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Abstract 
Intrapericardial delivery is a novel route for administering localised therapy to the 

heart and offers advantageous pharmacokinetic profiles. Although concerns exist 

about invasiveness and associated complications these can be mitigated using 

minimally invasive techniques; however, it requires further consideration regarding 

the formulation of the drug being delivered for it to pass through small-bore delivery 

devices. Therefore, the research presented in this thesis aimed to investigate the 

development of nanogel formulations for use in minimally invasive intrapericardial 

delivery. 

 

Propranolol-loaded chitosan-TPP nanogels were first evaluated to understand the 

predictability of nanogel properties. The prediction models were applied with 

structurally similar drugs. Relationships were found between molecular descriptors 

and performance parameters. Hence, the encapsulation and formation processes were 

drug-dependent and not simply incorporated into inter-chain voids. Moreover, the 

processing factors in the fabrication significantly affected the nanogels properties, 

which demonstrated that the scaling-up of the fabrication process is not simply via 

increasing the volume pro-rata. Assessment of the cytotoxicity of propranolol on 

epicardial cells, fibroblasts, and cardiomyoblasts revealed that propranolol is not a 

suitable model drug for intrapericardial delivery. Moreover, higher cytotoxic 

sensitivity to propranolol was observed with epicardial cells, which highlighted the 

importance of using epicardial cells in cell viability tests rather than more generic 

cell types when modelling intrapericardial drug delivery during the screening of drug 

formulations.  

 

Further candidate nanogel formulations were investigated including a novel CS-

GAA formulation produced at a more basic pH than the conventional chitosan-TPP 

nanogels (pH 4.5), which enabled the loading of the antifibrotic peptide Ac-SDKP. 

To quantify the peptide, it was necessary to establish an HPLC-UV assay. 

Unfortunately, the peptide released from the nanogels was not detectable after 24 

hours during the release study conducted, of which the degradation of the peptide 

was likely promoted by the phosphate buffer saline. Conversely, the nanogels 

formulation reduced the peptide concentration needed to suppress the metabolic 
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activity of fibroblasts in the presence of TGF-β1. In conclusion, the research 

reported shows the technical feasibility of producing nanogels loaded with peptide 

drugs, with Ac-SDKP-loaded nanogels offering several attributes that make them 

potentially ideally suited for intrapericardial delivery for treating heart disease. 
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Impact Statement 
Intrapericardial delivery is a novel route for localised delivery of drugs to the heart, 

offering pharmacokinetic advantages over conventional intravenous delivery. 

Challenges associated with the invasiveness of delivery and access techniques can be 

mitigated via the use of minimal invasiveness techniques, such as pericardial access 

devices, injections via blunt-ended needles, and infusions via catheters. However, 

the choice of formulations is limited by these approaches. This EPSRC-funded CDT 

PhD project aimed to develop a nanogel formulation that is suitable for 

intrapericardial delivery via the use of minimal invasiveness techniques. Nanogels 

are nanosized hydrogel particles, with favourable injectability, versatile architecture, 

and simple fabrication. In addition, the nanogels could also serve as a carrier for 

fragile payloads.  

 

The research reported in the thesis provides new insights and knowledge regarding 

the formulation of nanogels intended for intrapericardial delivery. In particular, the 

predictability of the nanogels properties and the mechanism of drug loading in the 

nanogels were explored. Moreover, the reproducibility and scalability of the 

nanogels were evaluated, with important parameters in the fabrication process and 

formulation found in the study. A novel HPLC assay for peptide Ac-SDKP was 

developed with an analytical quality by design approach and a novel nanogel system 

was established to fabricate the nanogels in a more neutral pH environment.  

 

The results and methods described in this thesis add extensive information and 

knowledge regarding the formulation of peptide-loaded nanogels and intrapericardial 

delivery, identifying factors crucial to obtain target properties, as well as developing 

novel methods for quantifying and evaluating their activity in vitro. Ultimately, the 

novel peptide-loaded nanogels described in the project could potentially be 

administered into the pericardium post-myocardial infarction, attenuating the cardiac 

injury, and improving the clinical outcome of myocardial infarction.
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1. Introduction 
1.1. General Introduction 
Cardiovascular diseases, including strokes and heart disease, remain the most 

prevalent global cause of mortality [2]. Due to the inefficient capability of the human 

heart to repair itself, recovery after myocardial injury remains challenging. Although 

there have been advancements exploring novel use of biologically active agents, 

including genes, growth factors, peptides, and cells to replenish myocardial cells or 

repair damage post-injury, these agents need to be localised in the heart to initiate 

cardiac protection processes and reduce off-target effects. Cardio-localised delivery 

is difficult to achieve via conventional delivery routes due to large distribution in 

other organs [3]. Intrapericardial delivery is one of the newly investigated cardio-

localised delivery routes, which may offer pharmacokinetic advantages and minimal 

invasiveness. High myocardial concentration and low plasma concentration can 

theoretically be achieved simultaneously with intrapericardial drug delivery. Several 

studies have demonstrated that intrapericardial delivery is a feasible and suitable 

localised delivery method for cardioprotective agents [4–7]. To protect these agents 

from in vivo degradation and promote cellular uptake, nanoparticle delivery vehicles 

are often used. However, high clearance rates from plasma via the kidney, liver, and 

spleen are one of the major obstacles to nanoparticle formulations. Moreover, to 

date, research into the use of nanoparticles in intrapericardial delivery is limited and 

the fate, uptake, and deposition of nanoparticles are not well-understood.  

 

This project aimed to develop a nanogel formulation suitable for minimally invasive 

intrapericardial delivery with a particular focus on delivering cardioprotective agents 

to the infarcted heart. The following introduction section is designed to present a 

review of related literature that lays the groundwork for this research and explains 

key relevant concepts that are present throughout this thesis. 

 

1.2. Cardiovascular Disease 
Cardiovascular disease (CVD) is a term used to describe the collection of diseases 

affecting the heart or circulatory system. It is the leading cause of death in the world 

and accounts for 31% of total global mortality with an estimated 17.7 million people 
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dying of CVD each year [8]. In the UK, a quarter of deaths (26%) are caused by 

CVD, with 150,000 patients dying per year [9]. Examples of the range of conditions 

that are defined as CVD are shown in Table 1-1. Ischaemic heart disease is one of 

the two most common types of CVD, alongside stroke ranking in the top two causes 

of death worldwide [2]. Ischaemic heart disease, especially myocardial infarction, 

will be focused on and explored in detail as follows. 

 

Table 1-1. Summary of cardiovascular diseases, their affected organs, and causes [8]. 
Disease Affected organ Cause 

Ischaemic heart disease Heart 
 
 
 
 
 

A disease of the coronary artery, affecting the 
blood supply to the cardiac myocytes 

Rheumatic heart disease Damage to cardiac myocytes and valves from 
rheumatic fever 

Congenital heart disease Malfunction of the heart existed at birth 

Stroke Brain  A disease affecting blood vessels of the brain 
and cerebral circulation 

Peripheral arterial disease Limbs A disease of arterial vessels, affecting the 
blood supply in the limbs 

Deep vein thrombosis and 
pulmonary embolism (PE) 

Limbs and lung Blockage of veins in the limbs, which may 
dislodge to lung and heart 

 

1.2.1. Ischaemic Heart Disease 

Ischaemic heart disease is caused by constriction of the coronary artery, limiting the 

blood flow to cardiac myocytes [10]. Impaired blood flood does not necessarily 

cause ischemia but will do so if blood flow does not meet the requirements of the 

tissue. Therefore, ischaemic heart disease can be subdivided into stable angina, 

unstable angina, and myocardial infarction. Common symptoms include chest pain, 

fatigue, breathlessness, and pain radiating to arms, shoulder, neck and back. Some 

patients may not experience any symptoms before myocardial infarction, whereas 

angina refers to the chest pain caused by insufficient blood flow to the heart. During 

stable angina, the symptoms are triggered by stress or exercise and relieved by rest, 

whilst symptoms appear suddenly in unstable angina and continue despite resting. 

Unstable angina is likely due to rupture of the plaque or thromboembolic occlusion, 

which may progress to acute myocardial infarction (heart attack). The difference 

between unstable angina and myocardial infarction (MI) is that the former does not 

cause cardiac damage whilst the latter causes extensive damage to the heart. Thus, 
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MI is the main cause of death in coronary artery disease and accounts for 

approximately 220,000 hospital visits in the UK each year. The mortality rate has 

improved, with a current 70% survival rate at present [9]. 

 

1.2.2. Aetiopathology of Cardiovascular Disease  

Atherosclerosis is the leading cause of the blockage and narrowing of the coronary 

artery, leading to cardiac ischemia [11]. Atherogenesis refers to the process of 

plaque formation and involves multiple stages. The process is initiated by the 

infiltration of low-density lipoprotein (LDL) into the arterial endothelium. Oxidation 

of the entrapped LDL serves as the stimulus for inflammatory reactions, promoting 

expressions of endothelial adhesion molecules, which results in leukocyte 

infiltration. Platelets also deposit around the insult [12]. Infiltrated monocytes 

differentiate into macrophages, which uptake the oxidized LDL to form foam cells. 

Apoptosis of macrophages forms a lipid-filled necrotic lesion. Damaged endothelial 

cells also release cytokines, which promote smooth muscle proliferation and 

migration from tunica media to intima, forming a fibrous capsule around the lipid-

filled lesions to stabilise the plaque. Platelet deposition and turbulent flow of the 

blood are created by the narrowing of the arteries and enhanced adherence of the 

leukocytes, promoting blood clots formation. Rupture of the plaque and formation of 

occlusive blood clot results in stenosis, blocking the blood flow to the 

cardiomyocytes [13]. Another less common cause of the narrowing of the coronary 

artery is coronary artery spasm, which is a temporary tightening of the muscles in the 

artery.  

 

Cell death in ischaemic events was once thought of due to an unregulated necrosis 

process. However, it is not the only mechanism for cell death during myocardial 

infarction, where apoptosis also plays a role [14]. Sustained impaired blood flow to 

the heart initiates the ischaemic cascade as shown in Figure 1-1. Cardiomyocytes 

first switch to anaerobic glycolysis due to insufficient oxygen for adenosine 

triphosphate (ATP) production, leading to the accumulation of H+ ions (acidosis). 

Excess H+ ion is removed via Na+/H+ exchangers on the plasma membrane in 

exchange for Na+, leading to elevation of intracellular Na+ level. At a high 

intracellular Na+ level, the Na+/Ca2+ exchanger is less efficient to remove Ca2+ ions 
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and leads to the accumulation of Ca2+ ions in the cells. High cytoplasmic Ca2+ levels 

also impede the transport of Ca2+ ions from mitochondria to the cytoplasm, along 

with increased reactive oxygen species levels, leading to long-lasting mitochondrial 

permeability transfer pore (MPTP) opening and mitochondrial swelling and 

ultimately to cellular necrosis [15]. Reperfusion after the percutaneous coronary 

intervention (PCI) also contributes to the opening of MPTP and stimulates oxidative 

stress [15,16]. 

 

 
Figure 1-1. A schematic diagram showing the necrotic pathway of cardiomyocytes 

triggered by ischemia and reperfusion [15]. 

 

Chiong et al. have shown that a proportion of cell death is mediated via apoptosis as 

well during ischemia and reperfusion [16]. Apoptosis is a programmed cell death, 

which is subclassified into intrinsic and extrinsic pathways where the former is 

mediated via cell surface receptors and the latter via cellular organelles, such as the 

endoplasmic reticulum and mitochondria. Cardiomyocytes are naturally resistant to 

apoptosis due to low expression of Apaf1 and elevated levels of X-linked inhibitors 

of apoptosis protein (XIAP) [17]. Meanwhile, autophagy is likely a less important 

mechanism for the death of cardiomyocytes in MI, which is a highly regulated 

process of removal of unnecessary or dysfunctional components as a survival 

mechanism using double membrane autophagosomes and lysosomes for degradation. 

Hypoxia [18], glucose deprivation, reactive oxygen species (ROS), damaged 

organelles, and protein aggregates in cardiomyocytes have been shown to induce a 
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mammalian target of rapamycin (mTOR)-dependent autophagy [19]. Thus, it is 

likely to be more prevalent in the sub-lethally injured peri-infarct region and 

contributes to the remodelling of the heart post-infarction [16]. 

 

 
Figure 1-2. Signalling cascade in the intrinsic and extrinsic apoptosis pathways in 

cardiomyocytes [16]. The extrinsic apoptosis pathway is induced via the death 

receptor, subsequently activating the casp-8 and casp-3 downstream. The intrinsic 

apoptosis pathway is associated with the mitochondria, as a result of intracellular 

stress. It involves truncation of BID and BAX binding to mitochondria, leading to 

the release of cytochrome c and the formation of apoptosome with APAF-1. The 

casp-9 is then activated after hydrolysis of ATP and activates the executioner casp-3. 

 

The extrinsic pathway is activated via the death receptor as shown in Figure 1-2, 

which induces the formation of death-inducing signalling complex and Caspase 

(casp)-8 activation, and in turn, activating casp-3 in the downstream cascade. The 

intrinsic pathway involves the proteolysis of BCL-2 interacting protein (BID) to 

truncated BID (t-BID), which activates BCL-2 associated X protein (BAX) binding 

to mitochondria. The interaction leads to the release of cytochrome c, 

Smac/DIABLO, Apoptosis-inducing factor (AIF), and Endonuclease G from 

mitochondria and triggers apoptosis via their downstream signalling cascades [16]. 

 

Various cell types are found in the myocardium, with abundances ranging in order 

from highest to the lowest – endothelial cells (45%), cardiomyocytes (30%), 
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fibroblasts (11%), pericytes, and mesenchymal cells (8%), macrophages and other 

leukocytes (6%) [20]. However, cardiomyocytes are the most susceptible to 

ischemia, whereas fibroblasts, endothelial cells, and resident mast cells are more 

resistant and have a role to play in post-MI inflammation [21]. There is a consensus 

that fibrosis is a three-step process, although various studies name them differently, 

such as inflammatory-proliferative-maturation stages [22,23] or initiating-effective-

amplificative phases [24,25]. 

