03% to 90.56% 28.38 18.50% to 40.05% 

> 29.79 79.25 65.89% to 89.16% 28.38 18.50% to 40.05% 

> 30.29 77.36 63.79% to 87.72% 28.38 18.50% to 40.05% 

> 31.03 77.36 63.79% to 87.72% 29.73 19.66% to 41.48% 

> 31.85 75.47 61.72% to 86.24% 29.73 19.66% to 41.48% 

> 32.03 73.58 59.67% to 84.74% 29.73 19.66% to 41.48% 

> 32.22 71.7 57.65% to 83.21% 29.73 19.66% to 41.48% 
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> 32.40 71.7 57.65% to 83.21% 31.08 20.83% to 42.90% 

> 32.67 71.7 57.65% to 83.21% 32.43 22.00% to 44.32% 

> 33.00 71.7 57.65% to 83.21% 33.78 23.19% to 45.72% 

> 33.29 71.7 57.65% to 83.21% 35.14 24.39% to 47.11% 

> 33.62 71.7 57.65% to 83.21% 36.49 25.60% to 48.49% 

> 33.76 69.81 55.66% to 81.66% 36.49 25.60% to 48.49% 

> 33.79 67.92 53.68% to 80.08% 36.49 25.60% to 48.49% 

> 34.23 67.92 53.68% to 80.08% 37.84 26.81% to 49.87% 

> 35.15 66.04 51.73% to 78.48% 37.84 26.81% to 49.87% 

> 35.66 66.04 51.73% to 78.48% 39.19 28.04% to 51.23% 

> 36.66 64.15 49.80% to 76.86% 39.19 28.04% to 51.23% 

> 37.71 62.26 47.89% to 75.21% 39.19 28.04% to 51.23% 

> 37.96 60.38 46.00% to 73.55% 39.19 28.04% to 51.23% 

> 38.38 60.38 46.00% to 73.55% 40.54 29.27% to 52.59% 

> 39.12 60.38 46.00% to 73.55% 41.89 30.51% to 53.94% 

> 39.67 58.49 44.13% to 71.86% 41.89 30.51% to 53.94% 

> 39.87 56.6 42.28% to 70.16% 41.89 30.51% to 53.94% 

> 40.70 54.72 40.45% to 68.44% 41.89 30.51% to 53.94% 

> 42.41 52.83 38.64% to 66.70% 41.89 30.51% to 53.94% 

> 43.81 52.83 38.64% to 66.70% 43.24 31.77% to 55.28% 

> 44.51 52.83 38.64% to 66.70% 44.59 33.02% to 56.61% 

> 45.05 50.94 36.84% to 64.94% 44.59 33.02% to 56.61% 

> 45.53 50.94 36.84% to 64.94% 45.95 34.29% to 57.93% 

> 45.97 50.94 36.84% to 64.94% 47.3 35.57% to 59.25% 

> 46.53 49.06 35.06% to 63.16% 47.3 35.57% to 59.25% 

> 47.23 49.06 35.06% to 63.16% 48.65 36.85% to 60.56% 

> 47.71 49.06 35.06% to 63.16% 50 38.14% to 61.86% 

> 48.28 49.06 35.06% to 63.16% 51.35 39.44% to 63.15% 

> 48.79 47.17 33.30% to 61.36% 51.35 39.44% to 63.15% 

> 49.11 47.17 33.30% to 61.36% 52.7 40.75% to 64.43% 

> 49.37 47.17 33.30% to 61.36% 54.05 42.07% to 65.71% 

> 50.17 45.28 31.56% to 59.55% 54.05 42.07% to 65.71% 

> 51.01 45.28 31.56% to 59.55% 55.41 43.39% to 66.98% 

> 51.36 45.28 31.56% to 59.55% 56.76 44.72% to 68.23% 

> 51.78 45.28 31.56% to 59.55% 58.11 46.06% to 69.49% 

> 52.10 43.4 29.84% to 57.72% 58.11 46.06% to 69.49% 

> 52.70 43.4 29.84% to 57.72% 59.46 47.41% to 70.73% 

> 53.25 43.4 29.84% to 57.72% 60.81 48.77% to 71.96% 
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> 53.49 41.51 28.14% to 55.87% 60.81 48.77% to 71.96% 

> 53.77 39.62 26.45% to 54.00% 60.81 48.77% to 71.96% 

> 54.05 37.74 24.79% to 52.11% 60.81 48.77% to 71.96% 

> 54.67 37.74 24.79% to 52.11% 62.16 50.13% to 73.19% 

> 55.52 35.85 23.14% to 50.20% 62.16 50.13% to 73.19% 

> 55.94 35.85 23.14% to 50.20% 63.51 51.51% to 74.40% 

> 55.99 33.96 21.52% to 48.27% 63.51 51.51% to 74.40% 

> 56.55 33.96 21.52% to 48.27% 64.86 52.89% to 75.61% 

> 57.26 33.96 21.52% to 48.27% 66.22 54.28% to 76.81% 

> 57.90 32.08 19.92% to 46.32% 66.22 54.28% to 76.81% 

> 59.54 30.19 18.34% to 44.34% 66.22 54.28% to 76.81% 

> 60.85 28.3 16.79% to 42.35% 66.22 54.28% to 76.81% 

> 62.34 28.3 16.79% to 42.35% 67.57 55.68% to 78.00% 

> 64.10 28.3 16.79% to 42.35% 68.92 57.10% to 79.17% 

> 65.01 26.42 15.26% to 40.33% 68.92 57.10% to 79.17% 

> 65.60 26.42 15.26% to 40.33% 70.27 58.52% to 80.34% 

> 65.98 26.42 15.26% to 40.33% 71.62 59.95% to 81.50% 

> 66.68 26.42 15.26% to 40.33% 72.97 61.39% to 82.65% 

> 67.81 26.42 15.26% to 40.33% 74.32 62.84% to 83.78% 

> 68.58 26.42 15.26% to 40.33% 75.68 64.31% to 84.90% 

> 70.40 26.42 15.26% to 40.33% 77.03 65.79% to 86.01% 

> 73.24 26.42 15.26% to 40.33% 78.38 67.28% to 87.11% 

> 74.77 26.42 15.26% to 40.33% 79.73 68.78% to 88.19% 

> 75.32 26.42 15.26% to 40.33% 81.08 70.30% to 89.25% 

> 76.14 26.42 15.26% to 40.33% 82.43 71.83% to 90.30% 

> 77.70 24.53 13.76% to 38.28% 82.43 71.83% to 90.30% 

> 78.90 22.64 12.28% to 36.21% 82.43 71.83% to 90.30% 

> 81.94 22.64 12.28% to 36.21% 83.78 73.39% to 91.33% 

> 85.10 22.64 12.28% to 36.21% 85.14 74.96% to 92.34% 

> 87.34 22.64 12.28% to 36.21% 86.49 76.55% to 93.32% 

> 89.92 20.75 10.84% to 34.11% 86.49 76.55% to 93.32% 

> 95.50 18.87 9.437% to 31.97% 86.49 76.55% to 93.32% 

> 101.2 16.98 8.071% to 29.80% 86.49 76.55% to 93.32% 

> 102.8 15.09 6.749% to 27.59% 86.49 76.55% to 93.32% 

> 103.6 13.21 5.479% to 25.34% 86.49 76.55% to 93.32% 

> 104.4 11.32 4.270% to 23.03% 86.49 76.55% to 93.32% 

> 108.1 9.434 3.135% to 20.66% 86.49 76.55% to 93.32% 

> 111.4 9.434 3.135% to 20.66% 87.84 78.16% to 94.29% 
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> 113.3 9.434 3.135% to 20.66% 89.19 79.80% to 95.22% 

> 116.6 7.547 2.095% to 18.21% 89.19 79.80% to 95.22% 

> 118.3 5.66 1.183% to 15.66% 89.19 79.80% to 95.22% 

> 129.9 3.774 0.4603% to 12.98% 89.19 79.80% to 95.22% 

> 141.4 3.774 0.4603% to 12.98% 90.54 81.48% to 96.11% 

> 155.2 3.774 0.4603% to 12.98% 91.89 83.18% to 96.97% 

> 193.3 3.774 0.4603% to 12.98% 93.24 84.93% to 97.77% 

> 223.6 1.887 0.04776% to 10.07% 93.24 84.93% to 97.77% 

> 405.2 1.887 0.04776% to 10.07% 94.59 86.73% to 98.51% 

> 657.8 1.887 0.04776% to 10.07% 95.95 88.61% to 99.16% 

> 758.5 1.887 0.04776% to 10.07% 97.3 90.58% to 99.67% 

> 818.7 1.887 0.04776% to 10.07% 98.65 92.70% to 99.97% 

> 873.2 0 0.0% to 6.723% 98.65 92.70% to 99.97% 

Table A2.2 Sensitivity and Specificity for unnormalized Spm at different threshold 

values. 
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CHAPTER 3. MOLECULAR IMPRINTED POLYMER FOR SELECTIVE 

EXTRACTION AND PRECONCENTRATION OF SPERMINE FROM 

URINE SAMPLES 

 

3.1 Introduction 

3.1.1 Extraction techniques and challenges to clinical samples analysis 

Conventionally, broad range of analytical techniques have been employed to 

detect specific molecules/biomarkers quantitatively in clinical samples for disease 

diagnosis and clinical research, by chromatographic and electro-migration methods 

that coupling with different detectors, e.g. gas chromatography (GC), thin-layer 

chromatography, liquid chromatography (LC) with UV detectors or mass 

spectrometer.1-4 Although these techniques provide accurate quantification and 

analysis on the targeted analyte content, the sample preparations are tedious and the 

quantification efficiency is limited by the complex matrix and composition of bio-

fluids, which posed difficulty in sample clean-up for efficient detection. 

