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Abstract

Heparin has been extensively explored for cancer metastasis treatment owing to its ability to

competitively inhibit metastatic cancer cells adhesion to P-selectin which is overexpressed

on vascular endothelium and its inhibitory activity of platelet-tumour cells interaction.

Moreover, heparin plays a key role in inhibiting the heparanase that is overexpressed during

the early stage of metastasis process. However, heparin polymer is rapidly excreted through

renal filtration. Detection of metastasis is of a paramount importance as it allows an early

clinical intervention which could increase the survival rate of cancer patients.

In the first part of this thesis, heparin was conjugated to silica NPs surfaces in order to

investigate its P-selectin blocking activity simultaneously exploiting the prolonged circulation

of the NPs. Moreover, two structurally related polymers; chondroitin sulphate and sodium

alginate were grafted onto the surface of silica NPs in order to be used as controls. Heparin,

chondroitin sulphate and alginate were attached to NPs’ surface by coupling of the EDC-

activated polymers to amine functionalised NPs. TGA, azure A and DMMB assays confirmed

the attachment of these polymers to the NPs surfaces. Polymer grafted NPs had a particle

diameter circa 200 nm and negative zeta potential values (~ -56 mV). Heparin, chondroitin

sulphate and alginate conjugated NPs were fluorescently labelled with different

fluorophores; TAMRA, FAM and Alexa 633 respectively, in order to monitor their cell surface

binding under flow conditions that mimic the in vivo circulation. The study revealed that

heparin and chondroitin sulphate conjugated NPs were more bound to the surface of human

umbilical vein endothelial cells (HUVECs) compared to alginate conjugated NPs as indicated

by fluorescence microscopy. Furthermore, silica microparticles with mean size of ~ 1.4 μm 

were also synthesised and cellular uptake study was conducted which has shown that

heparin conjugated microparticles exhibited less cellular internalisation compared to heparin

conjugated NPs. However, the latter exhibited greater P-selectin dependent binding to
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HUVECs’ surface under flow conditions. To conclude, heparin conjugated NPs can

interfere/bind with P-selectin receptors as the competitive assay showed that these NPs

were blocked by anti-P-selectin antibodies. Consequently, this could suggest that heparin

conjugated NPs could be further investigated and observed in the future as potential tools to

reduce the dissemination of circulating tumour cells.

In the second part of this thesis, heparin was chemically modified to produce desulphated

heparin and glycol split heparin for the inhibition of heparanase as they have been reported

to have less side effects and greater heparanase inhibitory activity compared to unmodified

heparin. Successful synthesis of the modified heparin derivatives was confirmed by 1H-NMR.

An anticoagulant assay (Anti Xa), which measures heparin activity by indirectly measuring its

ability to activate antithrombin III, had indicated that glycol split heparin polymer exhibited

lower anticoagulant activity compared with native heparin and thus it would have lower

adverse reactions e.g. haemorrhage. Desulphated heparin is expected to have an additional

clinical advantage compared to heparin such as higher antiangiogenic activity. Both heparin

derivatives were attached to the surface of silica NPs using EDC coupling reaction. Heparin

analogues conjugated NPs had a particle diameter around 200 nm so the EPR effect, which is

a phenomenon that hypothesises a preferential accumulation of the NPs in the tumour

interstitial fluid, could be exploited to accumulate the modified heparins in the extracellular

space of the tumour where heparanase is overexpressed. Anti Xa assay also showed that

glycol split heparin conjugated NPs exhibited lower anticoagulant activity compared with

heparin conjugated NPs. Desulphated heparin conjugated NPs showed both significantly less

blue shift effect on azure A λmax and lower zeta potential value compared to heparin

conjugated NPs. The data together indicate successful conjugation of the modified heparin

polymers to the surface of silica NPs that could be further employed to inhibit heparanase.

In the final part of this thesis, different FRET based models were designed to detect

heparinase which is the bacterial form of mammalian heparanase overexpressed during
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metastasis, in order to enable the early diagnosis of cancer. In model I, both FRET pair were

attached to heparin chain to attain fluorescence quenching using EDC/NHS coupling reaction.

The fluorophore was either attached to the end or within the chain of heparin; however, the

probe prepared by intrachain conjugation of the fluorophore showed significantly higher

fluorescence quenching. This model showed promising results with respect to quenching

efficiency (QE), unfortunately the restoration of the fluorescence signal after heparinase

treatment was minimal compared with the chemical depolymerisation. Model II was then

developed which adopts the use of core-shell NPs composed of 12 nm thick shell containing

a fluorophore (TAMRA) and a black hole quencher conjugated heparin (BHQ2-Heparin) probe

attached to NPs surfaces. Where the thinnest possible shell was used in order to maintain

the FRET pair close to each other to achieve an optimum FRET energy transfer and maximal

QE. The QE of this system was measured with either blank core or with a core containing 7-

methoxy coumarin, however a discrepancy between the QE measurements of the core-shell

nanosensors was observed with dramatically lower value obtained by coumarin based

system. Due to the inconsistency of QE measurements of model II, model III was developed

which comprises BHQ1 incorporated silica NPs and fluorescently labelled heparin appended

to the NPs surfaces. In summation, Model III showed the best potential for bacterial

heparinase detection and thus it could be further improved and utilised for detection of

mammalian heparanase sampled from the blood of cancer patients for metastasis diagnosis.

In conclusion, the results highlight that heparin conjugated nanoparticles could be

manipulated for versatile nanomedicine applications, thus they could be further investigated

as novel potential therapeutics and diagnostics for cancer metastasis.
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TAMRA, SE Carboxytetramethylrhodamine Succinimidyl Ester

5(6)-FAM, SE 5-(and-6)-Carboxyfluorescein Succinimidyl Ester mixed isomers
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HUVECs Human umbilical vein endothelial cells

PFA Paraformaldehyde

CD62P Cluster of differentiation 62; P-Selectin

FITC Fluorescein isothiocyanate

TEM Transmission electron microscope

DLS Dynamic light scattering

EPR Enhanced permeability and retention

D2O Deuterium oxide

EGF Epidermal growth factor

FGF Fibroblast growth factor

VEGF Vascular endothelial growth factor

EpCAM Epithelial cell adhesion molecule

mAb Monoclonal antibody

Fab Antigen-binding fragments

DNA Deoxyribonucleic acid

ctDNA Circulating tumour DNA

CTCs Circulating tumour cells

CECs Circulating endothelial cells

Anti-Xa Anti-factor Xa

AT Antithrombin

IL-1β Interleukin 1 beta (Leukocytic pyrogen)

NF-κB Nuclear factor kappa B light chain

RES Reticuloendothelial system

HEPI Heparinase I from flavobacterium heparinum

HEPII Heparinase II from flavobacterium heparinum
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Sulfo-NHS N-hydroxysulfosuccinimide

BHQ1-Carboxylate Black hole quencher 1-Carbxylate

BHQ1-Amine Black hole quencher 1-Amine

BHQ1-SE Black hole quencher 1-Succinimidyl ester

BHQ2-Amine Black hole quencher 2-Amine

NaOH Sodium hydroxide

NMR Nuclear magnetic resonance

FRET Förster (Flourescence) resonance energy transfer

cP Centipoise

nm Nanometre

TGA

QE

Thermogravimetric analysis

Quenching efficiency

PCR

NGS

Polymerase chain reaction

Next generation sequencing

VCAM-1 Vascular adhesion molecule 1

ICAM-1

TNF-α

Intercellular adhesion molecule 1

Tumour necrosis factor alpha
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1 Chapter one: General Introduction
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1.1 Nanomedicine
Nanomedicines are the products of nanotechnology applied to therapy, and include the use

of nanomaterials for drug delivery, biosensing and bioimaging, blood purification and tissue

engineering.1 Amongst the many nanotechnology platforms, nanoparticles have been

extensively investigated as potential nanomedicines, primarily for their ability to act as

carriers to enhance the site-selective delivery of therapeutic agents. Of particular note have

been nanoparticles (NPs) for malignant cancer therapy, with the key design aim being to

generate NPs which can act as “magic bullets” for enhanced transport of cytotoxic drugs to

a desired site of action while minimising systemic exposure.2 Accordingly, there have been

many examples of investigational cancer nanomedicines, but while some have been adopted

clinically (Doxil/Caelyx)3 and Abraxane,4 cancers as a disease class remain inadequately

treated.

1.2 Cancer
Cancer is an uncontrollable division of normal cells to produce immature and less specialised

cells which are less able to perform the functions of normal cells,5-6 where cells evade the

apoptosis process and become insensitive to anti-growth signals.7 Cancer occurs due to

genetic mutation of cell cycle controllable genes.8 This could be also influenced by

environmental factors.9

The high mortality rate ~ 90% in cancer patients, who are diagnosed with highly metastatic

cancer types e.g. melanoma, pancreatic adenocarcinoma and small cell lung cancer, is

attributed to metastasis.10-12 Metastasis is a complex process that involves several distinct

stages. The spread of cancer requires the entry of the tumour cells into the systemic

circulation; a process called intravasation followed by endothelial cell adhesion and

extravasation in order to form a premetastatic niche in distant organs.13-14
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Understanding the mechanism by which the tumour cells metastasise is crucial for improving

the outcomes and achieving better prognosis in cancer patients treatment.15

1.3 Metastasis
Metastasis is defined as the spread of a primary tumour to other surrounding tissues and to

distant organs. The metastatic process starts with epithelial-mesenchymal transition, where

tumour cells become more motile at this stage. This happens when cancerous cells evade the

immune system, consequently bypassing the immune system checkpoints. In the epithelial-

mesenchymal transition, mutation of gene expression is accumulated in step-wise manner is

known to contribute to the transition of normal epithelial cells to mesenchymal tumour cells.

These tumour cells adapt to independently induce growth and confer invasive morphology.

For instance, neoplastic cells are formed as a result of mutation in cell-cell adhesion genes,

which is accompanied by downregulation of certain receptors such as tight junctions which

hold the cells together at the solid tumour. The dysmorphic shape of cancerous cells enables

their extravasation from the capillaries and invading the cells in distant organs, consequently

spread of tumour.16-17 One of the key events that also occurs at early metastatic stage when

tumour cells become mobile is upregulation of heparanase enzymes. Heparanases facilitate

the movement of metastatic cells from the tumour site to the blood vessels by degrading

extracellular matrix components namely heparan sulphate which hinders the movement of

metastatic cells. Once metastatic cells have reached the systemic circulation, they start to

attach to vascular endothelium by rolling adhesion process which is quite similar to the rolling

adhesion of leukocytes during the inflammation process.18-19 Metastatic cells hijack vascular

endothelium receptors used by immune cells for rolling adhesion and extravasation. Thus,

circulating tumour cells overexpress a tetrasaccharide ligand called Sialyl Lewis x (sLex) that

binds to selectin type receptors; namely P- and E- selectin receptors overexpressed by

endothelial cells lining the blood vessels, subsequently cancerous cells extravasate from the
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capillary beds and invade normal cells in distant organs, thus colonising into secondary

tumour.20-24 Various stages of metastasis process are depicted in Figure 1.1.

Figure 1.1 Schematic representation of the metastatic process which can take place at two different stages. The
first stage is the physical movement of the metastatic tumour cells from the primary site to distant organ and the
second stage is colonisation of the metastasised cells at the secondary site. A: Cancer cells start to change their
phenotype to a more motile and invasive form. B: tumour cells create a path through ECM aided by heparanase
and other matrix degrading enzymes in order to enter the systemic circulation. C: Circulating tumour cell (CTCs)
travel through blood vessels. D: CTCs extravasate and exit the circulatory system via rolling adhesion process. E:
Tumour cells evade and escape the Immune system in order to survive at the secondary site and form a
premetastatic niche. F: Tumour cells adapt and change the microenvironment for further growth and proliferation.
Figure was taken from Chaffer et al. 13

1.3.1 Role and function of GAGs in cancer progression and cell signalling

1.3.1.1 GAGs family and categorisation

Glycosaminoglycans (GAGs) are linear negatively charged heteropolysaccharides composed

of repeating disaccharide units of hexosamine and hexuronic acid. Depending on the

variability monosaccharides occurrence within the polymer chain and their sulphation

pattern, GAGs are categorised into either sulphated or non-sulphated polysaccharides.

Sulphated GAGs include heparin, heparan sulphate, chondroitin sulphate, dermatan sulphate

and keratan sulphate. While non-sulphated GAG encompasses hyaluronan.25-26 GAGs are

known as major macromolecules in regulating physiology and pathology of many conditions

in the human body.27-28 They modulate cellular properties and function by acting directly on

cell receptors and interacting with growth factors to enhance the downstream signalling

pathway for cellular proliferation which is necessary for wound healing and tissue repair.29
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Researchers have also reported that the occurrence of GAG with altered structures in several

diseases indicating their importance as biomarkers for diagnostic procedures.30

1.3.1.2 Differential characteristics of heparin and heparan sulphate

Heparin is stored in the mast cells of connective tissues; the only cells of human body that

can produce heparin.31 While, Heparan sulphate (HS) is a natural polysaccharide present in

most mammalian cells. It is predominantly present on cell surfaces and in the extracellular

matrix (ECM). Thus, heparan sulphate functions as a regulator to normal and pathological

conditions.32-33

Heparin and HS are made of repeating disaccharide units of glucosamine (GlcN) and

hexuronic acid residues consisting of either glucuronic acid (GlcA) and/ or iduronic acid

(IdoA). Where these sugar moieties are covalently attached through a glyosidic bond called

α 1-4 linkage, thus forming a negatively charged heteropolysaccharides of heparin and HS. 

Heparin and HS differ in the number of these repeating units, consequently the molecular

weight and in proportion of the major units that occur within the chain of the

polysaccharides. HS could either be free or bound to a protein core, specifically the serglycin

(a protein that is primarily expressed in hematopoietic and endothelial cells), to form

Heparan sulphate proteoglycan (HSPG). In contrast heparin is present in free form.34-35 The

structure of each monomer; the major and minor units that form either heparin or HS chain

is illustrated in Figure 1.2.
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Figure 1.2 Illustration shows the possible patterns of sugar moieties making up heparin and heparan sulphate (HS)
including the major and variable disaccharide repeating units. X= SO3 or H. Y = Ac or H or SO3. SO3 = Sulphate
group. H= Hydrogen atom, Ac= Acetyl group. Figure adapted from Nelson et al.36

Heparin and heparan sulphate are not entirely similar. Heparan sulphate consists of a

different primary structure of disaccharide subunits. Where it has longer chains and higher

average molecular weight (around 30kDa) that is two times the molecular weight of heparin

chain. Due to its long chain, heparan sulphate is known to confer to have high susceptibility

of variations on in its minor disaccharide monomer, therefore comprising a significant

structural heterogeneity. Modification of the structure of the sugar moieties forming HS,

Variable sequence

Major sequence

Major sequence

Variable sequence

Heparin

Heparan Sulphate
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such as changing or removing the acetyl group or sulphate group at the N-position of

glucosamine, sulphation at the 2O-position of uronic acid or 6O- and 3O-position of

glucosamine and epimerization of C-5 position of uronic acid could all contribute to the

variability and complexity of the sequence pattern.37

Heparin and HS have a distinctive 3-O sulpho group on the internal D-glucosamine (GlcNS

(3S)) residue which enables the high binding affinity to antithrombin. The 3 O-sulphation had

been claimed to be a useful biomarker for identifying sequences in HS chains required for

viral entry38 and bridging of growth factor-receptor in the ternary complex.39 Heparin and

heparan sulphate possess a unique pentasaccharide sequence which binds to antithrombin,

subsequently inducing a blood thinning effect. Consequently, Heparin is widely used as an

anticoagulant.40

1.3.1.3 Heparan sulphate role in cell signalling and metastasis

According to their cellular localisation, HS chains are either cell surface bound proteoglycans

or basement membrane proteoglycans (Extracellular matrix based). HSPG present

abundantly on cell surfaces and in the extracellular matrix, therefore it enables

reorganisation of the extracellular matrix binding to collagen I, collagen IV, fibronectin and

laminin; structural formation and consistency of the matrix with basement membrane. This

implicating the role of HSPG in regulating cell-cell adhesion and cell-extracellular matrix

interaction. Therefore, in absence of HSPG, malignant cells are triggered and begin to invade

and metastasise to distant organs.41

Furthermore, cell surface HSPGs with its sulphation pattern on HS chain can interact with

various growth factors, cytokines and chemokines thus possessing different biological

roles.42-43 Thus the sulphation pattern of HS chain in HSPGs could modulate various

pathological and biological functions. For instance, Tetramer to hexamer sequence of 2O-

sulphated iduronic acid with 6O-sulphated glucosamine enables HS chain to bind to basic

fibroblast growth factor (FGF-2), thus modulating the cell proliferation and metastasis. In
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turn, FGF-2 binds to fibroblast growth factor receptor (FGFR) in order to induce cell

signalling, subsequently cell division and growth.44 In this sense, cell surface HSPG plays a

crucial role in progression cancer and cell signalling.45

On the other hand, cell free HS chains could also interact with growth factors such as FGF-2

and vascular endothelial growth factor (VEGF), creating a reservoir of protected growth

factors which enables promotion or inhibition of tumour growth and angiogenesis.46

Moreover, cell surface heparan sulphate bind to P-selectin receptors expressed on the

surface of the platelets and mediates the coagulation process through thrombin in order to

create a protective layer around the tumour cells, enabling CTCs to evade the immune

system.47

Figure 1.3 shows a schematic diagram representing the role of HS/ HSPG in modulating

various pathological mechanisms in metastasis and invasion of tumour cells and the ability

of heparin to compete HS at these cellular effects.
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Figure 1.3 Schematics showing the role of heparan sulphate in tumour metastasis. Heparan-sulphate in the free
form (HS; green lines) or attached to the proteoglycans (Red lines) mediates metastasis. a: cell surface HS on
tumour cells can act as a ligand for P-selectin (P) receptor, which mediates adhesion either to platelets to create
a protective clotting aggregates around tumour cells or to the endothelial cells lining the vascular capillaries.
Enabling cancer cells to extravasate and metastasise to secondary organs. b: Heparanase cleaves heparan
sulphate in the extracellular matrix; not only releasing the bound growth factors that promote further tumour cell
proliferation but also creating a passage to facilitate tumour cell movement to blood vessels. c:Heparan sulphate
proteoglycans acts as a co-receptor for integrin receptors (I) thus mediating tumour cell adhesion to blood vessels
to facilitate the extravasation of the circulating tumour cells. d: heparan sulphate mediates the microclimate-
coagulation through modulating a coagulation factor thrombin (Factor IIa) in order to initiate the formation of
fibronectin protective layer around tumour cells. e: cell surface HSPG interact with growth factors (FGF and VEGF)
facilitating their binding to the cell surface receptors forming a ternary complex thus regulating the signalling
pathway of further tumour cell growth. Exogenous heparin can inhibit heparan sulphate action at stages a, b, c
and d. Figure was taken from Sasisekharan et al.47

1.3.1.4 Metastatic cascade inhibition by heparin

Heparin interferes with the metastatic process throughout its different stages. Heparin

reduces the movement of the highly motile metastatic cells through extracellular matrix

(ECM), a prerequisite step for intravasation process. Thanks to heparanase inhibitory activity

of heparin, the penetration of the metastatic cells through ECM could be reduced as

heparanase is responsible for cleavage of heparan sulphate; a major component of ECM that
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facilitates tumour cells movement away from the primary tumour toward the blood vessels.48

Heparin can also block certain receptors overexpressed on the surface of vascular

endothelium namely P-selectin receptors that are exploited by circulating tumour cells

through the extravasation process.49 Furthermore, the anti-platelet activity of heparin

prevents the formation of microclots surrounding the circulating tumour cells by disrupting

the P-selectin mediated interaction between platelet and circulating tumour cells. The

formation of microclots helps circulating tumour cells escape the immune system

components such as microphages due to the covering of the recognition antigens on tumour

cell surface, where tumour cells hoax the immune system.50 Figure 1.4 shows the inter-play

role of heparin in metastatic cascade inhibition.

Figure 1.4 Schematic shows metastatic cascade inhibition by native heparin polymer. Heparin blocks the
metastasis at various stages. At stage (2), heparin inhibits the action of heparanase. At stage (3); heparin blocks
the interaction between circulating tumour cells and P-selectin on overexpressed on the surface of platelets and
vascular endothelial cells.

Furthermore, Exosomes are nanovesicles secreted by cancer cells, carrying certain proteins

and onco-micro RNAs required for modulation of recipient cells microenvironment at the

secondary tumour site, thus facilitating the metastasis. Heparin had shown its ability to

interfere with the transfer of microRNA from cancer cells to the recipient cells in the
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metastatic niche of the secondary tumour. For instance, It has been confirmed that heparin;

but not structurally related sugar chondroitin sulphate, could decrease exosome uptake by

glioblastoma cells. The inhibition of exosome uptake was highly dependent on the degree of

sulphation (charge density) and the dose of heparin.51

In light of these observations, heparin plays a key role in inhibiting the metastatic cascade,

subsequently it can prevent tumour cells dissemination through blocking the underlying

mechanisms of metastasis.

1.4 Nanoparticles
NPs have long been used to deliver chemotherapeutic drugs to specific target sites in a

controlled manner, thus reducing the off-target effects and non-desirable side reactions that

are usually accompanied with cytotoxic drugs.52-53 Particles are considered to be in the ‘nano’

range if they have particle diameters less than 1000 nm, although most investigational NPs

have diameters of 200 nm or less.54 The targeting effect of the nanocarriers is attributed to

the EPR (enhanced permeability and retention) effect as illustrated in Figure 1.5. It is

hypothesised that the nanoparticles are passively targeted to the active site by virtue of their

size (larger than that of normal small drug molecules).55-56 Nanoparticles are thought to be

delivered to cancer cells through highly fenestrated and leaky blood vessels surrounding the

tumour. In contrast, due to their large size, NPs are unable to cross the vascular endothelial

barrier of the normal blood vessels surrounding the normal tissue. This facilitates the

deposition and localisation of the NPs at the tumour site. Consequently, NPs accumulate in

the tumour where they deliver their cargo of cytotoxic drug. Furthermore, the lymphatic

vessels are quite limited in the tumour which reduces the clearance and the filtration of the

particles at the tumour site. This results in retention of the particles at the target site for

longer than normal drug molecules.57-60 Active targeting is another approach to achieve

delivery of the cytotoxic drug to tumour cells. In active targeting, the surface of the NP is

functionalised with an active ligand that specifically binds to certain receptor overexpressed
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on the surface of the tumour cells but that are expressed at significantly lower levels on the

surface of the normal cells. This enables targeted delivery of the NPs drug cargo to tumour

cells.61-64 Although the targeted delivery of the chemotherapeutic agents using

nanotechnology is a widely used concept in the literature, the clinical translation of the NPs

drug delivery system, regarding the therapeutic efficacy, toxicity and cost effectiveness, is

still debatable and has been criticised by some researchers. A multivariate analysis of a 10-

year period was conducted and the study has revealed that the percentage of the NPs dose

administered to solid tumour in mouse model was very low with median delivery efficiency

of 0.7 %. This is primarily attributed to various in vivo elimination mechanisms of the NPs.

Reticuloendothelial system (RES) in the liver, spleen and lymph nodes containing

macrophages that identify the NPs and subsequently engulf and degrade them. Moreover,

NPs with particle diameter smaller than 5.5 nm are excreted by renal filtration.65 Very

recently, Sindhwani et al have reported that 97% of injected NPs in a particular study were

delivered to tumour sites via trans-cellular pathways through the endothelial cells of the

tumour vasculatures and not via inter-cellular pathways through endothelial gaps of leaky

tumour blood vessels. This study revealed that the occurrence of inter-cellular gaps between

the endothelial cells was significantly less frequent than the intra-cellular vacuoles and

transcellular channels. The data also showed that the NPs extravasated and reached the

tumour interstitial fluid primarily by vesicular formation (such as caveolae mediated process)

in the tumour endothelial cells and subsequent transcytosis, thus suggesting a key role of

active transport in delivery of NPs to tumour cells. This finding contradicts the concept of

passive targeted delivery of NPs and their enhanced accumulation in the tumour extracellular

space by the EPR effect in certain cases and also provides an insight about the currently

inefficient clinical translation of the nanomedicines for human use.66
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Figure 1.5 Schematics shows the accumulation of the NPs at the tumour site due to the EPR effect. NPs can only
pass through porous blood vessels surrounding tumour tissues whilst they cannot cross through the endothelial
barrier of the healthy vasculatures supplying the normal cells. Adapted from Abdalla et al.67

NPs used to deliver drug actives to the target site need to be biocompatible and/or

biodegradable.68-69 Different kinds of NPs are usually used for this purpose, including organic

and inorganic NPs. Organic NPs encompass polymeric NPs, liposomes, solid-lipid NPs,

nanocrystals, dendrimers and protein based NPs. Polymeric NPs have a diameter ranging

from 10-1000 nm and are usually made of biocompatible polymer such as polylactide co-

glycolide copolymers (PLGA), polycaprolactones (PCLs), polyacrylates and natural polymers

including collagen, gelatin and alginate.69 Polymeric NPs could also be classified into three

different groups; polymeric micelles, drug-polymer conjugates (prodrugs) and hydrogels. In

the polymeric micelles; the drug can be incorporated through the hydrophobic interactions

such as the use of amphiphilic co-polymer for drug delivery. Drug-polymer conjugate where

the drug is incorporated through covalent bond to a linear polymer, the bond is usually

stimuli responsive where it breaks in order to release a dug to exert its action. Hydrogels are

where the drug is loaded inside an aqueous core. Inorganic NPs consist of a group of noble

metal NPs like gold and silver NPs where they have proven low toxicity due to their inertness.
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Inorganic NPs also include superparamagnetic NPs, carbon based nanostructures like carbon

nanotubes and ceramic NPs such as silica, alumina NPs.70

1.4.1 Ligand decorated nanoparticles and targeted drug delivery
The nanoparticle surface can be functionalised with a wide array of biomolecules that serve

as a targeting ligands which specifically interact with certain receptors upregulated by

tumour cells. The presence of the ligands on the surface of the NPs enhances a preferential

cellular uptake through a process called receptor mediated endocytosis (RME), thus active

targeting of cytotoxic drugs to tumour cells can be achieved.71-72

Several biomolecular ligands have been harnessed in order to achieve targeted drug delivery

of the NPs including monoclonal antibodies (mAbs), peptide, antibody fragments (FAB),

whole protein (transferrin), aptamers and vitamins (folate).73

Monoclonal antibodies are widely used for targeting cancer cells ,where certain antibodies

can specifically bind antigens that are overexpressed on the surface of tumour cells such as

the use of antibodies to target human epidermal growth factor (HER2), epidermal growth

receptors (EGFR), prostate specific membrane antigen (PSMA).74 Trastuzumab is a

humanised antibody that specifically binds to HER2 expressing breast cancer cells.

Trastuzumab conjugated albumin NPs had shown a preferential cell uptake by HER2 positive

breast cancer cells (SK-BR-3 and BT-474 cells) compared to HER2 negatives cell lines (MCF-7

cells).75 Cetuximab; a chimeric human-murine antibody that competitively binds to EGFRs

overexpressed on the cancer cell surface was utilised to functionalise the surface of gold NPs

in order to target EGFR upregulated by pancreatic cells. The resultant accumulation of gold

NPs in pancreatic cells was further exploited to selectively heat the tumour cells in the

thermal ablation therapy.76 Prostate-specific membrane antigen (PSMA) is a tumour antigen

that is overexpressed by prostate cancer cells. Paclitaxel loaded micelles functionalised with

an antibody against PSMA were utilised for the treatment of prostate cancer xenograft mice

in vivo. The results showed that PSMA functionalised micelles significantly prevented the
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growth of the tumour compared to non-functionalised micelles.77 Antibody fragments are

also used to functionalise the surface of the NPs for active targeting. Antigen-binding

fragments (Fab) and single-chain variable fragments (scFV) are the most commonly used

antibody fragments for this purpose. Anti ED-B scFV that specifically binds to ED-B

fibronectin which is an isoform that is solely expressed in tumour tissues, has been

successfully used to functionalise the surface of the liposomes to target F9 teratocarcinoma

tumours.78 Moreover liposomes that encapsulated doxorubicin were functionalised with a

mAb fragment that is specific for beta 1 integrins expressed on non-small cell lung carcinoma

cells. These Fab-functionalised liposomes significantly reduced the lung tumour cells spread

in vivo.79

Aptamer based targeting has also been utilised. Aptamers are small single stranded

oligonucleotides; DNA or RNA sequence that folds in a specific way and are able to specifically

bind to certain biomolecules and proteins. Docetaxel loaded PLGA-PEG NPs were

functionalised with an aptamer that specifically binds to PSMA expressed on the surface of

prostate epithelial cells (LNCaP). These aptamer conjugated NPs showed higher in vitro

cytotoxicity compared to unmodified NPs.80

Transferrin; a protein carrier for iron which involves in the cellular uptake of iron through a

selective binding to transferrin receptors (TfR) on the cell surface. TfR are usually

overexpressed by cancer cells to fulfil the increased demand for iron by deprived rapidly

proliferating cancer cells. Paclitaxel loaded PLGA NPs were conjugated with transferrin as a

targeting ligand. Transferrin conjugated PLGA NPs showed enhanced antiproliferative effect

against transferrin expressed breast cancer cell lines (MCF-7) compared to non-

functionalised PLGA NPs due to the enhanced internalisation achieved by RME and the

sustained action of paclitaxel inside the cells.81

Folate is a B9 vitamin essential for DNA biosynthesis, which selectively binds to high affinity

glycosylphosphatidyl-inositol-linked folate receptor (FR) that are overexpressed by many
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cancer cell types. Daunorubicin loaded liposomes were conjugated with folate ligands in

order to target FR upregulated on the surface of KB oral carcinoma cells, Chinese hamster

ovary (CHO-FR-beta) and KG-1 human acute myelogenous leukaemia cells. The folate

conjugated liposomes showed a promoted cellular uptake and cell toxicity compared to non-

conjugated liposomes.82

1.4.2 Silica nanoparticles
Silica NPs provide preferable characteristics when compared to polymeric NPs due to the

versatile chemistry of the silane groups and improved colloidal characteristics of silica NPs.83-

85 Silica NPs can be functionalised with numerous functional groups, such as amine,

carboxylic acid, azide, alkyl in order to enable further attachment of different ligands,

including biomolecules, to their surface.86-88

Silica NPs are classified into two major groups. Porous and non-porous silica NPs. Non-porous

NPs are usually used as nanosensors as a specific fluorophore can be covalently conjugated

within the silica matrix; for instance pH sensitive nanosensors were successfully designed and

calibrated for intracellular measurements.89

Porous silica NPs are usually used for drug loading and subsequent delivery to the target site.