 

The fibrotic pathways are summarised in Figure 1-3. The death of cardiomyocytes 

in infarcted tissue zones triggers the first step, where fibroblasts increase the 

expression and secretion of matrix metalloproteinases (MMP) to break down the 

extracellular matrix (ECM) and injured tissue, activating innate immune signalling 

[22–24,26]. The former facilitates cell migration into the injured tissue zone [23], 

while the latter involves the secretion of chemotactic agents, such as chemokines and 

cytokines to recruit leukocytes [22,23]. The recruited immune cells clear the dead 

cells and ECM fragments, which allows infiltration of more neutrophils at first and 

macrophages and other mononuclear cells in a later stage [23]. Marked increases in 

the level and expression of pro-inflammatory cytokines are observed in post-MI 

heart failure models, such as tumour necrosis factor-alpha (TNF-α), monocyte 

chemotactic protein-1 (MCP-1) and interleukins (IL-6 and IL-1β) [27]. Owing to the 

pleiotropy of these cytokines, their exact mechanisms are not well-understood, 

although IL-1 is known to be responsible for inducing infiltration of leukocytes [28] 

and delaying the conversion of fibroblasts to myofibroblasts until the ECM 

fragments are cleared [29]. 

 

At the end of the first stage, inflammatory signalling is repressed due to apoptosis of 

the infiltrated immune cells [22]. The proinflammatory signalling is surpassed by 

proliferative signalling, where fibroblasts become the dominant cell type in the 

infarcted zone. Proliferative signals, such as transforming growth factor-beta (TGF-

β), angiotensin II (Ang II) [21], and connective tissue growth factor (CTGF) [26] 

binding to their respective receptors, activate the downstream signalling pathways 

and transcriptional factors, like Mothers against decapentaplegic homolog (Smad), 

mitogen-activated protein kinase (MAPKs), protein kinase B (PKB), nuclear factor 
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kappa-light-chain-enhancer B (NF-κB), leading to the transformation of fibroblasts 

into myofibroblasts. Other cell types, especially epicardial and endothelial cells, also 

transdifferentiate into myofibroblasts [30]. The infiltration of myofibroblast occurs 

in the infarcted zones, regardless of the species or the regenerative capability [23], 

which indicates the vital role of fibrosis in cardiac repair. The myofibroblasts 

express and secrete massive type III collagens from the border to the centre of the 

infarcted zone [31], to form a collagen based matrix which increases the tensile 

strength and prevents ventricular rupture. The homeostasis of the ECM is regulated 

by MMP, and tissue inhibitors of metalloproteinases are secreted by the 

myofibroblasts. Transcriptional factors regulate the expression and production of the 

profibrotic growth factors and cytokines in cardiac fibroblasts. Neo-angiogenesis 

also occurs with the infiltration of endothelial cells and establishing a microvascular 

network to the infarcted area with the help of angiogenic growth factors to meet the 

need of these myofibroblasts during the repair process [22,32,33]. 

 

 

After the formation of the collagen-based matrix, fibroblasts, growth factors and 

matricellular proteins essential for myofibroblast survival are depleted and thus the 

 
Figure 1-3. Fibrotic signalling pathways between different cardiac cell types. 

Secreted growth factors and cytokines from fibroblasts, endothelial and 

inflammatory cells can act on cardiomyocytes and fibroblasts, forming a positive 

feedback loop and amplifying the fibrosis response [25]. 



__________________________________________________________ 
Chapter 1 – Introduction 
 

9 

myofibroblasts are gradually eliminated [21,31]. However, type III collagen is 

continuously replaced by type I collagen in the maturation stage, where type I 

collagen is crosslinked via lysyl oxidases. These cross-linked collagens, i.e., mature 

collagen fibres, possess stronger tensile strength and contraction of the scar, which 

leads to the deformed geometry of the chamber and extensive remodelling in the 

heart [31]. This increased deposition of collagen I is known as scarring. Contrary to 

the normal healing process, where the myofibroblasts and collagen-based matrix are 

cleared from the wound, the fibrosis persists and the myofibroblasts are found in the 

infarcted heart even decades after the insult [34]. Persistent myofibroblasts might 

have a role in maintaining the ECM owing to the continuous contracting 

environment [31]. Therefore, chronic heart disease is one of the common 

complications, as the cardiac contraction and function are restricted by persistent 

fibrosis, deformed geometry of the chamber and extensive remodelling in the heart.  

 

1.2.3. Current Therapies 

Current treatment of myocardial infarction is categorized into acute and post-MI 

management. 300 mg aspirin is given as an immediate treatment for suspected MI. In 

the hospital setting, acute management involves coronary reperfusion therapy, either 

with PCI using angioplasty or fibrinolytic agents, such as alteplase, streptokinase, 

and tenecteplase [35]. Post-MI management involves rehabilitation training and drug 

treatments, such as angiotensin-converting enzyme inhibitors (ACE inhibitors), 

antiplatelets, beta-blockers, lipid modification drugs, and diuretics [36]. These agents 

prevent the spreading of the lesion, reverse the transient cardiac damage and impede 

fibrosis, but they could not induce the repair or regeneration of the damaged cardiac 

myocytes. Although the human heart is thought to be regenerated at a constant rate 

of 1% and 0.45% by the age of 25 and 75 respectively [37], the cardiac repairment 

post-injury is inefficient, generating fibrous connective tissues and scarring. Thus, 

chronic heart failure is a common long-term complication of myocardial infarction, 

due to the inability to pump blood effectively as an outcome of scarring and 

remodelling of the heart. There is, therefore, a need to develop therapies to stimulate 

the regeneration of cardiac myocytes and prevent the remodelling of the heart.  
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1.3. Cardiac Repair and Regeneration 
Cardiac repair and regeneration aim to reverse the irreversibly damaged cardiac 

tissues, with the use of both stem cells and cell-free approaches. Cardiac repair and 

regeneration are umbrella terms, which involve inflammation reduction, survival 

promotion, angiogenesis, cardiomyocyte genesis, and proliferation. Cardiomyocytes 

are well-recognised as non-proliferative or only undergoing slow proliferation. In 

contrast to zebrafish [38], salamander [39], and neonatal mammals [40], which can 

regenerate cardiac tissues post damage, the adult human heart is thought to be 

regenerated at a constant rate of 1% and 0.45% by the age of 25 and 75, respectively 

[37]. However, the regeneration of cardiac myocytes is slow and often outpaced by 

fibrosis, generating fibrous connective tissues and scarring.  

 

To achieve cardiac repair post-MI, the regeneration of new cardiomyocytes or the 

proliferation of surviving cardiomyocytes should be promoted. In this thesis, cell-

based therapies are not the preferred option for cardiac regeneration owing to the risk 

of tumorgenicity and immune rejection [41]. Cell-free approaches, such as induction 

of cardiac proliferation with micro-RNA and other signal molecules are more of 

interest in this thesis. Therefore, the following review in literature is only focused on 

the induced proliferation of cardiomyocytes, exploring the signalling pathways, and 

signalling molecules involved in proliferation that has been manipulated to induce 

regeneration of cardiomyocyte. 

 

1.3.1. miRNA 
Micro-RNA (miRNA) is a short strand of non-coding RNA with about 22-base 

nucleotides, which partially pairs up with mRNA to regulate gene expression and 

protein expression post-transcriptionally. Several miRNAs are identified to regulate 

apoptosis of cardiomyocytes and cardiac regeneration. miRNA-15 family and miRNA-

133 were important in cardiac repair after myocardial infarction. Neonatal rat 

overexpression of miRNA-195 (within the miRNA-15 family) did not lead to 

regeneration of cardiac myocytes post-MI, as the postnatal cardiomyocyte proliferation 

was inhibited [40]. Meanwhile, the overexpression of miRNA-195 also promotes 

cardiomyocyte enlargement and fibrosis. A study proposed that miRNA-195 

overexpression in adult cardiomyocytes contributes to the loss of regenerative capacity 
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[40]. Another study demonstrated the depleted expression of miRNA-133 promoted 

cardiac regeneration in zebrafish after injury [42]. Therefore, an anti-miRNA inhibitor 

against these miRNAs could be developed to promote cardiac repair. Furthermore, 

overexpression of miRNA-21 is also found to promote cardiac fibroblast proliferation 

and induce cardiac fibrosis in atrial fibrillation and cardiac remodelling [43]. Therefore, 

by targeting the miRNA-21, cardiac fibrosis and remodelling after myocardial infarction 

could be minimized. Gabisonia et al. intramyocardially delivered miRNA-199a via an 

adreno-associated virus (AAV) vector into infarcted pig hearts to stimulate the 

expression of miRNA-199a [44]. Treated animals demonstrated improvements in 

contractility, reduction in scar size and increase in muscle mass, of which de-

differentiation and proliferation of cardiomyocytes were successfully achieved via 

stimulation of endogenous cardiomyocytes. However, persistent stimulation of miRNA-

199a led to sudden deaths of most of the treated animals, which indicates that the 

stimulation must be tightly controlled, especially the dosage. Alternatively, miRNA-

199a analogues could be delivered instead of the viral vector as the miRNA-199a 

expressing gene would be incorporated into the host genome, while the delivery 

miRNA-199a analogue will have an effect for a shorter time only and will not have a 

permanent effect.  

 

1.3.2. Hippo Signalling Pathway 

The Hippo signalling pathway is an evolutionarily conserved signal cascade 

involved with controlling organ size by regulating cell proliferation and apoptosis, 

including inhibiting cardiomyocyte proliferation [45]. It acts through 

phosphorylation of transcription factors Yes-associated protein (YAP) and 

Transcriptional coactivator with PDZ-binding motif (TAZ), which subsequently 

prevent YAP and TAZ protein from translocation into the nucleus and induction of 

pro-proliferation gene expression. This pathway is involved in cardiac organogenesis 

in early cardiac development [46,47]. As such, this pathway was explored as a 

means of re-activating proliferation in cardiomyocytes (CM). Foetal activation of the 

Yap-1, a transcriptional coactivator ordinarily inactivated by the hippo pathway, 

induced the proliferation of postnatal cardiomyocytes in culture and the intact heart 

[48]. Yap-1 activation also promoted postnatal CM cellular activity, but the effect 

decreased with the maturation of the cells. Furthermore, a knock-out or inhibition of 

the Hippo pathway enhanced adult CM renewal and regeneration [47]. Hippo mutant 
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CM in the infarcted heart also exhibited elevated proliferation, which probably 

indicated that hippo signalling is a repressor for adult CM regeneration. Lastly, in 

mice expressed human YAP via transfection with AAV 9, activation of YAP post-

MI reduced infarct size and preserved the cardiac function [48]. 

 

1.3.2.1. Neuregulin/ErbB/ERK signalling pathway 

The neuregulin (NRG)/ErbB/extracellular signal-regulated kinases (ERK) signalling 

pathway has also been investigated for cardiomyocytes proliferation, as NRG is an 

epidermal growth factor and is important for cardiac development and proliferation 

in the embryonic heart. The signal is required for trabeculation of the ventricular 

wall [49], as it involves the BMP 10-controlled signalling between the endocardium 

and myocardium for maturation and differentiation of the trabecular cardiomyocytes 

[50], although activation of IGF/PI3K pathway is also required for cardiac 

proliferation [42]. NRG-1B raised the proportion of beating embryoid bodies and up-

regulated the expression of Nkx2.5, GATA4, a-actin, MLC-2v and ANF in a time-

dependent manner [51], which indicated the NRG/ErbB4/ERK pathway contributes 

to the differentiation of embryonic stem cells of mice, likely in early cardiogenesis. 

Furthermore, Bersell et al. elucidated that cardiomyocyte proliferation was induced 

by NRG-1 in culture, affecting only mononucleated cardiomyocytes to differentiate 

[52]. NRG-1 mediated the cardiac proliferation via activation of ErbB2-ErbB4 

receptor dimers or transient induction of a basally active ErbB2 receptor in adult 

mice. Cardiomyocyte cell-cycle activity and cardiac regeneration were induced by 

injection of NRG-1, without the involvement of pluripotent progenitor cells. 

Reduction in scar tissue and improved cardiac function was observed two weeks 

post-MI in NRG-injected mice. Nonetheless, NRG-1 expression was induced in 

perivascular cells of adult zebrafish hearts upon injury. Overexpression of NRG-1 in 

injured hearts induced cardiac proliferation while reactivating the NRG-1 expression 

in uninjured zebrafish heart induced cardio-dedifferentiation, muscle hyperplasia, 

neovascularisation and ultimately cardiomegaly [53].  

  

In conclusion, various potential drug candidates, ranging from small molecules to 

macromolecules like miRNA and NRG-1, have been researched and have 

demonstrated the ability to stimulate cardiac regeneration in in vitro models. 
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However, induction of CM proliferation in the clinical setting is limited by 

uncontrolled and excessive proliferation, which turns into cardiac hypertrophy, 

cardiomegaly, and ultimately heart failure, irrespective of which signal pathways or 

targets are involved such as micro-RNA, Hippo pathway proteins and cell cycle 

regulators [54]. The administration route and delivery system also remain a 

challenge to deliver these agents, with intramyocardial injection being associated 

with the risk of triggering ventricular arrhythmias [55]. The effect of these agents 

should be limited to the heart and thus delivery should be localised to the heart. 

Moreover, these agents are fragile and require an appropriate carrier system for 

protection and delivery. Hence, there is a need to develop an alternative route and 

optimised delivery systems to administer these agents for cardiac regeneration.  