The most common sample pre-treatment strategy of clinical samples involve 

dilution with water or buffer, addition of deproteinizing reagent and use of different 

extraction methods to remove/reduce the concentration of interfering substances.5,6 
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However, these techniques would reduce the amount of the target analyte and 

leading to detection difficulty if the target analyte is at trace amount. 

 

3.1.2 Fundamentals of molecular imprinting polymers 

Molecular imprinting is a template-directed polymerization technique for the 

generation of substrate-specific receptors sites in inert polymer matrices, known as 

molecular imprinting polymers (MIPs).7 To achieve specific designated molecular 

recognition sites for the selective binding of a target analyte, the key step is to 

construct a highly cross-linked polymer with functional monomers in the presence 

of a template or imprint molecule. 

 

3.1.3 Preparation of MIPs 

Process of molecular imprinting 

The process of molecular imprinting involves several steps: firstly, a template 

molecule is used to design and create a fitted receptor/binding site prior 

polymerization; second, the addition of a functional monomer would interact with 

the template molecule to from an intermediate complex; followed by 

polymerization and removal of the template molecule to provide a molecular 

imprinted polymer with cavities for specific binding and recognition (Figure 3.1).8 
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Figure 3.1 Process of molecular imprinting.9 

 

As mentioned beforehand, the preparation of MIPs involves several major 

elements, such as the template, functional monomers, porogen(or solvent), initiator 

and crosslinker: 

 

Template 

The target analyte is normally used as the template molecule, is the key 

element of molecular imprinting process as it directs the organization and 

arrangement of functional groups by its specific interaction with the monomers for 

stable assembly or complexation. 

 



 84 

Functional monomers 

The designated receptor site is created by the assembly/complexation of the 

functional monomers with the template molecule. These monomers should posses  

suitable functional group(s) and capacity to form bonding with the template 

molecule to yield a structurally unique recognition site. In particular, methacrylic 

acid (MAA) is one of the most widely used functional monomers for non-covalent 

imprinting due to its ability to participate in electrostatic and hydrogen bonding 

interactions.10 

 

Porogen 

The choice of reaction solvent is another critical issue in the preparation of 

MIPs as it is responsible for dual roles of providing the environment for MIP 

formation and acting as pore forming agents, known as the porogen. Previous 

studies have reported that the choice of porogen is important in determining the 

physical characteristics of the formed MIP on its morphology, selective recognition 

and surface area, which were affected by the polarity of the porogen.11,12  
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Initiator 

The conversion of monomers into polymers is normally achieved by free 

radical polymerization. Its mechanism is divided into three distinct stages: (1) 

initiation, (2) propagation, and (3) termination. Prior polymerization, the initiator 

would act as a source of free radicals to start the propagation (growing polymer 

chains) and decomposed eventually. For example, azo initiator (R-N=N-R),  

including 2,2’-Azo-bisisobutyronitrile (AIBN), is a commonly used class of 

initiators which has a tertiary R groups stabilizing the incipient radical.13 

 

Crosslinker 

Apart from the choice of porogen, the morphology as well as the functionality 

of the MIP are governed by the concentration of crosslinker and it is also important 

to the stability of the binding site and the polymer matrix itself.14 

 

3.1.4 Bioapplication of MIPs 

As described previously, urine is a major class of body fluids for disease 

detection and monitoring. The analysis of urine sample requires a prior sample 

preparation step due to the complex composition of urine. The unique features and 

advantages of MIP for the highly selective and affinity to the target analyte, superior 
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stability and robustness, making it an attractive strategy for selective extractions in 

complex samples. Back in 1994, Sellergren had already prepared a MIP to extract 

specifically of pentamidine directly from urine sample.15 Since then, there were 

increasing reports for the use of MIPs for the selective extraction of target analyte, 

followed by successive sample clean-up and elimination of matrix 

components/interfering substances in complex clinical samples.16-19 

 

3.1.5 Design of experiment 

In this work, based on the findings described in Chapter Two of urinary Spm 

can act as a biomarker to distinguish PCa and BPH, and to address the attendant 

problem of urine sample pretreatment difficulties, we have proposed an alternative 

approach using molecular imprinting technology for the extraction of the target 

analyte, spermine, from urine sample. The aim of the study was to develop a Spm-

imprinted acrylic acid-based MIP that can specifically extract Spm from urine 

samples and to facilitate efficient Spm detection by elimination of other interfering 

substances. Figure 3.2 shows the expected schematic diagram of the sample 

pretreatment approach and detection approach by LC-MS/MS. 

This work described the first time of a highly selective MIP for Spm, as 

prostate cancer biomarker, and its use as an aqueous sample pretreatment material. 
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Different parameters’ effect on the adsorption efficiency of the designed MIP were 

investigated and optimized, in terms of pH and time effect, are discussed in this 

chapter. 

 

 

Figure 3.2 Illustration of Spm extraction by MIP coupled with LC-MS/MS for the 

determination of Spm in urine samples. 
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3.2 Results and Discussion 

3.2.1 Synthesis and Characterization 

The Spm-imprinted polymers (MIP) was constructed by a non-covalent 

imprinting process as indicated in Figure 3.3. The monomer, acrylic acid, was 

chosen as it could form hydrogen bonds through its carboxylate functionality with 

the template molecule (Spm) in porogen (DMSO) to form a complex for 

polymerization and to obtain a highly selective water-compatible MIP for Spm. The 

non-imprinted polymers (NIP) was synthesized under the same condition without 

the template molecule (Spm). 

The FTIR spectra of the MIPs and NIPs displayed similar characteristic bands, 

indicating the similarity in the backbone structure of the different polymers. In the 

IR spectra (Figure 3.4), the absorptions attributed to carboxyl OH stretch (~3460 

cm-1), carbonyl group stretch (~1730 cm-1), C-O stretch (~ 1260 cm-1) and C-H 

vibrations (~1380 cm-1, ~1460 cm-1, ~2960 cm-1 and ~2990 cm-1) were observed. 

(Figure 3.5) 

The SEM micrographs of the MIPs and NIPs were shown in Figure 3.6. The 

non-uniform dispersions of particles showed irregular morphologies and rough 

surfaced structures. The difference of MIPs and NIPs in structural properties could 
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not be differentiated solely based on the SEM micrographs, but only the shape and 

morphology.  

 

 

Figure 3.3 The synthetic scheme of Spm-imprinted polymers (MIP). 
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Figure 3.4 FT-IR spectra of MIP in the 400-4000 cm-1 range. 

 

 

 

Figure 3.5 FT-IR spectra of NIP in the 400-4000 cm-1 range. 
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Figure 3.6 SEM micrographs of (a) MIP and (b) NIP (50K magnification). 
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3.2.2 Optimization of adsorption conditions of Spm on MIP 

3.2.2.1 pH effect 

As described in several reports, it is well-known that the pH and ionic strength 

of the buffers used for rebinding would influence the imprint specificity.21,22 

Therefore, it is important to develop standardized rebinding conditions for the 

evaluation of the imprinted polymers. The pH effect on the rebinding efficiency of 

Spm was studied in a solution of different pH range from 4.0 to 10.0 (Figure 3.7). 

The MIP (20 mg) were equilibrated with sodium carbonate buffer solutions (5 mL) 

containing Spm (5 ppm) under desired range of pH (4.0, 5.0, 6.0, 7.0, 8.0, 9.0 & 

10.0). The mixture of MIP and Spm solution was incubated for 15 min to facilitate 

the adsorption of the Spm onto the MIP. It was observed that the absorption 

efficiency of Spm onto MIP increases with the pH value and the maximum 

adsorption was achieved at pH = 10.0. The poor  adsorption efficiency observed 

at lower pHs may be as a result of the protonation of the amine group of Spm. 
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Figure 3.7 Effect of pH on the adsorption of Spm on MIP, conducted in 5 mL 

volume of sodium carbonate buffer (10 mM), with 5 ppm Spm concentration and 

20 mg of MIP dose. 

 

 

Figure 3.8 Influence of adsorbing time on the extraction of Spm. 
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3.2.2.2 Time effect 

The effect of time on adsorption of Spm was investigated by preparing mixture 

of MIP adsorbent (20 mg) and standard solutions (5 mL) of Spm (5 ppm) in 15 mL 

polypropylene centrifuge tubes. The mixtures were incubated for 15, 30, 60, 90 and 

120 min to facilitate efficient adsorption of Spm onto MIP. Supernatants were 

collected by centrifugation and the amount of free Spm in the filtrate solutions was 

quantified by DIMS. The adsorption % was obtained by the difference between free 

Spm and the initial amount of Spm (5 ppm) (Figure 3.8). 