However the pores could vary from as small as 1 nm to as large as 10 to 20 nm. Particles with

small pores are only used for loading small drug molecules.90-91 Whilst particles with large

pores are utilised as carriers for large drug molecules such as protein and DNA for gene

delivery.92-93 Mesoporous silica NPs, which have pores diameters ranging from 2 to 50 nm,

have been widely used for cytotoxic agents delivery in cancer treatment.94

1.5 Circulating tumour cells: Diagnosis, detection and treatment

1.5.1 Liquid biopsy `
Liquid biopsy (fluid phase biopsy) is the sampling of non-solid biological tissue, primarily

blood in order to analyse certain biomarkers.95 liquid biopsy is usually used for diagnosis and

prognosis of the chronic diseases. The most common advantage of liquid biopsy over the

conventional diagnostic procedures is that it is relatively less invasive, thus it is a convenient
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method for diseases screening. Liquid biopsy could be also conducted more frequently

relative to the conventional diagnostics. This technology also allows monitoring of the

treatment and any disease relapse.96

Liquid biopsy has been used in different medical fields for diagnosis of the diseases. For

instance, in cancer diagnosis (CTCs) and/or circulating tumor DNA (ctDNA) are collected from

patients’ blood samples.97-99 When cancer cells die, they release their DNA content in the

blood stream, the released DNA is called ctDNA. The ctDNA copies resemble the DNA

fragment in the original tumour cells and thus they could be utilised in order to track the

cancer and its progression. Polymerase chain reaction (PCR) method like digital PCR or next

generation sequencing (NGS) could be used to analyse and amplify ctDNA to track the cancer

progression. For instance, NGS based methods offer a general and comprehensive

information about the genetic make-up of a cancer in contrast PCR based methods enable

more targeted strategy for detecting a minimal residuals of the cancer and monitoring cancer

treatment and disease prognosis.100-104

Liquid biopsy could be used to detect a small changes in tumour and its biomarkers several

months or even years in advance when compared to the conventional imaging techniques.

Thus, liquid biopsy could be a powerful technique for early detection and diagnosis of cancer,

before it starts to spread to distant organs, monitoring of cancer progression and any

treatment resistance mutations at early stages.105-106

Moreover, liquid biopsy could be used for heart attack diagnosis, where circulating

endothelial cells (CECs) are usually sampled.107-108 Other biomarkers could also be analysed

in order to diagnose certain cardiovascular diseases by for instance isolating protoporphyrin

IX from blood samples atherosclerosis could be diagnosed.109

In prenatal diagnosis, testing of cell-free fetal DNA in maternal plasma could be utilised for

the screening of fetal abnormalities like Down syndrome and for early detection of trisomy

21 and trisomy 18.110-111
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Furthermore, liquid biopsy could also involve biological fluids other than the blood. For

instance, cerebrospinal fluid could be tested to analyse certain biomarkers in order to early

detect and diagnose the occurrence of central nervous system diseases such as idiopathic

normal pressure hydrocephalus and glioma.112-113

1.5.2 Approaches used for Inhibition of circulating tumour cells dissemination
Several attempts have been reported in order to inhibit the metastatic process by either

tracking, capturing, subsequently killing circulating tumour cells in the systemic circulation or

by blocking their adhesion to vascular endothelium.

For example, dendrimers were conjugated to certain antibodies that preferentially bind to

specific proteins on the surface of circulating tumour cells. Dendrimers conjugated to aSLex,

an antibody that binds to carbohydrate ligands overexpressed on the surface of the

circulating tumour cells, or anti-EpCAM, an antibody that binds epithelial cell adhesion

molecules similarly overexpressed on circulating tumour cells, were used to track and

capture HT29 colon cancer cells. These dendrimers showed specific binding to HT29

suspensory cells, as confirmed by fluorescence microscopy. In addition, dendrimers

conjugated with both antibodies reduced the adhesion of HT29 cells to HUVECs to a greater

extent than dendrimers conjugated to a single antibody. This reflects the advantage of

utilising dual antibody conjugates for the capture of circulating tumour cells to prevent their

invasion.114

A combination of bismuth and iron oxide NPs was used for capturing and localising the

tumour cells. The NPs were conjugated with folate ligands to capture Hela cells (human

adenocarcinoma cells overexpressing folate receptors) suspended in phosphate buffer using

a micro-magnet. The tracking capability of these NPs was confirmed by X-ray fluorescence

(XRF) intensity, where Hela cells treated by folate conjugated bismuth NPs showed higher

XRF intensity compared to treated MG-63 cells (human osteosarcoma cells that do not

overexpress folate receptors) or Hela cells treated by folate unconjugated bismuth NPs.
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Furthermore, the NPs had a cytotoxic effect on Hela cells after exposure to X-ray as confirmed

by comet assay, which is a method used to measure DNA strand breaks through

electrophoresis, where these DNA fragments are observed by fluorescence microscopy. The

intensity of the comet tail indicates the extent of DNA damage. The higher percentage of the

DNA in the tails occurred in Hela cells treated by combined NPs and X-ray irradiation relative

to cells treated by X-ray or the NPs respectively. This cytotoxic effect was also confirmed by

MTT assays, where higher percentages of Hela cells were killed after treatment by combined

X-ray and NPs compared to those treated with X-rays alone.115

Biodegradable mPEG-PLA (methoxypoly (ethylene glycol)-poly (lactide)) NPs were loaded

with apigenin or apigenin polyaminoesters (PAE) to inhibit the adhesion of human breast

adenocarcinoma cells (MDA-MB-231 cells) to HUVECs. Both NPs reduced the adhesion of

MDA-MB-231 cells labelled with Cell Tracker Orange to HUVECs stained with Calcein AM

compared to blank NPs. Moreover NPs loaded with apigenin or apigenin polyaminoesters

(PAE) showed a significant reduction of intercellular adhesion molecule 1 (ICAM-1)

expression in HUVECs stimulated by tumour necrosis factor alpha (TNF-α), which is supposed

to be elevated to facilitate tumour cell adhesion. In contrast, blank NPs failed to reduce

ICAM-1 in stimulated HUVECs.116

Furthermore, cimetidine; a histamine H₂ receptor antagonist drug that inhibits stomach acid 

production has also shown to have an improved clinical outcomes in colorectal cancer

patients. The mode of action of this drug in cancer treatment was elucidated by Kobayashi

et al. It has been demonstrated that Cimetidine can block the adhesion interaction between

colorectal cancer cell lines (HT-29) to the cultured endothelial cell monolayer (HUVECs).

Cimitidne had also shown a significant reduction in E-selectin receptors expression on the

surface of HUVECs stimulated by IL-1β as indicated by immunohistochemistry and flow 

cytometry. P-selectin supression by cimitide is thought to be responsible for the disruption

of the adhesion interaction between circulating tumour cells and E-selectin receptors
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upregulated on the cell surface of the vascular enodthelial cells. Additionally, nude mouse

animal model injected with HT 29 cells was used in order to investigate the effect of

cimetidine on liver metastasis in vivo. The results have shown that the percentage of mice

that had developed liver metastatic foci (Foci that are larger than 0.1 mm in diameter) was

less when mice treated with 200 mg/kg/day of cimetidine compared to untreated control

groups.117

Nitric oxide (NO) role in metastasis inhibition was investigated by Lu et al. They found out

that NO; a vasodilator can disrupt the adhesion between circulating tumour cells and the

endothelial bed of the vasculatures through inhibition of cell adhesion molecules (CAMs)

expression specifically vascular adhesion molecule 1 (VCAM-1). S-nitrosocaptopril (CAP-NO)

which is a typical NO donor had reduced the cellular adhesion between metastatic cancer

cells (HT-29) and vascular endothelial cells (HUVECs) in cell culture. IL-1β was used in order 

to activate HUVECs, consequently overexpress cells adhesion molecules (CAM). The

underlying mechanism by which NO works was further investigated. NO was found to

specifically downregulate VCAM-1 as confirmed by flowcytometry (immunohistochemistry)

and western blot. Furthermore, haemoglobin; that is a scavenger for NO, could reverse the

inhibitory effect of CAP-NO on cellular adhesion between HT29 cells and HUVECs and the

expression of VCAM-1 on cell surface of IL-1β stimulated HUVECs. Thus, indicating the key 

role of blocking metastatic cells adhesion to vascular endothelium in cancer metastasis

inhibition.118

Anti NF-κB reagents including Pentoxyphyllin, Aspirin and N-acetyl-L-Cysteine (NAC) were

used in order to block the adhesion between metastatic cancer cells and vascular

endothelium. Nuclear factor kappa B light chain (NF-κB) is a transcription factor that controls

gene expression of certain cytokines and cell adhesion molecules mainly E-selectin, ICAM-1

and VCAM-1. Anti NF-κB reagents significantly inhibited the adhesion interaction between

OG90 cancer cells (derived from small cell anaplastic carcinoma of the lung) and IL-1β 
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stimulated HUVECs. IL-1β was used in order to induce the translocation of NF-κB from the

cytoplasm to the nucleus and increase the expression of the cell adhesion molecules

(CAMs).119

1.5.3 Approaches used for detection of circulating tumour cells and early diagnosis

of metastasis
A DNA encoded for the expression of carcinoembryonic antigen (CEA) was detected using a

microfluidic based gold NPs sensing system. CEA is a glycoprotein that is normally present in

a very low level in the blood, however during the metastasis, circulating tumour cells

overexpress CEA that could serve as a ligand for L and E selectin thus helping the

dissemination of cancer cells. The detection system was made of microbeads embedded in a

microfluidic chip, where the beads surfaces were functionalised with an electron rich protein

and a capture probe (complementary DNA sequence for the target DNA strand). Multi-

functional gold NPs were also synthesised and functionalised with a Horse Reddish

Peroxidase (HRP) enzyme and a different DNA sequence that matches the target DNA of the

CEA antigen and. When the target DNA from the circulating tumour cells (HT29) was added

to the detection system, both capture probe on the surface of the beads and the probe

attached to the surface of gold NPs bound to the target DNA making a sandwich. In turn, in

the presence of hydrogen peroxide, HRP on the surface of the gold NPs had converted the

added Tyramine-Biotin to short lived radicals. The produced radicals of Tyramine-Biotin

reacted with the tyrosine residues of the electron rich protein attached to the surface of the

beads making a covalent bonds with the electron rich proteins, thus exposing multiple biotin

moieties on the surface of the beads. The added fluorescent streptavidin quantum dots could

react with the exposed biotin moieties and the fluorescence signal was detected indicating

the presence of the target DNA. The study had claimed a detection limit of 1 tumour cell

expressing a CEA antigen per 1 ml of the blood sample.120

A sandwich hybridization assay was also used in order to detect PCA3 RNA; which is a

nucleotide sequence overexpressed in prostate cancer cells. The detection system comprises
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anti-sense RNA conjugated gold NPs and metallic or silica coated nanowires embedded in a

chip that are functionalised with a capture anti-sense RNA. In this device, the target PCA3

RNA of the circulating tumour cells binds to the capture anti-sense RNA attached to the

nanowires. When gold NPs are added to the sample in the device, the anti-sense on the

particles surface binds to the PCA3 RNA thus sandwiching the target RNA between gold NPs

and the nanowires. The binding of gold NPs to the surface of nanowires induced a shift in the

resonance frequency of the nanowires, which was measured by laser interferometry. The

frequency shift was directly proportional to the mass of the bound antisense conjugated gold

NPs, consequently the amount of the target RNA was measured, thus providing a

quantitative measurement of the circulating tumour cells burden.121

1.6 Aim of the thesis
The aim of this work was to synthesise silica NPs with heparin as a targeting ligand in order

to block P-selectin receptors on the surface of vascular endothelial cells simultaneously

exploiting the advantage of long circulating NPs compared with using heparin polymer as

such. The proposed P-selectin dependent adhesion of heparin conjugated NPs to the

endothelial cells was hypothesised to disrupt the P-selectin mediated interaction between

circulating tumour cells and vascular endothelium that subsequently leads to circulating

tumour cells extravasation and invasion to distant organs. The use of systemic circulation

dynamics to study the nanoparticle adhesion to cell surface receptors is an interesting

approach to mimic the in vivo particles distribution/circulation which could accelerate the

clinical translation of the nanomedicines. However only few detailed studies have been

conducted using this approach and none to date has considered the use of heparin

conjugated NPs for binding to P-selectin receptors expressed on vascular endothelial cells

under dynamic conditions. Accordingly a thorough study of heparin conjugated particles

adhesion to HUVECs as a model for vascular endothelium, using circulatory system dynamics

simulator, was conducted as illustrated in chapter 2.
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Furthermore, this research was intended to make chemical modifications to the heparin

structure in order to produce heparin derivatives which were hypothesised to reduce the

adverse effects of heparin and improve its inhibitory activity against heparanase that is

implicated in the spreading of cancer cells. Subsequently attaching the modified heparin

derivatives to silica NPs surfaces exploiting the EPR effect in order to enhance their

accumulation in the tumour extracellular fluid to be further utilised for heparanase inhibition

in the future as demonstrated in chapter 3.

Moreover, this research aimed to detect one of the key metastatic biomarkers; heparanase

enzymes that are upregulated during the early stages of cancer metastasis, thus enabling an

early diagnosis of cancer. Therefore, different types of heparinase responsive sensors were

developed based on Förster (fluorescence) resonance energy transfer (FRET) phenomenon.

In light of that, it was hypothesised that when heparinase cleaves heparin chains into smaller

fragments and/or monomers, the fluorescently quenched fluorophore in the FRET pair

attached to heparin is expected to restore its fluorescence upon FRET pair separation and a

fluorescence signal recovery could be monitored as an indicator for heparinase action. Thus,

the main intention for developing these sensors is to use them for a turn-off to turn-on

system that is able to detect the presence of bacterial heparinase and supposedly the

mammalian form; heparanase as discussed in chapter 4.

In summation, heparin and heparin derivatives were appended to the surfaces of silica NPs

in order to be harnessed for targeting extracellular biomarkers e.g. P-selectin and heparanase

implicated in cancer metastasis. This work has also encompassed development of FRET based

constructs for testing their ability to detect heparinase a bacterial form of mammalian

heparanase that is involved in cancer metastasis.



Chapter Two

24

2 Chapter two: Synthesis of heparin

conjugated nanoparticles to target

cell surface P-selectin of

endothelial cells to Inhibit

metastasis
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Introduction

P-selectin, heparin and metastasis

2.1.1.1 P-selectin role in metastasis

P-selectin is a cell adhesion molecule produced by platelets and endothelial cells, it is either

membrane or soluble protein. The membrane form of P-selectin is a single polypeptide

composed of 789 amino acid residues. P-selectin is structured into a amine terminal domain

of ~120 residues similar to that of calcium dependent animal lectin, the rest of the protein

consists of an FGF-like domain, complement regulatory protein-like residues, a

transmembrane domain, and a cytoplasmic domain at the carboxyl-terminus.122-124 P-selectin

is usually stored in the α-granules of platelets, it is also found in Weibel-Palade bodies of 

endothelial cells. During inflammation, P-selectin is translocated to the surface of activated

platelets and stimulated endothelial cells. Consequently, leukocytes expressing PSGL1 a

ligand for P-selectin bind to endothelial cells and platelets, thus facilitating the recruitment

of the leukocytes to the site of the inflammation.125-128

Metastasis is a complex process that involves several steps; including epithelial-

mesenchymal transition, extracellular matrix degradation by heparanases to facilitate the

entry of the metastatic cells into the circulatory system, the rolling adhesion of the circulating

tumour cells over the vascular endothelium and the subsequent vascular extravasation of

the tumour cells and invasion to distant organs.129-130

Circulating tumour cells should accumulate at certain region of the blood vessels where the

vasculatures are narrow enough to hinder the circulation of the tumour cells. This process is

called tumour cells arrest which is required for tumour cell extravasation through blood

vasculature and subsequent invasion to distant organs. P-selectin plays a crucial role in

cancer metastasis and tumour cells spreading and dissemination through mediating

circulating tumour cells arrest in blood vessels. P-selectin acts as a cell adhesion molecule

that facilitates the rolling adhesion of circulating tumour cells in systemic circulation.

Metastatic tumour cells in systemic circulation express sialylated surface protein; sialyl LewisX
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(sLex) which binds to the upregulated P-selectin receptors on the surface of endothelial cells

lining the blood vasculature. Subsequently, metastatic cells extravasate and transmigrate

across vascular endothelium to distant organs in order to create secondary tumours.131-135

Metastatic cancer cells arrest that occurs in large blood vessels is primarily brought by the

adhesive interaction between metastatic cells glycoprotein ligand and P-selectin membrane

receptors of the endothelial cells lining the blood vessels.136

The key role of P-selectin in mediating the process of metastasis has been described including

P-selectin knock down attenuated metastasis in vivo. Young et al intravenously injected

LS180 colon carcinoma cells that express sLex into P-selectin deficient and P-selectin

expressing mice. Few numbers of P-selectin deficient mice developed lung metastasis

compared with P-selectin positive mice. Thus reinforcing the critical role of P-selectin

adhesion molecule in tumour cell invasion and metasatasis.137

Moreover, P-selectin is also involved in circulating tumour cells interaction with platelets.

Platelets express P-selectin during the process of metastasis and bind to glycoprotein ligands

expressed on the surface of metastatic tumour cells. Consequently platelets form

microemboli that surround circulating tumour cells.138 The formed complex of the platelets

and circulating tumour cells assists the spread of tumour cells though various mechanisms.

These include facilitating the arrest of circulating tumour cells in blood vessels by increasing

the sizes of the formed microemboli and decreasing the shear stress brought by blood

flow.139 Thus enhancing the interaction between the circulating tumour cells and vascular

endothelium, subsequently tumour cell extravasation and spreading. Furthermore, the

formed microemboli help the tumour cells escape the immune system, thus acting as a

protective shell.50, 140

2.1.1.2 Inhibition of metastasis by heparin through blocking of cell adhesion receptors

Heparin attenuates metastasis and circulating tumour cells dissemination by blocking P-

selectin receptors where it acts as a competitive inhibitor to the endogenous heparan
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sulphate. Thus disrupting the binding of metastatic cancer cells to P-selectin receptors

overexpressed on vascular endothelium.141 For example, It has been reported that porcine

intestinal mucosa derived heparin had the ability to bind to P-selectin receptors in similar

way to that of endogenous HS.142

It has also been reported that unfractionated heparin had the highest inhibitory effect

against both P-selectin and L-selectin binding to human colon carcinoma cells relative to that

of low molecular weight heparins or fondaparinux, which is a synthetic oligosaccharides

made of pentasaccharide sequence that specifically binds to antithrombin and induces its

activation, hence fondaparinux has potent anticoagulant effect. In vivo experiments were

conducted using mice injected with green fluorescent protein (GFP) labelled colon

carcinoma. Mice were then subcutaneously injected with different doses of heparins. At low

dose, unfractionated heparin showed the best inhibitory effect against metastasis as

confirmed by the fluorescence of lung cancer homogenate. While at high dose, both

unfractionated heparin and low molecular weight heparin (Tinzaparin) were able to mitigate

metastasis in mice by significantly inhibiting the spread of B16F10 melanoma cells after they

were injected in mice as indicated by lung weight measurement, compared to Fondaparinux

which had no effect. Indicating that there is no role of antithrombin binding domain in

mediating heparin antimetastatic activity .143

Furthermore, heparin was able to diminish lung metastasis in wild-type mice treated with

metastatic colon adenocarcinoma (MC-38) cells labelled with GFP, as indicated by GFP

fluorescence measurements of mice lungs. The inhibitory effect of heparin was similar to the

effect of P-selectin deficiency in mice. Administration of heparin to P-selectin deficient mice

did not enhance antimetastatic effect brought by the absence of P-selectin. This reflects that

heparin has antimetastatic activity through the disruption of P-selectin mediated metastatic

cell invasion.144 Heparin reduces the metastasis not only by disrupting the rolling adhesion of

metastatic cancer cells but also by other antimetastatic mechanisms including the reduction
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of the microemboli formation around the circulating tumour cells and heparanase inhibitory

activity.145

Flow conditions use in systemic circulation simulators
The binding of NPs to cell surface under flow conditions has not been extensively explored,

however it is of significance to monitor NPs binding under flow conditions that mimic the in

vivo dynamics in contrast to static conditions.146 The mechanical properties and fluid

dynamics of the blood vessels have been established using experiments considering flow

conditions and physiological geometries in order to simulate the systemic circulation in

human arteries and veins.147 Binding of NPs used as targeted drug carriers to vascular

endothelium is complex process as it is modulated by several factors including hydrodynamic

force, shear stress and bond formation dynamics.148

Different systemic circulation simulators were developed in order to study nano- and micro-

particles adhesion to cell surface. Antony et al used microfluidic channels for studying

particles adhesion to endothelial cell surface in order to mimic the microcirculation. They

functionalised the particles surface with specific antibodies In order to bind to cell adhesion

molecules; ICAM-1 on the surface of endothelial cells.149 In vitro model of microfluidic device

was developed in order to mimic the physiological flow conditions. The adhesion of wheat

germ agglutinin (WGA) functionalised microparticles to epithelial cells was studied compared

to the adhesion of microparticles conjugated with BSA as non-specific protein. A paramount

finding in this study was that the non-specific binding of BSA conjugated particles to cell

surface was minimal compared with WGA conjugated particles under flow conditions.150 Flow

chambers were also utilised in order to simulate the systemic circulation. Where, PLGA NPs

were conjugated with glycocalicin which is a glycoprotein expressed on the outer surface of

intact platelets that binds to P-selectin receptors upregulated on the surface of stimulated

endothelial cells.151 The adhesion of PLGA microspheres coated with Sialyl-Lewis x (SLex) to

flow chambers coated with selectin proteins was also investigated under flow conditions.152
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Aim
Heparin has structural similarities to Sialyl Lewis x (sLex) implicated in the metastasis process.

Figure 2.1 shows the structural similarities between heparin and sLex. However, heparin

polymer is renally excreted within two hours which limits its use in cancer metastasis.

Figure 2.1 The structure of the most commonly occurring disaccharide repeating unit in heparin chain (left) and
Sialyl Lewis x (sLex) (right).The structural similarities between the two ligands include the presence of amino sugar
residue; D-glucosamine and the presence of L-idopyranuronic acid in heparin chain that resembles N-
acetylneuraminic acid in sLex.

In light of that, the aim of this study was to synthesise heparin conjugated NPs which are

expected to have prolonged systemic circulation.153 Whilst reducing the anticoagulant

activity of heparin upon the conjugation process to NPs surfaces in order to decrease the

haemorrhagic side effects associated with native heparin. Moreover, the aim also

encompasses synthesis of two structurally related polymers as controls; namely chondroitin

sulphate polymer as it resembles heparin and belongs to the same family of

glycosaminoglycans (GAGs) and sodium alginate polymer as it has similar backbone and

negative charge to GAGs polymers though it lacks the sulphate groups. Ultimately, heparin

conjugated NPs were engineered in order to target and block P-selectin upregulated on

surface of HUVECs. Thus, quelling the metastatic cells adhesion to vascular endothelium and

cancer cells dissemination as illustrated in Figure 2.2.

Sialyl Lewis X (sLex)Heparin disaccharide
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Figure 2.2 Illustrative diagram shows stages of metastatic process and the aim of this study in utilising heparin
conjugated NPs to disrupt metastasis at stage number (3). Metastasis starts at EMT (epithelial mesenchymal
transition) stage where cells start to change morphology and become more metastatic. Heparanase degrades
ECM (extracellular matrix) to create a path for metastatic cells to enter systemic circulation, then they bind to
certain receptors (P-selectin) upregulated on endothelial cells, which enhance the rolling adhesion of metastatic
cells to extravasate and invade distance organs.

Experimental

Materials
Ammonium hydroxide (NH4OH) (28-30%), Tetraethylorthosilicate (TEOS) (≥ 99%), (3-

Aminopropyl)triethoxysilane (APTES), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC), Azure A (certified by the Biological Stain Commission (dye content 70

%)), Heparin from porcine intestine ( ≥ 180 USP units/mg ,average MW =17 kDa ), Alginic acid 

sodium salt from brown algae-low viscosity (Viscosity= 8-12 cP, average MW = 55 kDa),

Chondroitin sulphate sodium salt from shark cartilage (average MW = 73 kDa),

Ethylenediaminetetraacetic acid (EDTA), 1,9-Dimethyl Methylene Blue zinc chloride double

salt ( DMMB), Tris(hydroxymethyl)aminomethan (Trizma base) and Trypsin-EDTA solution

were purchased from Sigma Aldrich. Ethanol absolute was purchased from Fisher chemical,

2-(N-morpholino)ethane sulfonic acid (MES) was purchased from PanReac, 5-(and-6)-

Carboxytetramethylrhodamine Succinimidyl Ester (5(6)-TAMRA, SE), Alexa Fluor 633 NHS
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Ester (Succinimidyl Ester), 5-(and-6)-Carboxyfluorescein Succinimidyl Ester mixed isomers

(5(6)-FAM-SE) were purchased from Thermo Fisher Scientific, sodium hydroxide was

purchased from VWR International Ltd. Anti-Xa heparin kit was purchased from Iduron.

HUVECs, Endothelial Cell Basal Medium MV2 and Endothelial Cell Growth Medium MV2

supplement packs were obtained from PromoCell, Hoechst 33342 was purchased from

Thermo Scientific, micro-Slide I Luer channel slides (µ-Slide I Luer o.88 mm), flow control

pump and perfusion set were purchased form ibidi Cells in Focus , paraformaldehyde (PFA)

was purchased from Electron Microscopy Sciences, CD62P (P-Selectin) Monoclonal Antibody

(AK-4) and P-Selectin Monoclonal Antibody (AK-6)-FITC were purchased from ThermoFisher

Scientific. Leica SPE11confocal microscope, Astrios Cell Sorter flow cytometer, Cary eclipse

fluorescence spectrometer, Cary 50 bio UV-visible spectrophotometer, FEI Tecnai BioTwin-

12 TEM (Transmission Electron microscope), Malvern Zetasizer Nano ZS, Buchi Rotavap R-

200, Hermle Z300 Centrifuge, SP 260PZ syringe pump, GVD3 freeze dryer and Spark

microplate reader (TECAN) were used.

Methods

2.3.2.1 Synthesis of labelled amine functionalised nanoparticles

TAMRA-SE (1 mg, 1.9 μmol), FAM-SE (1 mg, 2.1 μmol) and Alexa633-SE (1 mg, 0.87 μmol) 

were individually dissolved in 1 mL of pure ethanol, then the mixture was sonicated for 15

minutes. After that, APTES (18 μL, 76.9 μmol) was added to the mixture, left on an oscillator 

for 24 hours to allow the reaction to proceed and covered with aluminium foil to protect the

dye to produce APTES-TAMRA, APTES-FAM and APTES-Alexa 633 conjugates respectively.

300 μL of each prepared conjugate was then added to a conical flask containing 50 mL 

ethanol and 3 mL NH4OH and left to stir for 3 hours. After that 4 mL of TEOS was added

dropwise using a syringe pump at a rate of 0.5 ml/min and left to stir for 3 hours. After

synthesis the suspension was centrifuged at 7500 g for 20 minutes and washed with 40 mL

ethanol in triplicate. Finally, the suspension was rotary evaporated to produce fluorescent

silica NPs labelled with TAMRA, FAM and Alexa 633 respectively. 60 mg of these fluorescent
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NPs were suspended in 10 mL ethanol, left under sonication then moved to a magnetic stirrer

at 1500 rpm. 1 mL of NH4OH was added to the suspended NPs and left to stir for 15 minutes.

After that -0.5 mL of APTES was added to the above mixture and left for 24 hours to allow

the polycondensation of the APTES on the surface of the silica nanoparticles. Finally, the

suspension was centrifuged at 7500 g for 20 minutes, washed with 40 ml ethanol in triplicate

and rotary evaporated to synthesise amine functionalised silica NPs labelled with TAMRA,

FAM and Alexa 633 respectively.

2.3.2.2 Synthesis of heparin, chondroitin and alginate conjugated nanoparticles

Heparin (25 mg, 1.47 μmol) was dissolved in 2.5 mL MES (pH 5.6). Sodium alginate (27.5 mg, 

0.5 μmol) was dissolved in 1 mL MES buffer (pH 5.6). Chondroitin sulphate (36.5 mg, 0.5 

μmol) was also dissolved in 1 mL MES buffer (pH 5.6). Then, EDC (2.5 mg, 13 μmol) was added 

to heparin solution and left to stir for 2 hours.  EDC (1 mg, 5.2 μmol) was added to either 

alginate solution or chondroitin sulphate solution and left to stir for 2 hours. After that, amine

functionalised NPs (20 mg) produced as described in section 2.3.2.1 were added to each

solution and left to stir for 12 hours. Finally the resultant suspensions were centrifuged at

3000 g for 20 minutes and washed four times with 20 mL water. The obtained NPs were

freeze dried for 24 hours.