 

1.4. Anti-fibrosis 
Fibrosis occurs in the heart regardless of the species after MI, to prevent ventricular 

rupture and provide mechanical support against the wall stress, which is a crucial 

step in wound repair. In contrast to the species with cardiac regenerative capacity, 

the human adult heart is unable to clear the fibrotic zone and regenerate new 

cardiomyocytes. Controlling the differentiation of fibroblasts and the transformation 

of other cells into myofibroblasts could, in theory, attenuate cardiac fibrosis and 

cardiac dysfunction post-MI. Currently, no licensed medication is available for 

preventing cardiac fibrosis [56–58]. Furthermore, the use of several cardiac 

regenerative drugs, such as periostin and growth factors in animal studies, also 

promotes cardiac fibrosis, which limits the use of these agents in the clinical setting 

[6,44]. Therefore, combined therapy of an anti-fibrotic drug with a cardiac 

regenerative drug may attenuate the cardiac fibrosis caused by cardiac regenerating 

drugs.  

 

After MI, increased wall stress in the infarcted heart activates the local renin-

angiotensin system, up-regulating the angiotensin II and in turn stimulating the 

secretion of inflammatory and profibrotic mediators such as TGF-β, IL-1B and TNF-

α. These mediators promote the secretion of ECM and transformation into 

myofibroblast, which are the key steps in cardiac fibrosis. Therefore, the common 
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mechanism of action for the antifibrotic drugs is suppressing proinflammatory and 

profibrotic signals, i.e., secretion of these cytokines and growth factors.  

 

1.4.1. N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) 
N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) is a tetrapeptide cleaved from the 

N-terminal of thymosin-β4 (Tβ4) via hydrolysis involving meprin-α and prolyl-

oligopeptidase, with the structure of the peptide shown in Figure 1-4. It is a 

naturally occurring immunomodulatory and pro-angiogenic peptide and is degraded 

by angiotensin-converting enzyme (ACE) into inactive fragments of Ac-SD (N-

acetyl-seryl-aspartate) and KP (lysyl-proline). Hence, co-administration of ACE 

inhibitors, such as captopril, has been suggested to elevate the plasma concentration 

[59,60]. 

 

 
Figure 1-4. Structure of N-acetyl-seryl-aspartyl-lysyl proline. (Drawn with 
ChemDraw 20.1) 
 

The exact binding site or receptor for Ac-SDKP remains unclear but the peptide is 

thought to possess angiogenic, anti-fibrotic, anti-inflammatory, anti-proliferative, 

and anti-apoptotic properties [61]. The proposed mechanisms for these properties are 

shown in Figure 1-5. Amongst all pro-fibrotic pathways, the transforming growth 

factor-beta (TGF-β) signalling pathway is one of the most important pathways 

involved in fibroblast proliferation and transdifferentiation (i.e., epithelial-

mesenchymal transition). It involves the activation of Smad downstream and 

promotes ECM and scar formation. After myocardial infarction, the mechanical 

stress, and pro-fibrotic mediators, including TGF-β, activate the resident fibroblasts 

and transdifferentiate into myofibroblasts. In addition, angiotensin II is also worth 

noting, as it is a pro-inflammatory and pro-fibrotic mediator in the renin-angiotensin 
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system. Ac-SDKP is proposed to attenuate fibrosis via targeting the TGF-β/Smad 

pathway. It is also an alternative substrate to the angiotensin-converting enzyme, 

which is found to attenuate lung fibrosis via activation of the ACE2-angiotensin-(1-

7) pathway [62]. Ac-SDKP is also found to reduce the cross-linking of collagen via 

downregulating the lysyl oxidase [63]. As for the anti-inflammatory properties, Zhu 

et al. demonstrated that Ac-SDKP suppresses the ICAM-1 adhesion molecule 

expression via TNF-α induced IKK-β dependent and NF-κB pathway. ICAM-1 is an 

adhesion molecule expressed on the endothelial cells, which promotes the infiltration 

of the immune cells [64]. Consequently, Ac-SDKP has attracted interest in the 

treatment of renal [65], cardiac [66,67], and lung fibrosis [68], as well as myocardial 

infarction [64,69,70]. 

 

 
Figure 1-5. Proposed mechanisms for the anti-inflammatory and anti-fibrotic 

properties of Ac-SDKP [61]. The receptor remains poorly understood. The 

inflammation and fibrosis in organs are potentially inhibited via TNF-a/ NF-kB, 

TGF-b/smad, Protein kinase C/ ERK and miRNA pathways. 
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1.5. Anatomy of the heart 

1.5.1. Structure of heart wall 
The human heart wall is composed of three layers. The surface in contact with blood 

is called the endocardium, which is a layer of endothelial cells. The middle and 

thickest layer is the myocardium, which is composed of cardiac smooth muscle cells 

(myocytes). The pericardium is further divided into two subtypes as shown in Figure 

1-6, namely parietal and visceral pericardium. The visceral pericardium 

(epicardium), is a layer of serous cells, which forms the outer layer of the heart wall 

[71]. The parietal pericardium is the outermost structure, which is made up of a 

fibrous laminar (fibrosa) and a serous laminar (serosa). The space contained by the 

two layers of the serous pericardium is the pericardial sac (pericardial space), which 

contains the pericardial fluid (PF).  

 

 
Figure 1-6. Structure of a human heart and the enlargement of a section of the 

human heart wall. The heart wall is composed of three layers – endocardium, 

myocardium, and epicardium (visceral pericardium). Epicardium is the outer layer of 

the heart wall, which is in connection with the serous layer of the parietal 

pericardium. The parietal pericardium consists of another fibrous layer which 

surrounds the heart, with the pericardial cavity formed in between the parietal and 

visceral pericardium. (Created with Adobe Photoshop Element 9) 
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The fibrous laminar is formed of fibrous connective tissue while the serous laminar 

is a monolayer of squamous epithelial cells (mesothelium). The two laminar in 

parietal pericardium are inseparable. The luminal membrane of the mesothelial cells 

is covered with microvilli projecting into the pericardial space and rare cilia, to 

increase the surface area for fluid transport [72]. Desmosomes, a type of intracellular 

junction, are present between adjacent mesothelial cells, to strengthen intercellular 

adhesion and form a permeability barrier [73]. The parietal pericardium enclosed the 

heart and the proximal portions of greater vessels, with the parietal fibrosa being 

continuous with the adventitia of the ascending aorta, pulmonary trunk, and superior 

vena [74,75]. ‘Milky spot’ lymphoid tissues exuding in the direction of the 

pericardial cavity are also scattered on the parietal pericardium. The structure is 

covered by a layer of mesothelial cells and is in proximity to the submesothelial 

lymphatic and capillary systems, providing an opening for rapid clearance of fluid 

[76]. Resident macrophages are also present in the submesothelial layer of 

pericardium for immune responses [73,77], which may have migrated from the 

milky spots [76]. 

 

On the other hand, the luminal surface of the visceral pericardium is a monolayer of 

mesothelial cells. Beneath the mesothelium, a dense network of collagen and elastic 

fibres is present with a thickness of several millimetres. Fibres are deposited in 

parallel and oriented diagonally to the heart. This configuration suggests the role of 

the visceral pericardium in passive stiffness and residual stress of the heart [78]. In 

some areas, the epicardium is adjacent to the myocardium and is separated by a thin 

layer of fibrous tissues, whilst near interventricular and atrioventricular grooves or 

around the coronary vessels, the epicardium is separated by abundant adipose tissues 

[79]. Although it is a continuous layer of mesothelial cells with the serous layer of 

the parietal pericardium [78,79], a higher proportion of cuboidal cells are present in 

the visceral serous laminar [77]. The thickness of the parietal pericardium is several 

times thicker than that of the visceral pericardium [80]. The combined thickness of 

normal human pericardium is 2 mm or less [81–83], which is irrelevant to the age or 

sex [82]. The optimal thickness of pericardium is between 2-3 mm. When the 

thickness is 4 mm or more at any point of the pericardium, it is considered abnormal 

[81,84]. 
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1.5.2. Pericardial fluid 

The function of pericardial fluid is to lubricate the membrane and ease the movement 

of the heart [79]. Volumetric studies of pericardial fluid in adult humans have 

demonstrated its volume is between 20 - 60 mL [74,85–87]. PF is predominately a 

plasma ultrafiltrate, with similar characteristics as pleural fluid [74,85]. It is formed 

by plasma ultrafiltration through epicardial capillaries, with the addition of a small 

amount of myocardial interstitial fluid. Blood is supplied to the pericardium via the 

pericardial artery branched from the descending thoracic aorta and via 

pericardiophrenic arteries, these being branches of the internal mammary artery. 

Blood is drained through the pericardiophrenic dial veins into the azygos vein and 

subsequently into the superior vena cava [88] or via superior intercostal veins and 

internal thoracic veins into the brachiocephalic veins [89]. 

 

PF has drained through the parietal pericardium lymphatic capillaries [90]. However, 

the mechanism of drainage is not fully understood due to the difficulty to study 

pericardial fluid dynamics under normal conditions [91]. Possible mechanisms of the 

fluid drainage into lymph are direct absorption and indirect absorption via 

macrophage phagocytosis [76]. The volume distribution of pericardial fluid is 

heterogeneous, with the largest amount located inside the atrioventricular and 

intraventricular sulcus, superior. and intraventricular sinus [92]. 

 

The pericardial fluid contains electrolytes, nutrients, and metabolites, with their 

concentrations similar to their respective plasma concentrations [85], which is 

consistent with the nature of pericardial fluid as the ultrafiltrate of plasma. However, 

a biochemical and haematological study demonstrated that the concentration of large 

molecules, especially lactate dehydrogenase (LDH) and albumin, were higher in the 

pericardial fluid than the levels measured in the ultrafiltrate of plasma [85], showing 

that these molecules might be leaked from adjacent pericardial and myocardial 

tissues. Nevertheless, proteomics analysis of the human pericardial fluid also showed 

that albumin is the principal protein present in the pericardial fluid [93]. However, 

the study showed that the LDH level in pericardial fluid (161 IU/L) was within the 

range of normal human plasma levels (100-260 IU/L). The discrepancy in LDH 
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levels between the two studies might relate to the different disease states of the 

patients. Enzymes were also identified in the pericardial fluid, but their profiles were 

not agreed upon between studies as most of the available data were obtained from 

cardiothoracic surgery patients, who had different disease states. The profile of 

enzymes was shown in Table 1-2. It is worth mentioning that ACE was isolated 

from normal pericardial fluid, which bears higher angiotensin I converting activity in 

PF than that in serum from patients with cardiovascular diseases [94]. The presence 

of ACE in PF indicates the role of pericardial fluid in metabolising active peptides. 

However, most of the groups sampled the pericardial fluid either from patients 

undergoing cardiothoracic surgery or from necropsy, limited studies were conducted 

on healthy living volunteers. Thus, the composition of pericardial fluid in a healthy 

human is difficult to define. 

 

Biochemical markers and disease markers were also found in the pericardial fluid, 

with their levels varying depending on the disease states. For example, an oxidative 

stress marker, 8-iso-prostaglandin F2α, was elevated in pericardial fluid in patients 

with ischaemic and/or valvular heart diseases, with the pericardial level increasing 

with the severity of the heart failure [95]. Therefore, the composition of pericardial 

fluid is likely to vary with the condition of patients.  

 

The white blood cell profile of normal human pericardial fluid illustrated that 

leukocytes were present in the pericardial fluid, with both mononuclear cells and 

polymorphonuclear leukocytes identified in pericardial fluid [96]. Large 

mononuclear cells were the largest constituents of leukocytes in pericardial fluid, 

followed by lymphocytes. These mononuclear cells accounted for about 74% and 

26% of total cell populations, respectively. The finding is similar to the literature 

reported by Ben-Horin et al., with lymphocytes and monocytes predominant in the 

differential cell counts of PF [85]. The presence of white blood cells was likely due 

to the inflammatory responses, as all samples were obtained from patients with 

different disease states. 
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Table 1-2. Composition of the pericardial fluid. As the fluid is formed from 

ultrafiltration of the plasma, nutrients, electrolytes, and metabolites are filtered into 

the PF. Proteins, including enzymes and albumin, were found in PF, potentially as a 

result of leakage from adjacent tissues or active secretion. Leukocytes are also 

present in PF.  
Classes Compositions Ref 
Nutrients Glucose 

Triglycerides 
Cholesterol 

[85,93] 

Electrolytes Phosphorus 
Calcium 

[85,93] 

Metabolites Uric acid 
Bilirubin 
Creatinine 
Urea 

[85,93] 

Protein Albumin [85,93] 
Enzymes Alkaline phosphatase 

Aspartate aminotransferase 
Amylase 

[85] 

Angiotensin-converting enzyme [94] 
Lactate dehydrogenase [85,93] 
MB isoenzyme of creatine kinase 
Glutamic pyruvic transaminase 
Glutamic-oxal(o)acetic Transaminase 
Glutamyl transpeptidase 
Phosphocreatine kinase 

[93] 

Leukocytes Monocytes 
Lymphocytes 
Polymorphonuclear leukocytes (Eosinophils, 
Basophils) 

[85,96] 

Macrophages [96] 
 

1.6. Cardiac localised delivery 

1.6.1. Background 
Localised delivery, by definition, is a form of targeted delivery where the delivered 

drug resides mainly at a certain site, resulting in reduced movement and absorption 

into the bloodstream. Two main approaches exist to maintain localised delivery – (i) 

delivering the drug to a naturally enclosed site, such as pericardium and myocardium 

in the heart, bladder, synovial space between joints, etc.; or (ii) through dosage forms 

where the drug has limited ability to translocate, such as patches, gels and implants 

[3]. Localised cardiac delivery is difficult to achieve via conventional delivery routes 

[3] such as intravenous (IV) and oral delivery, as these result in the drug being 
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introduced into the bloodstream and systemic circulation, hence being subject to 

typical distribution and plasma protein binding effects which render specific 

localisation in the heart difficult. There are three enclosed spaces in the heart where 

localised delivery could be achieved: the pericardium, coronary artery, and 

myocardium.  