 

3.2.2.3 Choice of washing and eluent solution 

Choice of eluent was critical in the process of analyte concentration, as it could 

facilitate the process and minimize the duration. 5ppm Spm was firstly extracted by 

the MIP, followed by testing against 5 mL of different organic solvents and acids 

of varying concentration. The results showed that the retained Spm could be washed 

more efficient by polar eluent (Table 3.1). The best recoveries were obtained using 

MeOH/acetic acid (8/2, v/v) as the eluent solution (94.5%), for the recoveries of 

Spm. 
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Table 3.1 Effect of type of eluent on extraction efficiency (n = 3). 

 

3.2.3 Selectivity and interference studies of MIP and NIP 

Urine samples’ composition are rather complex and contain high concentrations of 

interfering substances such as urea (9.3 g/L), creatinine (0.67 g/L), potassium (0.75 

g/L), other inorganic and organic compounds (proteins and metabolites), etc.22 The 

selectivity of MIP was evaluated in the presence of structurally related substances 

by adsorption studies. The substances of interest (Figure 3.9) were putrescine (Put), 

spermidine (Spd), acetylspermine (AcSpm), acetylputrescine (AcPut), N1-

acetylspermidine (N1-AcSpd), N8-acetylspermidine (N8-AcSpd), 

diacetylspermine (DiAcSpm), diacetylspermidine (DiAcSpd), cadaverine (Cad), 

histamine (His), creatinine (Cre) and urea (Ure). The binding of the MIP for Spm 



 96 

was compared with the above-mentioned substances, respectively. The adsorption 

experiments for each adsorbate were carried out under the same conditions (20 mg 

MIP or NIP) and the adsorbates were all at the same concentration of 5 ppm. The 

amount of free Spm and the above structurally related substances in the filtrate 

solutions were quantified by LC-MS/MS. The adsorption of protein onto the MIP 

was also investigated by batch experiments as mentioned above. Bovine serum 

albumin (BSA) and human serum albumin (HSA) were incubated with MIP and the 

concentrations of free protein were determined by BCA assay. The MIP showed no 

adsorption on either BSA or HSA. Adsorption of metal ions from aqueous solutions 

were investigated in similar batch experiments. The adsorption experiments for 

each metal ions were carried out under the slightly different conditions (20 mg MIP, 

incubation time: 15 mins) and the metal salts (calcium chloride, potassium chloride, 

magnesium chloride) were all at the same concentration of 5 ppm (5 mL). The 

concentration of the metal ions after incubation with MIP were measured by using 

ICP-OES. The obtained response was periodically compared with known Ca2+, K+ 

and Mg2+ solution standards (5 ppm). The results showed that there was strong 

adsorption of Ca2+ and Mg2+ onto the MIP, which would have an interfering effect 

on the selectivity of MIP as well as the detection of Spm from eluted solution. 

Therefore, in order to minimize the interference of metal ions present in urine, the 
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metal ions/sample solutions were treated with EDTA to remove free metal ions by 

complexation. The adsorption of the MIP for metal ions in the presence of EDTA 

are given in Table 3.2. 

 

Metal type Amount of EDTA added (mg) Adsorbed metal ions (ppm) 

Ca2+ 0 4.54 

 10 0 

K+ 0 0.44 

 10 0.099 

Mg2+ 0 2.23 

 10 0.102 

Adsorption conditions: pH 10.0 at RT. 

Table 3.2 Adsorption of metal ions on MIP in the presence of EDTA. 
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Figure 3.9 Chemical structures of the potential interfering substances present in 

urine. 
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Figure 3.10 Adsorption selectivity of Spm onto the MIP and NIP adsorbents in 

single solute solution: (a) in the absence of EDTA and (b) in the presence of EDTA. 
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In the presence of EDTA, the MIP showed limited adsorption of Ca2+, K+ and 

Mg2+ ions, since most free metal ions would chelate with EDTA for complexation. 

In order to further evaluate the effect of EDTA on MIP adsorption capacity and 

selectivity, the minimum amount of EDTA (10 mg) was chosen for further 

evaluation. 

As it is demonstrated in Figure 3.10(a), the MIP adsorbents have the highest 

adsorption efficiency for Spm among the sixteen adsorbates (≥ 2-fold except Ca2+), 

indicating the high adsorption selectivity for Spm. For most adsorbates, the MIP 

hardly showed imprinting effect which indicated preferential selectivity of the MIP 

for Spm. The rest, including Put, Spd, AcSpm, N1-AcSpd, DiAcSpd and Cad 

showing moderate adsorption efficiency (~20%) by the MIP might be attributed to 

their molecular similarity to Spm. In contrast, the NIP adsorbents showed high 

adsorption efficiency for Spm, Spd, AcSpm, N1-AcSpd, DiAcSpm, Cad and Ca2+, 

which demonstrated its unspecific adsorption and limited selectivity for Spm. In 

Figure 3.10(b), adsorption selectivity of Spm onto the MIP and NIP adsorbents in 

single-solute adsorption in the presence of EDTA were evaluated. The adsorption 

efficiency of the MIP on different adsorbates declined significantly in the presence 

of EDTA. The adsorption efficiency towards Spm remained the best among other 
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adsorbates (~50% vs >20%). For NIP, the similar declining trend in adsorption 

efficiency on all adsorbates was observed with no specificity towards Spm. 

 

 

Figure 3.11 Spm adsorption in binary mixture in the presence of interfering 

compounds and EDTA. 

 

In order to further investigate the sorption selectivity of the MIP for Spm, the 

above clinically relevant interferents encountered in urine (5 ppm) were added into 

Spm solution (5 ppm) to form a binary mixture (5 mL) and to evaluate their effects 

on Spm adsorption in a parallel cross-reactivity study. As shown in Figure 3.11, the 
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MIP still displayed good Spm adsorption efficiency of around between 15-20% at 

the presence of other adsorbates and EDTA. These results suggested the excellent 

competitive capacity of MIP for Spm extraction and could maintain good sorption 

selectivity of Spm in the presence of other interfering substances. This highly 

selective and competitive approach could be a promising tool for biological sample 

pre-treatment for the capturing of target analyte and eliminating unwanted 

interfering substances to facilitate associated bioanalysis. 

 

3.3 Conclusion 

In summary, we have developed a first attempt at using MIPs for the selective 

extraction of Spm from aqueous mixtures. The present study assessed the impact of 

parameters such as pH, contact time, choice of eluent on recovery of Spm; and 

comprehensive study on its selectivity. The developed MIP sorbents demonstrated 

excellent analytical performances based on selectivity. The results showed that this 

MIP combine with EDTA could offer good sorption selectivity towards Spm that 

this MIP is promising for selective capturing of Spm and clean up from complex 

aqueous solution. 
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CHAPTER 4. SELECTIVE FLUOROMETRIC “TURN-ON” SENSING OF 

SPERMINE WITH AGGREGATION-INDUCED EMISSION-ACTIVE 

TETRAPHENYLETHENES FOR PROSTATE CANCER SCREENING 

 

4.1 Introduction 

4.1.1 Spermine detection 

Polyamines are present in rapidly growing tissues, and play essential roles in 

important cellular activities.1,2 Explicitly, Spm is a polycation derived from amino 

acids, which is critical in immune response, neuron regulation and physiological 

events due to their cationic nature to easily bind cellular components and regulate 

the cell physiology.3 As described from the aforementioned chapters, urinary Spm 

have been found to be a promising biomarker for the differentiation between PCa 

and non-malignant BPH patients.4 Therefore, urinary Spm is of great significance 

in human health on disease diagnosis and monitoring. 

For the past two decades, spermine and its analogues could be detected using 

chromatography, capillary electrophoresis and mass spectrometry. Although these 

techniques provided accurate quantification and analysis on the targeted analyte, 

the tedious procedures and expensive instrumentation had limited its utilization on 

clinical sample analysis.5-10 Furthermore, polyamines are insensitive to light as they 
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shown neither natural UV absorption nor fluorescence as a result of lacking 

chromophore, which was another obstacle in polyamine detection by optical 

methods. Therefore, there is urgent needs to develop a simple, rapid and selective 

assay for the clinical detection of urinary Spm. 