2.3.2.3 Synthesis of heparin conjugated microparticles

Micron-sized silica particles were synthesised using Stober process and seed growth. 5 mL of

ammonium hydroxide (28-30%) was added to 16.75 mL ethanol and left to stir for 15

minutes. Then 60 μL of APTES-TAMRA conjugate prepared as described in section 2.3.2.1 was 

added to the above solution and left under stirring for 3 hours to allow hydrolysis of alkoxy

groups. After that, 0.5 mL of TEOS (99%) was added using syringe pump at rate 0.5 mL/min

and left under stirring for 24 hours, followed by of another 0.5 mL of TEOS for 24 hours.

Finally the resultant suspensions were centrifuged at 7500 g for 20 minutes and washed four

times with 20 mL ethanol. The obtained micron sized particles were rotary evaporated for

drying.
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2.3.2.4 Nanoparticles characterisation

Particle size and zeta potential measurements of silica NPs were recorded using a Malvern

Zetasizer Nano ZS (Dynamic light scattering technique). Particle size measurements were

carried out using back scatter mode at 173° angle with 633 nm laser. The equilibration time

for each sample was 120 seconds before the acquisition of the next sample. The count rate

was set between 100-500 kcps by automatically adjusting the laser power using an

attenuator. The temperature was set at 25 °C and the viscosity of the dispersant was 1.2 cP

with 1.362 refractive index. All samples were prepared in 1/10 phosphate buffer saline (15

mM PBS) for size and zetapotential measurements. Data were recorded for each sample and

repeated for three times of 15 runs (size) and 12 runs (zeta) for each reading. Data analysis

was carried out using Malvern Zetasizer Software.

To measure the size, 5 mg of amine functionalised, heparin, chondroitin sulphate and

alginate conjugated silica NPs were suspended in 1 mL ethanol or 15 mM PBS then diluted to

produce a concentration of 0.05 mg/mL. For zeta potential measurements, 5 mg of the

prepared silica NPs were suspended in 5 mL deionised water 1 mg/mL

Fluorescence microscope was used to measure the size of heparin conjugated microparticles.

10 μL of heparin conjugated microparticles (0.1 mg/mL) was placed on a glass slide and left 

to dry for 1 hour. The slide was taken to the fluorescence microscope, then bright field and

fluorescence images of the particles were acquired. The resultant images were further

analysed using ImageJ (Fiji) and Prism (GraphPad) in order to calculate the size and the

frequency distribution of the particles.

FEI Tecnai BioTwin-12 TEM was used for NPs imaging, where 0.1 mg/mL of each type of the

NPs was prepared. 15 μl of the resultant suspension was dropped on to copper grids and left

for 10 minutes to allow the NPs to settle. Finally, the solvent was removed by filter paper and

the sample was loaded into TEM for imaging.

For fluorescence measurements, 1 mL of heparin conjugated NPs labelled with TAMRA,

chondroitin conjugated NPs labelled with FAM and alginate conjugated NPs labelled with
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Alexa 633 (5 mg/mL) were placed in cuvettes and the fluorescence emission spectra were

recorded using Cary eclipse fluorimeter. Chondroitin sulphate, heparin and alginate

conjugated NPs were excited at 490 nm, 540 nm and 630 nm respectively with an excitation

slit width of 2.5 nm and emission slit width of 2.5 nm.

2.3.2.5 Thermogravimetric analysis (TGA)

Heparin (5 mg), heparin conjugated silica NPs (2 mg), blank silica NPs (6 mg) and amine

functionalised silica NPs (6 mg) were accurately weighed and placed in the pans of the

thermogravimetric (TGA-Q500). The temperature range was set from 0 to 600 °C and the

heating rate was 10 °C/min under inert conditions (argon gas).

2.3.2.6 Azure A and DMMB assays

Equal volumes of (0.025mg/mL, 85.6 nmol/mL) azure A stock solution and 20 μg/mL of 

heparin polymer, 1 mg/mL of heparin conjugated NPs or 1 mg/mL of amine functionalised

NPs were mixed. The absorption wavelength of the resultant mixture was determined using

a UV-Visible spectrophotometer or plate reader. For the DMMB assay, 200 μL of 0.1 mg/mL 

stock solution of either chondroitin sulphate or sodium alginate were added to a 24 well

microplate containing 1 mL of DMMB stock solution0.016 (mg/mL, 38.5 nmol/mL ) with pH

1.5 and 800 μL water. Whereas 1 mL of 1 mg/mL of either chondroitin sulphate NPs or 

alginate NPs was added to 1 mL of 0.016 mg/mL DMMB stock solution with pH 1.5. 200 μL of 

either chondroitin sulphate or sodium alginate solution (0.1 mg/mL) was added to the 24

well microplate containing 1 ml of DMMB stock solution (0.016 mg/mL) with pH 7.2 and 800

μL water. Whereas 1 mL of 1 mg/ml of either chondroitin sulphate NPs or alginate NPs was 

added to 1 mL of DMMB stock solution (0.016 mg/mL) with pH 7.2. Finally UV visible scan

was done for the all resultant mixtures using plate reader (TECAN).

2.3.2.7 Anticoagulant assay (Anti Xa assay)

Anticoagulant activity of the NPs was determined by anti Xa assay. Heparin binds to

antithrombin-factor Xa complex, consequently it inhibits factor Xa. The inhibited factor Xa is

not able to break down the chromogenic substrate and release the chromophore (pNA).
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Aliquots (200 µL) of different concentrations of heparin polymer (62.5, 125, 250 and 500

ng/mL) and different concentrations of heparin , alginate and chondroitin sulphate

conjugated NPs (25, 60, 75 and 100 μg/mL) were prepared in Tris-EDTA buffer with pH 8.4, 

placed in a 48 well plate and incubated for 2 minutes at 37 °C. Then 200 µL of the

antithrombin solution was added and mixed for 2 minutes at 37 °C. Then 200 µL of the Factor

Xa solution was added and mixed for 2 minutes at 37°C. 200 µL of the chromogenic substrate

(Xa substrate) solution was then added and mixed for 2 minutes at 37 °C. Finally 200 µL of

20% (v/v) acetic acid was added to stop the reaction, mixed and the plate was set aside at

room temperature. The absorbance of the samples was measured at 405 nm directly using

plate reader.

2.3.2.8 Cell culture and maintenance

HUVECs from PromoCell were grown and maintained in Endothelial Cell Growth Medium

MV2 that was exchanged every 48 hours. In order to split the cells, 1 mL of trypsin was added

to HUVECs grown in a T75–flask for 4 minutes then 5 mL of the media was added to inactivate

trypsin. The resultant cell suspension was centrifuged at 1200g for 5 minutes. The pellet was

resuspended in 2 mL media and 0.5 mL of the suspended cells was added to 10 mL MV2

media in T75-flask to allow cells to grow at 5% CO2 and 37 °C. Cells were used in passages

between 2 and 6.

2.3.2.9 Immunofluorescence assay of P-selectin expression

100,000 of HUVEC cells were seeded in a 24 well plate for 24 hours. The cells were either

treated by 1 mL of 0.1 mM of histamine containing MV2 media or left untreated for 10

minutes at 5% CO2 and 37 °C. Cells were then washed three times with PBS to remove the

media and the treatment. Then the cells were fixed by adding 1 mL of 4% PFA to each well

for 20 minutes at room temperature. Then the cells were washed with PBS for three times

and blocked by adding 1 mL of 1 % normal goat serum in PBS to each well for 1 hour. Then

10 μl FITC–labelled anti CD62P antibodies was diluted in 100 μl of 10 %  normal goat serum 

and added to histamine stimulated and unstimulated HUVECs for 1 hour at room
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temperature. After that, the cells were washed with PBS for three times to remove the excess

antibodies. Finally, the cells were imaged using a fluorescence microscope.

2.3.2.10 Basal P-selectin expression by flow cytometry

100,000 cells were seeded in 24 well plate for 24 hours. Then cells were washed with PBS

and 1 mL of PBS containing 1% normal goat serum was added to the cells for 1 hour. Cells

were harvested using 200 μL trypsin for 4 minutes followed by 1 mL of MV2. The cells were 

centrifuged at 1200 g and resuspended in 10% normal goat serum PBS containing 10 μg/mL 

FITC–labelled anti CD62P antibodies in falcon tubes for 1 hour at room temperature. The cells

were washed with PBS for three times to remove excess antibodies, centrifuged then

resuspended in 0.5 mL PBS and taken for flow cytometry for measurement.

2.3.2.11 Competitive assay of heparin conjugated NPs P-selectin dependent adhesion under

static conditions

100,000 HUVEC cells were grown in a 24 well plate for 24 hours. Then the cells were

stimulated with 1 mL of MV2 media containing 0.1 mM histamine for 10 minutes.

Subsequently, 1 mL of MV2 media containing 1 mg/mL of free heparin was added to

histamine stimulated and unstimulated cells saturate the receptors. Then 1 mL of heparin

conjugated NPs (50 μg/mL) was added to histamine stimulated and unstimulated cells and 

incubated for 30 minutes in 5% CO2 and 37 °C incubator and covered with aluminium foil.

After that, the cells were washed with PBS three times to remove the unbound NPs and

reduce trypsin inactivation by the media. 200 μL of trypsin was then added to each well to 

cover the cells and left in the incubator for 4 minutes. Trypsin was quenched by adding 0.5

mL of the media to each well. Finally, the cells were placed in a 15 mL falcon tubes without

fixation for direct flow cytometry measurements.

2.3.2.12 Flow assays

250,000 HUVEC cells were seeded in µ-Slide I Luer and allowed to settle and grow for 72

hours before use. The cells were covered with 250 μl of 1 in 10,000 diluted Hoechst 33342 

dye and incubated for 15 minutes and covered with aluminium foil at 5% CO2 and 37 °C. Then

the cells were washed once with pre warmed PBS to remove excess Hoechst. The cells were
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fixed with 4% PFA for 20 minutes at room temperature. Finally, the cells were washed by PBS

once and covered with PBS and imaged using a fluorescence microscope.

For studying NPs or heparin microparticles adhesion to HUVECs under flow, 250,000 HUVEC

cells were seeded in µ-Slide I Luer and allowed to grow for 72 hours. Then the micro channel

slide was transferred to a fluorescence microscope stage and connected to the perfusion set

of the ibidi pump system. A 50 cm long with 0.8 mm internal diameter perfusion set and 0.8

mm micro-channel slide were used. In order to achieve 1.16 dyn/cm2, the flow rate of the

pump was adjusted at 3.33 mL/min using 27 mbar pressure. 10 mL of CO2 independent media

containing  mixture of 10 μg/mL of heparin, chondroitin and alginate conjugated NPs was 

allowed to flow through the micro channel slide using ibidi pump system at the desired flow

rate and shear stress. After that, three different images were acquired from three different

random regions of the slide using a fluorescence microscope. Same procedure was

conducted in order to study the difference in heparin conjugated microparticles and NPs

adhesion to HUVEC surface separately.

For competitive assay under flow conditions, 300 μl of CO2 independent media containing

10% normal goat serum and 50 μg/mL of unlabelled anti P-selectin antibodies was used to 

cover 250,000 HUVEC cells grown in µ-Slide I Luer and left for 1 hour at room temperature

under static conditions. Then 10 mL of CO2 independent media containing mixture of 10

μg/mL of heparin, chondroitin and alginate conjugated NPs was allowed to flow through the 

micro channel slide using ibidi pump system at the same flow rate and shear stress previously

used. Images were acquired from three different random regions of the slide using a

fluorescence microscope.

Results and discussion

Synthesis of heparin, chondroitin and alginate conjugated silica NPs
Silica NPs were prepared by the Stöber process as previously described,154 TEOS was

hydrolysed under alcoholic solution (ethanol) by ammonium hydroxide (NH4OH) to form

silanol groups which then condensed to form siloxane bonds that constitutes the matrix of
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the produced bare silica NPs (NPs). Figure 2.3 shows the hydrolysis and polycondensation

mechanisms of the silica particles formation.

Figure 2.3 Schematics showing the synthesis of bare silica NPs. Steps of silica NPs formation, 1) Hydrolysis of TEOS
in presence of NH4OH to form silanol groups. 2) Condensation of silanol groups to form siloxane bonds (Si-O-Si).

Moreover; silica NPs were labelled with different fluorophores before appending heparin,

alginate and chondroitin sulphate in order to facilitate NPs tracking in one experiment to

reduce the experimental variations. Figure 2.4 shows the chemical conjugation of different

fluorophores into silica matrix of the NPs.
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Figure 2.4 The mechanism of fluorophore incorporation within the matrix of silica NPs which comprises two steps;
the first step involves the covalent conjugation of the fluorophore to APTES linker and the second step
encompasses the incorporation of the APTES-fluorophore conjugate within the silica matrix of the NPs during the
polycondensation reaction between APTES and TEOS during the formation of silica NPs. A: Synthesis of TAMRA
labelled silica NPs. B: Synthesis of FAM labelled silica NPs. C: Synthesis of Alexa 633 labelled silica NPs.
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The surface of bare silica NPs was further functionalised with amine groups using a solution

phase silanisation process, where ethoxy groups of the organosilane (APTES) were

hydrolysed in the presence of aqueous ammonia to produce free hydroxyl groups that

subsequently condensed with the exposed hydroxyl groups on the surface of bare silica NPs,

thus producing amine functionalised silica NPs as shown in Figure 2.5.

Figure 2.5 Schematic illustration of organosilane molecules (APTES) attachment to the surface of bare silica NPs
(SiO2 NPs) in order to form amine functionalised silica NPs (NH2-SiO2). Ethoxy groups of APTES were hydrolysed in
presence of NH4OH, subsequently reacted with free hydroxyl groups on the surface of bare silica NPs to form a
covalent siloxane bonds (red).

Heparin, chondroitin sulphate and sodium alginate were then grafted onto the surface of

amine functionalised silica NPs (NPs) using EDC as a coupling agent. Which was used to

activate the carboxylate groups of these polymers in order to react with amine groups of

silica NPs using intrachain conjugation method as illustrated in Figure 2.6. Intrachain

conjugation method was used in this study as end-chain conjugation method of heparin to

the surface totally preserves the anticoagulant activity of immobilised heparin.155-156

Consequently, heparin attached to the surface by end-point conjugation is expected to have
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high bleeding side effects. Figure 2.7 illustrates the difference between the end-point and

intrachain conjugation of heparin to NPs surfaces.

Figure 2.6 Schematic representation of synthesis of heparin, chondroitin sulphate and alginate conjugated silica
NPs labelled with TAMRA, FAM and Alexa 633 respectively using EDC as a zero length linker that activates the
carboxylate groups of these polymers. A: coupling of heparin to amine functionalised TAMRA labelled silica NPs
(NH2-SiO2) to produce heparin conjugated NPs (HP-SiO2), B: coupling of chondroitin sulphate to amine
functionalised FAM labelled silica NPs (NH2-SiO2) to produce chondroitin conjugated NPs (CH-SiO2), C: coupling of
sodium alginate to amine functionalised Alex 633 labelled silica NPs (NH2-SiO2) to produce alginate conjugated
NPs (ALG-SiO2).

Figure 2.7 Schematic representation of heparin conjugation to the surface of amine functionalised NPs using A:
end-chain immobilisation method and B: Intrachain conjugation method.
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Characterisation

Particle Size
All prepared NPs had relatively similar mean particle size which is around 200 nm as

measured by DLS. However NPs that have modified surfaces with hydrophilic polymers

including heparin, alginate and chondroitin showed significantly higher diameters compared

with non-grafted amine functionalised NPs as shown in Figure 2.8 A and B. This is attributed

to these hydrophilic polymers forming a hydration layer around the particle surface.157-160

Moreover, the polydispersity index of all NPs types was measured as illustrated in Figure 2.8

C and the values were below 0.2 i.e. within the commonly acceptable range in order to use

NPs for drug delivery.161-162

Figure 2.9 shows that the TEM images and corresponding histograms are consistent with DLS

data with slightly lower values as can be explained TEM measuring the diameter of the

particle in the dried state negating the effect of the hydration layer.163-164 The particles had

spherical shape which is an inherent property of silica NPs.165
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Figure 2.8 . Size of the non-grafted and polymer grafted NPs measured by dynamic light scattering (DLS). A:
Particle size distribution of heparin conjugated NPs (HP-Si), alginate conjugated NPs (ALG-Si), chondroitin
conjugated NPs (CH-Si) and non-grafted amine functionalised NPs (NH2-Si). B: Quantitative measurement of the
average particle size of the NPs shown in A. C: Polydispersity index values of the NPs shown in A. Data was
analysed using one way ANOVA test (column analyses), multiple comparison by comparing the mean of each
column to the mean of the control column (NH2-Si). Error bars indicate SD (n = 3), ** is P ≤ 0.01, *** is P ≤ 
0.001**** is P ≤ 0.0001. 

Figure 2.9 TEM images (left) and corresponding histograms (right) of amine functionalised NPs (a) heparin
conjugated NPs (b), chondroitin conjugated NPs (c) and alginate conjugated NPs (d) (scale bar = 500 nm).
Histograms were generated by calculating the diameter of n numbers for each type of the NPs (n = 40).
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Zeta potential
NPs conjugated with heparin, sodium alginate and chondroitin sulphate had negative zeta

potential values compared with amine functionalised NPs as shown in Figure 2.10. This

indicates successful grafting of the negatively charged polymers to the surface of amine

functionalised silica NPs.

Figure 2.10 Zeta potential measurements of negatively charged heparin conjugated NPs (HP-Si), alginate
conjugated NPs (ALG-Si), and chondroitin conjugated NPs (CH-Si) and positively charged amine functionalised NPs
(NH2-Si). Error bars indicate SD (n = 3).

Fluorescence of the NPs
Fluorophores were chemically incorporated within the silica matrix by incorporation of dye-

APTES conjugate with TEOS during the synthesis of the NPs. Chemical conjugation of the

fluorophore was used in order to ensure NPs labelling with minimal loss and leaching of the

dye over time. Figure 2.11 shows that chondroitin NPs labelled with FAM had a maximum

emission wavelength at 525 nm, heparin NPs labelled with TAMRA had a maximum emission

wavelength at 575 nm and alginate NPs labelled with Alexa 633 had a maximum emission
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wavelength at 650 nm. This indicates that the fluorophores were successfully incorporated

into the NPs and remained after washing steps.

Figure 2.11 Fluorescence spectra of TAMRA labelled heparin conjugated NPs (HP-Si), Alexa 633 labelled alginate
conjugated NPs (ALG-Si), FAM labelled chondroitin conjugated NPs (CH-Si), showing the maximum emission
wavelengths of the fluorophore incorporated NPs. Fluorescence intensity was normalised to the maximum
intensity.

Determination of the polymers grafted onto the NPs’ surface

2.4.6.1 Confirmation of heparin grafting using TGA

Thermogravimetric analysis (TGA) was conducted in order to confirm the presence of heparin

on the NPs surfaces, Figure 2.12 shows TGA curves of heparin conjugated NPs, amine

functionalised NPs, bare silica NPs and heparin alone. Heparin conjugated NPs had greater

weight loss than non-heparin conjugated ones (bare or amine functionalised) as a result of

heparin decomposition between 200-600 °C, which indicates the presence of heparin on the

nanosurface, in addition HP-Si curve had an increased gradient (0.031) compared with NH2-

Si curve (0.014) within 200-600 °C temperature range.
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Figure 2.12 TGA curves of heparin alone, heparin conjugated NPs (HP-Si), amine functionalised NPs (NH2-Si) and
bare silica NPs (Blank-Si).

2.4.6.2 Confirmation of heparin grafting using azure A assay

The presence of heparin on the NPs surface was identified using an azure A assay as it is a

highly sensitive test for quantitative measurement of heparin.166 In principle, when azure A

reagent is added to heparin solution its maximum absorption wavelength is shifted to a

shorter wavelength (blue shift). This is due to the interaction between the negative sulphate

groups of heparin and the positive amine groups of azure A which leads to dimerization of

azure A molecules, thus reducing the delocalisation of electrons as illustrated in

Figure 2.13.167-169

Figure 2.14 shows that heparin conjugated NPs made a significant hypsochromic shift to the

maximum absorption wavelength of azure A (λmax), similar to the effect of native heparin

polymer. In contrast to non-grafted amine functionalised NPs, that did not affect azure A

wavelength. This supports that heparin was successfully grafted onto the NPs surface.
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Figure 2.13 Schematic representation of possible electrostatic interaction between heparin and two molecules of
azure A to form a dimer.

Figure 2.14 Effect of heparin polymer, heparin conjugated NPs and non-grafted amine functionalised NPs on
maximum absorption wavelength of azure A dye. A: UV-visible absorption wavelength spectra of 0.0125mg/mL
azure A alone (Blue), and after addition of 20 μg/mL heparin (Red), 0.5 mg/mL heparin conjugated NPs (Green), 
and 0.5 mg/mL amine functionalised NPs (Purple). B: Quantitative measurements of azure A lambda max change
upon addition of heparin polymer, heparin conjugated NPs (HP-Si), and non-grafted amine functionalised NPs
(NH2-Si). Data was analysed using one way ANOVA test (column analyses), multiple comparison by comparing the
mean of each column to the mean of the control column (NH2-Si). Error bars indicate SD (n = 3). **** is P ≤ 0.0001. 

2.4.6.3 Determination of the percentage of heparin grafted to NPs surface using azure A

assay and TGA analysis

The percentage of heparin covering the surfaces of silica NPs was calculated using azure A

assay and TGA analysis. Figure 2.15 shows that the percentage (w/w) of heparin conjugated

to the surface of amine functionalised silica NPs was around 6% using TGA method whilst

around 4% as indicated by azure A assay. Although there was a statistically significant

difference between the two methods, azure A method is considered more accurate as it
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measures the chemical entity of heparin compared with measuring the decomposition of the

organic material on the NPs surfaces used in TGA method .170

Figure 2.15 Percentage of heparin attached to the surface of silica NPs through EDC coupling reaction. Error bars
indicate SD (n=3). Data was analysed using t test. **  is P ≤ 0.01. 

2.4.6.4 Confirmation of chondroitin and alginate grafting using DMMB assay

Chondroitin and alginate conjugation to the particles’ surface was confirmed using a DMMB

(1,9-Dimethyl Methylene Blue) assay at different pH values. In principle, cationic DMMB

binds to polyanionic substrates and this interaction causes a metachromatic blue shift of

DMMB maximum wavelength.171-173

At pH 7.2, both alginate and chondroitin conjugated NPs induced a blue shift of DMMB

maximum wavelength similar to the effect of alginate and chondroitin polymers as shown in

Figure 2.16 A. However chondroitin conjugated NPs have induced a significantly higher shift

relative to alginate conjugated NPs as demonstrated in Figure 2.16 B. Which is attributed to

the engagement of carboxylate groups of alginate with amine groups on the particles’ surface

through amide bond. In contrast, chondroitin sulphate polymer and chondroitin conjugated

NPs significantly induced a metachromatic shift of DMMB maximum wavelength at pH 1.5

relative to alginate polymer and alginate conjugated NPs as shown in Figure 2.16 C and D.
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This supports that the difference in surface chemistries between alginate and chondroitin

conjugated NPs can be further distinguished at low pH values.

Alginate polymer and alginate conjugated NPs had no effect on the DMMB wavelength at pH

1.5 as expected due to the complete protonation of the anionic carboxylate groups.

Consequently the absence of the electrostatic interaction between alginate and DMMB

which is required for the metachromatic shift, which can be illustrated in Figure 2.17.174

Furthermore, DMMB colour change upon addition of chondroitin and alginate NPs was

visually detected at different pH values as depicted in Figure 2.18.

Figure 2.16 Effect of sodium alginate, chondroitin sulphate polymers, alginate conjugated NPs and chondroitin
conjugated NPs on the maximum absorption wavelength of DMMB dye at various pH values. A: UV-visible
absorption wavelength of DMMB dye alone, and after addition of chondroitin sulphate polymer (CH-DMMB),
sodium alginate polymer (ALG-DMMB), chondroitin conjugated NPs (CH-Si-DMMB) and alginate conjugated NPs
(ALG-Si-DMMB) at pH 7.2. B: Quantitative measurements of DMMB lambda max change upon addition of the
polymers and NPs shown in A at pH 7.2. C: UV-visible absorption wavelength of DMMB dye alone, and after
addition of chondroitin sulphate polymer (CH-DMMB), sodium alginate polymer (ALG-DMMB), chondroitin
conjugated NPs (CH-Si-DMMB), alginate conjugated NPs (ALG-Si-DMMB) at pH 1.5. D: Quantitative measurements
of DMMB lambda max change upon addition of the polymers and NPs shown in A at pH 1.5. Data was analysed
using t test. Error bars indicate SD (n = 3), ns is P > 0.05,  **  is P ≤ 0.01, **** is  P ≤ 0.0001.  
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Figure 2.17 Schematic illustrates the electrostatic interaction between negatively charged sodium alginate and
positively charged cationic DMMB. A: Electrostatic Interaction between the polymer and the dye at pH = 7.2 due
to complete ionisation of sodium alginate carboxylate groups. B: Absence of electrostatic interaction between the
polymer and the cationic dye at pH 1.5 due to protonation of the alginate carboxylate groups.

Figure 2.18 Visual monitoring of the effect of chondroitin sulphate, sodium alginate polymers and their
corresponding NPs on DMMB colour. A: Colour change of DMMB after addition of chondroitin sulphate polymer
(CH), sodium alginate polymer (ALG), chondroitin conjugated NPs (CH-Si), alginate conjugated NPs (ALG-Si) at pH
7.2. B: Colour change of DMMB after addition of chondroitin sulphate polymer (CH), sodium alginate polymer
(ALG), chondroitin conjugated NPs (CH-Si), alginate conjugated NPs (ALG-Si) at pH 1.5.

Anticoagulant activity of the modified NPs
The anticoagulant activity of the NPs was measured using an anti-Xa assay. The principle of

this test is that heparin increases the activity of antithrombin (ATIII) to approximately 1000

times after binding. ATIII in turn inactivates factor Xa protease. Consequently heparin

prevents factor Xa from cleaving a susceptible chromogenic peptide substrate after the

arginine residue and thus releasing pNA (para nitroalanin) upon the cleavage process as
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demonstrated in Figure 2.19 A.175-176 In this sense, heparin activity is inversely proportional

to the released pNA optical density as shown in Figure 2.19 B.

Heparin conjugated NPs significantly reduced the released pNA optical density compared

with alginate conjugated NPs and chondroitin conjugated NPs as shown in Figure 2.19 C. This

can be explained by the unique structural and conformational properties of heparin that has

retained biological activity and ATIII binding property in contrast to alginate and chondroitin

conjugated NPs. However, higher concentration of heparin grafted to the surface of silica NPs

was required to achieve similar effect of ATIII activation compared to native heparin polymer

taking into account that the percentage of heparin grafted onto particles’ surface was about

5% as described in section 2.4.6.3. Indicating that heparin anticoagulant activity was reduced

upon conjugation to the NPs. This is ascribed to the amidation of heparin carboxylate group

through the conjugation process as carboxylate group plays an important role in heparin

binding to ATIII.177-178

Furthermore, the engagement of heparin groups through electrostatic interaction with

positively charged amine groups on the surface of the NPs could make ATIII binding sequence

less exposed thus reducing heparin binding to ATIII.179
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Figure 2.19 Anticoagulant activity represented by the optical density of the released pNA that is inversely
proportional to anticoagulant activity of heparin and its derivatives. A: Schematic representation of anti Xa assay
mechanism showing that the measurable chromophore pNA is only released by the residual (Heparin-unbound)
active factor Xa, B: Anticoagulant activity of native heparin polymer (HP), C: Anticoagulant activity of heparin
conjugated NPs (HP-Si), alginate conjugated NPs (ALG-Si) and chondroitin conjugated NPs (CH-Si). Data was
analysed using two way ANOVA test (grouped analyses), p-value of the multiple comparison is < 0.0001 for HP-Si
vs CH-Si, HP-Si vs ALG-Si and > 0.05 for CH-Si vs ALG-Si. Error bars indicate SD (n = 3).

Synthesis of heparin conjugated silica microparticles
In order to study the effect of particle size on the Particle-Cell adhesion interaction under

flow conditions. Heparin conjugated microparticles were synthesised using Stober process

by adjusting the amount of ammonium hydroxide and the concentration of TEOS used to

synthesise heparin conjugated silica NPs.

Particle Size
The diameter of heparin conjugated microparticles was circa 1.4 μm as indicated by optical 

images and the representative histograms shown in Figure 2.20 A, B and C. PDI was also

calculated from the histogram using the equation PDI = SD2/mean2 as demonstrated in

Figure 2.20 D. The estimated PDI value was within the acceptable range as previously

described in section 2.4.3.



Chapter Two

53

Figure 2.20 Particle characterisation. A: Bright field image B: Fluorescence image of 1.4 μm size heparin 
conjugated particles (HP-MPs) C: Histogram showing particles distribution. D: Polydispersity index (PDI) of heparin
conjugated microparticles (HP-MPs) estimated using the equation: PDI = SD2/mean2. Histogram was generated
using GraphPad Prism by measuring the diameters of n numbers of particles (n=700). Scale bar= 100 μm. 

Cellular uptake of heparin conjugated microparticles compared to NPs
Cellular uptake is influenced by cell surface binding, where binding of solutes/particles to the

surface of the cell might induce their internalisation. Particles that are intended to target

certain receptors that are extracellularly overexpressed, have to accumulate at cell surface

and show less tendency of cellular internalisation. Accordingly cell uptake study was

performed for heparin conjugated microparticles and NPs.