 

Intramyocardial delivery is a direct administration of materials into the myocardium, 

which is the thick muscle layer of the heart wall. This method is usually used in cell 

therapy for the delivery of stem cells or stem-cell-derived cells into the heart, where 

the use of intracoronary delivery is limited due to the occlusion of the artery [97]. 

Another use of this approach is to improve the residence time of cells in the 

myocardium [3]. The injections can be performed either on the endocardium or 

epicardium, similar to intrapericardial delivery. The epicardial approach allows 

accurate targeting of drugs or cells in the infarcted zone, as open surgery was 

performed to allow direct visualisation. In the endocardial approach, specialised 

catheters with electromechanical mapping systems were used to determine the site of 

interest [98]. Unlike the epicardial approach, the endocardial approach could be 

performed on high-risk populations and repeated if required [99].  

 

Intracoronary delivery involves injection or infusion in the coronary artery, which is 

used preferably post-MI and with PCI [100]. Intracoronary cell delivery involves 

balloon catheters placed in the coronary artery, with coronary flow either maintained 

(non-occlusive approach) or occluded (stop-flow approach) to prevent rapid washout 

[97,100]. The non-occlusive approach utilises balloon catheters or other specialised 

catheters for sub-selective delivery, while the latter method uses balloon catheters 

which are temporally inflated to obstruct the coronary flow and thus minimise the 

washing out of cells. Cells are injected or infused at various flow rates, depending on 

the approach adopted, and into different vessels, where the area of interest in the 

myocardium is subtended from the coronary artery or collateral vessel. However, 

administered cells are required to transverse the endothelium and migrate into the 

myocardium, where the cell concentrations in the infarcted zone and border zone are 

higher. In common with intramyocardial cell delivery, two delivery approaches, 

guided delivery, and distal delivery were tested in a clinical trial for intracoronary 
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drug delivery. Guided delivery is a drug injection through a guiding catheter while 

distal delivery is a localised drug injection in a distal coronary bed via a perfusion 

balloon or selective microcatheter placed in the affected vessel away from the lesion 

[101].  

 

1.6.2. Intrapericardial delivery 

Intrapericardial delivery is the administration of pharmacological agents into the 

pericardium, which is a bilaminar sac surrounding the heart. It is a novel delivery 

route, with currently limited experimentation in animal tests and clinical trials. 

Indeed, the field remains at an early stage compared to its counterparts, probably due 

to a lack of prior understanding of the associated challenges. The access techniques 

will be discussed in detail in Section 1.6.4. Each localised delivery route has its 

advantages and disadvantages, which are shown in Table 1-3. 

 

Table 1-3. Site of access of various localised deliveries in the heart, with ease of 

drug escaping into systematic circulation. The pros and cons of each delivery method 

were also detailed in the table [3,99].  
 Intracoronary 

delivery 
Intrapericardial 
delivery 

Intramyocardial 
delivery 

Site Coronary artery Pericardium Myocardium 
Entering systemic 
circulation 

Yes Minimal Yes 

Access Easy to access (Varied between access techniques)  
Advantages Increased and 

homogenous 
myocardial 
distribution 

Prolonged drug half-life 
Minimal pericardial 
escape 

Increase myocardial 
concentration 
Long-lasting 

Disadvantages Vessel Puncture 
Decreased blood flow 
in the artery might 
induce ischemia and 
arrhythmia 
Risk of occlusion and 
emboli when 
delivering large cells 
or viscous suspension 

Pericardium opened 
after surgery 
Pericarditis 
Pericardial adhesion, 
which might induce 
cardiac tamponade  

Perforation  
Limited access to 
certain areas e.g., 
septum 
Tissue inflammation 
and irritation 
Increased risk of 
cardiac arrhythmias 

Invasive / minimally invasive (depending on access techniques) 
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1.6.3. Justification for using intrapericardial delivery 
All cardiac localised deliveries are invasive regardless of what access techniques are 

being used. However, pericardial delivery possesses advantages over the other 

routes. Drugs or cells that have been delivered into the intrapericardial space have 

been shown to diffuse across the epicardium into the endocardium, penetrate the 

myocardium spread from the atrium to the ventricle [102,103] and achieve localised 

and targeted action on the heart [102–105]. Moreover, owing to the slow clearance 

of the pericardial fluid [76], the pericardial escape of the drug is low and thus the 

pericardium can act as a reservoir for the drug and prolong the half-life in the heart 

[106], and reduce peripheral side effects [107]. The washing-out effect observed in 

intracoronary delivery is reduced in intrapericardial delivery, albeit dilution by 

pericardial fluid would occur. Furthermore, desired drug concentration in the 

myocardial tissue can be achieved with a lower dose compared with other routes, 

such as oral, intravenous, or intracoronary delivery [105,108–110]. Nevertheless, the 

pericardial space contains pericardial fluid, which could solubilise the hydrophilic 

drugs and biologics. The pericardial space could accommodate a larger volume of 

materials and deliver a higher dose compared to intramyocardial injection, and act as 

a reservoir for prolonged release of the active pharmaceutical ingredients. Lastly, the 

use of intramyocardial injections was limited by ventricular arrhythmias [111], while 

occlusion of the coronary artery also restricted the use of intracoronary delivery [97]. 

In contrast, intrapericardial delivery does not interfere with the coronary flow nor 

inject materials directly into the myocardium, where these complications were not 

reported in the literature. Thus, intrapericardial delivery offers key benefits over 

other methods of localised cardiac delivery making it a preferred route for localised 

drug delivery to the heart. 

 

Intrapericardial delivery is a double-edged sword, which offers numerous advantages 

as a delivery route to the heart, including favourable pharmacokinetics profiles, 

proximity to the myocardium, long residence time, and localised effects in the heart. 

Nevertheless, the invasiveness of the intrapericardial delivery is undoubtedly the key 

downside and should be taken into consideration. The use of minimally invasive 

techniques only mitigates but does not eliminate invasiveness. Therefore, it is not a 

delivery route that would be suitable for all sorts of cardiac conditions and drugs. 
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Instead, the use of the route should only be performed when the benefits outweigh 

the risks. Suitable conditions include pericardial diseases and conditions where there 

are unmet needs in the current treatments, such as myocardial infarction and 

arrhythmias. However, it is not designed for conditions that are not originated in the 

heart nor other cardiovascular conditions that can be maintained with oral or 

intravenous treatments, such as strokes, peripheral vascular conditions, and angina, 

as the risks of intrapericardial delivery outweigh the benefits. Lastly, nanoparticles 

and fragile drugs that are aimed to be localised in the heart could take advantage of 

the routes, such as proteins, growth factors, genes, and peptides, minimising the off-

target effects and limiting the deposition in the heart.  

 

1.6.4. Access routes and delivery techniques for intrapericardial delivery 
Generally, there are three main approaches experimented with the delivery of 

pharmaceutical agents, including small molecules, peptides, and cells to the 

pericardium of animals and humans. The first approach, known as thoracotomy, 

involves an incision into the pleural space of the chest, with two subtypes – medial 

sternotomy accessing the pleural cavity and heart via opening the sternum, while 

lateral thoracotomy involves making an incision into the intercoastal space, of which 

the opening is widened by a rib retractor placed in between the ribs. After exposing 

the heart, a small incision is made on the anterior surface of the pericardium and the 

edges of the incision are tied with a suture to produce a square opening, forming a 

reservoir for the instillation of drug solutions, as shown in Figure 1-7 (left). Drug 

solutions were then removed by suction, followed by a washout of the pericardium 

[112–115]. This method was usually adopted in experiments evaluating the 

intrapericardial delivery of anti-arrhythmic drugs as the electrodes were also placed 

through the pericardial opening as well as commonly in small animals like rodents 

[7,107,116,117]. Other designs for intrapericardial drug instillation utilised 

fenestrated [109] or looped catheters [105,118]. The catheter was inserted via a small 

incision on the pericardium, for drug delivery and pressure monitoring. The position 

of the catheter was secured with purse-string sutures while the pericardium was 

closed with a continuous locking suture to provide an airtight seal [103]. 

Furthermore, drug-loaded hydrogels could be delivered with a blunted needle 

through a micro-puncture on the pericardium [107]. The hydrogel could also be 
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delivered through epicardial spraying on patients undergoing coronary artery bypass 

graft (CABG), where the pericardium was opened for constructing the bypass graft. 

Before the closure of the pericardium with interrupted sutures, the amiodarone 

hydrogel was sprayed diffusely using a carbon dioxide driver set over the right atrial 

lateral wall, left atrial appendage, and transverse sinus areas are shown in Figure 1-7 

(right) to prevent post-operational fibrillation [119,120]. Apart from fibrillation, 

other applications of intrapericardial delivery are discussed in Section 1.8. 

 

Unfortunately, pericardial adhesion is considered an unavoidable consequence of 

thoracotomies, which prevents future epicardial access and limit the clinical use of 

thoracotomy for pericardial delivery. Pericardial adhesion refers to the sticking of 

the pericardium to the epicardium and is due to the damage of mesothelial cells 

during operation. The key steps in developing the adhesion are (1) loss of 

mesothelial cells, (2) accumulation of fibrin in voids, (3) loss of normal pericardial 

fibrinolysis, followed by (4) local inflammation [121]. Therefore, intrapericardial 

implants, instillation and epicardial spraying via thoracotomy might induce post-

operative pericardial adhesion. Recently, new polyethylene glycol and hyaluronic 

acid-based products that could prevent fibrin adhesion, have become available to 

reduce peritoneal adhesions for clinical use, which might also prevent pericardial 

adhesion [122–124]. Other serious complications, like cardiac tamponade and 

pericardial effusion, could be caused by pericardial adhesion. In most cardiothoracic 

surgery, the pericardium is opened to prevent pressure from building up and cardiac 

tamponade. However, to form a drug reservoir, the pericardium is closed following 

the surgery, where reduced cardiac indices, stroke works and increased cardiac 

tamponade risk were observed [125]. 
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Figure 1-7. A schematic diagram showing (left) the drug instillation in the 

reservoir formed in pericardium [115] and (right) spraying of amiodarone 

hydrogel after CABG [119,120]. 

 

The second route is subxiphoid access. A small to medium-sized incision could be 

created on the middle line below the xiphoid, depending on the devices used [126–

128]. The incision size is smaller for the needle than for the pericardial access 

devices. For example, an epicardial blunt-ended needle is inserted between the 

xiphisternum and the left costal margin for 2-3 cm. Then, the needle is lower through 

the infrasternal angle (15 -30o angle) into the skin and directed at a swallow angle to 

access the pericardium over the anterior aspect of the ventricle while the needle is 

directed posteriorly toward the left shoulder to reach the pericardium over inferior 

aspect of the ventricle [129]. Alternatively, two other routes called para-apical and 

parasternal routes were commonly used in pericardiocentesis, but not in 

intrapericardial delivery, as described in Figure 1-8. Guidance should be performed 

to minimise the complications and damages, but the subxiphoid route is by far the 

safest under blind guidance [130]. 

 

Furthermore, several pericardial access devices are previously reported in the 

literature or currently on market at the time of writing, namely PerDUCER®, 

AttachLifter device [131] and PeriCardioScopeTM (Perifect, Herzliya, Israel). In 

general, the core design is the same, which consists of a sheathed needle and a 

suction tip with a hemispheric cavity to grasp the pericardium [126,127]. A needle is 

housed inside a sheath tube, which is connected to a suction syringe on one end and 

a tapered-ended and half-moon-shaped plastic tube with a hemispheric cavity on the 

other. A side hole in the cavity allows access to the vacuum lumen and the insertion 
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of needles. The access is a two-step process, which involves (1) subxiphoid access to 

the mediastinal space and (2) pericardial captures, puncture and insertion of 

guidewire and catheter. The device is introduced into the mediastinal space via the 

incision on the median line below the xiphoid process [126–128], with the 

hemispheric cavity on the device placed against the pericardium. The pericardium is 

then sucked into the hemispheric cavity by the vacuum, which is isolated from the 

epicardium. The needle or needle-tipped catheter punctures the pericardium to create 

access. A guidewire is inserted through the needle or catheter into the pericardial 

space to direct the insertion of a drug delivery catheter [126–128,132]. The 

difference in terms of the features between each pericardial access device is shown 

in Table 1-4. 

 

Table 1-4. Summary of the features of three reported pericardial access devices, 

with the focus on comparing the puncture part, site of puncture and pericardium 

lifting method. 
 PerDUCER® AttachLifter PeriCardioScopeTM 
Puncture part J-tipped guidewire External needle Rotatable needle 
Site of puncture Inside the cavity Outside the cavity Inside the cavity 
Pericardium lifting 
method 

Lifted only Lifted and rotated at 
90o 

Lifted only 

Additional 
guidewire required 

No Yes Yes 

 

The third approach is transatrial access, which was first proposed by Uchida et al. in 

1995 [133]. This approach first used a guiding balloon catheter advancing through 

the femoral vein into the right atrium. The balloon was then inflated with carbon 

dioxide to push against the heart wall so that a puncture on the heart wall could be 

created to access the pericardium under fluoroscopy. A few years later, an advanced 

and more clinically viable version of the device was reported by Waxman et al. 

[134]. A larger guide catheter was first introduced through the femoral introducer 

sheath and then positioned under fluoroscopy guidance into the right atrial 

appendage. A guide catheter was later positioned under fluoroscopic guidance into 

the right atrial appendage, followed by the withdrawal of the first catheter. A needle 

catheter was subsequently advanced through the guidewire and a small perforation 

on the atrial appendage was created using a hollow radiopaque needle mounted on its 

tip. Another soft and smaller transatrial guide wire equipped with a second 
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radiopaque marker was then inserted through the needle catheter and secured the 

percutaneous pericardial access, with the position in pericardial space confirmed 

with fluoroscopy. The insertion of the second guidewire allowed the needle catheter 

to be withdrawn and exchanged with an application catheter for drug injection or 

aspiration catheter for fluid withdrawal on the wire [134–138]. 