In recent years, much effort has been made on developing novel Spm sensing 

platforms that are fluorescence-based in majority. These methods are based on the 

interactions between the structural design of inorganic complexes or nanoparticles 

with Spm and are more selective with real-time detection and “turn-on” responses 

in micro- or even nanomolar range for Spm detection. For example, Wang et al. 

developed a triplex complex of negatively charged double-stranded calf thymus 

DNA-stabilized cationic polythiophene for the optical detection of Spm, which was 

achieved by Spm-induced conformational change of polythiophene and observed 

by the yellow-to-red colour change and fluorescence quenching.11 Fletcher et al. 

prepared a Pb(II)-mediated dicarboxylated ethynylarene ‘turn-on’ fluorescence 

signaling selective to spermine at micromolar level.12 More recently, Singh et al. 

had developed a perylenediimide-sodium dodecylsulfate (DAB-PDI-SDS) 

ensemble system for the fluorescence turn-on detection for nanomolar detection of 

Spm through disassembly of the ensemble and recovery of the DAB-PDI 

fluorescence.13 Another common approach employed is by the use of gold 
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nanoparticles based on the aggregation-based detection showing improving 

detection limits.14-16 

As an alternative fluorogenic process, the concept of aggregation-induced 

emission (AIE) originally reported by Tang et al. has emerged as compelling 

strategy for the development of novel biosensors.17 Molecules that exhibit AIE 

properties have been extensively explored as attractive materials in the design of 

sensory systems. Owing to their advantages of low background interference, 

superior resistance to photobleaching, unique optical properties and excellent 

interface recognition ability afforded from functionalization, AIE-based sensors 

have attracted much research interest and regarded as a new class of powerful 

analytical tools for studying biological events.18 

 

4.1.2 Fundamentals of aggregation-induced emission (AIE) 

Aggregation-caused quenching (ACQ) 

Traditional organic luminogens are afflicted by “aggregation-caused 

quenching” (ACQ) effect for a long time, which is a devastating phenomenon that 

their fluorescence is weakened or quenched at high concentration or aggregated 

state. This phenomenon was attributed to the strong π-π stacking interaction, as the 

excited states decay through a non-radiative decay pathway and the emission is 
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quenched. DDPD in THF solution is a typical example of ACQ effect as it is highly 

emissive under UV excitation but the fluorescence is weakened upon addition of 

water (Figure 4.1A and B). The ACQ effect had significantly restricted the 

applications of these organic luminogens in broad areas and thus scientist had made 

great efforts to tackle this problem by different approaches.19,20 

 

Aggregation-induced emission (AIE) 

In 2001, Tang et al. had reported an unusual phenomenon of a molecule, 1-

methyl-1,2,3,4,5-pentaphenylsiloe, in which its light emission was enhanced by 

aggregation.17 This intriguing phenomenon was found to be opposite to the ACQ 

effect as the fluorophores were non-luminescent in dilute solution but highly 

emissive in its aggregation form. (See Figure 4.1) The breakthrough of AIE had 

provided a new insight for the development of fluorescent biosensors by taking 

advantage of luminogenic aggregate formation for the development of “turn on” 

and “light up” nanosensors.21 Hexaphenylsilole (HPS) is a silole molecule and is a 

good example illustrating the AIE phenomenon. HPS is highly soluble in certain 

organic solvents, such as acetonitrile, tetrahydrofuran and chloroform. HPS 

solutions in these above solvents were non-fluorescent but after the solvent 

evaporation or the addition of water, strong green emission could be observed as a 
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result of the aggregation of silole molecules (Figure 4.1C and D). 

 

 

 

Figure 4.1 Fluorescence photographs of (a) DDPD solutions in tetrahydrofuran-

water and (c) HPS solutions in acetonitrile-water mixtures containing different 

volume fractions of water; chemical structure of (b) DDPD and (d) HPS.20 
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Mechanism of AIE 

 

 

Figure 4.2 Examples of AIE luminogens (AIEgens) and their working 

mechanisms.20 

 

Restriction of intramolecular motion (RIM), includes restriction of 

intramolecular rotation (RIR) and restriction of intramolecular vibration (RIV), is 

the major cause of the AIE effect (Figure 4.2).21 Tetraphenylethene (TPE) is a 

typical AIE active molecules due to the RIR process. In dilute solution, the phenyl 

peripheries linked to its ethylene core can rotate freely within TPE and able to serve 

as a relaxation channel to consume the excitation energy through non-radiative 

decay, thus TPE is non-luminescent. In aggregated state, the rotations are restricted 

due to physical constraint and these relaxation channels (non-radiative pathway) 

are blocked and thus enables the excitations to decay radiatively and the TPE 

becomes emissive.20 



 112 

 

AIE-based fluorescent biosensor for clinical applications 

Over the last two decades, enthusiastic efforts by researchers had been made 

on the development of new AIEgens for fluorescence turn-on biomolecule detection 

with high sensitivity and selectivity. The conjugation and incorporation of targeting 

moieties onto these AIEgens have further enriched its application in biosensing. 

Some of the recent advances of AIE-based biosensors for clinical applications were 

summarised as followings in Table 4.1. 

 

Analyte type Analyte Disease Techniques Reference 

Biomarker Citrate Prostate cancer 
Diketoprrrolopyrrole (DDPD)-based; diamides 

for recognition 
22 

 PSA Prostate cancer TPE-SiO2 nanosphere 23 

Organelle Cancer-cell mitochondria Various cancer Mito-targeting TPP 24 

Protein Integrin αvβ3 Various cancer cRGD-TPE 25 

Metal ions Al3+ 

Neurodengerative 

disease 
Schiff base probe for Al3+ sensing 26 

 Zn2+ and Fe2+ N/A 
TPE-based “red-shift” detection for Zn2+and 

“turn-off” detection for Fe2+ 
27 

DNA ctDNA N/A ctDNA detection by AIE-polymer 28 

 

Table 4.1 AIE-based biosensors and chemosensor for clinical applications. 
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4.1.3 Design of Experiment 

In this work, based on our previous finding to consolidate the role of urinary 

Spm as a useful biomarker for prostate cancer screening, we report a new probe 

AIE-SO3 for the rapid detection of urinary spermine by employing the AIE-based 

sensing strategy towards this analyte. TPE is a common class of AIE luminogens 

(AIEgen), which is non-fluorescent in dilute solution but exhibit intense 

fluorescence upon aggregation. In dilute solution, its structure allows 

intramolecular rotation of the four peripheral phenyl groups to consume the 

excitation energy through non-radiative decay, and therefore its fluorescence is 

quenched; while in aggregate states, such rotation is restricted and thus it becomes 

emissive. 

In order to construct a highly sensitive and specific chemosensor, the TPE 

molecules are functionalized for specific sensing/capturing of target analyte. 

Introduction of targeting moiety of sulfonate (SO3-) unit to the TPE was aimed to 

endow it with high water solubility and recognition of our target analyte, spermine, 

a tetravalent cationic molecule, by electrostatic attraction.29 The anionic TPE 

fluorogen with sulfonate group was nonemissive in aqueous solution but its 

emission was intensified in the presence of spermine, as a result of the aggregation 

of spm-AIE-SO3 complex. The oligomerization reaction of two TPE molecules and 
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target analyte would form rigid oligomers and therefore activate the RIR process 

and hence the emission of TPE (Figure 4.3). 

 

 

 

Figure 4.3 (a) Molecular structure of AIE-SO3; (b) Schematic illustration for 

fluorescent “turn-on” response of spermine by AIE-SO3. 
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4.2 Results and Discussion 

4.2.1 AIE properties and Characterization 

For the present study, the photophysical behaviours of AIE-SO3 was firstly 

investigated by UV-vis and fluorescence spectroscopy. The UV-vis spectrum of 

AIE-SO3 in HEPES buffer (10 mM, pH 7.4) exhibits an absorption band maximum 

at 319 nm (Figure 4.4). The sensing properties of AIE-SO3 (20 µM) on Spm was 

investigated by monitoring the concentration-dependent absorption and 

fluorescence spectra upon addition of Spm (c[Spm]/c[AIE-SO3] = 0 – 8 equiv.) In 

the fluorescence spectrum, AIE-SO3 exhibited an emission band at 470 nm on 

excitation at 319 nm in HEPES buffer. As anticipated, AIE-SO3 was almost non-

fluorescent in its aqueous solution. The fluorescence intensity of AIE-SO3 

increased gradually upon addition of Spm to the solution. For instance, the 

fluorescence intensity at 470 nm of AIE-SO3 was monitored. The fluorescence 

intensity at 470 nm increased dramatically with addition of Spm and its 

fluorescence intensity at 470 nm (c[Spm]/c[AIE-SO3] = 0.20) represented an 

approximately 92-fold increase relative to the original value (Figure 4.5). The 

increased fluorescence intensity gradually reached its saturation when [Spm] at 

around 6 µM (Figure 4.6 for the fluorescence intensity (F/F0) of probe AIE-SO3 
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(20 µM) against different concentrations of Spm (c[Spm]/c[AIE-SO3] = 0 – 8 

equiv.)). 

 

 

Figure 4.4 Absorption spectra of AIE-SO3 (20 μM) with different concentrations 

(0 – 4 µM) of Spm in HEPES buffer (10 mM, pH = 7.4) at 25°C. 
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Figure 4.5 Fluorescence spectra of AIE-SO3 (20 μM) upon incubation with 

spermine for different concentration (0 – 400 nM) in HEPES buffer (10 mM, pH = 

7.4) at 25°C. (λex = 319 nm) The inset shows a linear relationship (R2 = 0.98504) 

between fluorescence intensity (F/F0) at 470 nm and concentrations of Spm (0 – 4 

μM). F and F0 correspond to the fluorescence intensity of AIE-SO3 in the presence 

and absence of Spm respectively. 
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Figure 4.6 Fluorescence intensity (F/F0) of probe AIE-SO3 (20 µM) against 

different concentrations of Spm (c[Spm]/c[AIE-SO3] = 0 – 8 equiv.). 
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The linearity, LOD and LOQ of the assay were further investigated. Under the 

optimal conditions, different concentrations of Spm (0 – 4 µM) were interacted with 

AIE-SO3, the slope and intercept were obtained by the least square linear 

regression between the aggregation degree of AIE-SO3 (expressed as F/F0) and the 

concentrations of Spm. The LOD was calculated to be 1.54 µM, which was more 

sensitive than the previous reports.31 This low LOD was proficient to detect the 

urinary Spm level in the clinical urine samples and to distinguish between PCa 

patient and BPH patient with the detection threshold determined to be 3.5 µM of 

best sensitivity and specificity that reported previously.4 

In addition to the Spm sensing properties of AIE-SO3, the AIE phenomenon 

was also supported by the results of transmission electron microscopy (TEM), 

which demonstrate the sizes of aggregates obtained in the absence of Spm and in 

the presence of Spm. The morphology of the aggregated structures of AIE-SO3 

was captured and it is noted that no obvious morphology of the particles was found 

in the absence of Spm (Figure 4.7). All the above results demonstrated that the 

fluorescence enhancement of AIE-SO3 was attributed to its interaction with Spm. 
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Figure 4.7 Transmission electron microscopy (TEM) images of AIE-SO3 upon 

addition of spermine (a) 0 µM, (b) 4 µM and (c) 160 µM. 