Heparin conjugated microparticles (1.4 μm size) have shown less cellular uptake compared 

with heparin conjugated NPs as indicated by the confocal microscopy images shown in

Figure 2.21 A. Heparin conjugated microparticles had significantly less cellular internalisation
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than heparin conjugated NPs after normalisation of the colour intensity of the taken up

particles to the number of the cells as shown in Figure 2.21 B. Which is an expected effect of

the microparticle diameter on cellular uptake.180-181 However, as the particles size influences

the total measured fluorescence of the particles, the measured difference might be

underestimated as the microparticles have 7 times larger diameter than the NPs.

Consequently, the microparticles could have 343 (73) times higher fluorophore content per

particle in comparison with the NPs taking into account that the volume of the sphere is

(4/3)*π*r3.

Figure 2.21 A: Confocal microscopy images of HUVECs cellular uptake of heparin conjugated NPs with 200 nm size
(left) and heparin conjugated microparticles with 1.4 μm size (right). B: Quantitative measurement of different
sizes of heparin particles internalisation by HUVECs treated with 25 μg/mL particles. Data was analysed using 
unpaired t test. Error bars indicate SD (n = 3, 3 different random regions were taken). ** is P ≤ 0.01. Scale bar = 40 
μm. 

Monitoring of heparin, chondroitin and alginate conjugated NPs-cellular

binding under flow conditions
In order to study the adhesion of the NPs to cell surface under shear stress to mimic the

systemic circulation, HUVECs were grown to near confluency into μ-channel slides and 

allowed to adhere over certain period of time. The cultivated HUVECs look in a healthy state

using the optimised culture protocol as shown in Figure 2.22.
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Figure 2.22 HUVECs grown in ibidi μ-channel slide (left) for 72 hours and corresponding fluorescence images of the 
cells having nuclei stained with Hoechst showing near confluency growing. Images were taken from three different
regions of the slide. Scale bar = 40 μm. 

The shear stress across the blood vessel walls caused by blood circulation varies from region

to region and organ to organ in the human body. It is inversely proportional to the third

power of the blood vessel radius, subsequently It can be lower than 1 dyn/cm2 for large veins

and as high as 40 dyn/cm2 in small venules, it could be also the highest in small arterioles

with shear stress value is 60-80 dyn/cm2.182-183 The shear stress that was applied to the

cultured HUVECs was 1.16 dyn/cm2. This value was chosen to mimic the shear stress of the

large veins of the human body.

Heparin (red) and chondroitin (green) conjugated NPs were more bound to the surface of

HUVEC cells compared with alginate (purple) conjugated NPs as illustrated in Figure 2.23.

Cellular adhesion of heparin, chondroitin and alginate conjugated NPs were tracked over

time. The NPs appear to start adhering to the surface of HUVECs and stay bound over the

time where a distinct change in NPs-HUVECs binding was observed as indicated in

Figure 2.24. This indicates that the NPs are firmly and tightly adhered to the surface of HUVEC

cells, which is attained by the balance between the force driven by ligand-P-selectin receptor

interaction and the disruptive force of the flowing media above the cell surface.

As the surface charge of the NPs is negative, the non-specific binding of the NPs to cell

surface is assumed to be minimal.184-185 Consequently the preferential cellular adhesion of

heparin and chondroitin conjugated NPs could be explained by the ability of heparin186-187

and chondroitin sulphate 188-189 to bind to P-selectin; a membrane receptor expressed on the
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surface of the stimulated endothelial cells. Although P-selectin upregulation needs

endothelial cells stimulation such as inflammation, it is normally expressed on the surface of

cultured HUVEC cells.190-194 Figure 2.25 shows the basal expression of the membrane

receptor; P-Selectin on the surface of HUVECs.

Figure 2.23 Fluorescence microscopy images of HUVECs treated with mixture of 200 nm heparin conjugated NPs
labelled with TAMRA (red), chondroitin conjugated NPs labelled with FAM (green) and alginate conjugated NPs
labelled with Alexa 633 (purple) under flow conditions. Images were taken from three different regions of μ-
channel slide. Shear stress = 1.16 dyn/cm2. Scale bar = 40 μm. 
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Figure 2.24 Time lapse fluorescence images of HUVECs treated with mixture of 200 nm heparin conjugated NPs
labelled with TAMRA (red), chondroitin conjugated NPs labelled with FAM (green) and alginate conjugated NPs
labelled with Alexa 633 (magenta) under flow conditions. Images were taken every 10 seconds. Shear stress = 1.16
dyne/cm2. Scale bar = 40 μm. 

Figure 2.25 P-selectin expression on the surface of HUVEC cells. A: Fluorescence image of HUVECs treated with
FITC labelled anti CD62 antibody (immunostaining). B: percentage of basal P-selectin expression on HUVEC cell
surface using flow cytometry. Scale bar = 20 μm. n=3, Error bars indicate SD (n = 3). % of P-selectin was represented 
by the percentage of labelled cells with FITC anti-P-selectin antibodies relative to the whole population of treated
cells.

To confirm that heparin and chondroitin functionalised NPs were specifically bound to cell

surface expressed P-selectin, an experiment was performed using anti P-selectin antibodies
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to block the basal P-selectin receptors expressed on HUVEC cell surface. The NPs were then

allowed to flow above the cell surface in order to investigate the role of P-selectin in NPs

adhesion to cell surface.

Figure 2.26 A displays that heparin and chondroitin conjugated NPs adhesion to HUVEC cell

surface was supressed. This is ascribed to the competitive inhibition of the NPs binding to

HUVECs surface by anti P-selectin antibodies that are occupying P-selectin receptors as

illustrated in Figure 2.26 B. This finding supports that heparin and chondroitin conjugated

NPs exploit P-selectin adhesion molecules for binding and adhesion to cell surface.

Figure 2.26 A: Fluorescence microscopy images of HUVECs incubated with Anti P-selectin antibody for 1 hour under
static conditions followed by treatment with mixture of 200 nm heparin conjugated NPs labelled with TAMRA
(red), chondroitin conjugated NPs labelled with FAM (green) and alginate conjugated NPs labelled with Alexa 633
(magenta) under flow conditions. Images were taken from three different regions of the μ-channel slide. Shear 
stress = 1.16 dyn/cm2. Scale bar = 40 μm. B: Schematic representation showing that P-selectin dependent binding
of heparin and chondroitin conjugated NPs to HUVECs surface is disrupted by anti P-selectin antibodies.
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P-selectin dependent heparin conjugated NPs-HUVECs binding
Heparin has been reported to be more clinically advantageous in inhibition of cancer

metastasis and dissemination of circulating tumour cells compared with chondroitin sulphate

as described in section 2.1.1.2. Accordingly, the binding of heparin conjugated particles to P-

selectin was further investigated.

2.4.12.1 Confirmation of P-selectin dependent heparin conjugated NPs-HUVECs binding using

competitive assay

In order to ensure the specific adhesion of heparin conjugated NPs to HUVEC cell surface,

free heparin ligand was used to saturate the P-selectin receptors under static conditions. Free

heparin was used as a competitive inhibitor of heparin bound to NPs surface.

Histamine, an inflammatory agent, has been used to upregulate endothelial cell P-selectin

expression.195-197 Figure 2.27 A displays the expression of P-selectin on the surface of a

histamine stimulated HUVECs compared to unstimulated cells using immunofluorescence

assay. It is clear that histamine stimulated cells have shown more fluorescence (P-selectin

expression) compared with unstimulated cells.

After P-selectin upregulation, the competitive assay was conducted. Heparin ligand

significantly reduced the binding/uptake of heparin conjugated NPs to HUVEC cells in

histamine stimulated and unstimulated cells. However, the reduction effect was more

pronounced in histamine stimulated cells compared with unstimulated cells as shown in

Figure 2.27 B. This is attributed to the effect of free heparin ligands that are already occupying

P-selectin receptors expressed on the surface of HUVECs thus reducing the binding of heparin

conjugated NPs to cell surface as illustrated in Figure 2.28. Moreover, the reduction effect

observed in histamine unstimulated cells could be explained by basal expression of P-selectin

on the cell surface of cultured HUVECs that contributes to NPs binding even in the absence

of the stimulant to upregulate the receptors.
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Figure 2.27 A: Immunofluorescence assay showing fluorescence images of HUVECS treated with FITC-Anti CD62P
antibody displaying P-selectin receptor expression before and after histamine stimulation. B: Quantitative analysis
of heparin conjugated NPs (50 μg/mL) internalisation/ cell surface binding to HUVEC cells stimulated by histamine 
(0.1 mM) to upregulate P-selectin before and after addition of free heparin (1 mg/mL). Data was analysed using
one way ANOVA test (column analyses), multiple comparison. Error bars indicate SD (n = 3). *** is P ≤ 0.001.  
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Figure 2.28 Cartoon showing that heparin conjugated NPs (HP-Si) outcompeted by heparin ligands that are already
occupying P-selectin receptors expressed on the surface of endothelial cells (competitive assay).

2.4.12.2 Monitoring of heparin conjugated particles-HUVECs binding under flow conditions

A comparative study of heparin conjugated particles binding to the surface of endothelial

cells (HUVECs) was conducted under flow conditions using florescence microscope.

Figure 2.29 shows that heparin conjugated microparticles and heparin conjugated NPs were

bound to the surface of HUVECs, however heparin conjugated NPs appear to be more bound

to the cell surface. Binding of ligand decorated particles to cell surface receptors is

multifactorial and can be governed by particle size, surface area of the particles, colloidal

stability, surface charge and ligand density.198-204 Particle diameter and surface area of

contact appear to be dominant in this case.

Although heparin conjugated microparticles were less internalised by cells under static

conditions over the time as described in 2.4.10, the smaller heparin conjugated NPs have

shown greater binding to HUVECs’ surface under simulated circulatory system dynamics

compared with heparin conjugated microparticles.

In addition, microparticles are more rapidly excreted than the NPs as they are more prone to

immune system,205-208 consequently 1.4 μm particles would have less circulation time than 
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the 200 nm-sized heparin conjugated NPs. Collectively, the 200 nm- sized heparin conjugated

NPs could be superior to the heparin conjugated microparticles in cancer metastasis

inhibition.

Figure 2.29 Confocal microscopy images of HUVECs treated with 200 nm-heparin conjugated NPs (HP-Si NPs) and
1.4 μm-heparin conjugated microparticles (HP-Si MPs) under flow conditions. Shear stress = 1.16 dyn/cm2. n=3.
Scale bar = 40 μm. 

Conclusions
Heparin was successfully conjugated to the surface of silica NPs by intrachain conjugation

method and characterised by TGA and colorimetric assay using azure A dye as indicator for

the presence of heparin chemical entity. Furthermore chondroitin and alginate conjugated

NPs were also fabricated to serve as controls and characterised by colorimetric method using

DMMB as an indicator dye. In addition, a fluorescently labelled heparin conjugated

microparticles were also designed and characterised by fluorescence microscopy.

Heparin has preserved some of its biological activity after surface modification, however the

anticoagulant activity was decreased upon conjugation process as indicated by anti Xa assay.

Thus reducing the side effects of heparin with respect to bleeding after conjugation to NPs

surfaces.
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Moreover, heparin and chondroitin conjugated NPs were able to preferentially bind to

HUVEC cell surface while alginate conjugated NPs showed minimal under flow conditions.

Heparin and chondroitin conjugated NPs have shown a P-selectin dependent adhesion to

HUVEC cell surface as indicated by the competitive assay performed under flow conditions.

Additionally, heparin conjugated NPs can bind to cell surface P-selectin expressed on the

surface of HUVEC cells under static conditions as indicated by the competitive assay using

heparin as a substrate. Heparin conjugated NPs have shown greater HUVECs binding under

a simulatory systemic circulation dynamics compared with heparin conjugated

microparticles.

In summation, heparin conjugated NPs could be further inspected as a potential therapeutics

for metastasis by for example testing their ability to displace the migrating cancer cells from

P-selectin binding reducing the rolling adhesion of the metastatic cells and their subsequent

invasion.
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3 Chapter Three: Synthesis of

heparin analogues conjugated NPs

for heparanase inhibition
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Introduction

Heparanase role in metastasis
Heparanase is a mammalian enzyme produced by normal human cells. It is 65 kDa protein

that is synthesised in the Golgi apparatus initially in an inactive form. The inactive form is

then transported to the cell surface through endosomes/lysosomes, during which processes

it undergoes proteolytic activation to produce a heterodimer protein consisting of 50 kDa

fragment and 8 kDa fragment attached together by a linker peptide. 209-210

The action of heparanase, an endoglycosidase, is to cleave heparan sulphate; one of the key

extracellular matrix components (ECM). Accordingly, heparanase facilitates the release of

growth factors, such as FGF and VEGF, which are usually bound to heparan sulphate in the

ECM. In these cases, heparan sulphate functions as a stabiliser to protect the growth factors

from the extracellular environment. The release of the growth factors enables their binding

to cell surface receptors in order to initiate mitogenic activity and cellular growth during

mammalian embryonic development.211-213

Heparanase also plays a crucial role in cancer metastasis, in part by creating a path for tumour

cells that have become metastatic and more motile, by degrading heparan sulphate in the

basement membrane of the subendothelium and the extracellular matrix surrounding the

tumour cells. Thus it facilitates the migration of metastatic cells from the primary tumour site

in order to enter the systemic circulation through the endothelium of blood vessels. 214-221

Nakajima et al have reported that B16 melanoma mouse cells with high metastatic potential

overexpress heparanase, enabling them to colonise the lungs by degrading the extracellular

matrix (ECM) and the basement membrane of the pulmonary blood vessels. In this study,

increased activity of endoglycosidase overexpressed in B16 melanoma cells was reported by

measuring the degradation products of the extracellular matrix of the cultured vascular

endothelial cells. The degradation products of the ECM were primarily heparan sulphate

fragments indicating the overactivity of heparanase in metastatic melanoma cell lines.222
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Yang et al have found out that elevated levels of heparanase were responsible for the

spreading of myeloma cells in vivo after injecting the mice with heparanase bearing myeloma

cells. These data indicated the vital role of heparanase in dissemination of these cancer cells

distantly from the primary tumour site, where they metastasised not only within the bones

but also to other organs including lung, spleen and liver.223

There is also an interplay of heparanase with syndecan in cancer metastasis. Heparanase also

promotes the progression of cancer metastasis by modulation and regulation the synthesis

and shedding of syndecan from the cell surface. Cancer progression is strongly influenced by

the action of syndecan through regulation of growth factors and angiogenesis during cancer

growth and spreading. 224

Accordingly, heparanase-inhibiting biomolecules could be utilised to treat cancer metastasis

thanks to their potential inhibition of tumour invasion.

1.1.1 Heparin analogues
Modified heparin derivatives have been used to treat cancer metastasis by interrupting the

ECM degrading activity of heparanases. Modified heparin derivatives have less anticoagulant

activity compared to intact heparin, thus they have been additional advantage over native

heparin. The most commonly studied heparin modifications are glycol splitting and heparin

desulphation. In glycol split heparin, the chemical bond between C2 and C3 of glucuronic acid

or non-sulphated iduronic acid is broken using periodate, thus opening the uronic acid ring

within heparin chain. Whilst desulphated heparin is usually prepared by removal of sulphate

groups on the oxygen or nitrogen atoms of uronic acid and glucosamine residues. Figure 3.1

shows various modifications that are performed on heparin iduronic acid or glucosamine

monomers.
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Figure 3.1 Chemical structure of heparin monomer modifications carried out to produce different modified heparin
derivatives; namely 2-O, 6-O desulphation, N-desulphation, Glycol splitting of non-sulphated iduronic acid or
glucuronic acid.

Irimura et al found out that heparin derivatives had different inhibitory effects against

heparanase, where the desulphated form of heparin (complete desulphation of both N-SO3

and O-SO3 together) had completely lost its heparanase inhibitory activity. This indicates the

importance of the sulphate group in heparanase inhibition; however, other modified

heparins retained some inhibitory effect but to a lesser extent than intact heparin. For

example, reduction of carboxylate groups of the iduronic acid residues gave rise to reduction

of heparanase inhibitory effect of heparin, but not complete ablation of activity, indicating

that this group has a role in heparanase inhibition although it is not essential for complete

inhibition. In experimental metastatic lung colonisation, apart from the desulphated from, all

heparin forms showed a dramatic decrease in the number of metastatic colonies after mice

had been injected with metastatic B16BL6 melanoma cells. However, intact heparin had the

highest effect, due to its ability to interact with other metastatic mechanisms, such as
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inhibition of platelet aggregation, that usually forms protective micro emboli around the

metastatic cells.225

It has also been reported that heparin was able to decrease heparanase activity using a series

of modified heparin derivatives. Heparin needs at least 2-O sulphate group (iduronic acid

residues) or 6-O sulphate group (glucosamine residues) to exert its inhibitory effect on

heparanase, while heparin modified by N-desulphation and N-acetylation (50% N-

acetylation) was unable to retain its inhibitory effect. Varying the configuration of iduronic

acid during desulphation to glucuronic acid also reduced the heparanase inhibitory effect of

heparin; additionally, glycol splitting of desulphated iduronic acid residue (at 2, 3 carbon

bond), had a greater inhibitory effect against heparanase than heparin. Glycol split heparin

derivatives were not degraded by the enzymatic cleavage of heparanase compared to that

of heparin or N-acetyl heparin, again glycol split heparin could retain its heparanase

inhibitory effect even in the presence of N-acetylation.226

Figure 3.2 Chemical structure of glycol split heparin derivatives prepared by sodium periodate. Gs-HP (NHR): is a
glycol split heparin with either N-sulphate or NH2 (R = SO3

- or H) group in the glucose amine residue. Gs-HP (NAC):
is a glycol split heparin with either N-Acetyl the glucose amine residue. Adapted from Naggi et al.226
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Bar-Ner et al have made a chemical modification on heparin to produce heparin deravitives

with antioagulent activity of less than 7 % relative to intact unmodified native heparin.227 In

their study, they tested the ability of chemically modified low anticoagulant heparin species

to block and inhibit the activity of heparanase against extracellular matrix degradation by

measuring the extent of the radiolabelled heparan sulphate cleavage by heparanase. They

reported that the presence of O- or N-sulphate groups was essential for heparanase

inhibitory activity. Complete removal of sulphate groups on both oxygen and nitrogen atoms

of glucuronic acid and glucosamine, respectively, totally abolished the inhibitory effect of

modified heparin against heparanase. Furthermore, it was found that heparan sulphate is

25 times less potent as a heparanase inhibitor than heparin, as the heparan derivative is the

natural substrate for mammalian heparanase. Additionally, the inhibitory effect of modified

heparin derivatives against heparanase was molecular weight dependent, and decreased as

the size of the heparin chain was reduced.227

Lapierre et al have also investigated the structural features of heparin that affect the

heparanase inhibitory activity of heparin. They found that N-desulphation of heparin

followed by N-acetylation markedly reduced its heparanase inhibitory activity. Removal of

the carboxylate group of the glucuronic acid decreased the anti-heparanase activity of

heparin by 18%. Furthermore, at least one negative charge on either glucuronic acid or

glucose amine residue is essential for heparanase inhibitory activity. 2,3-O-desulphated

heparin has been found to be an antiangiogenic agent which was effective as native heparin

after it had been tested using a chick chorioallantoic membrane (CAM) bioassay. A 2,3-O-

desulphated heparin derivative dramatically reduced the tumour growth of a subcutaneous

human adenocarcinoma injected in nude mice. It also enhanced the survival rate of the mice

injected with B16-F10 melanoma cells.228 Figure 3.3 demonstrates the chemical structure of

2,3-O sulphated and desulphated heparin disaccharide unit.
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Figure 3.3 Chemical structure of 2-O (Iduronic acid), 3-O (Glucosamine) sulphated heparin repeated units (A) and
2-O (Iduronic acid), 3-O (Glucosamine) desulphated heparin repeated units (B). Purple arrows indicate the 2-O
sulphation and desulphation in A and B respectively, red arrows indicate 3-O sulphation and desulphation in A and
B respectively.

1.1.2 Passive targeting of cancer using NPs
NPs have been used to deliver anticancer therapeutics exploiting the enhanced permeability

and retention (EPR) effect in animal models.229-231 NPs of virus-scale sizes (50-200 nm) and

with strongly hydrophilic external surfaces are not usually excreted through renal filtration

which leads to build up of the NPs concentration in systemic circulation. NPs cannot normally

cross the endothelial tight junctions of normal blood vessels, however they can pass through

leaky and highly fenestrated blood vessels surrounding a specific solid tumour. Furthermore,

the lymphatic drainage in the tumour microenvironment is relatively low. Accordingly, a high

concentration of the NPs carrying anticancer therapeutics can be retained within the tumour

area. In light of that, NPs with sizes ranging from 50 to 200 nm have been evaluated for

delivery of anticancer therapeutics to tumours and to decrease the off target associated side

effects. 55, 232-236 For instance, Lu et al showed that fluorescently labelled mesoporous silica
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NPs were preferentially accumulated in xenografted tumour sites but not in other parts of

the mice. Furthermore, camptothecin loaded mesoporous silica NPs showed significant

reductions in tumour growth compared to unloaded silica NPs and an untreated controlled

group. These studies demonstrated that NPs can passively deliver anticancer drug molecules

to cancer site via the EPR effect.237

Aim
As some heparin derivatives have shown less anticoagulant potency than intact heparin, but

with similar or higher heparanase inhibitory activity i.e. glycol split heparin, the aim of work

described in this chapter was to synthesise two chemically modified heparins and probe their

chemical and biological properties. Accordingly, glycol-spilt heparin and 2-O-desulphated

heparin were prepared and then loaded onto the surface of silica NPs. The use of silica NPs

as carriers for the heparin mimics was intended to provide the additional advantages of

passive targeting to the tumour site compared to the conventional delivery of the polymeric

derivatives as such. In this sense, the passive accumulation of the modified heparins

appended to the NPs surface in the interstitial fluid of the tumour could increase the

concentration of heparin mimics at tumour site. Where they can decoy and block

heparanases overexpressed in the tumour microenvironment and reduce the degradation of

the extracellular matrix surrounding the tumour cells before the metastatic cells start to

enter the blood capillaries and invade different sites as depicted in Figure 3.4. In contrast,

lower concentration of heparin derivatives would be expected if they were used as such due

to the rapid renal clearance. The developed materials could be further utilised as potential

therapeutics for cancer metastasis by inhibiting the progression of metastatic cancer cells.
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Figure 3.4 Schemtic reperesentation of metastatic stages. Heparin derivatives conjugated silica NPs are supposed
to inhibit heparnase at stage 2. Conseqently reducing the degradation of the exctracellaular matrix surrounding
the tumour cells and metastatic cencer progression.

Materials and methods

Materials and equipment
Acetic acid and sodium periodate were purchased from Fisher Scientific. Sodium acetate,

Sodium borohydride and heparin, Azure A were purchased from Sigma Aldrich. Sodium

hydroxide was purchased from VWR International. SnakeSkin™ Dialysis Tubing (3.5K MWCO,

22 mm) was purchased from ThermoFisher Scientific. Anti-Xa heparin kit was purchased from

Iduron. Malvern Zetasizer Nano ZS, Buchi Rotavap R-200 , Hermle Z300 Centrifuge, SP 260PZ

syringe pump, GVD3 freeze dryer, Spark microplate reader (TECAN) and Bruker NMR400

spectrometer were used.

Methods

3.3.2.1 NMR measurements of the prepared polymers
1H NMR spectra were recorded using a Bruker DPX400 Ultrashield spectrometer at 400 MHz.

All chemical shifts were reported in ppm. All samples were prepared in deuterium oxide (D2O)
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at concentration of 20 mg/mL. The following abbreviations have been used to report 1H NMR

spectra of the polymers: s= singlet, t= triplet, m: multiplet.

3.3.2.2 Particle size and zeta potential measurements

Particle size and zeta potential measurements of silica NPs were recorded using a Malvern

Zetasizer Nano ZS. Particle size measurements were carried out using back scatter mode at

173 angle with 633 nm laser. The equilibration time for each sample was 120 seconds before

the acquisition of the next sample. The count rate was set between 100-500 kcps by

automatically adjusting the laser power using an attenuator. The temperature was set at 25

°C and the viscosity of the dispersant was 1.2 cP with 1.362 refractive index. All samples were

prepared in 1/10 phosphate buffer saline (15 mM PBS) for size and zeta potential

measurements. Data were recorded for each sample and repeated for three times of 15 runs

(size) and 12 runs (zeta) for each reading.

Particle diameter of the NPs was measured using Dynamic light scattering technique. The

suspended NPs undergo random movement (Brownian motion) with certain velocity that is

related to the particle diameter. Particles scatter the incident light in different directions

(Rayleigh scattering) and thus the intensity of the scattered light fluctuates according to the

particle’s velocity (Diffusion coefficient). The intensity and the rate at which the scattered

light fluctuates are measured by Zetasizer Nano detector and the instrument software

computes the hydrodynamic diameter of the suspended particle from the diffusion

coefficient (D) using Stokes-Einstein’s theory as shown in Equation 3.1:

ு݀ = ݇ܶ ⁄ܦߟߨ3

Equation 3.1 Stokes-Einstein’s equation

Where, ு݀ is the hydrodynamic diameter of the particle (m), ݇ is Boltzmann constant

(kg·m2/s2·K or J/s2),  ܶis the absolute temperature (K), η is the solvent viscosity (kg/m·s) and 

D is the diffusion coefficient (m2/s).
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Zeta potential of the NPs was measured by electrophoretic light scattering (ELS) technique

using Mavern Zetasizer Nano ZS. When an electric field is applied on the charged NPs in

suspension, they move in a defined direction and velocity (electrophoretic mobility) that is

proportional to the particle’s charge. While the particles are moving, the incident light is

scattered at certain angle and thus the speed of the particles is measured from the frequency

shift. This signal is utilised by the instrument to calculate the electrophoretic mobility (UE)

and eventually compute the zeta potential value of the suspended particles using Henry’s

equation as shown in Equation 3.2. The Smoluchowski approximation to Henry's function

( (݂݇ܽ ) = 1.5) was applied for aqueous medium.

ܷா = ߞ݂ߝ2 (݇ܽ ) ⁄ߟ3

Equation 3.2 Henry’s equation

Where UE is the electrophoretic mobility (μm·cm/V·s), ߝ is the dielectric constant of the

medium (kg⋅m⋅s−2⋅V -2), ߞ is the zeta potential (V), ߟ is the solvent viscosity (kg/m·s) and

(݂݇ܽ ) is Henry’s function.

1.1.2.1 Heparin characterisation

Heparin (from porcine intestinal mucosa) was purchased from Sigma Aldrich. However as a

biological product it was necessary to confirm identity and purity by 1H-NMR.

Characterisation data shown below were according to those reported for heparin

polysaccharide.238-239

1H NMR (400 MHz, D2O): δ(ppm) = 1.15-1.1 (t, GlcNS6S,  –CH2), 1.97 (s, GlcNAc6S, -CO-CH3, 

α to carbonyl), 3.22-3.2 (m, GlcNS6S H2), 3.41-3.29 (m, GlcA H2, H3), 3.63-3.58 (m, GlcNS6S 

H3), 3.77-3.67 (m, GlcNS6S H4), 3.89-3.87 (m, GlcNS6S H5), 3.97-3.92 (m, IdoA2S H4), 4.037

(s, IdoA2S H3), 4.21-4.13(m, GlcNS6S H6), 4.27 (s, IdoA2S H2), 4.46-4.33 (m, GlcA H1),4.94-

4.86 (m, IdoA2S H5), 5.23-5.10 (m, IdoA2S H1), 5.51-5.34 (m, GlcNS6S3S H1).
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1.1.2.2 Synthesis of glycol split heparin

Glycol split heparin was prepared using periodate oxidation and borohydride reduction.

Heparin (100 mg, 5.88 μmol) was dissolved in 5 mL sodium acetate buffer at pH 5. Then, 

sodium periodate (63 mg, 294 μmol) (IO4) was added to the above solution and stirred for 24

hours at 4 0C in the dark. 1 mL ethylene glycol was added to the above solution to quench

any excess unreacted periodate. The solution was then dialysed against distilled water using

3.5 kDa molecular cut-off membrane for 24 hours with water change every 6 hours. Then the

pH of the solution was adjusted to 7.0 before adding sodium borohydride to avoid the

hydrolysis of sodium borohydride in the acidic medium.  After that (11 mg, 294 μmol) of 

sodium borohydride (NaBH4) were added to the solution and left under stirring in the

presence of ice for 5 minutes then left under stirring for 3 hours. Aliquots of 1M HCl were

added to bring the pH of the solution to 4 in order to destroy any excess borohydride, and

the reaction was then stirred for 15 minutes. Aliquots of 1M NaOH were then added to

neutralise the solution. Finally, the solution was dialysed against distilled water for 48 hours,

and freeze dried to produce glycol split heparin (77mg, 77% yield). 1H NMR (400 MHz, D2O):

δ(ppm) =  1.97 (s, GlcNAc6S, -CO-CH3, α to carbonyl), 3.23-3.20 (m, GlcNS6S H2), 3.63-3.59 

(m, GlcNS6S H3), 3.79-3.69 (m, GlcNS6S H4), 3.90-3.88 (m, GlcNS6S H5), 3.98-3.94 (m, IdoA2S

H4), 4.04 (s, IdoA2S H3), 4.21-4.14 (m, GlcNS6S H6), 4.28 (s, IdoA2S H2), 4.45-4.33 (m, GlcA

H1), 5.05-4.85 (m, IdoA2S H5), 5.25-5.12 (m, IdoA2S H1), 5.48-5.31 (m, GlcNS6S3S H1).