 

 
Figure 1-8. Summary of the pericardial access techniques, including both common 

and minor routes. (Created with Microsoft PowerPoint) 

 

Apart from the discussed routes for pericardial delivery, two minor routes – 

parasternal and para-apical routes are feasible but have not been experimented with 

or used in studies. The para-apical approach involves needle insertion at 1-2 cm 

lateral to the apex beat within the 5th, 6th, or 7th intercostal space and advanced over 

the superior border of the rib to avoid the intercostal nerves and vessels, while a 

needle is inserted perpendicularly to the skin through the 5th intercostal space at the 

left sternal border in the parasternal approach. 

 

Transatrial and subxiphoid access are much less invasive and more tolerable than 

access via thoracotomy. Transatrial access is quick and simple, which utilises 

standard catheters, and the process only takes 1-3 minutes after the introduction of 

the femoral sheath [134]. On the other hand, the subxiphoid utilises a standard 

Tuohy needle or dedicated pericardial access devices. The complications of 

pericardial access include (1) vascular and ventricular injury, (2) injury to other 
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organs and (3) inflammatory reaction to the epicardial access. A small incision as 

well as a transient, small, and minimally inflamed wound are created on the femur 

and the atrial wall respectively in transatrial access, but no other significant adverse 

events were observed [134–137,139]. Similarly, a small incision or needle puncture 

hole is created in subxiphoid access. Mild pericarditis and pericardial bleeding are 

common in subxiphoid access, but severe pericardial bleeding and pericardial 

inflammatory reaction reportedly occur at a low incident rate [140]. Damage to other 

organs during pericardial access is unusual, but complications have been reported 

[141]. 

 

Amongst all delivery routes discussed, medial, and lateral thoracotomy is an open-

chest surgery, which allows direct visualisation of the heart. However, both 

techniques are lengthy, invasive, and risky for patients as a larger opening is created 

on the chest for direct visualisation and access to the heart. High infection rates, 

scarring and longer recovery time are the drawbacks of thoracotomy. Therefore, 

medial and lateral thoracotomies are rarely used to perform cardiothoracic surgeries 

and pericardial delivery is performed before the closure of the chest. The drawbacks 

or complications for transatrial and subxiphoid delivery are minor, relative to 

thoracotomy, as the size of inflammation and wound-induced are minimal, small, 

and reversible. The pros and cons of each access technique are presented in Table 

1-5. Subxiphoid and transatrial routes are preferable for pericardial delivery, as they 

have a better balance of risk and benefit in a clinical setting. Contrarily, 

thoracotomies are used for cardiac surgery such as CABG, where pericardial 

delivery is in conjunction with and post-surgery before the chest is closed.  
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Table 1-5. Summary of the requirement of anaesthesia, guidance method, wound 

size, inflammatory responses, infection risk and recovery time for various pericardial 

access methods. The advantages and disadvantages of each method were also 

discussed. 
Access 
method 

Thoracotomy Subxiphoid access Transatrial 
access Medial 

sternotomy 
Lateral 
thoracotomy 

Anaesthesia General General or local Local 
Guidance Not required Pericardioscopy 

Fluoroscopy 
Echocardiogram 
Computer 
tomography 

Fluoroscopy 

Wound size 
and scarring 

Large Medium to large Small to medium 
size depending on 
devices 

Small 
puncture on 
the atrial wall 
and thigh 

Inflammatory 
response  

Pericarditis 
Bone 
inflammation 
Inflammation of 
the wound 

Pericarditis 
Inflammation of 
the wound 

Pericarditis 
Inflammation of the 
wound 

Transient 
inflammation 
on atrial wall 
and thigh 

Infection risk High Low 
Recovery 
time 

Long Short 

Advantage Direct 
visualisation of the 
pericardium 
 

Intact chest cage 
(vs MS) 
Direct 
visualisation of the 
pericardium 
 

Various introducer 
devices are 
available 
Simplest method 
 

Rapid 
procedure 
The standard 
femoral vein 
catheterization 
procedure 
Low 
complication 
rate 

Disadvantage Cracked sternum 
Pericardial 
adhesion and 
tamponade 
Pain and a high 
chance of 
complications 

Pericardial 
adhesion and 
tamponade 
Pain and a 
substantial risk of 
complications 

Incorrect needle 
placement 
(especially under 
blind insertion) 
Puncture of other 
organs 

Puncture of 
the ventricle 
and other 
organs 
 

Suitable use Should only be used after cardiac-
thoracic surgery, in small animals like 
rodents or in AF studies which require 
the implantation of the electrodes 

Can be used solely for pericardial 
delivery 
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1.6.5. Guidance techniques for intrapericardial techniques 
Apart from thoracotomies, which allow direct visualisation of the pericardium, other 

intrapericardial access techniques require guidance methods to confirm the position 

and successful entry into the pericardium. Four main types of guidance methods 

have been investigated in clinical trials and experimental studies to assist pericardial 

access. Fluoroscopy has been predominantly used in experimental studies whereas 

echocardiography has been the most common guidance adopted in the clinical 

setting for pericardiocentesis [142]. Computed tomography and pericardioscopy are 

relatively new techniques for assisting pericardial access, which offer advantages 

over echocardiography, allowing direct visualisation of needle advancement. 

However, limited clinical evidence and experience are available for computed 

tomography and pericardioscopy guidance [142]. As each guidance is distinctive in 

terms of working principles and operating procedures, the details of each guidance 

method are discussed below.  

 

Fluoroscopy was the first imaging technique used with intrapericardial access, 

usually performed in conjunction with the subxiphoid approach. The technique 

utilises a continuous X-ray to allow real-time and dynamic visualisation of contrast 

media or instruments through the body. An epicardial introducer needle containing 

contrast medium is inserted and punctures the pericardium. Contrast medium is then 

injected into the pericardial space [104,143]. The access of pericardium is confirmed 

with tenting at the needle site [129] and a sluggish layering of contrast medium 

diffusing inferiorly (downwards) was observed [129,130,143]. A guidewire is then 

introduced into the pericardial space in exchange for the introducer needle [143].  

 

Sosa et al. performed pericardial punctures in patients using an epicardial introducer 

needle (Tuohy-17G) via the subxiphoid route with fluoroscopic guidance [144]. The 

needle was advanced gently under fluoroscopic guidance until a slight negative 

pressure was felt. The entry of the needles into the pericardial space was confirmed 

by injection of diluted contrast media under fluoroscopy. Laham et al. also reported 

a successful percutaneous subxiphoid access in pigs using the same needle and a 

similar procedure, but with continuous positive pressure (20-30 mmHg) applied 

during the advancement [145]. 
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Echo-guided pericardiocentesis was introduced by the Mayo Clinic in 1979 [146], 

which utilised a 2D phase-arrayed echocardiography to visualise the cardiac 

anatomy [147]. Callahan et al. advocated that the needle enters from a point where 

the largest fluid accumulation is the closest to the probe and the needle path is away 

from any vital organ [148]. The subxiphoid route is a longer route to reach the 

pericardium compared to the para-apical route and passes through the anterior of the 

liver capsule. As ultrasound does not penetrate air, the lung is also avoided in 

echocardiography. Therefore, the apical route instead of the parasternal route is 

preferred for entry under echocardiography. Two different approaches to echo 

guidance are available. The first technique is an echo-assisted method, as originally 

proposed by Tsang et al., of which the path of the optimal needle trajectory is first 

determined using echocardiography and memorised by the operator [146]. A 

polyteflon (Polytef) sheathed needle is then positioned from the predetermined site 

and advanced to the pericardium via memorised trajectory without continuous echo 

monitoring. Upon entry into the pericardium, the sheathed needle is further advanced 

for a short distance, where the steel needle core is withdrawn to leave the polyteflon 

sheath in the pericardium. The position of the sheath is confirmed with the saline 

echo-contrast medium, where the echo-contrast effect is monitored with 2D 

echocardiography. A guidewire and a catheter are subsequently advanced into the 

sheath to create access. The second technique is an echo-guided method. The 

echocardiography is used to search for an optimal position and is maintained in that 

position throughout the procedure. The needle is attached to a multi-angle bracket 

mounted on the probe, inserted, and advanced under continuous echo monitoring as 

shown in Figure 1-9. When the needle tip is observed on the echocardiography, the 

syringe is removed and replaced with a guidewire and a catheter [149,150]. 
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Figure 1-9. 2D echocardiogram showing the position of a needle (the white 

arrow) entering the pericardium of a patient with large pericardial effusion [149]. 

 

Computer tomography is a technique using computational combinations of multiple 

X-ray measurements from different angles to produce cross-sectional tomographic 

images. In general, several images are taken during the procedure to direct the needle 

entry. The first image of the whole thoracic cavity is taken to determine the ideal 

approach and entry point into the pericardium. An introducer needle is then inserted, 

followed by the acquisition of a new image. The orientation of the needle is then 

adjusted based on the second image, and the needle is subsequently advanced to the 

pericardium. Guidewire and catheters are advanced into the pericardium next. 

During the advancement of needle, guidewire, and catheter, extra images are 

acquired when required. After placement of the guidewire and catheter, the final 

image is obtained to verify the position in the pericardium. Several clinical cases 

have demonstrated successful computed tomography-directed pericardiocentesis 

[142,151–153]. 

 

Pericardioscopy is a tool for microscopic visualisation of the epicardium and 

pericardium, which involves the introduction of an endoscope into the pericardium 

for taking video and photography. In early studies, two types of endoscopes were 

designed for pericardial disease diagnosis – a flexible fibreglass endoscope and a 

rigid 110o angled instrument [154]. However, only the former design was used to 

assist the pericardial access through PerDUCER® devices. A flexible endoscope was 
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applied into the mediastinal space to identify and select the suitable surface for 

pericardial access, with no adhesion and fat deposition on the pericardium. The 

position of the inserted guidewire and subsequently the catheter was also verified via 

the pericardioscopy [155]. Other devices such as Attachlifter and PeriCardioScopeTM 

are incorporated with fiberscope and pericardioscope respectively on the suction 

head, which allows continuous visual monitoring throughout the advancement and 

pericardial access [131]. 

 

1.7. Pharmacokinetics of intrapericardial delivery 
Delivery of pharmaceutical agents into pericardial space could achieve localised and 

prolonged delivery to the heart. Hermans et al. conducted a pharmacokinetic study 

on intrapericardial delivery using fluorescent proteins and conjugates [105], to 

identify the pharmacokinetic advantages of intrapericardial delivery over other 

delivery routes. The study revealed that the desired local drug concentration in 

cardiac tissue could be achieved with a lower dose and a lower drug plasma 

concentration when the active pharmaceutical ingredient is administrated 

intrapericardially. Moreover, various other intrapericardial drug studies also reported 

coherent results, with a higher drug level in cardiac tissues achieved in 

intrapericardial delivery compared to standard intravenous administration for anti-

arrhythmic drugs, such as flecainide [108], amiodarone [109], and several beta-

blockers [156–158]. Therefore, the dose of drug required to have the same response 

is much lower when delivered intrapericardially than intravenously. For example, the 

dose of sotalol and atenolol delivered intrapericardially was 10 to 30-fold lower than 

their intravenous dose to achieve the same anti-fibrillatory response [108]. Besides, 

the plasma drug levels in these studies were not detectable with the analytical 

technique used. A low plasma drug level is also advantageous, indicating a low level 

of drugs escaping from the pericardial space. Thus, intrapericardial delivery could 

achieve localised delivery and reduce peripheral side effects. Lastly, the slow 

clearance of drugs and prolonged residence time in the pericardium is also 

beneficial, which was discussed in detail in Section 1.6.3, as drug-loaded 

intrapericardial systems can act as a local drug reservoir to achieve prolonged 

delivery and local delivery.  
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1.7.1. Distribution 
Intrapericardial drugs have been shown to diffuse and penetrate the myocardium and 

achieve localised and target action on the heart [102–105]. In brief, drugs were able 

to penetrate the epicardium into the endocardium, as well as spread from the atrium 

to the ventricle down the diffusion gradient [102,103]. Maslov et al. extensively 

studied the myocardial distribution, using epicardial applications of an ephedrine-

loaded alginate disk and adherent poloxamer hydrogel in pigs [159]. These forms 

represented the directed and dispersed mode of deliveries in epicardial or 

intrapericardial deliveries respectively. Asymmetric distribution was observed in the 

heart with the alginate disc, where the ephedrine concentration was elevated in the 

epicardial layer of the lateral wall and apex, especially near the point of release as 

the transmural gradient diminished across the myocardium. In contrast, a 

homogenous distribution resulted in the dispersed hydrogel over the entire anterior, 

with the deposition in the epicardial layer of anterior, lateral, inferior, and apical 

walls. Anterior and lateral walls were beneath the site of application, where the drug 

accumulated and then spread laterally to the apical walls along the concentration 

gradient. Increased ephedrine level in the coronary sinus blood was also detected 

following the epicardial applications, but both approaches were unable to deliver 

ephedrine into the septum. In short, the study demonstrated that the choice of dosage 

form for epicardial deliveries could hugely influence the profile of myocardial drug 

deposition. Based on the finding, it can be deduced that epicardial implant and patch 

as pointed sources would have an asymmetrical deposition profile, while 

intrapericardial hydrogel, injection or infusion would exhibit a homogenous 

myocardial drug distribution. The use of dosage forms could therefore be tailored 

based on the application and the target site in the heart. Nevertheless, there are still 

plenty of uncertainties surrounding the delivery route. For example, the local 

concentration in the pericardium is much higher after intrapericardial delivery than 

in the oral or IV delivery as the clearance of the drug is slow and the volume of 

distribution is small. The high local drug concentration might result in the toxicity of 

the pericardium. In addition, the pericardial fluid contains surfactant-like 

prostaglandin for cardiac motion, triglyceride, and cholesterol, which might promote 

the dose dumping of a controlled release formulation. Therefore, further 

investigations are needed to understand the toxicity of the drugs at a high local 
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concentration in the pericardium and the effects of the contents in the pericardial 

fluid on drug release. The formulation has to be well-designed to minimise the risk 

in intrapericardial delivery. 