  



 121 

4.2.2 Selectivity study towards Spm 

Clinical urine samples’ composition is rather complex and contain high 

concentrations of interfering substances such as urea (9.3 g/L), creatinine (0.67 g/L), 

potassium (0.75 g/L), other inorganic and organic compounds (proteins and 

metabolites), etc.32 As previously mentioned, the aggregation of AIE-SO3 was 

induced by the electrostatic interaction between Spm and the sulfonate group of 

AIE-SO3. Some polycationic amine that were structurally similar to Spm and 

inorganic salts may disturb the detection of Spm in their biological occurrence. In 

order to demonstrate the selectivity of probe AIE-SO3 towards Spm, series of 

experiments were performed to evaluate its selectivity by monitoring the 

fluorescence response in the presence of structurally related analytes. The detection 

performance of AIE-SO3 on different analytes was illustrated as shown in Figure 

4.8. The results showed that the presence of spermine and spermidine induced 

extraordinary enhancement in fluorescence intensity at 470 nm while the resulting 

analytes did not show any remarkable change in fluorescence intensity. The turn-

on fluorescence response of AIE-SO3 demonstrated its good selectivity towards 

tetracationic spermine over tricationic spermidine and other diamines and 

monoamines. These selectivity study results had certainly demonstrated the 
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superior specificity and selectivity of the proposed probe AIE-SO3 towards Spm 

and Spd and its promising practical application in more complex environment. 

 

 

 

Figure 4.8 Fluorescence spectra of AIE-SO3 (20 μM) upon incubation with various 

polyamines and inorganic salts (0.2 equiv.) in HEPES buffer (10 mM, pH = 7.4) at 

25°C (λex = 319 nm). 
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4.2.3 Analysis of artificial urine samples 

The diminished level of urinary Spm in PCa patients is related to the 

overexpression of spermine oxidase (SMO) and spermidine/spermine N1-

acetyltransferase (SSAT) that was observed in cancerous prostatic tissues. The 

increased expression of these enzymes would up-regulate Spm catabolism and 

therefore leading to declined urinary Spm level.4 To investigate the practical utility 

of the proposed probe for the determination of urinary Spm level, the sensor AIE-

SO3 was incubated with artificial urine (AU) solutions, which contains urea, Spm 

and several inorganic salts to simulate real urine components. Fluorometric assay 

of Spm (0 – 50 μM) in HEPES buffer and AU solution were performed and the 

fluorescence emission spectra was obtained (Figure 4.9). As shown in Figure 4.10, 

AIE-SO3 was capable for detecting Spm in AU as it was observed in HEPES buffer. 

The fluorescence response (F470) of AIE-SO3 towards Spm in AU solution 

demonstrated the promising applicability of AIE-SO3 for biomedical analysis and 

for Spm quantification in real clinical samples. 
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Figure 4.9 Fluorescence emission spectra of AIE-SO3 (20 µM) upon addition of 

spermine at different concentration (0 – 50 µM) in artificial urine solution at 25°C. 

The spectra were obtained after incubation for 15 min. (λex = 319 nm). 
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Figure 4.10 Fluorometric assays of Spm (0 – 50 µM) in HEPES buffer (10mM, pH 

7.4) and in artificial urine solutions. Fluorescence intensity at 470 nm was measured 

as a function of Spm concentration. 
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4.3 Conclusions 

In this work, a highly sensitive and rapid detection assay based on AIE 

molecules for urinary Spm in nanomolar levels has been developed. The new probe 

AIE-SO3 showed good AIE properties and demonstrated good specificity towards 

the target analyte of Spm with a visualized colour change from nonfluorescent to 

blue under UV excitation. The results showed the enhanced LOD (1.54 μM) would 

be proficient for detection of trace Spm. The fluorometric assay of Spm in AU 

solution also demonstrated the practical potential of AIE-SO3, suggesting its good 

application prospect for Spm detection in more complex physiochemical 

environment.  
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CHAPTER 5. CONCLUSION, PERSPECTIVES AND FUTURE WORK 

 

5.1 Conclusion 

Biomarker discovery, validation and development of clinical assay are 

essential for improving diseases diagnosis, monitoring, as well as development of 

novel treatment strategy. These processes include wide range of techniques and 

interdisciplinary research expertise. In this thesis, we have presented and evaluated 

different approaches on the identification and sensing of biomarkers towards PCa.  

Firstly, in Chapter Two, we have utilized LC-MS/MS based metabolomics 

approach with improved sampling of post-massage urine collection for a more 

comprehensive and accurate study of urinary polyamines as biomarkers towards 

PCa. The important role of urinary Spm as PCa biomarker was consolidated and 

both normalized and unnormalized urinary Spm demonstrated good diagnostic 

performance with the AUC value of 0.75 ± 0.043 and 0.78 ± 0.040 respectively, for 

the differentiation between cancerous and non-malignant cases. In more details, 

upon further evaluation and comparison of urinary Spm content in low grade and 

high grade PCa (samples of GS 6-7 and GS 8-10), our study confirms that the PCa 

aggressiveness can be assessed by urinary Spm content as it demonstrated a 

significant difference (823.0 in low grade and 476.5 in high grade; p = 0.0461). This 
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work represents a proof-of-principle study of urinary Spm as a highly specific and 

sensitive biomarker towards PCa monitoring and research. 

Secondly, in Chapter Three, based on the findings of urinary Spm acting as a 

biomarker towards PCa, a Spm-imprinted polymer was prepared by polymerization 

of acrylic acid in the presence of Spm. This MIP showed specific affinity towards 

Spm over a series of interfering substances. In order to minimize the interference 

from metal ions that are abundant in urine, an alternative extraction approach was 

employed by the addition of EDTA, which would assist in the removal of free metal 

ions by complexation. The results suggested excellent competitive capacity of Spm 

in the presence of other interfering substances. This work described the first attempt 

of using highly selective MIP for Spm, as prostate cancer biomarker, and it is 

promising for selective capturing of Spm and clean up from complex aqueous 

solution. 

Lastly, in Chapter Four, a TPE-based fluorescent probe, AIE-SO3, was 

developed for specific sensing of Spm by functional incorporation of a sulfonate 

moiety onto AIEgen TPE. It is demonstrated that the electrostatic interaction 

between Spm and AIE-SO3 can be used to detect Spm with high sensitivity and 

specificity. This probe is non-fluorescent in dilute aqueous solution, but it gives 

concentration-dependent turn-on fluorescence response in the presence of Spm 
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ranging from 0 – 4 μM with a detection limit of 1.54 μM. This work has 

demonstrated good applicability in complicated artificial urine matrices and its 

practical potential for Spm detection in more complex physiochemical environment. 

 

5.2 Perspectives and future work 

Despite the controversy and limitations of poor specificity and sensitivity, 

serum PSA test was regarded as the gold standard biomarker for prostate cancer 

diagnosis and management for many years. The search of new biomarker and 

development of clinical assay have been ongoing to face the urgent need for PSA 

supplement or even replacement. In the first part of this work, we have reported our 

effort by employing metabolomics for the identification and evaluation of the 

superior diagnostic performance of urinary Spm towards PCa over other 

investigated polyamines and the urinary Spm levels can reflect the aggressiveness 

of PCa. Nevertheless, the study has several limitations such as the lack of 

comparison between pre-massage urine and post-massage urine and the limited 

sample size. The future work on urinary polyamines will be focused on the 

following directions: (1) Further elucidation of the relationship of urinary Spm level 

to PCa; and (2) Further evaluation on its diagnostic performance. These can be done 

by employing multi-centre cohorts’ study, which are essential in cross-sectional 
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analysis of increased sample size and across several control populations for better 

validation of biomarker. 

In our present pilot study, the sampling criteria is limited to male patients (aged 

over 50) with PSA level greater than 4 mg/ml or clinical suspicious of PCa. 