1.1.2.3 Synthesis of desulphated heparin

Desulphated heparin was prepared using a sodium hydroxide alkalinisation method. Sodium

borohydride (50 mg, 1.32 mmol) was added to 10 mL of 0.5 N sodium hydroxide solution to

prevent heparin depolymerisation in alkaline medium. Then (100 mg, 5.88 μmol) of heparin 

were dissolved in the above solution to produce 2% (w/v) of heparin solution. The pH of the

solution was decreased from ~ 14 to 13 using 1N HCl and left to stir for 30 minutes. The

solution was then lyophilized for 24 hours to produce a yellow solid. This material was then

dissolved in deionised water and the pH adjusted to 8 using 1N HCl to produce a sodium salt.
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The solution was dialysed against distilled water using 3.5 kDa cutoff dialysis membrane for

24 hours and lyophilised to produce desulphated heparin (63 mg, 63% yield). 1H NMR (400

MHz, D2O): δ(ppm) = 1.98 (s, GlcNAc6S, -CO-CH3, α to carbonyl), 3.18-3.16 (m, GlcNS6S H2), 

3.37-3.28 (m, GlcA H2, H3), 3.70-3.58 (m, GlcNS6S H3), 3.74-3.71 (m, GlcNS6S H4), 3.86-3.84

(m, GlcNS6S H5), 3.98-3.94 (m, IdoA2S H4), 4.06 (s, IdoA2S H3), 4.10-4.03(m, GlcNS6S H6),

4.12 (s, IdoA2S H2), 4.41-4.26 (m, GlcA H1), 4.90-4.87 (m, IdoA2S H5), 5.01-4.96 (m, IdoA2S

H1), 5.53-5.26 (m, GlcNS6S3S H1).

1.1.2.4 Anticoagulant activity of glycol split heparin

Different concentrations of either heparin, glycol split heparin (62.5, 125, 250 and 500 ng/mL)

or glycol split heparin conjugated NPs (12.5, 25, 60, 75 and 100 μg/mL) were dissolved in Tris-

EDTA buffer with pH 8.4 in order. An aliquot (200 µL) of the prepared samples was placed in

a 48 well plate and incubated for 2 minutes at 37°C. Then 200 µL of the antithrombin solution

(0.5 IU/mL) was added and mixed for 2 minutes at 37°C. Subsequently, 200 µL of the Factor

Xa solution (2.5 g/mL) was added and mixed for 2 minutes at 37°C. 200 µL of the

chromogenic factor Xa substrate solution (0.625 mg/mL) was then added and mixed for 2

minutes at 37°C. Finally, 200 µL of 20% (v/v) acetic acid was added to stop the reaction and

the plate was set aside at room temperature. The absorbance of the samples was measured

at 405 nm using TECAN plate reader.

1.1.2.5 Metachromatic assay of Desulphated heparin

Equal volumes of azure A stock solution (0.025mg/mL, 8.56 μmol/mL) and 20 μg/mL of either 

O-desulphated heparin or heparin polymer were mixed and place in a 24 well plate. Then,

the absorption spectra of the resultant mixtures were determined using plate reader. For

visual monitoring of azure A colour change, different concentrations of either O-desulphated

heparin or heparin (2.5, 5, 10 and 20 μg/mL) were prepared and mixed in equal volumes of

(0.025 mg/mL,  8.56 μmol/mL) azure A in 24 well plate. Images of the colour change were 

taken by camera.
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1.1.2.6 Synthesis of glycol split conjugated and desulphated conjugated NPs

Either (23.5 mg, 1.47 μmol) of glycol split heparin or (22 mg, 1.47 μmol) desulphated heparin 

was dissolved in 2.5 mL MES with pH 5.6. Then EDC (2.5 mg, 13 μmol) was added to each 

solution and left to stir for half an hour. After that, amine functionalised NPs (20 mg)

prepared as described in chapter 1 were suspended in 20 mL MES (pH 5.6) and added to the

above solutions and left to stir for 24 hours. Finally the resultant suspensions were

centrifuged at 3000 x g for 20 minutes and washed with 20 mL water for four times. The

obtained NPs were freeze dried for 24 hours.

1.1.2.7 Characterisation of glycol split conjugated and desulphated conjugated NPs

To measure the size, 4 mg of the either desulphated heparin or glycol split heparin

conjugated silica NPs were suspended in 4 mL deionised water to produce 1 mg/mL stock

suspension. Which was further diluted in 15 mM PBS to produce a concentration of 0.05

mg/mL suspension.

To measure the zeta potential of the NPs, 5 mg of either desulphated heparin or glycol split

heparin conjugated silica NPs were suspended in 5 mL PBS (mM) in order to obtain 1 mg/mL

suspensions.

Results and discussion

Synthesis of glycol split heparin
Glycol split heparin was synthesised using the sequential periodate oxidation-sodium

borohydride reduction method. This reaction involves two steps, the first one is periodate

oxidation where periodate reacts with heparin chain at C2,C3 of the glucuronic acid or non-

sulphated iduronic acid residues and forms an unstable intermediate followed by formation

of two aldehyde groups at C2 and C3 of the chain. The second step involves the reduction of

aldehyde groups at C2,C3 using a reducing agent; sodium borohydride in order to produce

hydroxyl groups at the same positions within the heparin chain as shown in Figure 3.5. Glycol

splitting of heparin increases the chain flexibility and extension due to the ring opening of

the glucuronic acid residues. Subsequently, it introduces conformational flexibility to the

polysaccharide chain that can alter the interactions at the heparanase active site.240-242
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Figure 3.6 illustrates the structure of heparin tetrasaccharide unit and its interaction with the

heparanase active site.

Figure 3.5 Schematic illustration of glycol split heparin synthesis. Step 1 involves periodate oxidation of 2,3 oxygen
atoms to produce heparin periodate intermdiate. Step 2 involves the reduction of aldhyde groups formed at C2
and C3 of glucuronic acid residues using sodium borohydride as a reducing agent to produce hydroxyl groups at
the same postions.
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Figure 3.6 Illustration showing A: 3D chemical structure of heparin tetrasaccharide ligand bound to the active site
of heparanase (Sticks represent covalent bonds, balls represent atoms. grey= carbon, red= oxygen, blue= nitrogen,
yellow= sulphur). B: 3D view of the ligand (Iduronic acid)-active site interaction (Grey dashed lines represent
hydrophobic interaction, blue dashed lines represent hydrogen bonds, IDR606: Iduronic acid ligand. The following
abbreviations represent the amino acids of heparanase at active site; N224: Asparagine. E225, E343: Glutamic
acid. T97: Threonine. D62: Aspartic acid. A347: Alanine. K98: Lysine. G49, G350, G349, G96: Glycine. Y348, Y298,
Y391: Tyrosine. C: Simplified 2D view of the ligand–active site interaction (Black dashed lines indicate hydrogen
bonds, Asn: Asparagine, Glu: Glutamic acid, Thr: Threonine, Asp: Aspartic acid, Tyr: Tyrosine, Gly: Glycine),
Experimental data was obtained by X-ray diffraction method. Figure was adapted from Wu et al.243

Polymer characterisation using 1H-NMR
Proton NMR was conducted in order to confirm the structure of the produced glycol split

heparin. Periodate cleavage occurs specifically at vicinal diols within the heparin backbone.

Consequently the 2, 3 carbon bond of non-sulphated iduronic or glucuronic acid residue is

the only susceptible bond for cleavage. Figure 3.7 indicates that some characteristic peaks of
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glucuronic acid protons at C2, C3 (GlcA H2, H3) have disappeared compared to unmodified

native heparin though it is not a complete disappearance of these peaks. This is attributed to

C2-C3 bond breakage that has changed the surrounding environment and neighbouring

functional groups of C2, C3 protons.

Figure 3.7 H1 NMR spectra of native heparin and glycol split heparin. Red arows show the major peak of glucuronic
acid protons at C2 and C3 of the ring, where some have disapeared in glycol split heparin. Heparin chemical shift
(400 MHz, D2O); δ(ppm) = 1.15-1.1 (t, GlcNS6S,  –CH2), 1.97 (s, GlcNAc6S, -CO-CH3, α to carbonyl), 3.22-3.2 (m, 
GlcNS6S H2), 3.41-3.29 (m, GlcA H2, H3), 3.63-3.58 (m, GlcNS6S H3), 3.77-3.67 (m, GlcNS6S H4), 3.89-3.87 (m,
GlcNS6S H5), 3.97-3.92 (m, IdoA2S H4), 4.037 (s, IdoA2S H3), 4.21-4.13(m, GlcNS6S H6), 4.27 (s, IdoA2S H2), 4.46-
4.33 (m, GlcA H1),4.94-4.86 (m, IdoA2S H5), 5.23-5.10 (m, IdoA2S H1), 5.51-5.34 (m, GlcNS6S3S H1). Glycol split
heparin chemical shift; δ(ppm) =  1.97 (s, GlcNAc6S, -CO-CH3, α to carbonyl), 3.23-3.20 (m, GlcNS6S H2), 3.63-3.59 
(m, GlcNS6S H3), 3.79-3.69 (m, GlcNS6S H4), 3.90-3.88 (m, GlcNS6S H5), 3.98-3.94 (m, IdoA2S H4), 4.04 (s, IdoA2S
H3), 4.21-4.14 (m, GlcNS6S H6), 4.28 (s, IdoA2S H2), 4.45-4.33 (m, GlcA H1), 5.05-4.85 (m, IdoA2S H5), 5.25-5.12
(m, IdoA2S H1), 5.48-5.31 (m, GlcNS6S3S H1).

Anticoagulant assay
In order to monitor the anticoagulant properties of glycol split heparin, an anticoagulant

assay based on anti Xa and antithrombin interaction with glycol split heparin was performed

as described in chapter 2. Figure 3.8 shows unmodified native heparin (HP) caused more
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pronounced reduction in the optical density of the produced pNA compared to glycol split

heparin (GS-HP) (P value <0.0001). This means that glycol split heparin had less anticoagulant

properties compared to native heparin, thus the bleeding side effects associated with

heparin anticoagulant properties will be reduced in glycol split heparin.

Furthermore, the low anticoagulant effect of glycol split heparin is attributed to the

conformational changes in heparin backbone after bond breakage. Thus, disruption of

pentasaccharide sequence of heparin that specifically binds to antithrombin (ATIII) active site

as depicted in Figure 3.9.239

Figure 3.8 Anticoagulant activity of intact heparin polymer (HP) and glycol split heparin (GS-HP) represented by
the optical density of the released pNA that is inversely proportional to anticoagulant activity of heparin and its
derivatives. Data was analysed using two way ANOVA test (grouped analyses), Error bars indicate SD (n = 3). P
value < 0.0001.
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Figure 3.9 Schematic reperesentation of glycol splitting of heparin pentasahraide sequence; consisiting of the
antithrombin binding residues showing that splitting of glucuronic acid residue might be responsile for the
disruption of the binding ability of this sequence with its antithrombin binding site.

Synthesis of glycol split heparin conjugated NPs
Glycol split heparin was grafted onto the surface of previously prepared amine functionalised

NPs in chapter 1. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) was 

used to activate glycol split heparin carboxylate groups followed by coupling of these groups

to amine groups on the surface of amine functionalised NPs to form amide bonds as

illustrated in Figure 3.10.
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Figure 3.10 Schematic representation of synthesis of glycol heparin conjugated silica NPs by coupling of amine
functionalised silica NPs (NH2-SiO2) to glycol split heparin using EDC to produce heparin conjugated NPs (GS.HP-
SiO2).

Characterisation of glycol split heparin conjugated NPs
The prepared glycol split heparin conjugated NPs were characterised using Dynamic Light

Scattering (DLS). Figure 3.11 A shows that the average particles size was around 200 nm

which is slightly higher than the average size of the precursor amine functionalised NPs

(around 160 nm) which could be ascribed to the formation of hydrophilic shell around the

particles’ surface. The polydispersity index of the NPs was measured as demonstrated in

Figure 3.11 B and the values were below the acceptable range (less than 0.2) for the NPs

commonly used to deliver therapeutics to tumour as described in section 2.4.3.

Furthermore, the zeta potential of the NPs was also measured as demonstrated in Figure 3.11

C. The zeta potential value of amine functionalised changed from positive to negative after

grafting of glycol split heparin onto the surface of amine functionalised NPs, which is similar

to the surface charge of heparin conjugated NPs. This indicates successful and complete

conjugation of glycol split heparin to the particles’ surface.
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Figure 3.11 Characterisation of glycol split heparin conjugated NPs. A: Particle diemeter of glycol split heparin
conjugated NPs (GS-HP) compared to amine functionalised NPs (NH2-Si). B: Polydispersity index (PDI) of the NPs
shown in A. C: Zeta potential values of glycol split heparin conjugated NPs (GS-HP) and heparin conjugated NPs
(HP-Si ) compared to amine functionalised NPs (NH2-Si) showing surface charge conversion.

Anticoagulant properties of glycol split heparin conjugated NPs
In order to further identify the presence of glycol split heparin on the surface of the NPs, an

anticoagulant assay of glycol split conjugated NPs was conducted as described in chapter 2.

Figure 3.12 shows that heparin conjugated NPs significantly reduced the optical density of

the released pNA compared to glycol split heparin conjugated NPs. This indicates successful

conjugation of glycol split heparin to the particles surfaces with markedly lower anticoagulant

properties than unmodified heparin attached to NPs surfaces.

0

0.2

0.4

0.6

0.8

1

1.2

1 10 100 1000

In
te

n
si

ty
(N

o
rm

a
lis

e
d

)

Size (d. nm)

GS-HP

NH2-Si

N
H
2-

Si

G
s-

H
P-S

i

N
H
2-

Si

G
S-H

P-S
i

H
P-S

i

A B

C



Chapter Three

85

Figure 3.12 Optical density of the released pNA measured at 405 nm representing the anticoagulant activity of
heparin conjugated NPs (HP-Si) and glycol split NPs (GS.HP-Si). Data was analysed using two way ANOVA test
(grouped analyses), Error bars indicate SD (n = 3). P value <0.0001.

Synthesis of desulphated heparin polymer
Desulphated heparin was prepared using alkalinisation with sodium hydroxide ions followed

by lyophilisation of heparin. Selective desulphation of heparin occurs at C2 at certain pH

value (pH 13) to produce 2-O-desulphated heparin.244-246 The hydroxide ions form an epoxide

intermediate at C2-C3 of the iduronic acid residue which is the first step of the reaction. In

the second step the epoxy intermediate is hydrolysed during the lyophilisation process that

speeds up the hydrolysis reaction. After hydrolysis of the epoxide, hydroxyl groups are

formed at C2 and C3 resulting in removal of the sulphate group at C2 as illustrated in

Figure 3.13.
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Figure 3.13 Schematic of O-desulphated heparin synthesis. Step 1 reperesents alkalinasation of heparin in order
to form C2-C3 epoxy intermediate. Step 2 reperesents the lyophylisation of the prodeced epoxy intermediate
resulting in hydrolysis of epoxy group and formation of hydroxyl groups at the same positions to produce 2-O
desulphated heparin.

H1 NMR spectrum of desulphated heparin
H1NMR was performed to confirm the structure of desulphated heparin after removal of

sulphate groups at C2. Figure 3.14 demonstrates that there was a decrease in the chemical

shift of the iduronic acid anomeric carbon proton (IdoA2S H1). This can be explained by the

desulphation of iduronic acid at carbon 2 that led to nucleus shielding of the anomeric carbon

proton, by the adjacent electrons after the removal of the electron withdrawing sulphate

group process, resulting in the observed upfield chemical shift.
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Figure 3.14 H1 NMR spectra of native heparin and desulphated heparin Red arrows show the peak of iduronic acid
proton at C1 of the ring where a dramatic shift occurred in desulphated heparin compared to the same peak in
intact heparin. Heparin chemical shift (400 MHz, D2O); δ(ppm) = 1.15-1.1 (t, GlcNS6S,  –CH2), 1.97 (s, GlcNAc6S, -
CO-CH3, α to carbonyl), 3.22-3.2 (m, GlcNS6S H2), 3.41-3.29 (m, GlcA H2, H3), 3.63-3.58 (m, GlcNS6S H3), 3.77-
3.67 (m, GlcNS6S H4), 3.89-3.87 (m, GlcNS6S H5), 3.97-3.92 (m, IdoA2S H4), 4.037 (s, IdoA2S H3), 4.21-4.13(m,
GlcNS6S H6), 4.27 (s, IdoA2S H2), 4.46-4.33 (m, GlcA H1),4.94-4.86 (m, IdoA2S H5), 5.23-5.10 (m, IdoA2S H1), 5.51-
5.34 (m, GlcNS6S3S H1). δ(ppm) = 1.98 (s, GlcNAc6S, -CO-CH3, α to carbonyl), 3.18-3.16 (m, GlcNS6S H2), 3.37-
3.28 (m, GlcA H2, H3), 3.70-3.58 (m, GlcNS6S H3), 3.74-3.71 (m, GlcNS6S H4), 3.86-3.84 (m, GlcNS6S H5), 3.98-
3.94 (m, IdoA2S H4), 4.06 (s, IdoA2S H3), 4.10-4.03(m, GlcNS6S H6), 4.12 (s, IdoA2S H2), 4.41-4.26 (m, GlcA H1),
4.90-4.87 (m, IdoA2S H5), 5.01-4.96 (m, IdoA2S H1), 5.53-5.26 (m, GlcNS6S3S H1).

Determination of heparin desulphation using Azure A assay
In order to confirm the successful desulphation of heparin, the azure A assay was used. This

assay, is based on colour changes arising from the electrostatic interaction between the

negatively charged heparin and the positively charged cationic dye; azure A.

Desulphated heparin showed less hypsochromic (blue) shift of azure maximum wavelength

compared to unmodified native heparin as shown in Figure 3.15A. Additionally, a quantitative

measurement of the extent of azure A max blue shift occurring from the differential binding

of desulphated heparin and unmodified heparin was conducted by measuring the change in
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azure A max made before and after addition of each polymer to azure A. The data showed

that desulphated heparin had a significantly lower effect on azure A absorption max

compared to the effect of heparin as demonstrated in Figure 3.15 B. This is explained by the

weak electrostatic interaction between the cationic azure A and the anionic desulphated

heparin that have fewer sulphate groups and less negative charge than unmodified heparin.

Moreover, these results were reinforced by the visual monitoring of azure A colour change

upon addition of desulphated and unmodified heparin. It was obvious that there was a more

pronounced colour change of azure A from blue to purple with increasing concentration of

the added unmodified heparin compared to the colour change after addition of different

concentrations of desulphated heparin as depicted in Figure 3.16.

Figure 3.15 Effect of O-desulpated heparin polymer on maximum absorption wavelength of azure A dye. A: UV-
visible absorption wavelength spectra oF azure A alone (green), after addition of O-desulpated heparin polymer
(red), and after addition of intact heparin sulpate (green),. B: Quantitative measurements of azure A lambda max
change upon addition O-desulpated heparin polymer compared to that upon addition of intact heparin polymer.
Data was analysed using unpaired t test. Error bars indicate SD (n = 3). *** is P ≤ 0.001. 
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Figure 3.16 Visual monitoring of the effect of O-desulphated heparin (Des.HP) and intact heparin (HP) polymers
on Azure A dye colour using diferent concentrations ranging from 0 to 20 μg/mL.

Characterisation of desulphated heparin conjugated NPs
Particle size and zeta potential of desulphated heparin conjugated NPs were measured using

Dynamic Light Scattering (DLS). Desulphated heparin conjugated NPs (Des.HP-Si) showed a

particle diameter around 190 nm which is a slightly higher than particle size of the precursors

amine functionalised NPs (NH2-Si) that was around 160 nm as demonstrated in Figure 3.17

A. Furthermore, the measured PDI values for the NPs were less than 0.2 indicating particles

uniformity that is acceptable for nanotherapeutics delivery as described in section 2.4.3.

Zeta potential data showed that there was a total conversion of the surface charge of amine

functionalised NPs (NH2-Si) from positive to negative after appending the desulphated

heparin to the surface of the particles. This indicated successful synthesis of desulphated

heparin conjugated NPs (Des.HP-Si) as shown in Figure 3.17 C. However, the zeta potentials

of desulphated heparin conjugated NPs were lower than that to heparin conjugated NPs. This

also suggests that the negative charge of heparin was reduced after desulphation, as a result

of removal of sulphate groups at C2.
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Figure 3.17 Characterisation of desulphated heparin conjugated NPs. A: Particle diemeter of desuphated heparin
conjugated NPs (Des-HP) compared to amine functionalised NPs (NH2-Si). B: Polydispersity index (PDI) of the NPs
shown in A. C: Zeta potential values of desulphated heparin conjugated NPs (Des-HP) and heparin conjugated NPs
(HP-Si) compared to amine functionalised NPs (NH2-Si) showing surface charge conversion.

Synthesis of desulphated heparin conjugated NPs
Desulphated heparin was grafted onto the surface of the NPs using the EDC coupling

reaction. Desulphated heparin carboxylate groups were activated by EDC to from the

unstable O-acylisourea intermediate. This was followed by nucleophilic attack at the carbonyl

carbon by amine groups on the surface of amine functionalised NPs as depicted by

Figure 3.18.
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Figure 3.18 Schematic representation of synthesis of desulphated heparin conjugated silica NPs by coupling of
amine functionalised silica NPs (NH2-SiO2) to desulphated heparin (Des.Heparin) using EDC to produce heparin
conjugated NPs (Des.HP-SiO2).

Identification of desulphated heparin grafted onto NPs surfaces
Desulphated heparin conjugation to the particles’ surface was identified using an azure A

assay. A significantly greater azure A absorption maximum blue shift was made by heparin

conjugated NPs compared to desulphated heparin conjugated NPs as shown in Figure 3.19.

This indicates that the interaction between the interaction between desulphated heparin on

surface of the particles and azure A was markedly weaker than that between azure A and the

fully sulphated heparin conjugated to the nanoparticle surfaces. This weak interaction can

be attributed to the loss of heparin groups that mediate the electrostatic interaction

between the cationic dye and the anionic heparin and subsequent azure A lambda max blue

shift.
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Figure 3.19 Effect of O-desulphated heparin conjugated NPs maximum absorption wavelength of azure A dye. A:
UV-visible absorption wavelength spectra of azure A alone (green), after addition of O-desulphated heparin
conjugated NPs (red), and after addition of unmodified heparin conjugated NPs (blue), B: Quantitative
measurements of azure A lambda max change upon addition O-desulphated heparin conjugated NPs (Des.HP-Si)
and heparin conjugated NPs (HP-Si),. Data was analysed using unpaired t test. Error bars indicate SD (n = 3). ** is
P ≤ 0.01. 

Conclusions and future work
Glycol split heparin with low anticoagulant properties was successfully synthesised using

periodate oxidation followed by sodium borohydride reduction. Glycol split heparin was well

characterised by H1NMR. Anticoagulant assays showed that glycol split heparin had reduced

anticoagulant properties compared to unmodified heparin. Consequently, many adverse

reactions associated with heparin including bleeding side effects are expected to be avoided.

Furthermore, glycol split heparin was successfully appended to the surface of silica NPs as

indicated by the zeta potential conversion and its reduced anticoagulant activity after

coupling to NPs surface. The diameter of the particles was measuring using DLS and was

found to be ~200 nm, which is within the therapeutic range used to passively target tumour

cells.

Desulphated heparin was also synthesised using an alkalinisation method that selectively

removes the sulphate groups at carbon 2 of the iduronic acid residue. 1H NMR data showed

that successful desulphation occurred at C2 as the chemical shift of the proton at the

anomeric carbon decreased due to the shielding effect of the adjacent electrons after the

desulphation process. Desulphation of heparin was also confirmed using a colorimetric assay.

Azure A; a cationic dye was used and the data showed that unmodified heparin caused a

significantly higher blue shift of azure max compared to desulphated heparin. Indicating a
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successful removal of desulphated heparin groups that take part in the ionic interaction

between the cationic dye and the anionic heparin polymer. Furthermore, desulphated

heparin conjugated NPs were prepared. The particles had average sizes around 190 nm. Zeta

potential data showed that the positive charge of the amine functionalised NPs was

converted to an overall negative charge after coupling of the desulphated heparin to the

particles’ surface. Moreover, the measured zeta potential value of the desulphated heparin

conjugated NPs was lower than that for heparin conjugated NPs. This reinforces the evidence

of decreased heparin charge after the removal of sulphate groups at C2. The presence of

desulphated heparin on the particles’ surface was also identified using the azure A assay,

where the data showed a weaker interaction between azure A and desulphated heparin

conjugated NPs compared to that with unmodified heparin conjugated NPs.

The developed heparin analogues conjugated silica NPs could be further employed as

heparanase inhibitors, for example by using a radiolabelled heparan sulphate as a substrate

for the heparanase upregulated by cancer cells. These NPs could be added to tumour cells

containing radiolabelled heparan sulphate in order to test the cleavage products of the

radiolabelled heparan sulphate. Heparin mimics appended NPs are expected to decrease the

degradation products of the radiolabelled heparan sulphate, thus they could be utilised as

potential therapeutics for inhibition of metastatic cell invasion and cancer metastasis.
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4 Chapter Four: Development of

FRET based heparinase

nanosensors
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Introduction

Heparanase use in cancer detection
Heparanase plays a crucial role in cancer spreading and metastasis. Heparan sulphate, which

is a substrate for heparanase, is considered as a key player for cell adhesion and growth.

Consequently heparan sulphate mediates the activity of tumour cells by either promoting or

inhibiting the spread of the cells.41 Heparanase is upregulated in most types of metastatic

cancer cells as it facilitates their spread by degrading the basement membrane extracellular

matrix by cleaving heparan sulphate. This creates a path for metastatic tumour cells to

extravasate and enter the systemic circulation.210, 216, 247-248 This has made heparanase an

attractive biomarker for metastatic cancer detection and early diagnosis of metastasis. For

instance, heparanase overexpression was detected in cancer cells using fluorescein-labelled

heparin grafted onto the surface of gold NPs. These NPs showed an enhanced fluorescence

signal (FRET) when incubated with metastatic cancer cells (Hela) compared to non-metastatic

cancer cells (MCF-7) or normal cells (NIH-3T3). This was a result of heparanase

overexpression that led to degradation of heparin attached to the surface of the Au-NPs thus

releasing the fluorophore from the quencher to produce fluorescence signal restoration.249

Furthermore, heparanase overexpression was also detected using non-FRET based methods,

for example radiolabelled N-acetylated heparin was utilised to detect the upregulation of

heparanase in metastatic cells compared to non-metastatic ones by monitoring the released

fragments produced after cleavage of the radiolabelled heparin substrate by heparanase

enzymes. However this method is not valid for in vivo detection of heparanase as measuring

the degradation products of the radiolabelled substrate can only be conducted in vitro using

gel filtration analysis.250

Fluorescence quenching
Fluorescence quenching is defined as a decrease in the fluorescence intensity of the

fluorophore due to an interaction with a specific quencher which absorbs the emitted energy

of the fluorophore and dissipates it as heat. This process can occur by different mechanisms;
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for example static quenching and dynamic quenching encompassing collisional like Dexter

process and FRET (Forster Resonance energy transfer).251

Collisional energy transfer occurs due to spin coupling and intersystem crossing,252 as

demonstrated in Figure 4.1.

Figure 4.1 Modified form of Jablonski diagram showing intersystem crossing (ISC) between singlet excited state of
the donor and triplet excited state of the acceptor.252

In collisional quenching the decrease in fluorescence intensity can be described by Stern-

Volmer in Equation 4.1 In this expression, ܭ is the Stern-Volmer quenching constant, �isݍ݇

the bimolecular quenching constant, ଴߬ is the unquenched lifetime, and [ܳ]is the molar

concentration of quencher. The Stern-Volmer quenching constant ݍ݇ indicates the sensitivity

of the fluorophore to a quencher.

Equation 4.1 Stern Volmer Equation
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Quenching efficiency can be calculated according to Equation 4.2 adapted from Arppe et

al.253 In this equation, ொܨ : Florescence intensity of the reporter dye (donor) after addition of

the quencher, :ܨ Florescence intensity of the reporter dye (donor) before addition of the

quencher.

% Quenching efficiency = ൬1 −
ொܨ

ܨ
൰× 100

Equation 4.2 Quenching efficiency

Forester (fluorescence) resonance energy transfer (FRET) quenching
Forester (fluorescence) resonance energy transfer was initially introduced by Theodore

Förster, where the energy of the donor (fluorescent substance) is transferred to the acceptor

(quencher). The latter absorbs and dissipates most of the energy through non-radiative

means, e.g., heat.254 FRET quenching processes involve the interaction between donor and

acceptor through space and direct donor-acceptor contact is not required for energy

transfer. Figure 4.2 describes FRET mechanism and energy transfer between the donor and

acceptor during electron transition.255
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Figure 4.2 The Jablonski diagram showing the mechanism of Förster Resonance Energy Transfer (FRET). Electrons
transition from the ground state to an excited state in both donor and acceptor when they are excited, and they
lose energy by both fluorescence with rate constant kf(D) for donor or kf(A) for acceptor non-fluorescence
mechanisms with rate constant knf(D) for donor or knf(A) for acceptor. Throughout FRET, excited energy of the donor
is also transferred to an acceptor with rate constant kFRET. 255

The efficiency of energy transfer between the donor and the acceptor is inversely

proportional to the sixth power of the donor-acceptor distance and can be calculated

according to Equation 4.3. Where r is the distance between the two fluorophores or

fluorophore / quencher, and R଴ is a constant called the Förster distance, at which the

quenching efficiency is 50%.

Εிோா் =
1

1 + Ȁܴݎ) ଴)଺

Equation 4.3 Efficiency of energy transfer

The FRET process is highly dependent on the donor-acceptor distance and it exerts its effect

when the FRET pair are in close proximity to each other, i.e. where the donor-acceptor

distance is typically less than 10 nm.256-259 The energy transfer exponentially decays with the

distance, this is clearly shown in Figure 4.3.
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Figure 4.3 Effect of distance which separates the donor–acceptor pair on the efficiency of energy transfer attained
by FRET process.258

Alongside the distance, the FRET process is controlled by other factors such as spectral

overlap between the donor fluorescence emission spectrum and the acceptor absorption

spectrum.