 

At a micro-level, myocardial drug distribution is reported to be the outcome of the 

interactions between diffusive spread, transmural convection, capillary transport, and 

clearance of the drug [159–163]. Diffusive force is driven by the concentration 

gradient and augmented by the ventricular contraction and relaxation, which 

decreases with the distance from the source and thus the thickness of the heart tissue. 

Furthermore, the concentration gradient also exists between the site of administration 

and the distant site longitudinally [161]. In contrast, the convective force is in a 

counter direction to the diffusive force, which might limit the penetration of drugs. 

Similarly, the thickness of the heart also impacts the convection, as the hydraulic 

resistance in tissues builds up with the thickness. However, the convective force is 

usually surpassed by the diffusion force, as reflected by the fast penetration of the 

drug into the tissue [159]. Meanwhile, capillaries have roles to play in clearance and 

local pharmacokinetics at deeper tissue or sites distant from point of administration. 

In epicardial application, drug deposition mostly resides in the epicardium and mid-

myocardium. Maslov et al. demonstrated that the depth of penetration was about 400 

µm beneath the epicardial surface with elevated ephedrine levels detected, up to 6 

mm in maximum from the alginate disc. The drug also spreads 4 cm longitudinally 

toward the apex and 3 cm circumstantially and unidirectionally toward the left [159].  

 

The minimal drug deposition in the endocardium, which is the most distant from the 

point of administration, indicated that the transmural penetration is driven by 

diffusion to a large degree. However, asymmetrical distribution in the heart 

especially in the longitudinal and lateral directions, as well as minimal accumulation 

into the septum were observed in localised delivery, which illustrated that the 

myocardial distribution is complex and is unlikely solely due to diffusion. Maslov et 

al. identified that the drugs accumulated in the capillaries were rapidly transported to 

the myocardium. However, the clearance was also partly via the capillaries, and thus 

a substantive level was detected in coronary sinus blood. The process is driven by 

the coronary blood flow and hence is plausible. Therefore, it was proposed that bulk 
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transport in capillaries facilitates drug movement toward distal myocardial segments 

and around the circumference of the heart, as well as toward the lateral, apex, and 

inferior walls [159].  

 

For pericardial administered nanoparticles, Segura-Ibarra et al. demonstrated that 

Cy7-PLGA nanoparticles with a diameter of 190 nm were predominately distributed 

superficially and unevenly on the epicardium, with a half-life of about 2.5 days. 

However, the payload could penetrate inside the myocardium readily, with a longer 

half-life of ~7.5 days. The distribution of payload was influenced by the anatomy 

and physiology of the heart. The study demonstrated that the payload encapsulated 

by nanoparticles administered intrapericardially exhibited enhanced myocardial 

distribution and longer retention time [84]. 

 

1.7.2. Metabolism and Excretion 

Pericardial fluid is cleared slowly via the lymphatic and epicardial capillaries [164]. 

Although the mechanism is not well understood, pericardial drugs in the fluid are 

therefore likely to be cleared through lymphatic and epicardial capillary drainage via 

passive diffusion. Due to the presence of enzymes in the pericardial fluids, drug 

molecules can be modified before excretion through the lymphatics. However, the 

profile of enzymes expressed on the pericardial mesothelial cells and secreted in the 

pericardial fluid is not well understood, with some of the enzymes present in the 

pericardial fluid discussed in Section 1.5.2. However, these enzymes might relate to 

a particular disease state and their roles in metabolism are unknown. It is worth 

noting that the presence of ACE in the pericardial fluid is known to metabolise the 

peptide Ac-SDKP and shorten the half-life and residence time in pericardial fluid. 

Therefore, the clearance of the drugs is dependent on the physicochemical properties 

of the drugs, including enzyme stability, molecular size, hydrophilicity, and 

solubility in the fluid [88]. Large molecules including proteins, are not readily 

cleared owing to the slow passive diffusion into lymphatics and thus have a longer 

half-life and residence time. For example, pericardial administration of atrial 

natriuretic peptide offered a fivefold longer residence time compared to intravenous 

administration [165]. Nonetheless, as discussed above, drugs that entered the 

epicardium and myocardium are likely transported as well as cleared via the 
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capillary, draining into the coronary sinus blood. Therefore, the drug concentration 

in coronary sinus blood was elevated [159]. As capillary transport and clearance are 

dynamic processes as the blood flow through the heart, the extent of drugs cleared 

from the heart through capillary transport is not clear. The uncertain clearance of 

drugs could limit the use of the approach in a clinical setting. Thus, further studies 

on drug clearance, especially on macromolecules, in the pericardium are crucial for 

the future developments of intrapericardial delivery.  

 

The clearance of small molecules in the pericardial fluid is dependent on the 

physicochemical properties of the molecules. Small water-insoluble drugs, such as 5-

fluorouracil, are reported to have a prolonged pericardial residence time and half-

life. 5-fluorouracil is sparingly soluble which exhibited a ten-fold longer half-life in 

the pericardial fluid than in plasma (168 vs 16 minutes) in the case of a breast cancer 

patient with pericardial involvement [106]. On the contrary, small hydrophilic drugs 

have either similar or shorter residence time and half-life than in plasma. For 

instance, the half-life for intrapericardial metoprolol (Log Kow 1.88) was 14.4 

minutes, slightly longer than the half-life of the intravenous counterpart of 11.1 

minutes [156], while procainamide (Log Kow 0.88) had a five- to eight-fold shorter 

pericardial clearance than plasma. Similarly, the pericardial half-life of procainamide 

was 30 - 41 minutes, much shorter than that in plasma (180 minutes). The short half-

life of intrapericardial procainamide was likely due to the rapid diffusion of 

procainamide out of pericardial space or rapid diffusion of procainamide from the 

plasma into the pericardial space [85,166]. 

 

1.8. Dosage forms used for intrapericardial delivery in MI 
A variety of drugs have been delivered into the pericardial space to promote cardiac 

regeneration, as shown in Table 1-6. For instance, Uchida et al. delivered heparin 

sulphate and fibroblast growth factors (FGF) into the pericardium via a catheter 

placed transatrially [133]. This study demonstrated angiogenesis from the 

epicardium towards the subepicardial infarcted area as well as myocardial salvage in 

a canine model of myocardial infarction. In another study, intrapericardial delivery 

of FGF-2 was found to promote myocardial angiogenesis and improve myocardial 

perfusion and function in the ischaemic area without significant side effects [125]. 
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Polizzotti et al. have investigated intrapericardial periostin-loaded Gelfoam implants 

[5]. Periostin is a secreted extracellular matrix protein that has been shown to 

stimulate cardiomyocyte proliferation and angiogenesis post-MI [4]. Gelfoam 

(Pfizer, New York, NY, USA) is made of gelatine purified from porcine skin, which 

is non-toxic, non-immunogenic, and biodegradable. It triggers the non-fibrotic 

fibrosis in vivo and forms a fibrin-loaded hydrogel. Gelfoam loaded with a 

recombinant peptide of periostin stimulated cardiomyocyte mitosis and enhanced 

angiogenesis in a pig model of myocardial infarction compared to direct injection of 

recombinant periostin peptide alone [5]. Ladage et al. also developed an injectable 

slurry of Gelfoam loaded with periostin peptide for the treatment of myocardial 

infarction [6]. However, periostin peptide treatment was associated with myocardial 

fibrosis at one week and 12 weeks post-treatment, which is likely to limit the clinical 

application. 

 

In addition to drug therapies, intrapericardial cell delivery has also been studied to 

promote cardiac regeneration. Cells have been delivered in either a suspension, such 

as Hypothermosol which is a hypothermic preservation media for the preservation of 

cells and tissues [167], or in biodegradable polymer scaffolds. Blázquez et al. 

reported an intrapericardial injection of porcine cardiosphere-derived cells (CDC) 

into a porcine infarct model to modulate the microenvironment for promoting 

cardiac repair [167]. Changes in immunological parameters were observed, which 

modulated the inflammatory environment of the infarcted heart and thus promoted 

cardiac repair indirectly. However, no direct improvement in cardiac function was 

observed in pigs upon receiving intrapericardial CDC compared to the control group. 

Nonetheless, Branco et al. demonstrated that Bone Marrow Mononuclear Cells 

(BMMC) delivered via an intrapericardial infusion were able to diffuse into and 

penetrate the myocardium, with the BMMC concentration higher in the infarcted 

region. This finding suggests that interactions with local factors in the infarcted area 

may promote cell migration and/ or cell survival of BMMC [104]. 
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Table 1-6. Summary of the intrapericardial drug delivery system used to modulate 

the infarcted heart or induce cardiac regeneration post-myocardial infarction. The 

details of the API, carrier of the formulation, species and outcome of the animal 

studies were detailed in the table.  
Drug or cell (dosage 
form) 

Solvent/ carrier Species Outcome 

Transatrial access 
CDC  
(injection) 

Hypothermosol Pig - Altered the phenotypes of resident 
lymphocytes and TH1 cytokines in 
pericardial fluid, modulating the 
inflammatory environment of the 
infarcted heart [167] 

Heparin sulphate and 
bFGF 
(injection) 

Normal saline Dog - Reduced percentage weight of the 
infarct ventricle and increased 
vascular number, predominantly 
in the subepicardial area  

- Neo-angiogenesis from 
epicardium toward subepicardial 
infarcted area [133]  

Heparin and FGF-2 
(injection) 

Pig - Increased myocardial vascularity, 
left-to-left angiographic 
collaterals, and left circumflex 
blood flow post intrapericardial 
delivery of FGF-2 [125] 

Subxiphoid access 
BMMC Saline Pig - Diffused penetrations of BMMC 

in the myocardium [104] 
Thoracotomy 
Docosahexaenoic acid 
(DHA) 

Normal saline with 
ethanol 

Pig - Reduced infarct sizes in infarct 
model 

- Reduced ventricular fibrillation 
score during ischemia and related 
mortality rate [168] 

eGFP vector and MSC 
(injectable) 

Gelform particles Pig - The presence of MSC and 
expressed eGFP in the 
myocardium [7] 

IGF-1 Saline Sheep - Increased ejection fraction post-
heart failure [169] 

Nitro-glycerine 
(instillation) 

ASD Rat - Vasodilation and improved cardiac 
function 

- Prevented serum myoglobulin 
level elevation, and decreased ST-
elevation post-MI [170] 

Periostin (implants) Gelform patches Pig - Improved survival, cardiac 
function and left ventricular wall 
thickness in infarct zone post-MI 

- This led to substantial fibrosis in 
the heart [6] 
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Gelform discs Mice - Increased cardiomyocyte cell 
cycle activity and angiogenesis 
infarct border zone [5]  

 

1.9. Nanogels  
As discussed above, the common formulations employed in pericardial delivery are drug 

solutions, implants, patches, particles, and hydrogels [5,7,107,115,171]. Implants, 

patches, hydrogel spray and microparticles require thoracotomy for administration, as 

they require a larger opening and direct access into the pericardium. Therefore, only 

drug solutions, nanosized particles and hydrogels could be delivered via the needles or 

catheter systems in subxiphoid and transatrial access, which are the preferred methods. 

For hydrogels, it is a general requirement that in situ gelation takes place inside the 

pericardium after the injection as crosslinked hydrogels are difficult to pass through the 

lumen, especially with the narrow-gauged needles or catheters [107]. However, in situ 

crosslinked hydrogel might be of a challenge as it requires a loop catheter, which creates 

a contained space via vacuum for the in-situ crosslinking. Moreover, its rheological 

properties have to be optimised such that it will not affect the heart contractions and 

induce pericardial adhesion. For solutions, the quantity of the drugs delivered is 

restricted by the solubility of the drugs and the volume of the solution. Thus, not every 

drug could be practically delivered in solution forms, restricting the choice of drugs 

applied in pericardial delivery. To prevent a huge disruption of the pericardial fluid 

homeostasis, intrapericardial pressure and volume, a pump and drainage system could be 

used. However, this method required intrathoracic tubing and a stoma on the thoracic 

cavity, which associates with infection risks and complications. Therefore, the use of 

nanogels in intrapericardial delivery is proposed to overcome these limitations and 

promotes intracellular uptakes.  
 

1.9.1. Overview of nanogels 

Nanogels, also known as hydrogel nanoparticles, are nanosized particles comprised 

of a network of hydrophilic polymers (hydrogel). They are mostly spherical but 

could sometimes be irregular in shape. They also have a three-dimensional 

hydrophilic structure containing voids that allow encapsulation of active 

pharmaceutical ingredients, ranging from small molecule drugs to macromolecules 

such as peptides, proteins, and genes. They are formed by crosslinking hydrophilic 

natural and/or synthetic polymers either physically or chemically and possess strong 
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water-holding ability without self-dissolution or self-disintegration. Key properties 

of nanogels, including size, surface potential, polydispersity, porosity, mechanical 

robustness, and degradability can be optimized by the chemical composition and 

fabrication process, resulting in versatile architectures ranging from simple 

homogenous particles, as shown in Figure 1-10, to co-axial multi-laminar particles 

(e.g., core-shell particles).   

 

 
Figure 1-10. A schematic diagram showing the structure of a homogenous 

nanogel. The polymer chains were crosslinked to form a nanosized 3D matrix, of 

which the drugs were encapsulated. (Created with Microsoft PowerPoint) 

 

Nanogels possess similar advantages as other polymer drug delivery systems, 

including protecting the drug cargo from metabolism. Therefore, this approach is 

useful for protecting fragile therapeutics, such as proteins, enzymes, and genes, as 

well as prolonging the circulation half-lives of the APIs. Besides, nanogels could 

also be deployed to encapsulate the toxic APIs, protecting the body from the drugs, 

maximizing the therapeutic window, and minimizing the side effects. Moreover, like 

other polymeric carriers, the properties of the nanogels, including size, surface 

potential, polydispersity, porosity, hardness, and degradability could be optimized 

with the polymer, the chemical composition of the formulations as well as the 

fabrication processes. In common with other nanocarriers, targeted delivery could be 

achieved passively via enhanced permeation and retention effects (EPR) or actively 

via the ligands conjugated on the polymer. Thus, cellular uptake and intracellular 

trafficking of the nanogels are feasible [172]. 