Contrariwise, about 15% of men with a low level of PSA (<4.0 ng/mL) have PCa, 

and 15% of these display advanced Gleason scores.1 Our findings of urinary Spm 

level acting as secondary screening tool based on PSA level may not fully evaluate 

and tackle the poor specificity and sensitivity of PSA. Therefore, the sampling 

criteria is another major concern for further evaluation of the urinary Spm as PCa 

biomarker. For a more comprehensive study and analysis of urinary Spm diagnostic 

performance towards PCa, we should consider by varying the sampling criteria and 

parameters, such as extending the PSA value beyond the grey-zone to below 4ng/ml 

and the patient age should not limited to over 50 for a more extended age-depending 

statistical analysis of metabolic profiling and fingerprinting of PCa. 
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Figure 5.1 Future challenges and unmet needs in prostate cancer biomarker 

research.1 

 

It is clear that sole biomarker may not be sufficient to tackle all future 

challenges and unmet needs in PCa diagnosis, for example, to identify and 

distinguish localized and metastatic PCa. (Figure 5.1) As a result, numerous or 

combined biomarkers as diagnostic and predictive panel/score/index is emerging as 

the new wave and next generation of biomarkers. Metabolomic profiling has been 

proven to be useful for cancer biomarker discovery. On top of urinary polyamines, 

our next plan includes the search for more new urine-based biomarker by  

screening of metabolites of a relatively broad class like amino acids. In particular,  

sarcosine profiling, an N-methyl derivative of the amino acid glycine, and related 
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metabolites as potential PCa biomarkers has been described by Khan et al. on its 

role in PCa progression.2 The glycine N-methyl transferase (GNMT) in the 

metabolic pathway of sarcosine (Figure 5.2) was found to be involved in the 

metabolism of PCa tissues and the GNMT expressions are more abundant in PCa 

cell than in normal prostate epithelial cells.3 Thus, the overexpression of GNMT 

would influence the biosynthesis and therefore the sarcosine level in the body 

(Figure 5.3). Despite the promising findings on sarcosine level and GNMT 

overexpression being correlated with PCa, there are controversies in previous 

studies on the suitability of sarcosine as an ideal biomarker towards due to the 

disputed conclusions (Table 5.1). Our future work towards the identification of new 

PCa biomarkers will be focus on metabolomic profiling of urinary sarcosine and 

selected amino acids, including arginine and proline,4 followed by statistical 

analysis for any significant altering concentrations in urine. Then, to interpret 

whether these selected analytes are disease-specific and to assess the absolute level 

of biomarker expression and its dynamic range/effective cut-off value for enhanced 

sensitivity and specificity towards PCa. 
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Figure 5.2 Metabolic pathway of sarcosine.3 

 

 

Figure 5.3 Role of sarcosine as PCa biomarker.5 
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Number of 

patients 
Diagnosis 

Detection 

method 

Sample 

matrix 
[Sarcosine] Ref 

10 Non-specific PCa Enzyme assay Urine + 6 

29 
Low differentiated acinar 

prostate adenocarcinoma 
N/A Urine + 7 

14 Metastatic PCa GC-MS Urine + 8 

71 

Medium differentiated 

prostate acinar 

adenocarcinoma 

N/A Urine + 7 

106 Non-specific PCa GC-MS Urine - 9 

15 Non-specific PCa GC-MS Urine + 10 

33 Metastatic PCa GC-MS Urine + 11 

86 Non-specific PCa 
qPCR, LC-MS, 

Western blot 
Urine + 12 

13 

Medium differentiated 

prostate acinar 

adenocarcinoma 

LC-MS Urine + 13 

290 Metastatic PCa 
Fluorometric 

assay 
Urine + 14 

18 Metastatic PCa LC-MS Serum - 15 

Table 5.1 Disputed findings on altered concentrations of sarcosine in PCa patients. 
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In Chapter Three, we have demonstrated that Spm-imprinted MIP as selective 

sorbent material for the capturing of Spm from aqueous mixture. Future 

perspectives on improving the design would be focus on several areas: (1) 

Development of MIP into SPE sorbent for the regeneration of column and 

repeatedly constant binding capacity and specificity; (2) there are large number of 

monomers available for MIP preparation and more efforts are required to expand 

monomers with various functional groups such as carboxylate, hydroxyl and amine 

located on different positions through molecular design and chemical synthesis for 

enhanced recognition of analyte (Figure 5.4 shows some examples of commonly 

used monomer for the preparation of MIP); (3) To evaluate the applicability of 

magnetic MIP, in combination with magnetic nanoparticles, such as Fe3O4 for the 

development of a more rapid and eco-friendly clean-up method of Spm from 

aqueous mixture or even clinical urine samples.16 
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Figure 5.4 Examples of commonly used monomer for the preparation of MIP.17 

 

Last but not least, in Chapter Four, a TPE-based fluorescent probe, AIE-SO3, 

was developed for specific sensing of Spm by functional incorporation of a 

sulfonate moiety onto AIEgen TPE. In the presence of Spm, the UV-excited AIE-

SO3 becomes emissive and provide a high sensitivity for Spm sensing by 

responding to the Spm-induced aggregation of the probe. The proven practicability 

of AIE-SO3 in artificial urine solution demonstrated this approach is a promising 

and practical sensing method towards Spm for PCa screening. We foresee some 

possible improvement can be done in the future by the modification of the targeting 
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functional moiety to improve its sensitivity in aqueous matrix. (Figure 5.5) Also, 

the sensing feasibility of the probe in clinical urine sample analysis will be carried 

out for a more comprehensive study of the probe’s specificity and sensitivity 

towards urinary Spm in the presence of more interfering substances in real clinical 

urine samples. 

 

Figure 5.5 Possible modifications on AIE-SO3 with different targeting moiety for 

Spm interaction. 
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CHAPTER 6. EXPERIMENTAL PROCEDURES 

 

6.1 Experimental procedures for Chapter 2 

Clinical samples 

142 male patients (age > 50) with PSA level greater than 4 ng/ml or clinical 

suspicious of PCa who agreed to undergo transrectal ultrasound (TRUS)-guided 

prostate biopsy were recruited for blood sample collection and informed consents 

were acquired. Blood samples from the recruited patients were collected 

immediately before TRUS biopsy. After blood taking, the samples were centrifuged 

within 3 hours and the serum was stored at -80°C. The tPSA, free PSA (fPSA), 

p2PSA of the bloods were analysed using the Beckman Coulter Access 2 

Immunoassay System (Beckman Coulter Inc, Brea, CA, USA). The TRUS prostate 

biopsy was performed with 10 biopsies taken at peripheral zone of the prostate 

gland. The biopsy specimens were evaluated by experienced genitourinary 

pathologists. PCa was graded according to International Society of Urological 

Pathlogy 2005 consensus.1 

Digital rectal examination (DRE) was performed by applying firm pressure 

that depress the prostate surface between 0.5 to 1 cm, from base to apex and from 

the lateral to the median line for each lobe using 3 stokes per lobe. Post-DRE urine 
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samples were collected and stored at -80°C within 24 hours until measurement. All 

measurements were conducted within three months after collection. All 

pathological examinations were conducted at Prince of Wales Hospital, The 

Chinese University of Hong Kong, Hong Kong under supervision of experienced 

uro-pathologists. This study was reviewed and approved by the Clinical Research 

Ethical Committee of the Chinese University of Hong Kong, and it was performed 

strictly according to the guidelines developed by that committee. 

 

Materials and Methods 

Methanol and acetonitrile were obtained from ACROS (HPLC grade, ≥99.9%). 

Water was purified in a MilliQ Direct Water Purification System (Millipore, USA). 

All standard compounds, including 1,4-Diaminobutane (Put), spermidine (Spd, 

≥99.0%), spermine (Spm, ≥99.0%), acetylputrescine (AcPut), N1-acetylspermidine 

(N1AcSpd), N8-acetylspermidine (N8AcSpd), diacetylspermidine (DiAcSpd), 

acetylspermine (AcSpm), diacetylspermine (DiAcSpm), 1,4-Diamino(butane-d8) 

dihydrochloride, spermidine–(butane-d8) trihydrochloride (98 atom %D, 95% CP), 

spermine–(butane-d8) tetrahydrochloride (97 atom % D, 95% CP), N1-

acetylspermidine-d6 dihydrochloride, N8-acetylspermidine-d3 dihydrochloride, 

N1,N8-diacetylspermidine-d6, N1-acetylspermine-d3 trihydrochloride, N1,N12-
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diacetylspermine-d6 dihydrochloride and heptafluorobutyric acid (HFBA, ≥99.0%) 

were purchased from Sigma-Aldrich (Hong Kong, China) and Toronto Research 

Chemicals (Toronto, Canada). Strong Anion Exchange SPE cartridges were 

obtained from Phenomenex (Strata, 100mg/3mL, USA). Centrifugation was 

performed using a Refrigerated centrifuge obtained from Eppendorf (5417R, Hong 

Kong, China). 