Furthermore, the molecular orientation of the FRET pair, the donor and acceptor plays a

crucial role in efficient energy transfer, and subsequently in fluorescence quenching.260-265

The orientation of the FRET pair governs the dipole-dipole interaction between the donor

and acceptor, hence the orientation factor was presented in mathematical equation as given

in Equation 4.4

ଶߢ = (�஽ߠ���͵�െ்ߠ�� �஺)ଶߠ��

Equation 4.4 Orientation of FRET pair

Where ߠ் is the angle between the donor emission and acceptor absorption transition

dipoles,ߠ஽and ஺areߠ the angles between those dipoles and the connecting line between

them respectively as demonstrated in Figure 4.4.
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Figure 4.4 Schematic diagram visualizes the angles that are used to determine the relative orientation of the donor

and acceptor transition moment.260

According to the above mentioned factors that affect the fluorescence quenching efficiency

and donor-acceptor energy transfer, the FRET pair should be carefully chosen to achieve the

required fluorescence quenching. Table 1 shows some examples of commercially available

FRET donors with their most suitable acceptors of the dark quenchers, these dark quenchers

are called black hole quenchers (BHQs) as they absorb the emission of the fluorescent donor.
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Table 1 Commonly used fluorophores and their corresponding black hole quenchers (BHQs) which make up the
donor-acceptor FRET pair system. Some of the fluorophores listed below such as CAL Fluor and Quasar dyes
produced by Biosearch are used for multiplex real-time quantitative PCR. Where they have a wide range of
emission maximum wavelengths (540 nm to 705 nm), these dyes are considered as a low cost alternative for
fluorophores commonly used on real-time thermocyclers ( TET, JOE, VIC, HEX, Texas Red, Cy3, Cy5, and

Cy5.5).Where they can be coupled with the corresponding black hole quencher and used for qPCR.266

FRET based sensing is widely used for DNA sequence detection. For instance, FRET based

assays have been utilised to detect oligonucleotide sequences of DNA depending on the

interaction between dye-tagged DNA strand and gold NPs.267 It also has been reported that

FRET pair labelled DNA was used to study the conformation of DNA-enzyme complexes and

determine different DNA loop conformations.268 Further FRET based probes have been used

to detect Hepatitis C virus DNA facilitating the early diagnosis of Hepatitis C disease.269 Near-

infrared (NIR) sensitive DNA probes consisting of stained single stranded DNA attached to

the surface of lanthanide-doped upconversion NPs have been prepared to detect DNA

hybridisation.270 A FRET pair based system composed of a fluorophore-quantum dot attached
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to a molecular beacon DNA strand has been utilised to identify the complementary DNA

strand by detecting the fluorescence changes upon target DNA sequence binding, thus

opening the hairpin structure of the molecular beacon and separating the FRET pair.271 In

addition, a dual-nanoparticle FRET based system has been utilised to sense bleomycin, this

system was made of silica NPs functionalised with fluorescent quantum dots and gold NPs

modified with DNA, where they produced a quenched composite when combined. In the

presence of bleomycin that induces the separation of DNA double strand, the FRET pair were

parted from each other resulting in restoration of the fluorescence signal.272 Carbon dots

have been used as FRET based sensors, where the interaction between DNA attached carbon

dots and ethidium bromide was utilised to monitor DNA damage due to ultraviolet light and

free radicals.273

Furthermore the FRET phenomenon has been exploited to study protein folding and

conformational changes. For example, staphylococcal nuclease and DNA labelled with FRET

pair have been used to study real time fluctuations of nuclease conformational changes

throughout enzymatic cleavage of the DNA strand.274 Furthermore, genetically modified

protein kinases were developed to monitor the conformational changes of the tyrosine

kinase receptor in living cells. An intramolecular complex of the phosphotyrosine binding

domain and the phosphotyrosine side chain is formed upon phosphorylation by a tyrosine

kinase induced by growth factors, therefore these changes reflect a fluorescence intensities

changes of the utilised FRET pair.275 Additionally, FRET pairing was used to determine and

map the metal ion-binding motif in the polypeptide by chasing the fluorescence changes of

FRET pair labelled polypeptide containing fluorescent dye and metal binding domain;

histidine. The fluorescence of this system changes due to high affinity metal ion binding to

the polypeptide motif causing a fluorescence quenching of the nearby covalently attached

fluorescent dye, allowing the monitoring of binding event.276
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Dexter energy transfer mechanism
Dexter energy transfer (also called Exchange Energy Transfer and Dexter electron exchange)

is another dynamic energy transfer mechanism. This phenomenon depends on electron

exchange between the donor and acceptor, which requires a strong overlap of the donor-

acceptor orbitals. Thus the energy transfer is via radiationless pathways, 277-279 as illustrated

in Figure 4.5. Unlike the FRET process, it only occurs at very short-range distances between

the donor and the acceptor; normally less than 10 Å.280

Figure 4.5 Dexter energy transfer enables diffusion of triplet excitons. Donor (D) and acceptor (A) molecules; the
asterisk denotes excited state. The dashed arrows demonstrate simultaneous electronic configuration
rearrangement of the electron transfer from the excited state of the donor molecule (D*) to a neutral acceptor
(A).278

Static Quenching (contact quenching)
In the static quenching, the reporter dye and the quencher must be in contact with each

other and this usually occurs by dipole-dipole hydrophobic interactions between the two

dyes. The energy transfer occurs through complex formation of the ground states rather than

the excited states producing a non-fluorescent complex.281-284

Heparinase and Heparanase differences

4.1.6.1 Heparinases

Heparinase (also called heparin lyase or heparin eliminase) is a bacterial enzyme usually

produced by flavobacterium species. Heparinases cleave heparin or heparan sulphate at β 1-

4 glycosidic linkage between glucosamine and uronic acid residues into small fragments with

different specificities.
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Accordingly they are grouped into three different types. Heparinase I which is specific for

heparin and highly sulphated domains of heparan sulphate containing 2-O-sulphate iduronic

acid, N-Sulphate and 6-O-sulphate glucosamine. Heparinase II is a non-specific enzyme that

breaks down both heparin and heparan sulphate, where it binds to heparin and either highly

sulphated domains or low sulphated domains of heparan sulphate as only the N-sulphate

group is essential for activity. Heparinase III is specific for heparan sulphate, where it binds

to the under-sulphated domain of heparan sulphate which contains non-sulphated uronic

acid linked to either sulphated or non-sulphated glucosamine residues.285-286 Heparinase

specificities are demonstrated in Figure 4.6.

Figure 4.6 Diagram shows heparinase I, II and III specificities toward heparin and heparan sulphate. A: Heparinase
I specificity, Y= SO3

-or H, Z= SO3
- or H. B: Heparinase II specificity, X= SO3

-or H (Iduronic or glucuronic acid), R= SO3
-

or CH3CO, Y= SO3
-or H. C: Heparinase III: Y= SO3

- or H, R= SO3
-or CH3CO. = Covalent bond is either above or

below the ring plane. Figure was adapted from Desai et al.285

All heparinases cleave heparin and heparan sulphate via a β-elimination processes rather 

than hydrolysis. Thus disaccharides or oligosaccharides containing unsaturated uronic acid at

C4-C5 (∆UA) are produced at the non-reducing end of heparin or heparan sulphate chains 

upon cleavage of a sessile glycosidic bond between glucosamine and uronic acid. The

enzymatic activity can be monitored by measuring the absorbance of the formed double

bond at 232 nm wavelength.287-289

Heparinases degrade heparin or heparan sulphate in presence of calcium to produce

unsaturated uronic acid, a low concentration of calcium ions is required for the enzymatic

Heparinase I Heparinase II Heparinase III
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activity, however the degree of degradation increases with increasing calcium ion

concentration.290 The β-elimination mechanism of heparin or heparan sulphate degradation 

has been elucidated by Sasisekharan et al,291 as illustrated in Figure 4.7.

Figure 4.7 β-elimination mechanism of heparin degraded by heparinase II. The degradation mechanism involves

C5 proton abstraction by deprotonated basic amino acid; Cysteine (Cys135) and subsequent proton donation by
protonated acidic amino acid Histidine; (His 203) to stabilise the negative oxygen leaving group producing OH.
Divalent ions (Ca+2) work as a Lewis acid attracting the electrons of C5-Carboxyl groups consequently facilitating
the abstraction of C5-proton by cysteine. M*+= Lysine or Ca +2, M+= Ca +2. Figure was adapted from Sasisekharan
et al.291

In this context, glycosidic bond cleavage involves abstraction of the C5-proton of iduronic

acid by basic amino acid groups of the enzyme, mainly deprotonated tyrosine or cysteine. On
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the other hand, acidic groups such as protonated histidine give a proton to the negatively

charged oxygen stabilising the leaving group thus forming a stable hydroxyl group.

Calcium, acting as a Lewis acid, is thought to bind to carboxylate groups at C5, consequently

stabilising the enzyme-substrate complex and decreasing the pKa of C5-hydrogen adjacent

to the carboxylate group. This enhances the ability of the enzyme basic amino acid moieties

to abstract the proton.292-293

4.1.6.2 Heparanases

Heparanase is a mammalian, endo-β-D-glucuronidase enzyme that breaks down the 

extracellular matrix surrounding the cells. Thus heparanases produce highly sulphated

regions of heparan sulphate fragments after heparan sulphate degradation, which are crucial

for cell signalling and growth by controlling the release of cellular growth factors. In contrast

to the heparinase mechanism, heparan sulphate cleavage by heparanase is a hydrolytic

rather than elimination process,294 as demonstrated in Figure 4.8. The primary function of

heparanase is to facilitate the extravasation of the immune cells throughout the

inflammation process by degrading the glycosaminoglycan heparan sulphate at the sites of

injury and inflammation.295-296 Human heparanase exerts its maximum activity at a local pH

of 5.5.297-298
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Figure 4.8 Hydrolysis mechanism of heparan glyosidic linkage cleavage by heparanase involving glutamic acid
amino acid residue deprotonation in aqueous environment to provide water molecules necessary for hydrolysis,
figure was adapted from Rivara et al.294

Human heparanase is thought to break down both heparan and heparin to small oligo

saccharides of ~ 5 kDa molar mass.299-300 It has been reported that macromolecular heparin

that is bound to serglycin-type peptides can be processed and catalysed by heparanase into

commercial heparin polysaccharides.301 It was found that heparanase cleaves heparin at

multiple, yet restricted cleavage sites to produce small heparin fragments, which were

correlated with the reduced anticoagulant activity of heparin and low molecular weight

heparin.302

Aim
The aim of this chapter is to synthesise a FRET based donor-acceptor system that is capable

of detecting heparinase which is the bacterial form of the mammalian heparanase

overexpressed during the early stage of metastasis and thus it could be utilised for the

diagnosis of cancer metastasis. The study is adopting a heparinase responsive model based

on FRET mechanism that enables the monitoring of the changes in the fluorescence after



Chapter Four

108

heparin cleavage by heparinase. It was hypothesised that the fluorescence signal of the

fluorophore quenched (switch off) by a black hole quencher in the FRET pair linked to heparin

is recovered (switch on) primarily due to heparin chain breakage by heparinase thus bringing

the FRET pair apart from each other changing the distance between the donor and the

acceptor. The intended result is a switch off to switch on system that is able to sense

heparinase.

In order to achieve this aim, FRET based heparin-sensors were prepared in order to test their

ability to detect the presence of heparinase through cleavage of heparin, using three

different models. Model I involves the preparation of a dual labelled probe composed of

BHQ1 and fluorescein that are chemically attached to heparin in order to enhance the

interaction between the donor; fluorescein and the acceptor; BHQ1. In model II, BHQ 2

conjugated heparin was attached to the surface of core-shell NPs containing TAMRA in the

shell and either unmodified blank core or 7-Methoxycoumarin incorporated core. Model III

adopted the attachment of fluorescein labelled heparin to the surface of black hole

quencher-1 incorporated NPs. Table 2 summarises the three different models and their

properties.
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Table 2 Illustrative diagrams of the FRET based models designed for studying of heparinase sensing and detection.

Materials and methods

Materials and equipment
Fluoresceinamine (5-Aminofluorescein), Sodium cyanoborohydride, Ammonium hydroxide

(NH4OH) (28-30%), Tetraethylorthosilicate (TEOS) (≥ 99%), (3-Aminopropyl)triethoxysilane 
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(APTES), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride(EDC), Sulphuric 

acid, Azure A (certified by the Biological Stain Commission (dye content 70 %), Heparin (≥ 180 

USP units/mg) from porcine intestine (average MW =17 kDa and heparinase I (HEPI),

heparinase II (HEPII) from Flavobacterium heparinum were purchased from Sigma Aldrich,

Ethanol absolute was purchased from Fisher Chemical, 2-(N-morpholino)ethane sulfonic acid

(MES) was purchased from PanReac, 5-(Aminomethyl)Fluorescein, 5-(and-6)-

Carboxytetramethylrhodamine Succinimidyl Ester (5(6)-TAMRA, SE), 7-methoxycoumarin

succinimidyl ester (Coumarin, SE) and Sulfo-NHS (N-hydroxysulfosuccinimide), 5(6)-

Carboxyfluorescein (FAM) and SnakeSkin™ Dialysis Tubing (3.5K MWCO, 22 mm) were

purchased from ThermoFisher Scientific, Sodium hydroxide was purchased from VWR

International Ltd, Sodium nitrite was kindly provided by University of Nottingham, BHQ1-

Carboxylate, BHQ1-Amine, BHQ2-Amine and BHQ1-succinimidyl ester (BHQ1, SE) were

purchased LGC Biosearch Technologies. Cary eclipse fluorescence spectrometer, Malvern

Zetasizer Nano ZS, Buchi Rotavap R-200, Hermle Z300 Centrifuge, SP 260PZ syringe pump,

GVD3 freeze dryer and Spark microplate reader (TECAN) were used.

Synthesis and characterisation of model I sensing probe

4.3.2.1 Synthesis of the dual-labelled heparin probe by intrachain conjugation of the FRET

pair

To synthesise fluorescein labelled heparin, (40 mg, 2.35 μmol ) of heparin was dissolved in 1 

mL MES buffer pH 5.6. Then 1 mL of MES buffer containing EDC (9 mg, 46.9 μmol) was added, 

subsequently Sulfo-NHS (10.2 mg, 46.9 μmol) dissolved in 1 mL MES buffer was also added 

and the solution left under stirring for 20 minutes. Finally, aminomethyl fluorescein (0.92 mg,

2.55 μmol) was added to the above solution and the pH was adjusted to 7.4 using 10 mL of 

0.2 M phosphate buffer and left under magnetic stirring for 24 hours to allow hydrolysis of

the excess unreacted succinimidyl ester groups. The produced fluorescein conjugated

heparin was dialysed using 3.5 kDa dialysis membrane against water for 2 days. After dialysis

the product was freeze-dried for 24 hours, collected and stored in the fridge. After synthesis
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of fluorescein labelled heparin probe, dual labelled heparin was prepared as follows; 20 mg

of the prepared fluorescein labelled heparin was dissolved in 1 mL MES buffer pH 5.6. Then

EDC (4.5 mg, 23.47 μmol) and   Sulfo-NHS (5.1 mg, 23.48 μmol) were added and the solution 

left to stir for 20 minutes. After activation, BHQ1-Amine (0.55 mg, 1.16 μmol)  was added to 

the above solution and the pH was raised to 7.4 using 10 mLof 0.2 M of phosphate buffer and

left under stirring for 24 hours. The resultant dual-labelled heparin probe was dialysed

against water using 3.5 kDa dialysis membrane for 2 days. The product (32 mg, 80% yield)

was freeze-dried and stored in the fridge.

4.3.2.2 Preparation of the physical mixtures of the FRET pair and heparin

To prepare a physical mixture of oppositely charged FRET pair and heparin. 20 mg of heparin

was dissolved in 1 mL of 0.2 M phosphate buffer. Then, BHQ1-Amine (0.55 mg, 1.16 μmol) 

and aminomethyl fluorescein (0.46 mg, 1.27 μmol) were added to heparin solution and the 

total volume was made up to 10 mL using phosphate buffer pH 7.4 and left to stir for 24

hours.

For physical mixture of similarly charged FRET pair and heparin; BHQ1-carboxylate-SE (0.583

mg, 1.16 μmole) and carboxyfluorescein-SE (0.48 mg, 1.27 μmole) of were added to 1 mL 

phosphate buffer pH 7.4 containing 20 mg heparin, the volume of the solution was adjusted

to 10 mL using phosphate buffer and left to stir for 24 hours.

4.3.2.3 Synthesis of dual-labelled heparin by end-chain conjugation of the fluorophore

In order to attach the fluorophore to the end of the heparin chains, fluoresceinamine was

used as amine source to carry out the direct reductive alkylation (amination) reaction. 40 mg

of heparin was dissolved in 4 mL ammonium acetate pH 5 and left under magnetic stirring.

Fuoresceinamine (8 mg, 2.3 μmol) was dissolved in 10 mL ammonium acetate and 5 mL 

ethanol to enhance the solubility of fluoresceinamine in aqueous solvent and added to

heparin containing solution. Subsequently sodium cyanoborohydride (10 mg, 159.1 μmol) 



Chapter Four

112

was added to the above solution to reduce the formed iminium intermediate. The

temperature of the reaction was adjusted to 40 oC and left to stir for 4 days. The reaction is

slow due to the equilibrium between the open and closed form of the aldehyde groups at

the reducing end of heparin chain therefore a reaction time longer than 48 hours is expected.

The produced fluoresceinamine-labelled heparin was dialysed against water using a 3.5 kDa

dialysis membrane for 3 days. The product (26 mg, 65 % yield) was freeze-dried for 24 hours

and stored in the fridge. Further, 7 mg of fluoresceinamine-labelled heparin was dissolved in

1 mL MES buffer pH 5.6. Then EDC (1.58mg, 8.24 μmol) and Sulfo-NHS (1.78 mg, 8.24 μmol) 

were added to the solution and left to stir for 20 minutes to activate heparin carboxylate

groups. After activation, BHQ1-Amine (0.206 mg, 4.34 μmol) was added to the above solution 

and left to stir for 24 hours. The product was dialysed against water for 2 days, subsequently

freeze-dried and stored in the fridge.

4.3.2.4 Fluorescence quenching measurement

To measure the quenching efficiencies of the prepared probes, fluorophore-labelled heparin

was used as a control.

For dual labelled heparin prepared by intrachain conjugation of the FRET pair; 1 mL of

aminomethyl fluorescein labelled heparin and 1 mL of dual labelled heparin having exactly

the same concentration of aminomethyl fluorescein labelled heparin precursor were

individually placed in a cuvette and the fluorescence emission spectra were recorded from

495 to 595 nm at 488 nm excitation wavelength using Cary eclipse fluorimeter.

For the dual labelled prepared by end-chain conjugation of the fluorophore and intrachain

conjugation of the BHQ1, 1 mL of fluoresceinamine labelled heparin and 1 mL of dual labelled

heparin having exactly the same concentration of fluoresceinamine labelled heparin

precursor were individually placed in a cuvette and the fluorescence spectra were reported

from 495 to 595 nm at 488 nm excitation wavelength using Cary eclipse fluorimeter.
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For the physical mixtures, 1 mL of the prepared physical mixtures in section 4.3.2.2 and 1 mL

of the mixture of heparin and either aminomethyl fluorescein or carbxyfluorescein without

adding BHQ1; prepared under the same condition and concentrations of the fluorophores,

were individually placed in a cuvette and the fluorescence emission spectra were recorded

at 488 nm as described above.

4.3.2.5 Chemical depolymerisation using nitrous acid and fluorescence signal recovery

Nitrous acid was freshly prepared by adding 5 mL of 0.5 M sulphuric acid to 5mL of 1 M

sodium nitrite to produce nitrous acid solution with pH of 1.5 as shown in Equation 4.5. Then

1 mL of the dual-labelled heparin (5 mg/mL) was mixed with 4 mL of the prepared nitrous

acid and left to stir for 2 hours. 1.3 mL of 1 M sodium hydroxide was added to the above

solution to bring the pH to 7.4, then 1 mL of 0.2 M phosphate buffer pH 7.4 was added.

Similarly, 1 mL of 5 mg /mL of dual labelled heparin was dissolved in 6.3 mL phosphate buffer

pH 7.4 to produce non-degraded dual labelled heparin and used as a control with exactly the

same pH of the degraded dual labelled heparin. 1 mL of each solution was placed in the

fluorimeter and the fluorescence scan was recorded using excitation wavelength of 488 nm

and emission wavelengths ranging from 500 to 600 nm.

Equation 4.5 Chemical equation of nitrous acid production with pH 1.5 by reacting sulphuric acid with sodium
nitrite.

4.3.2.6 Azure A assay for heparin degradation monitoring

Depolymerised heparin (5mg/mL) was prepared using the same method in section 4.3.2.5. 1

mL of 400 µg/mL of either depolymerised heparin or intact heparin was added to 1 mL of

azure A solution (0.0125 mg/mL, 4.25 μmol/mL) at pH 7.4. Then the absorbance scan was 

recorded for each sample using TECAN plate reader.
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4.3.2.7 Heparinase assay

500 μL of the dual labelled heparin (2 mg /mL) dissolved in 0.1 M sodium acetate buffer with 

pH 7 and contains 5 mM of calcium was placed into 2 wells of a 24-well plate. Then, 10 µL of

heparinase I (HEPI) with concentration of 20 milliunits/mL and 10 ul of heparinase II (HEPII)

with concentration of 8 milliunits/mL were added to one well. Mixture of HEPI &HEPII was

used in order to ensure near complete degradation of heparin into disaccharides units as

previously reported.303 The plate was placed in the water bath at 30 0C in order to maintain

the enzyme activity over time and left for 24 hours. The other well was used as a control and

20 µL of 0.1 M sodium acetate buffer pH 7 was added to maintain the same volume for both

wells. After that, 200 µL from each well was placed in a cuvette containing 1 mL sodium

acetate buffer with pH 7 and the fluorescence of each sample was recorded from 500 to 600

nm using 488 nm excitation wavelength.

Preparation of nanosensors using model II

4.3.3.1 Synthesis of core-shell NPs

The procedure was optimised to produce NPs with the smallest shell thickness possible. This

was achieved by adjusting the reagent concentrations used to prepare amine functionalised

silica NPs (TEOS, TAMRA-APTES conjugate, free APTES and ammonium hydroxide) and the

reaction time.

NPs with different shell thicknesses were synthesised by two different approaches; the first

approach was by a two-step method which involved the addition of the fluorophore source

(TAMRA-APTES conjugate) to the plain silica NPs in order to attach the fluorophore to the

NPs surface first followed by amine functionalisation using APTES as an amine source. The

second approach, was the co-addition method, where both TAMRA-APTES conjugate and

APTES were added together to functionalise simultaneously the NPs surface with amine

groups and the fluorophore.

TAMRA-APTES conjugate was prepared by dissolving TAMRA-SE (1 mg, 1.9 nmol) in 1ml of

pure ethanol, then the mixture was sonicated for 15 minutes. After that APTES (18 μl, 76.9 
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nmol) was added to the mixture, left on an oscillator for 24 hours to allow the reaction to

proceed and covered with aluminium foil to protect the dye.

In order to prepare 70 nm, 45 nm and 25 nm shell thickness NPs; the two-step method was

used. 70 nm shell thickness NPs were prepared as follows; a sample (100 mg) of the

unmodified silica NPs previously prepared in chapter 1 was suspended in 10 mL ethanol. Then

0.3 mL of ammonium hydroxide was added to the suspension and left to stir for 15 minutes.

30 µL of TAMRA-APTES conjugate solution was added and left to stir for 3 hours,

subsequently 150 µL of TEOS was added and the suspension was left to stir for 24 hours.

To prepare 45 nm shell thickness NPs; a sample (100 mg) of the unmodified silica NPs was

suspended in 10 mL ethanol. Then 0.5 mL ammonium hydroxide was added to the suspension

and left under stirring for 15 minutes. After that, 20 µL of TAMRA-APTES conjugates was

added to the suspension and left to react for 3 hours. The suspension was then washed by

adding 20 mL ethanol, centrifuged 3 times and resuspended in 10 mL ethanol. Further, 1 mL

of ammonium hydroxide was added to the washed suspension and left under stirring for 15

minutes. Finally, 500 µL of free APTES was added to the above suspension and left under

stirring for 24 hours.

To prepare 25 nm shell thickness; 100 mg of the unmodified silica NPs was suspended in 10

mL ethanol. 0.3 mL ammonium hydroxide was then added to the suspension and left under

stirring for 15 minutes. Then, 20 µL of TAMRA-APTES conjugate was added to the suspension

and left to react for 1 hour. The suspension was finally washed with 20 mL ethanol and

centrifugation for 3 times and resuspended in 10 mL ethanol. The washed NPs were further

modified with free amine groups, by adding 1 mL of ammonium hydroxide to the suspension

which then left to stir for 15 minutes. Finally, 500 µL of free APTES was added to the above

suspension and left to stir for 24 hours.

12 nm shell thickness-NPs were synthesised by the co-addition method, where both free

APTES and TAMRA-APTES conjugate were added to plain unmodified silica NPs at the same
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time in one pot reaction process. 100 mg of the unmodified silica NPs was suspended in 10

mL ethanol, then 1 mL of ammonium hydroxide was added and left under stirring for 15

minutes. Then a mixture of 250 μL of free APTES and 250 µL of TAMRA-APTES were added to 

the suspension and left under stirring for 24 hours.

All prepared NPs were washed with 20 mL ethanol for three times, centrifuged at 3300 g and

dried using rotary evaporation, the collected products were stored in the fridge for further

use.

4.3.3.2 Preparation of BHQ2-Heparin conjugated 12 nm-shell NPs

NPs with 12 nm shells were chosen to functionalise the surface of the NPs with black hole

quencher 2 (BHQ2) as it achieved the best quench fluorescence efficiency compared to larger

shell thickness-NPs.

The BHQ2-Heparin conjugate was firstly prepared using EDC/NHS coupling method as

follows; 20 mg of heparin was dissolved in 1 ml mL MES buffer pH 5.6. Then EDC (4.5 mg,

23.47 μmol) and Sulfo-NHS (5.1 mg, 23.48 μmol) were added and the solution left to stir for 

20 minutes. After activation, BHQ2-Amine (0.554 mg, 1.16 μmol) was added to the above 

solution and the pH was raised to 7.4 using 10 ml mL of 0.2 M of phosphate buffer and left

under stirring for 24 hours. The resultant BHQ2-Heparin was dialysed against water using 3.5

kDa dialysis membrane for 2 days. The product was freeze-dried and stored in the fridge

In order to attach BHQ2-Heparin to the surface of amine functionalised 12 nm-shell NPs

carbodiimide reaction was used. 10 mg of the prepared BHQ2-Heparin conjugate was

dissolved in 10 mL of MES buffer pH 5.6. Subsequently, EDC (1 mg, 5.21 μmol) and Sulfo-NHS 

(1.13 mg, 5.21 μmol) were added to the solution and left under stirring for 20 minutes. Then, 

20 mg of 12 nm-shell NPs was suspended in 10 mL of 0.2 M phosphate buffer pH 7.4 and

added to the above solution and left to stir for 24 hours. The resultant NPs were washed with

water for 4 times and centrifuged at 3300 g and freeze-dried to produce BHQ2-Heparin

conjugated 12 nm-shell NPs.
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4.3.3.3 Synthesis of coumarin based core-shell system

In order to prepare core-shell NPs with 7-methoxycoumarin within the core, unmodified

coumarin labelled NPs were prepared as follows: 7-methoxycoumarin succinimidyl ester

(Coumarin, SE) dye (1 mg, 5.67 μmol) was dissolved in 1mL of pure ethanol, then the mixture 

was sonicated for 15 minutes. After that 18 μL of APTES was added to the mixture and left 

on an oscillator for 24 hours to allow the reaction to proceed and covered with aluminium

foil to protect the dye. 200 µL of the resultant solution was then added to a round bottom

flask containing 50 mL of ethanol and 3 mL of ammonium hydroxide (NH4OH) and left to stir

for 12 hours. After that 4 mL of tetraethylorthosilicate (TEOS) was added dropwise using a

syringe pump at a rate of 0.5 mL /min and left under stirring (1750 rpm) for 3 hours. The

suspension was centrifuged at 3300 g for 20 min and washed with 40 mL ethanol for three

times. Finally, the suspension was rotary evaporated to produce 7-methoxycoumarin

containing silica NPs.

12 nm shell thickness-NPs with 7-methoxy coumarin incorporated within the core were then

synthesised the using co-addition process detailed in 4.3.3.1. 100 mg of the unmodified 7-

methoxy coumarin labelled silica NPs was suspended in 10 mL ethanol, then 1 mL of

ammonium hydroxide was added and left to stir for 15 minutes. Then a mixture of 250 µL of

free APTES and 250 µL of TAMRA-APTES were added to the suspension and left to stir for 24

hours. The produced coumarin based core-shell NPs (12 nm shell thickness) were dried by

rotary evaporation and stored in the fridge.

Furthermore, BHQ2 conjugated heparin (BHQ2-HP) probe was grafted onto the surface of

coumarin based core-shell NPs. 10 mg of BHQ2-Heparin conjugate prepared in 4.3.3.2 was

dissolved in 10 mL of MES buffer pH 5.6. Subsequently, EDC (1 mg, 5.21 μmol ) and Sulfo-NHS 

(1.132 mg, 5.21 μmol) were added to the solution and left to stir for 20 minutes. Then, 20 mg 

of 12 nm-shell NPs (coumarin based NPs) was suspended in 10 mL of 0.2 M phosphate buffer

pH 7.4, added to the above solution and left to stir for 24 hours. The resultant NPs were

washed with water for 4 times, centrifuged at 3300 g and freeze-dried to produce BHQ2-
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Heparin conjugated NPs containing 12 nm TAMRA shell and 7-methoxy coumarin

incorporated into the core.