 

As discussed above, intrapericardial delivery is undoubtedly invasive. The use of 

minimally invasive techniques, such as the use of needles and catheters, could 
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mitigate the invasive drawback but could also restrict the dosage form available for 

the route. Therefore, only solutions, suspensions, emulsions, and injectable 

hydrogels could be administered through the narrow lumen of needles and catheters. 

Nanogel formulation is a suspension of nanoparticles in an aqueous vehicle, which 

has similar injectability as the solvent. Thus, the use of nanogels offers multiple 

advantages, which make them ideal for intrapericardial delivery - desirable 

injectability of a solution, protection of the payload from the degradation of other 

polymeric delivery systems and the ability of nanoparticles for target delivery and 

intracellular uptake. Noteworthy, nanogels remain in the early stage of development, 

with no nanogels formulations applied in the clinical setting.  

 

1.9.2. Nanogels fabricated with chitosan and its derivatives 
One of the commonly used polymers for nanogel fabrication is chitosan. It is a linear 

polycationic polysaccharide derived from chitin, which is found in the cell wall of 

fungi, exoskeletons of arthropods, and shells in crustaceans [173–175]. Chitosan is a 

co-polymer of randomly distributed D-glucosamine and N-acetylglucosamine via β 

(1-4)-glycosidic bonds as shown in Figure 1-11. It is produced from partial 

deacetylation of chitin - poly-(N-acetylglucosamine), via an alkaline treatment. 

Chitosan is economic, biodegradable, biocompatible, non-toxic and mucoadhesive 

[176]. Besides, owing to the polycationic nature, a variety of chitosan is available 

with differing polymer sizes (molecular weight and repeating units), degree of 

deacetylation and possibility of modification, allowing the materials to be optimised 

according to the need for biological applications [177]. Other chitosan derivatives, 

such as glycol chitosan, carboxymethyl chitosan and chitosan oligosaccharide, are 

also used for nanogel fabrication. Functionalisation of chitosan, such as conjugation 

at the amine, free radical formation at hydroxyl group, and ring-opening oxidation, 

changes the physicochemical properties of chitosan and thus can form nanogels 

using a different mechanism. Properties of functionalised chitosan depend on the 

group conjugated at the amine. Hydrophobic groups, including 

mercaptohexadecanoic acid [178], benzoic acids [179], caffeic acids [179], cinnamic 

acid [179] and deoxycholic acid [180], were grafted on the chitosan, which made the 

polymer more hydrophobic and less hydrophilic.  
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Figure 1-11. Structure of chitosan. It is a copolymer of randomly distributed D-

glucosamine and N-acetylglucosamine via β (1-4)-glycosidic bonds. (Created with 

ChemDraw 20.1) 

 

1.9.3. Chitosan-derived nanogel fabrication methods 

1.9.3.1. Mixing 

Mixing, in generalisation, is a process of mass transport and brings different solutes 

into contact. The use of mixing in nanogel fabrication brings the polymer and 

crosslinkers in the solution to contact with each other, which increases the contact 

surface between two chemical entities and increases the probability of colliding with 

each other for interactions. Therefore, the mixing process helps to spread the solutes, 

form a homogenous solution as well as drive the interactions between solutes, in 

terms of reaction rate. Mixing is the most extensively used method in producing 

chitosan nanogels. The simplest and most convenient method employed for mixing 

is stirring, where the chitosan or its derivatives solution is stirred with the 

crosslinkers solution. A more advanced and controllable technique, microfluidics, 

can be used in nanogel fabrication. Microfluidics is a manipulation of fluids in a 

geometrically confined space with a sub-millimetre scale where the capillary 

penetration governs the mass transport. Microfluidics provides precise control and a 

large surface-to-volume ratio, which allows effective mass transfer, improving the 

mixing efficiency in contrast to stirring. Besides, it is a continuous manufacturing 

process, which could minimise the batch-to-batch variation and can be scaled up 

easily.  
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1.9.3.2. Microemulsion and nanoemulsion templating  

Micro-/nanoemulsion templating is an advanced method for fabricating nanogels. 

Micro-/nanoemulsion is a thermodynamically stable colloidal system containing 

micron/ nano-sized droplets. This technique utilises the architecture of the droplets 

as a template for nanogel fabrications, which requires two immiscible fluids and 

surfactants to form emulsion droplets, followed by the addition of crosslinkers. The 

advantage of using micro-/nanoemulsion templating is that the fabrication is routine 

and simple, but the process is inefficient, which requires massive quantities of 

surfactants and solvents for fabrication, as well as an extra step to remove the 

surfactants. The templating method used to produce chitosan nanogels is a water-in-

oil approach. Water-in-oil (W/O) micro-/nanoemulsion is micro/nano-sized aqueous 

droplets suspended in an oil phase. The droplets are usually used as micro-

/nanoreactors for crosslinking polymer in a confined space, a mild and controlled 

condition. For example, chitosan and derivatives contained microemulsion and 

crosslinkers microemulsion was prepared by dissolving chitosan (and its derivatives) 

and crosslinkers e.g., genipin [181,182], tartaric acid, and poly(ethylene glycol) 

dicarboxylic acid (via EDC and NHS coupling) respectively in n-hexanol and 

cyclohexane [183]. Surfactant Triton X-100 was added dropwise into the 

microemulsion and thus the microemulsions were mixed under stirring. Nanogels 

were precipitated by ethanol and separated by centrifugation.  

 

1.9.3.3. Radical polymerisation  

Radical polymerisation is mostly used for co-polymer nanogels comprised of 

polyacrylic acid, polyacrylamide, and derivatives. Free radical polymerization is 

started by an initiator, which is a strong oxidizing agent, plasma, or radiation. The 

first step involves the transfer of radicals to the monomer, generating free radical 

monomers. The polymer is formed by the addition of the non-radical monomers 

(alone or comonomers) to the free radical monomers or chains. Monomers must 

contain an electron-rich allyl group for radical polymerisation. Highly controlled 

methods for radical polymerization are available [184]. However, as chitosan does 

not naturally contain any vinyl group for free-radical polymerization, it has to be 

activated to form free radicals or functionalised with a vinyl group, before free 

radical copolymerisation. Therefore, copolymerisation with acrylic acid is a more 
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common approach. Duan et al. reported self-assembly nanogels composed of a 

copolymer of chitosan and poly(N-isopropylacrylamide) (PNIPAm) for delivery of 

oridonin [185]. Chitosan formed a free radical by reacting with a free radical initiator 

ammonium persulfate. N-isopropylacrylamide, the building unit for PNIPAm, and 

the crosslinker - N, N-methylene bisacrylamide were then added and copolymerised 

with the chitosan free radicals. The copolymer was eventually sonicated to form 

nanogels.  

 

1.9.3.4. Self-assembly  

Self-assembly of nanogels is an approach where the polymers are self-interacting 

with each other to form a network and condense into nanosized particles. The 

majority of the self-assembly nanogels require the polymers to be amphiphilic. Most 

chitosan-based self-assembly nanogels require functionalisation of chitosan or its 

derivatives which have both cationic and anionic moieties such as O-carboxymethyl 

chitosan. Amide linkages between the amine group of chitosan and the carboxylic 

acid group from organic acids also introduced the hydrophobic moiety on the 

polymer, such as mercaptohexadecanoic acid [178], EDTA [186], benzoic acid 

[179], caffeic acids [179], cinnamic acid [179], and deoxycholic acid [180]. When 

the functionalised chitosan is dropped into the polar medium, such as under aqueous 

conditions, the hydrophobic groups on chitosan tend to interact with themselves, to 

minimize the exposure to polar solvent. As for chitosan with both cationic and 

anionic moieties, these moieties will interact with each other and form a polymer 

network, and the interactions between these moieties are pH dependent. Thus, the 

polymer network condenses into a nano-sized particle and encapsulates the drugs 

present in the solution.  

 

1.9.4. Crosslinking in nanogels fabricated with chitosan and its derivatives 
Crosslinking can be subdivided into physical and chemical crosslinking, where 

chemical crosslinks involve covalent bonds. Meanwhile, physical crosslinks are 

formed by non-covalent interactions, such as electrostatic interactions (including 

hydrogen bonds) and hydrophobic interactions.  
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1.9.4.1. Physical crosslinking 

Ionic gelation is the most extensively used method in producing nanogels, with 

charged polyelectrolyte polymers crosslinked by oppositely charged ions. Ionotropic 

gelation refers to the polyelectrolyte complexation, in which a polycation interacts 

with polyanions to form nanogels and vice versa [187]. Chitosan is a good example 

of illustrating ionic and ionotropic gelation. Chitosan is usually crosslinked via ionic 

gelation with sodium triphosphate pentabasic (TPP) and glycerol β-phosphate, 

between the positively charged amine group and the negatively charged phosphate 

group. Furthermore, it can also form nanogels with polyanions, including alginate 

and hyaluronic acid. The electrostatic interactions between polymer and crosslinkers 

are strong. However, there is a fine balance in crosslinking, where precipitation will 

occur if the interaction is too strong. Conversely, the 3D conformational structure 

could not be maintained in dissolution if the interaction is too weak [188]. Although 

hydrogen bonding is a type of weaker electrostatic interaction, hydrogen bonds have 

a significant role in crosslinking especially in temperature-responsive nanogel, but 

not in chitosan-based nanogels. For example, Chen et al. developed thermal 

responsive nanogels made of poly(2-ureido-4[1H]pyrimidinone (UPy) functionalised 

polyethylene glycol methacrylate-co-N-isopropyl acrylamide) [189], of which the 

nanogels were crosslinked by the multiple hydrogen bond (MHB) arrays between the 

2-ureido-4[1H]pyrimidinone groups grafted on the polymers. Furthermore, Ding et 

al. established DNA-g-polycaprolactone nanogels for siRNA delivery, where the 

siRNA was used to crosslink the DNA brush grafted on the polycaprolactone, via the 

MHB arrays between the complementary sequence on the DNA brushes and siRNA 

[190]. 

 

Furthermore, polymer chains can be crossly linked by hydrophobic interactions. As 

nanogels are hydrophilic, crosslinking via hydrophobic interactions could only 

happen when the polymer is amphiphilic, i.e., a hydrophobic group was grafted onto 

the polymer, or the polymer is a copolymer having both hydrophilic and 

hydrophobic moieties. Thus, the polymer would be self-assembled into nanogels 

under aqueous conditions by the electrostatic or hydrogen bonds between 

hydrophilic moieties, as well as the hydrophobic interactions between the 

hydrophobic moieties and weak Van der Waal's forces between the polymers. Duan 
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et al. also reported self-assembly nanogels composed of a copolymer of chitosan and 

PNIPAm for delivery of oridonin. Therefore, this type of crosslinking is mostly used 

in the self-assembly of nanogels [185]. 

 

1.9.4.2. Chemical crosslinking 

Chemical crosslinking involves covalent bonding between polymers. For example, 

chitosan can be crosslinked by glutaraldehyde and genipin (GP) as shown in Figure 

1-12. Genipin is a natural crosslinker, extracted from gardenia fruits, that may 

crosslink various polymers including proteins, collagen, gelatine, and chitosan [181]. 

However, the crosslinking mechanism of genipin is pH-dependent, with genipin 

undergoing ring-opening polymerisation before crosslinking to chitosan under basic 

conditions. Genipin reacts with the amine group on chitosan to form heterocyclic 

amines, and subsequently associates to form crosslink networks. Therefore, the 

crosslinked bridge is shorter in acidic conditions (usually a dimer, trimer, or 

tetramer) than in basic conditions with 7-88 monomer units [191]. Pujana et al. 

reported that a chitosan nanogel was successfully prepared via reverse 

microemulsion and genipin crosslinking [181], with a mono-distribution of particle 

sizes. Glutaraldehyde, a dialdehyde, is a cold-sterilant that are commonly used in 

hospitals. It is capable of crosslinking proteins or amine-containing polymers. 

Crosslinking is formed between the amine group on chitosan and the dialdehyde 

group on glutaraldehyde. It was the most used crosslinker for covalent bond 

formations, but its use is associated with toxicity, and it is an irritant to the eyes, 

mucous layers, and skin. Other chemical crosslinkers are also bi-functional, 

including diisocyanate, diepoxy [43], dialdehyde [192], and dicarboxylic acid [183] 

were used to covalently crosslink chitosan.  
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Figure 1-12. Cross-linking scheme of chitosan with (A) genipin and (B) 

glutaraldehyde [193]. 

 

1.9.5. Chitosan-TPP nanogels 
Chitosan-TPP nanogels were used as the drug carrier system for this project, which 

is formed by crosslinking chitosan with TPP. Chitosan offers several advantages for 

nanogels fabrication as it is economic, biocompatible, biodegradable, and non-toxic, 

and with a variety of possible chemical modifications and intrinsic properties such as 

polymer size and degree of acetylation, where the formulation could be optimised 

[193]. Moreover, chitosan is a polycation, which could be used to complex with 

genes or other anionic peptides or proteins. The use of cationic polymer can also 

facilitate the intracellular uptakes of the nano-carrier [194,195]. On the other hand, 

TPP is non-cytotoxic, which is a better choice than the toxic counterpart 

glutaraldehyde. Any residual glutaraldehyde could also possess issues in vivo, as it 

could crosslink with other amine-containing proteins, cells, and tissues, leading to 

damage. The use of non-toxic and biodegradable materials could minimise an 
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immune response against the carrier and allow the removal of empty nanocarrier 

from the body.  