 

Determination of creatinine 

The determination of creatinine (Cre) concentration in urine samples were 

achieved by LabAssay™ Creatinine assay (Wako, Japan) based on Tsoi’s method 

and measured by a Clariostar Monochromator Microplate Reader (BMG Labtech, 

Hong Kong).2 

 

Standard preparation for determination of polyamines 

Stock solutions (5000μg/ml) of each polyamine (Put, Spd, Spm, AcPut, 

N1AcSpd, N8AcSpd, DiAcSpd, AcSpm, DiAcSpm were prepared in water 

separately. A series of working standards with polyamine concentrations of 10, 25, 

50, 100, 250, 500, 100 ng/ml in water respectively. For internal standards (Table 

6.1), each IS working solution (1μg/ml) in water according to Tsoi’s method.2 
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Sample/standard pretreatment for determination of polyamines 

The sample preparation procedures followed the method developed by Tsoi2 

and Häkkinen et al. with slight modifications.3 Firstly, urine samples/standards 

were thawed and centrifuged for 5 min at 13000 rpm at room temperature. 120 μL 

of urine sample/standard supernatant and 60 μL of IS working solution were mixed 

with 420 μL of water. 550 μL of these IS containing solutions were passed through 

SPE cartridges that had been conditioned and equilibrated by 1 mL methanol and 

water respectively. Next, the target analyte polyamines were eluted by water (450 

μL). After the elution of polyamines, these SPE treated samples (400 μL) were 

mixed with 100 μL of 10% HFBA for instrumental analysis. Concentrated urine 

samples that exceeded the calibration points were diluted with water and followed 

by the above preparation process. 

 

Instrumentation and statistical analysis 

The instrumental analysis was carried out by UPLC-MS/MS(QQQ). LC 

separation was done by an Agilent 1290 Infinity Quaternary LC system while mass 

analysis was done by an Agilent 6460 Triple Quadrupole mass spectrometer 

equipped with an Agilent Jet Stream technology electrospray ionization source. The 
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column used was an Agilent EclipsePlus C18 RRHD (2.1x50 mm, 1.8 μm) 

protected with an Agilent SB-C18 guard column (2.1x5 mm, 1.8μm). 

The LC elution profiles were as follows: mobiles phase A was water with 0.1% 

HFBA; mobile phase B was acetonitrile with 0.1% HFBA. Firstly, mobile phase A 

decreased from 95% to 60% in 10 minutes, and from 60% to 10% in 1 minute. 

Afterwards the gradient was held constant for 5 minutes. The gradient was then 

increased from 10% to 95% in 1 minute, and held constant for 8 additional minutes. 

(Total run-time = 25 minutes) The autosampler temperature was set at 4°C and and 

the column temperature was set at 35°C. The injection volume was 10 μL. 

Nebulizer pressure was 45 psi. Sheath gas temperature was set as 250°C with 

11 L/ min flow rate. Capillary voltage was set as 3500V. For mass detection, 

scheduled multiple reaction monitoring (MRM) was performed. The information of 

MRM transitions can be found in Table 6.2. (See Figure 6.1 for the UPLC-MS/MS 

MRM chromatograms of polyamines standard) The result was calculated using 

Agilent MassHunter Workstation software. For statistical analysis, the ROC curve 

and the AUC were obtained by using GraphPad Prism 6 (GraphPad Software, San 

Diego, CA, USA). 
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Polyamine Internal Standard 

Putrescine Putrescine-d8 

Spermidine Spermidine-d8 

Spermine Spermine-d8 

Acetylputrescine N1-acetylspermidine-d6 

N1-acetylspermidine N1-acetylspermidine-d6 

N8-acetylspermidine N8-acetylspermidine-d3 

Diacetylspermidine Diacetylspermidine-d6 

Acetylspermine N1-acetylspermine-d3 

Diacetylspermine Diacetylspermine-d6 

 

Table 6.1 Target polyamines analyte and their corresponding internal standards. 
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Compound Parent 

mass 

Product 

mass 

Dwell  

time (ms) 

Fragmentor 

(eV) 

Collision 

energy (eV) 

Cell accelerator 

Voltage (V) 

Putrescine 89 72* 100 90 6 3 

Spermidine 146 112* 100 90 12 3 

 146 72 100 60 18 3 

Spermine 203 129* 100 90 6 3 

 203 112 100 90 12 3 

Acetylputrescine 131 114* 100 60 6 3 

 131 72 100 90 24 3 

N1-acetylspermidine 118 110* 100 90 18 3 

 118 72 100 90 24 3 

N8-acetylspermidine 118 114* 100 90 18 3 

 118 72 100 90 24 3 

Diacetylspermidine 230 100* 100 90 18 3 

 230 72 100 90 30 3 

Acetylspermine 245 129* 100 90 12 3 

 245 112 100 90 18 3 

Diacetylspermine 287 171* 100 90 12 3 

 287 100 100 90 24 3 

Putrescine-d8 97 80* 100 60 6 3 

Spermidine-d8  154 120* 100 90 12 3 

 154 80 100 60 18 3 

Spermine-d8 211 137* 100 90 12 3 

 211 120 100 90 18 3 
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N1-acetylspermidine-d6 194 106* 100 90 18 3 

 194 72 100 90 18 3 

N8-acetylspermidine-d3 191 117* 100 90 18 3 

Diacetylspermidine-d6 236 103* 100 90 18 3 

 236 75 100 90 0 3 

N1-acetylspermine-d3 248 129* 100 90 12 3 

 248 112 100 90 18 3 

Diacetylspermine-d6 293 174* 100 90 12 3 

 293 103 100 90 24 3 

* Denoted the quantifier transitions 

Table 6.2 MRM transitions, dwell time, fragmentor, collision energy and cell 

accelerator voltage of the target polyamines analytes and their corresponding 

internal standards. 
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Figure 6.1 UPLC-MS/MS MRM chromatograms of 1000 ppb polyamines 

standard. 

 

6.2 Experimental procedures of Chapter 3 

Reagents and apparatus 

2,2’-Azobis(2-methylpropionitrile) (AIBN), acrylic acid (AA), ethylene 

glycol dimethyl acrylate (EGDMA), edetic acid (EDTA), 1,4-Diaminobutane (Put), 

spermidine (Spd, ≥99.0%), spermine (Spm, ≥99.0%), acetylputrescine (AcPut), N1-

acetylspermidine (N1AcSpd), N8-acetylspermidine (N8AcSpd), N1,N8-

diacetylspermidine (DiAcSpd), acetylspermine (AcSpm), diacetylspermine 

(DiAcSpm), 1,4-Diamino(butane-d8) dihydrochloride (d8-Put), spermidine–
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(butane-d8) trihydrochloride (98 atom %D, 95% CP) (d8-Spd), spermine–(butane-

d8) tetrahydrochloride (97 atom % D, 95% CP) (d8-Spm), N1-acetylspermidine-d6 

dihydrochloride (d6-N1AcSpd), N8-acetylspermidine-d3 dihydrochloride (d3-

N8AcSpd), N1,N8-diacetylspermidine-d6 (d6-DiAcSpd) N1-acetylspermine-d3 

trihydrochloride (d3-AcSpm), N1,N12-diacetylspermine-d6 dihydrochloride (d6-

DiAcSpm), cadaverine (Cad), histamine (His), creatinine (Cre), urea (Ure), 

magnesium chloride (MgCl2), potassium chloride (KCl), calcium chloride (CaCl2), 

bovine serum albumin (BSA), human serum albumin (HSA), acetic acid, dimethyl 

sulfoxide (DMSO), hydrochloric acid, sodium bicarbonate, sodium carbonate and 

sodium hydroxide were obtained from Sigma-Aldrich (Hong Kong, China) and 

Toronto Research Chemicals (Toronto, Canada). Acetone, acetonitrile (ACN), 

Ethanol (EtOH) and methanol (MeOH) were obtained from ACROS (USA). (HPLC 

grade, ≥99.9%). All chemicals and reagents were of analytical grade and were used 

without further purification. Water was purified in a MilliQ Direct Water 

Purification System (Millipore, USA). Quantification of Spm was performed by 

direct infusion mode on an Agilent 1290 Infinity Quaternary LC system coupled 

with Agilent 6460 Triple Quadrupole mass spectrometer equipped with an Agilent 

Jet Stream technology electrospray ionization source. The LC elute profiles were 

mobile phase of water-acetonitrile, at the volumetric ratio of 70:30 with 0.1% v/v 
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formic acid with a flow rate of 0.2 mL min-1, run time of 3 minutes and injection of 

5µL. Multiple reaction monitoring (MRM) was performed and the information of 

MRM transitions can be found in Table 6.3 (all analytes and their corresponding 

internal standards). pH of solutions was adjusted using a model Mettler Toledo 

FiveEasy pH meter F20. Infrared (IR) spectra of grounded polymer were recorded 

on an Agilent Cary 670 FT-IR spectrometer. Scanning electron microscope (TEM) 

images were captured by LEO 1530 field emission SEM (Zeiss, Germany). 

Elemental analysis was performed by inductive coupled plasma optical emission 

spectrometer (ICP-OES) for the determination of metal ions. Protein quantitation 

was performed with Pierce BCA Protein Assay Kit (ThermoFisher, UK) as 

colorimetric detection at 562nm for total protein concentration. 

 

Preparation of MIPs 

Spm (0.2 g, 1 mmol) was dissolved in 10 mL of DMSO (as porogen) in a 50 

mL round bottom flask. AA (0.15 mL, 2 mmol) and EGDMA (1.89 mL, 10 mmol) 

as cross-linker were added to the solution and mixed well. The mixture was 

degassed with nitrogen gas flushing for 15 min to remove oxygen. Then, AIBN (82 

mg, 0.5 mmol) as initiator was added and the mixture was further degassed for 30 

min, sealed and incubated at room temperature for 6 h. Then, the reaction mixture 
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was heated in oil bath and maintained at 65°C for 12 h. The resulting polymer was 

ground and washed with methanol/acetic acid (8/2, v/v) for 24 hours in the Soxhlet 

extractor and repeated for several times, followed by washing with methanol to 

remove the residual acetic acid until neglectable Spm was detected in the washing 

solvent by mass spectrometry. The obtained particles were freeze-dried under 

vacuum and sieved to obtain fractions with the size of 25 μm, which were used for 

rebinding studies. Non imprinted reference polymers (NIP) was prepared under the 

same conditions in the absence of template (Spm). 