4.3.3.4 Fluorescence measurements of core-shell NPs

1 mg /mL of 12 nm, 25 nm 45 nm and 70 nm shell thickness NPs were suspended in deionised

water and placed in a cuvette, and the emission spectra were recorded at 540 nm excitation

wavelength and emission collected between 550 nm and 600 nm.

4.3.3.5 Monitoring of spectral overlap of the donor-acceptor system in the core-shell NPs

1 mL of black hole quencher 2 (BHQ2, 100 µg/mL), black hole quencher conjugated heparin

probe (BHQ2-HP, 1 mg/mL) and of BHQ2-HP grafted core-shell silica NPs (BHQ2-HP-Si; 12 nm

shell thickness, 5 mg /mL) were individually placed in the UV-visible spectrophotometer and

the absorption spectra were recorded at 400 to 700 nm. 1 mL of TAMRA-labelled core-shell

NPs (12 nm shell thickness, 5 mg /mL) was placed in a cuvette and the fluorescence emission

spectrum was recorded from 550 to 600 nm using 540 nm excitation wavelength.

Development of FRET based nanosensors using model III

4.3.4.1 Synthesis of the nanosensors

The developed nanosensors using this model were synthesised by attaching a fluorescein

conjugated heparin to the surface of the black hole quencher incorporated silica NPs

functionalised with amine groups using APTES linker.

In order to prepare amine functionalised silica NPs consisting of BHQ1 incorporated within

the silica matrix , a BHQ1-APTES conjugate was firstly prepared as follows; BHQ1-succinimidyl

ester (BHQ1, SE) (1 mg, 1.66 μmol ) was dissolved in a mixture of 0.5 mL of pure ethanol and 

0.5 mL DMF to maintain the solubility of BHQ1 and sonicated for 15 minutes. After that 18

µL of APTES was added to the mixture and left on an oscillator for 24 hours to allow the

reaction to proceed and covered with aluminium foil.

After that, 450 µL of the resultant BHQ1-APTES conjugate was added to a round bottom flask

containing 50 mL ethanol and 3 mL ammonium hydroxide (NH4OH) and left to stir for 12

hours. After that 4 mL of tetraethylorthosilicate (TEOS) was added dropwise using a syringe

pump at a rate of 0.5 mL /min and left to stir (1750 rpm) for 3 hours. The produced BHQ1
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incorporated NPs were washed 3 times using 20 mL ethanol, rotary evaporated to dryness

and stored in the fridge.

Further, 60 mg of BHQ1 Incorporated NPs were suspended in 10 mL ethanol containing 1 mL

ammonium hydroxide and left to stir for 15 minutes. Then, 135 µL of APTES was added to the

suspension and left to stir for 24 hours. After that the NPs were washed 3 times with ethanol

and dried using a rotary evaporator to produce BHQ1 incorporated NPs functionalised with

amine groups.

Fluorescent heparin probes were prepared by attaching aminomethyl fluorescein to

carboxylate groups of the heparin chains. 40 mg of heparin was dissolved in 1 mL MES buffer

pH 5.6. Then 1 mL of MES buffer containing EDC (9 mg, 46.9 μmol) and Sulfo-NHS (10.2 mg, 

46.9 μmol) were also added to above solution and left under stirring for 20 minutes. Finally, 

aminomethyl fluorescein (0.92 mg, 2.55 μmol) was added to the above solution and the pH 

was adjusted to 7.4 using 10 mL of 0.2 M Phosphate buffer and left under magnetic stirring

for 24 hours to ensure hydrolysis of the excess and unreacted succinimidyl ester groups. The

produced aminomethyl fluorescein labelled heparin (Fluorescein-Heparin) probe was

dialysed against water for 2 days, subsequently freeze-dried and stored in the fridge. The

prepared probe was further grafted onto the surface of either unmodified blank silica NPs

(BHQ1 free) or BHQ1 containing NPs as follows: 20 mg of the prepared fluorescein labelled

heparin probe was dissolved in 1 mL MES buffer pH 5.6. Then 1 mL of MES buffer containing

EDC (4.5 mg, 23.47 μmol) and Sulfo-NHS (5.1 mg, 23.48 μmol) dissolved in 1 mL MES buffer 

were added to above solution and left under stirring for 20 minutes. 20 mg of either blank

silica NPs or BHQ1 containing NPs, having amine functionality grafted onto the surface and

suspended in 10 mL of phosphate buffer pH 7.4, was added to fluorescein labelled heparin

containing buffer and left to stir for 24 hours. Then, the NPs were washed 4 times with

deionised water and centrifuged at 3300 g. The produced Fluorescein-Heparin conjugated
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silica NPs containing a BHQ1 incorporated within the silica matrix (Flu-HP-Si-BHQ1) were

freeze-dried for 24 hours and stored in the fridge.

4.3.4.2 Characterisation of the nanosensors

Absorbance

1 mL of BHQ1 incorporated NPs (5 mg/mL) and 1 mL of BHQ1-APTES conjugate (100 μg/mL) 

were individually suspended in deionised water and placed in 24-well plate. The absorption

spectra of the samples were recorded from 400 to 700 nm.

Fluorescence

1 mL of aminomethyl fluorescein labelled heparin probe (1mg/mL) and free aminomethyl

fluorescein dye (1 mL of 100 μg/mL) were placed in the cuvette and the fluorescence spectra 

were recorded from 500 to 600 nm using 488 nm excitation wavelength

Particle Size

Particle size measurements were carried out using a Malvern Zetasizer Nano in back scatter

mode at 173 angle with 633 nm laser. The equilibration time for each sample was 120

seconds before the acquisition of the next sample. The count rate was set between 100-500

kcps by automatically adjusting the laser power using an attenuator. The temperature was

set at 25 °C and the viscosity of the dispersant was 1.2 cP with 1.362 refractive index. All

samples were prepared in 1/10 phosphate buffer saline (15 mM PBS). Data were recorded

for each sample and repeated for three times of 15 runs for each reading. Particle diameter

was measured by Dynamic Light Scattering (DLS) technique. In principle, the suspended NPs

undergo random movement (Brownian motion) with certain velocity that is related to the

particle diameter. Particles scatter the incident light in different directions (Rayleigh

scattering) and thus the intensity of the scattered light fluctuates according to the particle’s

velocity (Diffusion coefficient). The intensity and the rate at which the scattered light

fluctuates are measured by Zetasizer detector and the instrument software computes the
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hydrodynamic diameter of the suspended particle from the diffusion coefficient (D) using

Stokes-Einstein’s theory as shown in Equation 4.6:

ு݀ = ݇ܶ ⁄ܦߟߨ3

Equation 4.6 Stokes-Einstein’s equation

Where, ு݀ is the hydrodynamic diameter of the particle (m), ݇ is Boltzmann constant

(kg·m2/s2·K or J/s2),  ܶis the absolute temperature (K), η is solvent viscosity (kg/m·s)  and D is 

the diffusion coefficient (m2/s).To measure the diameter of model III nanosensors, either 1

mL of 0.01 mg/mL of Flu-HP-Si (blank) silica NPs functionalised with fluorescent heparin or

1 mL of 0.01 mg/mL of Flu-HP-Si-BHQ1NPs was suspended in 15 mM PBS, placed in a cuvette

and particle size distribution was measured using Malvern Zetasizer.

.

4.3.4.3 Quenching efficiency

1 mL of 1mg/mL of blank silica NPs functionalised with fluorescent heparin (Flu-HP-Si-blank

NPs) and 1 mL of 1mg/mL of Flu-HP-Si-BHQ1 NPs were suspended in phosphate buffer pH

7.4, placed in a cuvette and the fluorescence spectra of the samples were recorded from 500

to 560 nm wavelengths after excitation at 488 nm wavelength.

4.3.4.4 Fluorescence signal recovery after heparinase treatment

1 mL of Flu-HP-BHQ1-Si NPs (1mg/mL) suspended in acetate buffer pH 7 containing 5 mM

calcium acetate were placed into 2 scintillation vials. Then, 10 μL of heparinase I (HEPI) with 

concentration of 20 milliunits/mL and 10 μL of heparinase II (HEPII) with concentration of 8 

milliunits/mL were added to one vial and left in the water bath at 30 0C for 24 hours, whilst

20 μL of the buffer was added to the second vial. After enzyme treatment, the pH elevation 

experiment was conducted as follows; the same set of the vials were used and the pH was

raised to 11 by adding 1 mL of 0.2 M sodium phosphate/sodium hydroxide buffer.

The fluorescence spectra of NPs suspended in these vials were measured by placing 1 mL of

the suspended NPs in a cuvette and the emission was recorded from 500 to 600 nm

wavelength using 488 nm excitation wavelength.
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Results and discussion

Synthesis of heparinase sensing probe using model I
Dual labelled heparin probes were prepared using this model by attaching the fluorophore

(aminomethyl fluorescein) and the dark quencher (BHQ1-Amine) to heparin using two

different methods.

The first method was intrachain chemical conjugation of the FRET pair to heparin chain by

two step reaction process. In the first step; aminomethyl fluorescein amine groups were

covalently attached to heparin carboxylate groups via amide bonds using carbodiimide

chemistry utilising EDC and NHS to produce fluorescein labelled heparin. While in the second

step; BHQ1 amine groups were also covalently attached to the fluorescein labelled heparin

utilising same carbodiimide chemistry reaction in order to produce dual labelled heparin

probe.

The second method adopted the synthesis of the dual labelled heparin by end-chain

conjugation of the fluorophore; fluoresceinamine through a direct reductive amination

reaction of the available aldehyde groups at the reducing termini of heparin utilising sodium

cyanoborohydride to reduce the formed iminium intermediate (Schiff base) to produce

fluorescein labelled heparin. Although the aldehyde group at the reducing end in equilibrium

with the closed ring form; i.e. the hemiacetal group, the use of the aniline-like fluorophore;

fluoresceinamine is reported to boost the efficiency of the reaction.243 Subsequently, the

dark quencher; BHQ1-Amine was conjugated to the produced fluorescent heparin through

carbodiimide chemistry using EDC/NHS reaction. Figure 4.9 shows a schematic illustration of

the intrachain and end-chain conjugation of the fluorophore.
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Figure 4.9 Schematic representation of Dual labelled heparin sensing probe synthesised by (A) intrachain
conjugation of aminomethyl fluorescein and black hole quencher 1 (BHQ1) to heparin using EDC/NHS coupling
agents, and dual labelled heparin sensing probe synthesised by end-chain conjugation of fluoresceinamine using
reductive amination method and intrachain conjugation of black hole quencher 1 (BHQ-Amine) to heparin using
EDC/NHS coupling agents.

A:

B:

EDC/NHS (pH 5.6, 2 h)

pH 7.4, 24 h

EDC/NHS (pH 5.6, 2 h)

pH 7.4, 24 h

BHQ1-Amine

Heparin sulphate
Aminomethyl fluorescein

Aminomethyl fluorescein-Heparin

Dual labelled heparin

NaCNBH4

4 0C, 4 days

Fluoresceinamine

Heparin sulphate
(reducing end equilibrium)

Fluoresceinamine conjugated heparin

EDC/NHS (pH 5.6, 2 h)

pH 7.4, 24 h

Dual labelled heparin
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4.4.1.1 Fluorescence quenching efficiency of the dual labelled heparin prepared by

intrachain conjugation method

The fluorescence quenching of fluorescein that is bound to dual labelled heparin probe was

observed by measuring the fluorescence of fluorescein labelled heparin probe obtained by

the first step of the reaction compared to dual labelled heparin prepared by intrachain

conjugation of the FRET pairs. The fluorescence of dual labelled heparin probe dramatically

decreased compared to fluorescein labelled heparin probe as demonstrated in Figure 4.10.

This indicates that the interaction between the donor; aminomethyl fluorescein and the

acceptor; BHQ1-Amine is strong, where heparin acts as a bridge to bring the FRET pair close

together for efficient energy transfer. Furthermore, the calculated quenching efficiency of

this system using equation 2 was 55% and no additional quenching was seen after increasing

the molar ratio of the black hole quencher (BHQ1) to heparin molecules as illustrated in

Figure 4.11.

Figure 4.10 Florescence quenching of the dual labelled heparin probe. A: Fluorescence spectrum, B: Fluorescence
Intensity of dual labelled heparin prepared by intrachain conjugation of fluorescein and BHQ1 to heparin
carboxylate groups (Dual labelled HP) compared to fluorescein labelled heparin(Flu-HP)prepared by intrachain
conjugation of fluorescein. Data was analysed using unpaired t test. Error bars indicate SD (n = 3), ** is P ≤ 0.01, 
*** is P ≤ 0.001**** is P ≤ 0.0001. 
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Figure 4.11 Quenching efficiency of the dual labelled heparin prepared using intrachain conjugation of the FRET
pair at different molar ratio of BHQ1 to heparin showing that the maximum quenching efficiency has been
achieved at 1:20 molar ratio. Data was analysed using unpaired t test. Error bars indicate SD (n = 3), ns is non-
significant difference (P-value ≥ 0.05). 

4.4.1.2 Fluorescence quenching efficiency of the dual labelled heparin prepared by end-chain

conjugation method

The fluorescence quenching of the prepared dual labelled heparin probe was studied by

measuring the fluorescence of the fluoresceinamine labelled heparin compared to the

fluorescence of the dual labelled probe. The fluorescence of the dual labelled probe

decreased relative to fluoresceinamine labelled heparin as demonstrated in Figure 4.12.

However the calculated quenching efficiency by equation 2 was 14 % which is significantly

lower than that obtained from the dual labelled heparin system prepared by intrachain

conjugation of the FRET pair.
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Figure 4.12 Fluorescence quenching of the dual labelled heparin probe. A: Fluorescence spectrum, B: Fluorescence
intensity of dual labelled heparin prepared by end-chain conjugation of fluorescein to heparin carboxylate groups
(Dual labelled HP) compared to fluorescein labelled heparin (Flu-HP) prepared by end-chain conjugation of
fluorescein. Data was analysed using unpaired t test. Error bars indicate SD (n = 3), ** is P ≤ 0.01, *** is P ≤ 0.001, 
**** is P ≤ 0.0001. 

4.4.1.3 Comparison study between end-chain and intrachain conjugation of the fluorophore

Although the FRET quenching process works effectively at donor-acceptor distances less than

10 nm, other factors like spectral overlap and molecular orientation also affect the

fluorescence quenching and energy transfer. Molecular orientation of the FRET pair affects

the geometry of dipole-dipole interaction of the donor and acceptor, consequently it governs

the effective donor-acceptor distance.304

The quenching efficiency of the prepared dual labelled heparin probe by the previously

described methods drastically differed by changing the chemical conjugation method of the

donor. Intrachain conjugation of the donor and the acceptor that was used in the first

method may have provided a strong van der Waals interaction between the FRET pair and

enhanced the pi stacking between them so they are well aligned. Consequently the distance

between the fluorophore, fluorescein and the dark quencher; BHQ1 was relatively smaller

than the effective donor-acceptor distance of the dual labelled heparin probe prepared by

end-chain conjugation of the donor as depicted in Figure 4.13. Hence the quenching
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efficiency is higher as the FRET energy transfer is highly dependent on the Forster distance,

where it is inversely proportional to the donor-acceptor distance (R) falling off at rate 1/R6 as

demonstrated in Equation 4.3. In contrast, the dual labelled heparin probe prepared using

the second method by end-chain conjugation of the fluorophore; fluoresceinamine while

keeping BHQ1 attached within heparin chain, did not show as high quenching efficiency

values. This could be attributed to the molecular orientations of the fluorescent donor and

the acceptor. In general, atoms within specific molecules can rearrange in specific geometries

in accordance to their electrostatic and van der Waals interactions in order to attain the

lowest energy and most stable conformation of the molecule.305-308 The predicted theoretical

distance between end- chain conjugated fluoresceinamine and BHQ1 is larger than the

donor-acceptor distance in dual labelled heparin probe prepared by intrachain conjugation

method as demonstrated in the Chem3D drawing in Figure 4.13. This explains the higher

quenching efficiency of dual labelled heparin prepared by intrachain conjugation method

compared to that prepared by end-chain conjugation method.
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Figure 4.13 3D chemical structure of dual labelled heparin probe. A: 3D structure of dual labelled heparin prepared
by intrachain conjugation of fluorescein and BHQ1. B: 3D structure of dual labelled heparin prepared by end-chain
conjugation of fluorescein while attaching the BHQ1 within heparin chain. Data was analysed by MM2 energy
minimization calculations using ChemBio3D software.
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4.4.1.4 Study the role of covalent binding and inter/intra-molecular interaction between the

FRET pair

An investigation was conducted to study the role of inter/intra-molecular dimerization in

FRET pair fluorescence quenching. The results illustrated in Figure 4.14 A reveal that the

measured fluorescence signal of the ternary physical mixture of positively charged BHQ1-

Amine, positively charged aminomethyl fluorescein and negatively charged heparin was less

than that of the physical mixture of aminomethyl fluorescein and heparin. This can be

explained by the ionic interaction between the FRET pair and oppositely charged heparin

chain, however the quenching efficiency was lower than that observed in the covalently

bound FRET pair to heparin in dual labelled heparin probe using intrachain conjugation

method. The lower quenching efficiency of the physical mixture of the FRET pairs and heparin

compared to the intrachain conjugated FRET pairs in the dual labelled heparin might be

attributed to non-directional ionic bonds compared to a covalent bond which brings the FRET

pair in close proximity to each other in an aligned manner and maximises the quenching

efficiency.309-311 On the other hand, there was no difference in the fluorescence signal

between the ternary physical mixture of negatively charged BHQ1-Carboxylate, negatively

charged carboxyfluorescein and negatively charged heparin and the physical mixture of

negatively charged carboxyfluorescein and negatively charged heparin as shown Figure 4.14

B.

This is considered evidence that the intra-molecular rather than inter-molecular dimerisation

of the donor and acceptor in the FRET pair is required for efficient quenching as the inter-

molecular interaction between a similarly charged pair, the fluorophore and the dark

quencher, in the physical mixture (non-ionically bound to heparin) did not show any effect

on the fluorescence intensity. This is in agreement with previously reported findings.312

The fluorescence quenching that was observed in the dual labelled heparin probe prepared

by the intrachain conjugation was due to the covalent linking of the FRET pair to heparin

chains and subsequent intra-molecular dimerisation of the donor; aminomethyl fluorescein
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and the acceptor; BHQ1. Thus, these findings confirm that fluorescence quenching attained

by dual labelled heparin is FRET based, and not via a collisional mechanism as the the donor-

acceptor interaction is thought to happen through space but not through contact collision.

Figure 4.14 Effect of inter/intra-molecular dimerization of the FRET pairs. A: The fluorescence of fluoresceinamine
in combination with positively charged BHQ1-Amine and negatively charged heparin (Physical mix) compared to
physical mix of heparin and aminomethyl-fluorescein and the corresponding chemical structures of the physical
mixture. B: The fluorescence of negatively charged carboxyfluorescein in combination with negatively charged
BHQ1 and negatively charged heparin (Physical mix) compared to physical mixture of heparin and fluorescein
(HP+FAM) and the corresponding chemical structures of the physical mixture.
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4.4.1.5 Fluorescence signal recovery of dual labelled heparin probe using chemical

degradation

In order to restore the fluorescence signal of the quenched fluorescein in dual-labelled

probes prepared by intrachain conjugation, nitrous acid was used at low pH. Heparin is

usually depolymerised by nitrous acid at pH 1.5 through deaminative cleavage of N-sulphate

groups to produce anhydromannose derivatives of heparin which are mainly

disaccharides.313-315 Figure 4.15 illustrates the degradation of the dual-labelled heparin

probe to produce heparin disaccharides, subsequently separating the fret pair. Thus the

intra- molecular dimerisation is no longer available after the degradation reaction and

fluorescence signal recovery is expected to occur as the energy transfer between the donor

and the acceptor vanishes in the physical mixture of the FRET pair.

In order to confirm the complete degradation of heparin chain by nitrous acid at pH 1.5, the

azure A test was used. Heparin depolymerised by nitrous acid described in 4.3.2.5 did not

show a λmax shift after mixing with azure A dye compared to intact heparin as shown in

Figure 4.16. This reinforces that complete degradation of heparin with disaccharide

formation was induced by nitrous acid as heparin disaccharides are not able to blue shift

azure A λmax, hence they lose the metachromatic activity compared to oligosaccharide and

full chain non-depolymerised heparin.168
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Figure 4.15 Schematic representation of dual labelled heparin probe depolymerisation by nitrous acid.
Deaminative cleavage of dual labelled heparin probe to produce 2, 5-anhydromannose derivatives releasing the
quenched fluorescein into the solution to recover the fluorescence signal.

Figure 4.16 Complete degradation of heparin by Nitrous acid at pH 1.5. Azure A absorption spectrum after addition
of depolymerised heparin by nitrous acid (Azure A + Depolymerised HP) and intact heparin (Azure A + Intact HP).

The fluorescence signal recovery was evaluated by measuring the fluorescence of the dual-

labelled heparin before and after nitrous acid depolymerisation. The results demonstrated in

Figure 4.17 show that the fluorescence intensity of dual labelled heparin markedly increased

after nitrous acid degradation. This indicates a near complete restoration of fluorescein

+
HNO2

pH 1.5

2,5-anhydro-D-mannose
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fluorescence signal after the bond cleavage between fluorescein and BHQ1. Furthermore,

~90 % of the original aminomethyl fluorescein fluorescence intensity in the dual labelled

probe was restored after chemical degradation.

Figure 4.17 Fluorescence signal recovery of dual labelled heparin depolymerisation using nitrous acid at pH 1.5.
Emission spectra (A) and emission intensity (B) of dual labelled heparin after depolymerisation by nitrous acid.
Data was analysed using unpaired t test. Error bars indicate SD (n = 3), ** is P ≤ 0.01. 

4.4.1.6 Fluorescence signal recovery of dual labelled heparin probe after heparinase

treatment

The responsiveness of the prepared dual-labelled heparin probe to heparinase was evaluated

by incubating the dual labelled heparin with heparinase I&II for 24 hours at 25 °C and

measuring the fluorescence intensity compared to untreated dual labelled heparin as a

control. The fluorescence intensity of the dual labelled heparin slightly increased after

heparinase treatment compared to untreated control as depicted in Figure 4.18 This is

thought to be due to incomplete digestion of the dual labelled heparin by the enzymes;

heparinase I&II. Moreover, the presence of the FRET pair attached to the carboxylate groups

might hinder enzyme-heparin binding, consequently reducing the activity of heparinases

against heparin. It is important to note that the free carboxylate moiety of uronic acid residue
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is essential for enzymatic activity of all heparinases. For instance, when heparin was treated

with EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide), its susceptibility to heparinases

was reduced. Heparinase degrading activity against heparin was decreased with the increase

of the molar concentration of the reacted EDC.316

Figure 4.18 Fluorescence signal recovery of dual labelled heparin probe after incubation with heparinase I and II
for 24 hours. Fluorescence spectra (A) and Fluorescence intensity (B) of heparinase treated dual labelled heparin
probe (HEP-treated dual labelled HP) compared to untreated dual labelled heparin probe (Untreated dual labelled
HP). Data was analysed using unpaired t test. Error bars indicate SD (n = 3), * is P ≤ 0.05.  

Development of heparinase nanosensors using model II

4.4.2.1 Synthesis of core-shell NPs containing unmodified core

Optimisation and characterisation of the core-shell NPs

A core-shell nanoparticle system was adopted in order to enhance the fluorescence

quenching between the acceptor and the donor in the FRET pair as the dual labelled heparin

probe failed to achieve a prober fluorescence signal restoration after heparinases treatment

as shown in section 4.4.1.6.
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The diameter of silica NPs was optimised to produce different core-shell NPs with various

shell thicknesses containing a covalently linked TAMRA dye. NPs with shell thicknesses; 12,

25, 45 and 75 nm were produced by optimising the amount of APTES, APTES-TAMRA

conjugate attached to the surface, the concentration of the ammonium hydroxide and by

controlling the time of the reaction. The shell thickness of the produced NPs was estimated

by measuring the particle size of a blank unlabelled core silica NPs before and after surface

modification with TAMRA. The results depicted in Figure 4.19.



Chapter Four

137

Figure 4.19 Illustrative diagram of core-shell NPs with different shell thicknesses ranging from 12 nm to 70 nm and
their corresponding particles size distribuations relative to blank silica core size distribution measured by dynamic
light scattering (DLS).
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Fluorescence spectra of the optimised core-shell NPs

In order to assess the incorporation of TAMRA within the shell of the produced core-shell

NPs, the fluorescence spectra was obtained by spectrofluorometer. The fluorescence of the

core-shell NPs rises with increasing the shell thickness as illustrated in Figure 4.20. This

indicates that high amount of TAMRA was incorporated within the shell as the thickness

increases, reflecting the high fluorescence of the large thickness NPs.

Figure 4.20 Fluorescence spectra of TAMRA incorprated within the outer layer of different core-shell silica NPs
containing blank core silica matrix having diffeent thicknesses of their shells ranging from 12 nm to 70 nm.

Preparation of core-shell FRET based NPs

FRET based core-shell nanosensors were prepared by grafting BHQ2 conjugated heparin

probe onto the surface of amine functionalised core-shell NPs containing TAMRA in the shell.

The BHQ2-heparin probe was firstly synthesised using EDC/NHS coupling of the amine groups

of BHQ2-Amine to heparin carboxylate groups. Then BHQ2-heparin probe was attached to
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the surface of amine functionalised core-shell NPs with 12 nm shell thickness using

carbodiimide chemistry as depicted in Figure 4.21.

FRET quenching works effectively when the fluorophore-quencher distance is less than 10

nm, however the fluorescence quenching by FRET mechanism is not fully understood yet and

other factors can affect the efficiency of quenching.317 Although the fluorescence signal of

the core-shell NPs increased with increasing the shell thickness as demonstrated in

section 4.3.3.4, 12 nm core-shell system was chosen to achieve effective fluorescence

quenching of the FRET pair.

Figure 4.21 Schematics of A: BHQ2 conjugated heparin probe synthesis using EDC/NHS coupling reaction , B: BHQ2
conjugated heparin (BHQ2-HP) probe grafting onto the surface of TAMRA containing 12 nm shell NPs (TAMRA-Si)
to produce FRET based TAMRA-BHQ2, donor-acceptor system (BHQ2-HP-Si) using EDC/NHS reaction.

(EDC)
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BHQ2-HP-Si
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Spectral overlap and fluorescence quenching of the donor-acceptor pair in the

prepared nanosensors

Black hole quencher-2 (BHQ-2) is considered the most suitable dark quencher for TAMRA dye

as a FRET pair as demonstrated in Table 1, since the absorption spectrum of the BHQ-2

overlaps with the emission spectrum of TAMRA.

Results illustrated in Figure 4.22 show that BHQ2-Heparin conjugate has absorption spectrum

similar to free BHQ2 before conjugation indicating successful conjugation of the BHQ2 to

heparin. Furthermore, the absorption spectrum of the acceptor; BHQ2-heparin conjugated

to the surface of core-shell NPs overlaps well with the emission spectrum of the donor;

TAMRA incorporated within the shell of the prepared NPs. This spectral overlap of the FRET

pair makes the core-shell system suitable for FRET based quenching mechanism.

Fluorescence quenching of the 12 nm shell system was evaluated by measuring the

fluorescence intensity of the TAMRA containing core-shell NPs with 12 nm shell thickness

before and after grafting the BHQ2-Heparin conjugate to the surface of the 12 nm TAMRA

containing NPs.

A significant reduction in the fluorescence of TAMRA labelled core-shell NPs was observed

after conjugation BHQ2-Heparin probe to the NPs surface of the NPs as demonstrated in

Figure 4.22 B and C. Indicating that FRET based quenching occurred between the donor;

TAMRA dye in the shell of the NPs and the acceptor; BHQ2 that is conjugated to heparin

which is attached to the surface of the NPs. In addition, the estimated quenching efficiency

of the prepared system calculated using was ~ 40%.
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Figure 4.22 A: Spectral overlap of the absorption spectra of black hole quencher (BHQ2), black hole quencher
conjugated heparin probe (BHQ2-HP) and black hole quencher conjugated heparin grafted onto the surface of
core-shell silica NPs (BHQ2-HP-Si) and the fluorescence spectrum of TAMRA-labelled core-shell NPs. Fluorescence
spectra (B), and fluorescence intensity (C) heparin conjugated core-shell NPs containing TAMRA incorporated
within the shell (HP-Si) compared to black hole quencher–heparin conjugated core-shell NPs containing TAMRA
incorporated within the shell (BHQ2-HP-Si). Data was analysed using unpaired t test. Error bars indicate SD (n =
3), ** is P ≤ 0.01, *** is P ≤ 0.001**** is P ≤ 0.0001.  
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4.4.2.2 Design of coumarin based core-shell system

Although the quenching efficiency of 12 nm-shell FRET based nanosensors was high (~40%),

the prepared system is not highly controlled. The distance between the donor and the

acceptor in the designed core-shell system was more than the ideal distance for effective

FRET energy transfer (10 nm). This means that the obtained quenching efficiency had to be

calculated using more accurate system to confirm that the attained data was reliable and

realistic. Consequently the need for a better designed, well controlled system has arisen. In

order to solve this problem, 7-methoxy coumarin; a BHQ2 non-responsive dye was

incorporated within the core of core-shell NPs to serve as internal standard for the system

which is thought to eliminate fluorescence fluctuations caused by temperature change,

uneven distribution of the fluorophore concentration and particle size differences as

demonstrated in Figure 4.23 A.

To confirm that 7-methoxy coumarin is a BHQ2-insensitive dye, spectral overlap between the

fluorescence of 7-methoxy coumarin or 7-methoxy coumarin containing NPs and the

absorbance of BHQ2-Heparin probe or BHQ2-Heparin conjugated NPs was investigated.

Figure 4.23 B shows that the absorption spectra of BHQ2-Heparin probe and BHQ2-Heparin

conjugated NPs are not overlapping with absorption spectra of 7-methoxy coumarin or 7-

methoxy coumarin containing NPs. This makes 7-Methoxy coumarin a useful reference

fluorophore as FRET quenching is highly dependent on donor-acceptor spectral overlap, also

because its excitation and emission spectra are significantly different to the spectrum of the

BHQ2-sensitive fluorophore; TAMRA.

The quenching efficiency of TAMRA fluorescence by BHQ2-heparin probe was studied by

measuring the fluorescence intensity of coumarin based core-shell NPs at two different

emission wavelengths (i.e. 7-methoxy coumarin and TAMRA emission spectra). Both, the

emission spectra of the 12 nm-TAMRA incorporated shell NPs containing 7-methoxy

coumarin within the core after surface modification with unmodified heparin (control NPs)

and the emission spectra of 12 nm-TAMRA incorporated shell NPs containing 7-methoxy
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coumarin within the core after surface modification with BHQ2 conjugated heparin were

recorded after excitation at 360 nm and at 540 nm respectively.

7-mthoxy coumarin emission spectra displayed no distinct changes, remaining nearly the

same before and after conjugation of BHQ2-heparin probe to core-shell NPs surface as

demonstrated in Figure 4.23 C. This is expected as 7-methoxy coumarin is not responsive to

BHQ2. In contrast an expected significant reduction in TAMRA emission was observed after

BHQ2-heparin probe attachment to core-shell NPs as shown in Figure 4.23 D, indicating a

responsiveness of TAMRA to BHQ2. Moreover, a TAMRA:Coumarin fluorescence ratio plot

was generated by calculating a ratio of the emission intensities of the BHQ2 responsive;

TAMRA and BHQ2 non-responsive; 7-methoxy coumarin at 380 nm and 575 nm emission

wavelengths respectively as depicted in Figure 4.23 E. However, the actual quenching

efficiency calculated using equation 2 was ~ 10%, which is lower than the previously

estimated quenching efficiency (~40%) of 12 nm-TAMRA incorporated shell NPs containing a

blank core. This is thought to be due to blank silica particle weight increase after conjugation

of BHQ2-heparin probe to NPs surface compared to native heparin conjugated NPs. Assuming

the same number of the precursor blank NPs before the process of conjugation, the particle-

weight increase of the BHQ-HP conjugated NPs might eventually lead to a reduction in the

fluorescence of BHQ2-heparin conjugated NPs correlated with the lower number of

particles (lower amount of fluorophore) compared to the same amount (concentration) of

native heparin conjugated NPs as demonstrated in Figure 4.24.

The quenching efficiency was measured by using TAMRA:Coumarin fluorescence ratio rather

than by measuring a TAMRA fluorescence intensity before and after attaching the BHQ2.

Accordingly, the reduction in the TAMRA fluorescence intensity due to particle-weight

increase would not influence the measured quenching efficiency as the TAMRA:Coumarin

fluorescence ratio would remain unchanged. In light of that the quenching efficiency
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measured by coumarin based core-shell NPs represents the actual quenching efficiency of

the core-shell system.

Figure 4.23 A: Illustrative diagram of a ratiometric core-shell NPs composed of an inert nanoparticle core,
encapsulating BHQ2-insensitive fluorophore; 7-Methoxycoumarin as a reference dye and shell containing BHQ2-
sensitive fluorophore; TAMRA. B: Fluorescence spectra of coumarin dye and coumarin incorporated NPs
(Coumarin-Si) alongside the absorption spectra of black hole quencher 2- heparin conjugate (BHQ2-HP conjugate)
and black hole quencher 2-heparin conjugated core-shell silica NPs (BHQ2-HP-Si). Fluorescence spectra and
fluorescent ratio of core-shell NPs containing shell modified with either heparin (HP-Si) or black hole quencher –
heparin conjugate (BHQ2-HP-Si) and core consisting of coumarin as a reference fluorophore incorporated within
the silica matrix. C: emission spectra of the BHQ2-insensitive fluorophore (7 methoxy coumarin), recorded on a
spectrofluorometer after excitation at 360 nm. D: Emission spectra of the BHQ2-responsive dye incorporated in
the nanoparticle shell ( TAMRA) recodred on spectrophotometer after excitation at 540 nm, E: Fluorescent ratio
of TAMRA to coumarin measured at emission wavelngths; 575 nm and 385 nm respectively. Data was analysed
using unpaired t test. Error bars indicate SD (n = 3), ** is P ≤ 0.01. 
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Figure 4.24 A: Schematics showing a 12 nm core-shell NPs after appending of either native heparin (HP) or black
hole quencher 2 linked heparin (BHQ2-HP). After weighing the same mass of each NPs type the number of BHQ2-
HP conjugated NPs is speculated to be lower than the number of heparin conjugated NPs owing to the higher
estimated particle-weight of BHQ2-HP conjugated NPs. B: Total Particles weight difference between BHQ2-HP
conjugated NPs and heparin conjugated NPs having the same amount of the precursor blank NPs before the
conjugation process and treated under exactly the same washing conditions. Data was analysed using unpaired t
test. Error bars indicate SD (n = 3), ** is P ≤ 0.01.  

Development of heparinase nanosensors using model III
The actual quenching efficiency achieved by model II was relatively low ~10% (Coumarin

based system) as the smallest shell that could have been attained was 12 nm, which is slightly

larger than the optimum donor-acceptor distance for effective FRET quenching (10 nm),

making the system less sensitive to heparinase and other biological applications.

Consequently, model III was constructed by conjugating fluorescently labelled heparin to the

surface of black hole quencher incorporated NPs.

4.4.3.1 Preparation of fluorescein labelled heparin

Aminomethyl fluorescein amine group was conjugated to heparin carboxylate group using

EDC/NHS coupling reaction to obtain fluorescein labelled heparin probe as illustrated

Figure 4.25 A.

The fluorescence spectrum of the produced fluorescently labelled heparin probe was

measured and it was similar to that of free aminomethyl fluorescein fluorophore as shown

in Figure 4.25 B. Indicating successful covalent linking of the fluorophore; aminomethyl

fluorescein to heparin.
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Figure 4.25 A: Schematic diagram of heparin conjugation with aminomethyl fluorescein through EDC/NHS coupling
reaction to produce fluorescent heparin conjugate. B: Fluorescence spectrum of fluorescent heparin; aminomethyl
fluorescein-heparin probe compared to free aminomethyl fluorescein dye.

4.4.3.2 Binding of fluorescein labelled heparin probe to the surface of BHQ1 incorporated

NPs

In order to design fluorescein-BHQ1 based nanosensors, BHQ1-SE was covalently bound to

APTES cross linker to produce BHQ1-APTEA conjugate. Subsequently, the conjugate was then

incorporated within the silica NPs matrix through the siloxane bonds between APTES and

TEOS during NPs formation as illustrated in Figure 4.26.
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Figure 4.26 Schematic diagram of BHQ1 incorporation within the silica matrix of the NPs by attaching BHQ1-SE to
APTES linker and subsequent BHQ1-APTES conjugate incorporation through formation of siloxane bonds (red)
between APTES AND TEOS during the formation of silica NPs to produce BHQ1 incorporated silica NPs (BHQ1-Si).

BHQ1 incorporated silica NPs were further functionalised with amine groups on the surface

of the NPs using APTES. The synthesised fluorescein labelled heparin was grafted onto the

surface of amine functionalised BHQ1 incorporated silica NPs using carbodiimide chemistry

to produce fluorescein-BHQ1; donor-acceptor FRET based nanosensors as depicted by

Figure 4.27.

Figure 4.27 Schematic representing fluorescent heparin; aminomethyl fluorescein-heparin grafting onto the
surface of black hole quenher1 (BHQ1) incorporated silica NPs using EDC/NHS coupling reaction to produce
heparinase nanosensors (Flu-HP-Si-BHQ1).

NH4OH/ 3 h

BHQ1-APTESTEOS BHQ1 incorporated silica NPs

+

Aminomethyl fluorescein-Heparin probe Amine functionalised BHQ-Si

(EDC)

(Sulpho-NHS)

Flu-HP-Si-BHQ1
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4.4.3.3 Characterisation of BHQ1/Fluorescein FRET pair based nanosensors

Particle size

The diameter of the prepared nanosensors composed of fluorescently labelled heparin

conjugated silica NPs containing a BHQ1 incorporated within the silica matrix (Flu-HP-Si-

BHQ1 NPs) was measured by dynamic light scattering (DLS) and it was ~ 150 nm. In order to

calculate the quenching efficiency of Flu-HP-Si-BHQ1 NPs, control NPs composed of

fluorescently labelled heparin conjugated to the surface of silica NPs containing a blank silica

matrix were prepared. The diameter of the control NPs was very similar to the diameter of

the prepared model III nanosensors (Flu-HP-Si-BHQ1 NPs) as illustrated in Figure 4.28, thus

minimizing any variation in the fluorescence measurement of the nanosensors and the

control NPs due to particles size difference.

Figure 4.28 Particle size distribution of BHQ1 incorpotaed silica NPs (red) compared to blank silica marix NPs
(black) meaured by DLS.

Absorption spectra of the nanosensors

In order to confirm the successful BHQ1 incorporation through the silica matrix during the

NPs formation, the absorption spectrum of the covalently linked BHQ1 silica NPs was

measured compared to that of free BHQ1 attached to APTES crosslinker. The results
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demonstrated in Figure 4.29 reveal that the absorption spectrum of the BHQ1 incorporated

nanosensors is quite similar to the absorption spectrum of BHQ1-APTES conjugate indicating

successful incorporation of the BHQ1 quencher within the NPs matrix.

Figure 4.29 Absorption spectra of black hole quencher-1 (BHQ1) incorporated silica NPs (BHQ1-Si) compared to
black hole quencher-1 (BHQ1) covalently attached to aminopropyltriethoxysilane; APTES (BHQ1-APTES conjugate).

4.4.3.4 Fluorescence quenching of the nanosensors

In order to assess the FRET pair interaction and the efficiency of energy transfer between

fluorescein and BHQ1 in the nanosensors, the fluorescence intensity of either BHQ1

incorporated or blank NPs (BHQ1 free) was measured after covalent linking of the fluorescein

labelled heparin probe (Flu-HP). BHQ1 containing nanosensors displayed a marked

fluorescence reduction compared to NPs that have blank silica matrix after the conjugation

process of fluorescein labelled heparin probe as illustrated in Figure 4.30. However the

estimated quenching efficiency attained by this system was ~ 30%. Although fluorescein

labelled heparin was directly attached to the surface of the nanosensors through the

crosslinker APTES having very small chain length ~ 5 Å,318 the thickness of polymerised APTES
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after surface functionalisation is ~ 7 nm.319 This makes a distance between fluorescein

attached to the surface of the nanosensors and BHQ1 incorporated through the silica matrix,

separating the FRET pair and minimising the donor-acceptor energy transfer.

Figure 4.30 Fluorescence spectra (A) and fluorescence intensity (B) of fluorescent heparin (Flu-HP) conjugated to
the surface of blank silica NPs (red) compared to fluorescent heparin labelled with aminomethyl fluorescein (Flu-
HP) conjugated to the surface of black hole quencher-1 incorporated NPs (blue).

4.4.3.5 Fluorescence signal recovery after heparinase treatment

To determine the responsiveness of heparinase nanosensors to heparinase, the fluorescence

intensities of the prepared nanosensors were measured in the presence and absence of

heparinase I&II. Figure 4.31 A shows that there was no significant difference between the

fluorescence intensities of heparinase treated and untreated nanosensors at pH 7. However,

after enzyme treatment the pH of the buffer containing the nanosensors was raised from 7

to 11, accordingly a partial yet statistically significant increase was observed in the

fluorescence intensity of the heparinase treated nanosensors compared to untreated

nanosensors as shown in Figure 4.31 B. The pH of the untreated nanosensors was also raised

to 11 using the same amount of sodium phosphate/sodium hydroxide buffer in order to

exclude effect of pH on fluorescence of the aminomethyl fluorescein. A partial signal recovery

of the heparinase treated nanosensors after pH raising could be explained by the presence
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of ionic interaction between the negatively charged fluorescein labelled heparin probe and

positively charged amine groups of BHQ1 incorporated nanosensors. Consequently,

fluorescently labelled heparin fragments resulting from heparinase treatment remained

close to the surface of the nanosensors, preventing fluorescence dequenching and signal

recovery as demonstrated in Figure 4.32 A. In contrast, electrostatic interactions between

fluorescently labelled heparin fragments and amine groups of BHQ-1 -incorporated NPs are

no longer available after raising the pH of the nanosensors containing buffer as the amine

groups become deprotonated at pH 11 which is above the reported pKa of immobilised

APTES (pKa~ 7.6-9.6).320-323 Subsequently the fragments are released into the bulk solution

away from BHQ1 incorporated NPs surfaces as described in Figure 4.32 B.

The pH elevation was required after heparinase treatment in order to incompletely restore

the fluorescence signal of the quenched fluorophore. Accordingly, this model represents a

prototype that could be used to detect the presence of heparanase in blood sample taken

from cancer patients; a widely used technique called liquid biopsy, where the pH of the blood

sample containing appreciable amount of heparanase can be adjusted to high value (11) after

adding the nanosensors. In contrast these nanosensors cannot be used for in vivo detection

of heparanase as the physiological pH is 7.4.
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Figure 4.31 Fluorescence signal recovery of model III nanosensors. A: Fluorescence spectra(left) and intensity
(right) of fluorescein labelled heparin probe (Flu-HP) grafted onto the surface of BHQ1 incorporatde NPs with
heparinase treatment (red) and without heparinase treatment (blue) at pH 7. B: Fluorescence spectra (left) and
intensity (right) of fluorescein labelled heparin probe grafted onto the surface of BHQ1 incorporatde NPs with
heparinase (red) and without heparinase (blue) after adjustment the pH of the buffer solution from 7 to 11 after
enzyme treatment. Data was analysed using unpaired t test. Error bars indicate SD (n = 3), ns (nonsignificant) is P
> 0.05, *** is P ≤ 0.001. 
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Figure 4.32 Schematic representation the role of pH adjustment in releasing of heparin fragments after treating
heparinase nanosensors with heparinase I & II. A: Ionically bound heparin fragments remaining close to the surface
of black hole quencher incorporated NPs at pH 7. B: Unbound heparin fragments released away from the surface
of the black hole quencher incorporated NPs after adjusting the pH of the suspension from 7 to 11.

Conclusions
A series of FRET based constructs were fabricated in order to test their quenching efficiency

and their ability to detect heparinase. Dual labelled heparin probe consisting of donor;

fluorescein and acceptor; BHQ1 (Black hole quencher 1) was developed using model I. The

maximum achieved quenching efficiency was ~55 % attained by intrachain conjugation of the

FRET pair to heparin. It was concluded that intrachain conjugation of the FRET pair showed

significantly greater quenching compared to a dual labelled probe having the fluorophore

appended to the end of heparin chain while attaching the quencher within heparin chain.

Which was attributed to the difference between the molecular orientation of the

fluorophore attached to the end and within the chain of heparin, thus making the estimated

distance between the donor-acceptor pair greater in the end-chain conjugation method

compared with intrachain conjugation method. Moreover, the covalent binding of the FRET

pair to heparin chain was required to achieve the fluorescence quenching. A high percentage

(~90%) of the fluorescence signal of the FRET based system was restored by chemical
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degradation of the dual labelled heparin probe by nitrous acid at pH 1.5. However, only slight

signal recovery was observed when heparinase enzymes were used to cleave the dual

labelled probe. This was attributed to incomplete dual labelled heparin degradation by the

enzymes thus leaving the FRET pair on the same segment of the degraded heparin probe. A

possible reason for incomplete degradation was postulated to be a steric hindrance brought

by the FRET pairs attached to heparin carboxylate groups.

The nanosensors developed using model II have shown appreciable quenching efficiency.

However; the calculated quenching efficiency was higher than expected as the distance

between the FRET pair was greater than the ideal distance (10 nm) for effective FRET

quenching reported previously. Hence, an internal standard (7-methoxy coumarin) was

introduced to this system in order to further investigate the overestimated quenching

efficiency. The quenching efficiency attained by coumarin based system did not correlate

(dramatically lower) with the quenching efficiency attained by using the same system

without coumarin. This discrepancy was thought to be due to an increase in particle-weight

of the NPs after BHQ2-HP conjugate attachment to core-shell silica NPs surface compared to

control core-shell particles functionalised with native heparin (HP). The actual quenching

efficiency attained by coumarin based system was ~ 10% which is much lower than the

quenching efficiency obtained by a blank core system (~ 40%). This low quenching was

attributed to the distance between the FRET pair made by the thickness of the shell, where

the smallest thickness that would be synthesised was ~12 nm which is slightly greater than

the optimum donor-acceptor distance which ideally should be less than 10 nm.

In model III, the maximum quenching efficiency that could be achieved was ~30 %. Although

the donor; fluorescein labelled heparin was directly appended to the surface of the BHQ1

containing NPs, the presence of the APTES as a crosslinker on the surface of the NPs separate

the donor; fluorescein labelled heparin from the acceptor BHQ1.
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Fluorescence signal recovery of model III nanosensors could not be achieved after heparinase

treatment. This was attributed to ionic bonds between the negatively charged fluorescent

heparin and the positively charged amine groups on the surface of BHQ1 incorporated NPs.

However at elevated pH value; the fluorescence signal was partially restored after heparinase

treatment. This reinforces that the cleaved fluorescent heparin fragments were released into

the solution away from the surface of BHQ1 incorporated NPs after the disruption of ionic

bonds at high pH value. Although model III was the most suitable model for heparinase

detection, partial fluorescence signal was observed after pH elevation. Thus, the sensitivity

of the developed system could be further improved in order to achieve a complete signal

recovery.

Model III nanosensors would be valid for liquid biopsy applications as the responsiveness to

heparinase was only observed after raising the pH of the suspension and such high pH value

is not normally seen in vivo where the physiological pH is 7.4. Thus, Model III system could

be utilised as a less invasive technique than other in vivo diagnostic procedures used for

cancer detection. For instance, this system could be inspected to be utilised for liquid biopsy

or tissue biopsy (high heparanase concentration), where blood or tissue samples can be

taken from cancer patients and further processed in vitro.

To conclude, the results revealed that the design of FRET based system for heparinase

detection is crucial to maximise the quenching efficiency and signal recovery. Sensors

designed based on heparin polymer containing the FRET pair showed poor detection

sensitivity. NPs based sensors showed greater detection robustness, however the dark

quencher had to be incorporated within the matrix and not attached to the surface of the

NPs. The amount of the quencher, molecular orientation of the fluorophore and number of

covalent/ionic bonds formed between the fluorescent heparin probe and the surface of the

NPs seem to play a key role in achieving the quenching efficiency and sensing capability.
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5 Chapter five: Conclusion and

future work
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Conclusions
Heparin has previously shown compelling results for treatment of cancer metastasis and

dissemination of tumour cells. The clinical importance of heparin is based on its ability to

bind to cell adhesion molecules e.g. P-selectin implicated in the spread of tumour cells.

Heparin has other clinical benefits in metastasis treatment including its inhibitory activity

against heparanase; an enzyme highly expressed during the process of metastasis to facilitate

tumour cell invasion. Heparin can also reduce the platelets binding to circulating tumour cells

and prevent the formation of microemboli involved in immune system evasion by metastatic

cells. Heparin resembles heparan sulphate that belongs to GAGs family and a component of

extracellular matrix that is susceptible to degradation by the overexpressed heparanase

during the early stage of cancer cells spreading. Therefore heparin was harnessed for

detection of heparinase; a bacterial form of mammalian heparanase.

In chapter 2, heparin was attached to the surface of silica NPs through EDC coupling reaction

in order to investigate their ability to block P-selectin receptors. The rationale behind

appending heparin polymer to the NPs surface was to prolong the circulation time of heparin

as it is rapidly excreted from human body by renal clearance. Azure A assay and

thermogravimetric analysis (TGA) confirmed the successful attachment of heparin to NPs

surface. The anticoagulant activity of heparin linked to NPs surface was evaluated using anti-

Xa assay which showed that heparin anticoagulant effect was reduced after the conjugation

process. This finding of clinical importance as heparin conjugated NPs would have less

haemorrhagic side effect compared with native heparin. Moreover, chondroitin sulphate and

sodium alginate having structural similarities to heparin were also conjugated to the surface

of silica NPs. As circulating tumour cells bind to P-selectin overexpressed on the vascular

endothelial cells during the metastasis process, cells face shear stress brought by systemic

circulation during their rolling adhesion. Hence a circulatory system dynamics simulator was
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developed to mimic the in vivo blood circulation. Heparin, chondroitin sulphate and alginate

conjugated NPs were labelled with different fluorophores and their adhesion to HUVECs was

monitored under a simulated circulatory system using confocal fluorescence microscopy

technique. The data showed that heparin and chondroitin sulphate conjugated silica NPs

were more bound to HUVECs surface in comparison with alginate conjugated NPs indicating

that heparin and chondroitin sulphate appended to NPs surface preferentially bind to cell

surface receptors expressed by HUVECs. Due to the reported clinical importance of heparin

in cancer metastasis, heparin conjugated NPs and microparticles binding to HUVECs surface

was further inspected. The results showed that heparin conjugated NPs exhibited greater P-

selectin dependent binding to HUVECs’ surface under flow conditions in comparison with

heparin conjugated microparticles, though the latter showed less cellular internalisation

under static conditions. Taken together, the binding of heparin conjugated NPs to P-selectin

receptors expressed on HUVECs’ surface was successfully blocked using anti-P-selectin

antibodies. Thus, the data suggest that these NPs could be further investigated in order to

test their ability to competitively reduce the binding of metastatic cancer cells to endothelial

cell surface P-selectin receptors exploited through the rolling adhesion of circulating tumour

cells during cancer metastasis.

In chapter 3, materials were developed for heparanase inhibition by modifying heparin to

produce two different heparin analogues namely glycol split heparin and desulphated

heparin since they provide an additional clinical advantages in comparison with native

heparin such as the reduction of the bleeding side effects and the antiangiogenic activity as

reported in the literature. The characterisation data of 1H-NMR showed successful synthesis

of glycol split heparin through the cleavage of the hexapyranose ring of the uronic acid

residue and synthesis of desulphated heparin by removal of sulphate group at C2 of the

iduronic acid. Glycol split heparin demonstrated lower blood thinning effect and

anticoagulant activity in comparison with unmodified heparin as indicated by anti Xa assay.
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This provided an evidence that the glycol splitting occurred at the glucuronic acid residue

constituting the heparin pentasaccharide sequence that binds to antithrombin enzyme

during the coagulation cascade. Thus reducing a haemorrhagic effect; the main adverse

reaction associated with heparin. It was found that the desulphation process influences the

electrostatic interaction between heparin and azure A molecules during the dimerization that

induces a blue shift in the λmax of azure A, where a weaker blue shift induced by desulphated

heparin was observed reinforcing the removal of sulphate groups. Modified heparins were

attached to silica NPs surfaces exploiting the EPR effect of the NPs in order to enhance the

circulating time of these polymers and promote their accumulation at the interstitial fluid of

the tumour cells where heparanase is overexpressed during the metastatic stage. The

characterisation data of azure A and anti Xa assay showed successful functionalisation of

silica NPs surface with heparin derivatives. To conclude, modified heparin derivatives were

successfully conjugated to silica NPs and thus the capability of these NPs to inhibit

heparanase could be further tested in the future.

In chapter 4, heparin was employed in order to detect heparinase which is the bacterial form

of the mammalian heparanase that is overexpressed in the early stage of tumour cells

spreading. Different models consisting of FRET pairs attached to heparin were developed in

order to detect heparinase. Thus providing a proof of principle for the detection of the

mammalian form; heparanase. In model I, heparinase sensing polymer composed of heparin

and the two FRET pair; aminomethyl fluorescein and BHQ1 was designed. Although this

system has shown a relatively high quenching efficiency (~55%), the signal recovery achieved

after heparinase treatment was significantly lower than that achieved by chemical

degradation. In the next stage, NPs based sensors consisting of blank core, a 12 nm-thick shell

containing TAMRA and BHQ2-Heparin probe attached to the surface of the NPs were

developed. This system showed around 40% quenching efficiency, however the actual
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quenching efficiency measured by 7-methoxy coumarin containing core based system

showed a dramatically lower value (circa 10%). One reason for this discrepancy in quenching

efficacy measurements was the postulated increase in the particle-weight after BHQ2-

Heparin conjugation to core-shell NPs surface in comparison with the control NPs produced

by native heparin conjugation to the surface of core-shell NPs. As the ideal distance between

the FRET pair is 10 nm for energy transfer, a 12 nm thick shell could be responsible for the

low quenching efficiency value obtained by this model alongside other factors including

molecular orientation of the fluorophore distributed within the shell with relative to BHQ2

molecules attached to the NPs surface. As the quenching efficiency achieved by this model

was low, it was not tested further using heparinase or chemical degradation to recover the

signal. Hence, a more improved NPs based system was developed comprising a BHQ1

incorporated silica NPs and aminomethyl fluorescein labelled heparin probe attached to the

surface of the NPs through a crosslinker; APTES. Although the quenching efficiency achieved

by this system was about 30%, the fluorescence signal was not restored after heparinase

treatment. However, the signal recovery of the heparinase treated nanosensors was only

observed after raising the pH from 7 to 11. This was thought to be due to the release of the

electrostatically bound fluorescent heparin fragments away from the BHQ1 incorporated

NPs. It was concluded that model III showed the best heparinase-sensing results amongst the

developed models and thus it could be further adapted for the detection of heparanase

sampled from the blood of cancer patients to diagnose metastasis at early stage.

Overall, heparin conjugated NPs have shown potential results in preferential binding to P-

selectin as indicated by the competitive assays under static and flow conditions. Accordingly,

the ability of these NPs to interfere with the fundamental mechanisms, which are

underpinning the adhesion and spreading of circulating tumour cells, could be further

investigated and scrutinised. Also, this thesis has provided preliminary studies and a proof of

concept for detecting heparinase (a bacterial form of heparanase) by testing the efficiency
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of different heparinase-sensing constructs. The developed models of this study could be

further improved and investigated for detecting metastatic biomarkers i.e. mammalian

heparanase, and subsequently early detection of tumour cells dissemination. Although the

cellular internalisation of the NPs represents a limitation for the developed system as it is

intended to target extracellular receptors (P-selectin) and enzymes (Heparanase), other

advantages including the prolonged circulation of the NPs and the EPR effect could outweigh

the existing limitation. Thus heparin conjugated NPs could be further utilised in the future as

novel potential tools for cancer metastasis therapy and diagnosis.

Future work
This work has provided an insight and promising preliminary data that could be improved

and further investigated for cancer metastasis treatment and diagnosis in the future.

In light of the current results, the future work on this area could focus on enhancing

heparinase detection sensitivity of model III nanosensors. Utilising a short length crosslinker

e.g. 3-Aminopropyldimethylethoxysilane (APDMES) for attaching the fluorophore to the

BHQ1 incorporated NPs surfaces seems a promising approach for this purpose. In contrary

to APTES, APDMES is a mono-ethoxy organosilane and cannot polymerise to form oligomer

and thus it is expected to bring the FRET pair close to each other i.e. with distance less than

7 nm (the length of the formed APTES oligomer on the particles surfaces). Consequently, the

quenching efficiency is expected to increase when the distance between the FRET pair

decreases as the quenching efficiency exponentially decays with FRET pair distance.

Eventually the sensitivity of this system is expected to be improved.

Further, the electrostatic interaction between the fluorescently labelled heparin and amine

groups on the surface of black hole quencher incorporated NPs was problematic in terms of

the release of the cleavable heparin away from the NPs surfaces. Therefore, a different

spacer could be adopted in order to attach the fluorescent heparin to the NPs surfaces



Chapter Five

162

instead of APTES. For example, a negatively charged nucleophilic groups on the surface of

BHQ1 incorporated NPs using a thiol linker could be exploited to avoid the formation of the

electrostatic interaction between the fluorescently labelled heparin fragments and amine

groups on the NPs surfaces after heparanase treatment. However, the stability of the

thioester bond that would form between heparin carboxylate and the thiol linker could be a

limitation.

Additionally, as glycol split heparin and desulphated heparin are known to have anti-

heparanase activity and taking together the advantage of the EPR effect and the long half-

life of NPs, the developed materials could be further investigated. An assay adopting for

example a radiolabelled heparan sulphate could be used in order to test the ability of the

developed heparin derivatives conjugated silica NPs to reduce/abolish the activity of

heparanase through monitoring of heparan sulphate degradation products. Where the

heparins conjugated NPs are expected to reduce the degradation products of heparan

sulphate after enzymatic digestion using heparanase. In this assay, samples of radiolabelled

heparan sulphate treated with both heparanase and developed NPs could be analysed by gel

filtration compared with untreated control samples. Thus, if the NPs treated samples show

fewer multiple peaks, which are representing heparan sulphate fragments; compared with

untreated control, it may indicate a reduction in heparan sulphate degradation and

heparanase activity.

Moreover, heparin conjugated NPs have shown a preferential binding to P-selectin receptors

which are expressed on HUVECs and utilised by metastatic cells for adhesion to vascular

endothelium in comparison with alginate conjugated NPs and heparin conjugated

microparticles as indicated by the competitive assays. Where in these assays, heparin

conjugated NPs were blocked by anti-P-selectin antibodies. Accordingly, the interaction

between highly metastatic cells e.g. melanoma cells and HUVECs could be further

investigated in the presence of heparin conjugated NPs by using the developed circulatory
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system simulator. Thus, the capability of the NPs to outcompete the circulating tumour cells

from P-selectin dependent rolling adhesion to vascular endothelial cells could be further

studied.
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