 

Rebinding experiments 

Batch adsorption experiments were used to evaluate the binding affinity of the 

imprinted polymer as reported before.4 The general procedure for the extraction of 

Spm by the MIP was as follows: 10mg of polymer particles were added in 15 mL 

polypropylene tube containing Spm solutions (10 mM sodium carbonate buffer) of 

various concentrations and different pH. The mixtures were well-shake at RT for 

15 minutes. An aliquot of the supernatant was separated by centrifugation (14000 

RPM, 3 min) and the Spm content was determined spectrometrically according to 

the mentioned method by LC-MS/MS. Three replicate extractions and 

measurements were performed for each aqueous solution. The adsorbed Spm was 
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stripped from the MIP by treatment with 5mL MeOH/acetic acid (8/2, v/v) and 

stirred continuously at 300rpm and RT for 15 minutes. The final Spm concentration 

in the aqueous phase was determined and the same procedure was followed for NIP 

particles. 
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Compound 
Parent 

mass 

Product 

mass 

Dwell time 

(ms) 

Fragmentor 

(eV) 

Collision 

energy (eV) 

Cell accelerator 

Voltage (V) 

Putrescine 89 72* 100 90 6 3 

Spermidine 146 112* 100 90 12 3 

 146 72 100 60 18 3 

Spermine 203 129* 100 90 6 3 

 203 112 100 90 12 3 

Acetylputrescine 131 114* 100 60 6 3 

 131 72 100 90 24 3 

N1-acetylspermidine 118 110* 100 90 18 3 

 118 72 100 90 24 3 

N8-acetylspermidine 118 114* 100 90 18 3 

 118 72 100 90 24 3 

Diacetylspermidine 230 100* 100 90 18 3 

 230 72 100 90 30 3 

Acetylspermine 245 129* 100 90 12 3 

 245 112 100 90 18 3 

Diacetylspermine 287 171* 100 90 12 3 

 287 100 100 90 24 3 

Cadaverine 103 86* 100 50 5 3 

Histamine 112 95* 100 70 10 3 

Creatinine 114 44* 100 90 15 3 

Urea 61 44* 100 70 15 3 

Putrescine-d8 97 80* 100 60 6 3 

Spermidine-d8  154 120* 100 90 12 3 

 154 80 100 60 18 3 
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Spermine-d8 211 137* 100 90 12 3 

 211 120 100 90 18 3 

N1-acetylspermidine-d6 194 106* 100 90 18 3 

 194 72 100 90 18 3 

N8-acetylspermidine-d3 191 117* 100 90 18 3 

Diacetylspermidine-d6 236 103* 100 90 18 3 

 236 75 100 90 0 3 

N1-acetylspermine-d3 248 129* 100 90 12 3 

 248 112 100 90 18 3 

Diacetylspermine-d6 293 174* 100 90 12 3 

 293 103 100 90 24 3 

* Denoted the quantifier transitions 

Table 6.3 MRM transitions, dwell time, fragmentor, collision energy and cell 

accelerator voltage of the target polyamines analytes and their corresponding 

internal standards. 

 

6.3 Experimental procedures of Chapter 4 

Reagents and apparatus 

4-(1,2,2-triphenylvinyl)phenol was purchased from Jilin Province Yanshen 

Technology Co., Ltd. 1,3-Propane sultone was purchased by Aladdin chemistry. 

Spermine, spermidine, propylamine, butylamine, benzlamine, hexylamine, aniline, 

1,3-propanedi amine, 1,2-ethylenedi amine, cyclen, ethanol amine, 3-amino-1-
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propanol, diisopropylamine, dibutylamine, cyclohexanamine, 2-picolylamine, 

dopamine, lysine, urea, sodium chloride, magnesium chloride, calcium chloride, 

lithium chloride, potassium chloride, zinc chloride, ammonium chloride and 

sodium methoxide were purchased from Sigma-Aldrich. All the chemicals obtained 

from commercial sources were analytical pure and used without further purification. 

The sample solutions in containing HEPES (10 mM, pH=7.4) buffer for spectral 

studies were further prepared (HEPES=N-2-hydroxyethylpiperazine-N- 2׳ -

ethanesulfonic acid). 

1H NMR spectra was recorded in DMSO-d6 on a Bruker Avance-III 

spectrometer operating at 400 MHz (Bruker, Germany). The UV-Vis absorption 

spectra were recorded using a Cary 8453 UV-Vis Spectrometer (Agilent, Hong 

Kong, China). Fluorescence spectra were recorded using a FluroMax-4 

SpectroFluorometer (Horiba, Kyoto, Japan). The morphologies of AIE-SO3 

aggregates were analyzed on a FEI Tecnai G2 20 S-Twin transmission electron 

microscope (TEM) with an accelerating voltage of 200kV (ThermoFisher, Oregon, 

USA). 
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Synthesis of probe AIE-SO3 

The preparation of the target sensor AIE-SO3 is based on a previous reported 

method with slight modification (Figure 6.2).5 Firstly, to a suspension of 4-(1,2,2-

triphenylvinyl)phenol (0.46 g, 1.32 mmol) in 20 mL of methanol, a solution of 

sodium methoxide (0.10 g, 1.85 mmol) in 10 mL of methanol was added slowly in 

15 minutes. The resulting mixture was stirred at room temperature for one hour; 

followed by addition of a solution of 1,3-propane sultone (155 mg, 1.27 mmol) in 

5 mL of methanol. The resulting solution was stirred for 12 h until white solid 

appears. The product was collected by filtration and washed with ethanol and 

acetone several times to give a white solid AIE-SO3 90 mg, yield 14.4%. 1H NMR 

(400 MHz, DMSO-d6), δ (ppm): 7.07-7.18 (m, 9H), 6.93-6.98 (m, 6H), 6.82-6.85 

(d, 2H), 6.66-6.68 (d, 2H), 3.94-3.97(t, 2H), 2.52-2.55 (t, 2H), 1.93-1.96 (t, 2H). 

MS (ESI, m/z): [M - H]- calculated for C29H25O4S- 469.58, found 468.8 as reference 

13 reported (See Figure 6.3 for the 400Hz-1H-NMR spectrum of AIE-SO3). 
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Figure 6.2 Synesthetic scheme of AIE-SO3. 

 

 

 

Figure 6.3 400Hz-1H-NMR spectrum of AIE-SO3. 
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Sensing and selectivity studies of spermine by AIE-SO3 

Stock solution of AIE-SO3 (100 µM) and Spm were prepared in HEPES (10 

mM, pH 7.4) buffer. In titration experiments, a quartz optical cell of 1 cm path 

length was filled with a 3.0 mL solution of AIE-SO3 (20 µM), HEPES buffer and 

Spm (0 – 160 µM). Limit of detection (LoD) and limit of quantitation (LoQ) 

were determined by the following formulas, where k is the slope of the curve 

and SD represents the standard deviation for the fluorescence intensity of 

AIE-SO3 in the absence of Spm. 

 

!"#	 = 	 &	'()  and !"*	 = 	 +,	'()  

 

The selectivity of the probe AIE-SO3 towards spermine was evaluated 

by measuring the fluorescence response of AIE-SO3 over other related 

polyamines. The sensory response of AIE-SO3 (20 µM) in the presence of 

various polyamines and inorganic salts (spermine, spermidine, propylamine, 

butylamine, benzlamine, hexylamine, aniline, 1,3-propanedi amine, 1,2-

ethylenedi amine, cyclen, ethanol amine, 3-amino-1-propanol, 

diisopropylamine, dibutylamine, cyclohexanamine, 2-picolylamine, 

dopamine, lysine, urea, sodium chloride, magnesium chloride, calcium 
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chloride, lithium chloride, potassium chloride, zinc chloride and ammonium 

chloride) were evaluated. Spectroscopic analysis was carried out 60 min after 

the addition of 1 equiv. of each analyte. For fluorescence measurements, 

excitation was provided at 319 nm and emission was acquired from 350 to 

650 nm. 

 

Analysis of artificial urine samples 

Artificial urine (AU) solution was prepared based on literature reported 

previously with slight modification.6 The AU solution was prepared from 0.12 g 

calcium chloride, 0.75 g creatinine, 0.25 g magnesium chloride hexahydrate, 1.01 

g potassium chloride and 0.38 g urea in deionized water (500 mL). The pH was 

adjusted to 7.4 with Tris buffer or uric acid. Spm solutions (0 – 500 nM) were 

prepared in HEPES buffer (10 mM, pH 7.4) and AU solution. AIE-SO3 (20 µM) 

was incubated with HEPES buffer and AU solution for 15 min. For fluorescence 

response, excitation was provided at 319 nm and emission was acquired from 

400 to 560 nm, monitored by a Clariostar Monochromator Microplate Reader 

(BMG Labtech, Hong Kong). 
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