 

In terms of the fabrication process, they can be fabricated with stirring [196] or 

microfluidics [197]. This method allows even distribution of crosslinkers in the 

solution and prevents instantaneous gelation. They are also relatively simple 

compared to other fabrication methods, especially via chemical crosslinking using 

glutaraldehyde, and radical polymerisation in the production of PNIPAm nanogels. 

Moreover, chitosan-TPP nanogels are generally safe and have been researched 

extensively in the literature for various applications [198–206]. They are also 

capable to deliver a wide range of payloads. For example, small molecule drugs, 

photosensitizers, proteins, and genes were successfully delivered to cells and animals 

with the use of chitosan-TPP nanogels as a carrier [197,202,203,205–208]. 

Furthermore, crosslinking chitosan and TPP provides mechanical strength, 

compatibility, and durability to the nanogels. These nanogels could be modified by 

coating and surface modifications, offering a versatile architecture for different 

applications. For example, alginate and polysorbate 80 were used in coating the 

chitosan-TPP nanogels for transmucosal delivery [209] and brain delivery [201] 

respectively. Thus, the chitosan-TPP nanogels could be easily modified to tailor for 

the delivery purpose.  

 

1.10. Aim of the thesis 
Throughout the above literature review, it is clear that there are significant unmet 

clinical needs in the treatment of myocardial infarction to achieve the repair and 

regeneration of damaged cardiomyocytes. Although various active agents such as 

peptides, proteins, genes, and cells have been explored elsewhere there is a need to 

establish effective localised delivery to the heart. Intrapericardial delivery is a novel 

delivery route that offers numerous advantages over other delivery routes. Owing to 

the invasiveness of the access routes, minimally invasive techniques using needles 

and catheters are preferable, but this introduces limitations onto the choice of 

formulations, where the formulations need to be compatible with these devices. 

Nanogels are potentially an ideal formulation for minimally invasive pericardial 
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delivery as they could be injected via the small bore of needles and catheters, 

promote intracellular uptakes, and offer protection to the payloads from degradation.  

 

To address this hypothesis, the overarching aim of the project was to develop a novel 

nanogel suitable for the delivery of drugs into the pericardium via minimally 

invasive techniques for the treatment of myocardial infarction. The intention was to 

develop new insight into the fabrication process and drug encapsulation in nanogels, 

where the properties of nanogels could be tuned and predicted, and potentially utilise 

these nanogels for drug delivery into the pericardium. The initial aim of the project 

was to establish the set-up, fabrication process, and characterisation methods for the 

chitosan-TPP nanogels. The subsequent aim was to identify parameters influencing 

the properties of nanogels, optimise the nanogels formulation and fabrication 

condition, and develop insights into drug encapsulation in the nanogels. After 

obtaining an optimised nanogels formulation, the aim shifted to evaluate the 

cytotoxicity of the nanogels and to utilise the epicardial cells as an in vitro testing 

platform for intrapericardial delivery. During the in vitro cell studies with epicardial 

cells and other cells, the model drug - propranolol was found to be cytotoxic and 

thus peptide Ac-SDKP was used as the new payload. Thus, the aim progressed to 

develop a novel HPLC method suitable for formulation development purposes to 

assay the peptide. The final aim of the project was to develop a novel nanogel 

formulation for the delivery of an anti-fibrotic peptide to the pericardium that is 

intended to attenuate cardiac fibrosis and inflammation post-myocardial infarction.  

 
1.11. Key Objectives 

• To optimise the fabrication process and formulation for the chitosan-TPP 

nanogels using propranolol as a model drug. 

• To evaluate the possibility of applying the Design of Experiments (DOE) models 

in other drugs and investigate the drug encapsulation mechanism in the nanogels. 

• To evaluate the cytotoxicity of the nanogels via cell studies and explore the 

potential of using epicardial cells as an in vitro testing platform for intrapericardial 

delivery. 
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• To develop a novel HPLC method that is suitable for pharmaceutical assessment 

for the anti-fibrotic peptide Ac-SDKP via an analytical quality by design (AQbD) 

approach.  

• To develop a novel guanidylated chitosan-TPP nanogels for delivering the anti-

fibrotic peptide Ac-SDKP. 

 

1.12. Thesis overview 
The thesis is structured into the following chapters. 

 

Chapter 2 – Fabrication of propranolol-loaded chitosan-TPP nanogels via 

stirring and characterisations of raw materials and nanogels 

Four propranolol-loaded chitosan-TPP nanogels formulations were prepared by 

stirring. This chapter aims to determine whether the fabrication setup, fabrication 

method, assay methods, and lyophilisation were suitable for this project. Moreover, 

the nanogels were characterised using a variety of analytical techniques to determine 

the properties and performance of the nanogels formulation. Solid state 

characterisation techniques were tested on the raw materials and freeze-dried 

nanogels to understand the properties of these materials. 

 

Chapter 3 – Modelling the effects of formulation, processing factors and drug 

loading on the structure and properties of nanogels 

This chapter focuses on developing a tuneable nanogel system with predictable 

properties using a DOE approach. The effects of the formulation, drug loading, and 

the processing factors in fabrications on the nanogels properties were determined. 

Optimal formulation and fabrication conditions were identified. The mechanism of 

drug loading in the nanogels and the predictability of the DOE models on other 

drugs were explored.  

 

Chapter 4 – Determining the cytotoxicity of the propranolol-loaded nanogels 

using in vitro cell cultures 

This chapter focused on the delivery of the propranolol-loaded nanogels in vitro. The 

cytotoxicity of the propranolol and propranolol-loaded nanogels was established in 

the epicardial cells, cardiomyoblasts and fibroblasts.  
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Chapter 5 – Developing an HPLC-UV method for quantification of the 

antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-proline 

Despite the antifibrotic tetrapeptide N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) 

having multiple potential clinical applications, a simple quantification method for the 

peptide, which was compatible with the phosphate buffer as the matrix, was lacking. 

Current quantification methods involve extensive sample preparations and are not 

compatible with the samples in phosphate buffer saline, where in vitro drug release 

test is performed in. This chapter focuses on developing and validating a novel and 

simple HPLC-UV method for the quantification of Ac-SDKP.  

 

Chapter 6 – Developing guanidylated chitosan-TPP nanogels as a novel drug 

carrier for intrapericardial peptide delivery  

This chapter focuses on developing a new nanogel system with guanidine grafted 

chitosan to increase the solubility at physiological pH and minimise the degradation 

of peptides due to pH during fabrication. Formulations in Chapters 2 and Chapter 3 

were also found to precipitate in the in-vitro drug release study, which raised 

questions about how stable the nanogels are in the pericardial fluid and how to 

prevent the agglomeration of nanogels. To address this, functionalised chitosan is 

formed by replacing the amine group on chitosan with a physiologically cationic 

group, which in theory creates stronger interactions with the crosslinker and 

improves the stability of the nanogels. Several properties and performances of the 

nanogels formulation were measured to compare with the nanogel formulation 

fabricated with the unfunctionalised chitosan. Based on the correlation established in 

Chapter 3, where size correlated with LogP of the payload, a structurally similar 

molecule, lisinopril, was used as the model drug to establish the optimal 

experimental condition. Ac-SDKP were then used for the nanogel fabrication and the 

nanogels were tested as a treatment to attenuate cardiac fibrosis post-MI. 

 

Chapter 7 – Conclusion and Future Works 

This chapter provides a summary of the main conclusions that can be drawn from the 

experiments performed during this project and highlights areas of the research that 

require further investigation. 
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2. Fabrication of propranolol-loaded chitosan-TPP 

nanogels via stirring and characterisations of raw 

materials and nanogels  
 
2.1. Introduction 
Chitosan and sodium triphosphate pentabasic (TPP) nanogels are the most 

extensively explored systems, as it only requires mild fabrication conditions to form 

nanogels via ionic gelation as described in Section 1.9.4.1. Both chitosan and TPP 

were non-toxic materials, where chitosan is a linear polycationic polysaccharide 

derived from chitin found in the cell wall of fungi, exoskeletons of arthropods, and 

shells in crustaceans [173–175]. As it is a biodegradable and biocompatible, non-

toxic, and mucoadhesive material [176], it is suitable for drug delivery. TPP is also 

non-toxic and the interaction with the chitosan is spontaneous. Owing to these 

advantageous properties of easy fabrication and biocompatibility, chitosan-TPP 

nanogels were used as the starting point of the project, as the first formulation to be 

investigated. 

 

Nanogels were fabricated using magnetic stirring in this project, where the efficient 

mixing or stirring of the chitosan and TPP solutions was achieved by the flow 

motion generated by the rotating magnetic stirrer, as shown in Figure 2-1. The TPP 

solution, which is miscible with the chitosan solution, is added dropwise into the 

chitosan solution under stirring, and thus the two solutions are mixed continuously. 

Stirring was chosen as the manufacturing technique as the technique is less labour 

intensive. Moreover, a few processing factors could be optimised, such as stirring 

speed and temperature. On the other hand, only small volumes of nanogels could be 

produced using a vortex while the stirring rate is also fixed, which makes the vortex 

a less attractive method for nanogels production. Despite the widespread use of 

magnetic stirring in nanogels production, the mechanism of the mixing was not well 

understood and explored in literature. Thus, the mechanism of mixing for nanogel 

fabrications is first explored with fluid mechanics in this chapter.  
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Figure 2-1. Illustration of the set-up of magnetic stirring used in the fabrication of 

the nanogels. TPP solution was added dropwise using a pipette into the chitosan 

solution under constant stirring. The TPP solution droplets were dispersed by the 

vortex generated from the rotating magnetic bead, which allowed chitosan and TPP 

dispersed in the solution. The mixing and crosslinking occurred spontaneously and 

formed the nucleus. Particles grew with more crosslinking. The diameter of the 

magnetic bead used should be smaller than the diameter of the container. (Created 

with Microsoft PowerPoint) 

 
Nanogel fabrication is governed by two key components – the mixing and gelation 

process. To describe the mixing processing, the flow of solutions under magnetic 

stirring may be described by the Rankine Vortex model, which is a simple 

mathematical model of a potential vortex in a viscous fluid [210]. In brief, there are 

two different flow regions in the model - a rigid inner core vortex and a free 

(irrotational) vortex in the model, as shown in Figure 2-2. The radius R is the radius 

of the forced vortex and subsequently the radius of the solid body – the stirrer, while 

the radial distance r denotes the distance from the vortex core, with the maximum 

equivalent to the radius of the cylindrical container. Vθ is the tangential velocity of 

the flow. In the inner core, where the radial distance r < R, the rigid body rotation 

takes place, which means the motion resembles the solid-body motion (i.e., Rotation) 

in the core vortex. On the other side, the tangential velocity correlates with the radius 

r inversely in the free vortex. Moreover, a break appears at r = R in the Rankine 

model [211]. The reason for using the Rankine model to describe the mixing process 

is that the stirring system of nanogels fulfilled the descriptions for the model. For 

instance, chitosan solution is viscous, although the viscosity is dependent on the 

molecular weight of the chitosan and the concentration used. Moreover, the vortex is 

generated by the rotation of a solid body (i.e., magnetic bead) and the solution is 

stirred in a cylinder larger than the radius of the rotating object. Noteworthy, the 

Stirrer

TPP solution

Chitosan solution

Magnetic bead
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model is simple and capable of accurately describing the geometry of the vortex in a 

2D manner. However, the stirring of solutions happened in a 3D space in reality. 

Thus, the flow also exhibits a toroidal motion, where a downward jet is formed on 

the axis of the vortex and upward streams are at the outer walls [210]. The toroidal 

flow also helps mix the solutions in the vertical axis - z.  

 

 
Figure 2-2. Illustration showing (a) the velocity distribution and (b) the free surface 

of the vortex in the Rankine model. (Adapted from [212]) 

 
The second important process is gelation, which is governed by the interaction 

between the chitosan and the crosslinkers. Several types of ionic gelation were 

discussed in Section 1.9.4.1. In this project, chitosan is a cationic polymer while the 

crosslinkers - TPP, carry the opposite charge. The two components interact via 

electrostatic interactions, and thus the gelation only happened when the two 

components were at a close distance. The gelation process of nanogels could simply 

be described by nucleation. When the TPP solution is added dropwise into the 

chitosan solution under stirring, the mixing happens simultaneously. On a molecular 

level, chitosan is spatially and molecularly dispersed in the solution before the 

addition of TPP. When TPP is added gradually, the concentration of TPP in the 

mixture slowly increases, while the concentration of chitosan reduces due to dilution. 

At diluted concentrations, the two components are still dispersed in space and thus 

the probability of the interaction is low. When more TPP solutions are added, the 

two components are closer in space as the TPP concentration is higher, leading to a 

higher probability for ionic interactions and forming a nucleus. Moreover, the 

gelation process is also controlled by the diffusion, as the chitosan and the 

crosslinker's movements are governed by the concentration gradient. Thus, the 

diffusivities of these components are also crucial in the process, which is dependent 
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on the temperature and the dynamic viscosity of the solution according to the Stoke-

Einstein equation – Equation 2-1, with the assumption that they are spherical. When 

the distance between the two components is close enough, the gelation process will 

then be initiated. The nucleus is formed and the nanogels are grown from this 

nucleus [213]. Combining the Rankine model with the gelation process, it is known 

that the velocity decays with the distance from the edge of the rotating object in the 

free vortex. Therefore, the gelation is likely to take place in this region as chitosan 

and TPP could have sufficient time to diffuse and interact. 

 

𝑫 = 𝑲𝑩𝑻
𝟔𝝅𝜼𝒓

 Equation 2-1 

Where D is the diffusion coefficient, KB is Boltzmann’s constant, T is the 

temperature, η is the dynamic viscosity and r is the radius of the spherical particle.   

 

After exploring the mechanism of mixing in stirring, the first part of this study was 

to fabricate several chitosan-TPP nanogels using the stirring method, to evaluate if 

the fabrication method, assay method for propranolol and the set-up were fit-for-

purpose. Propranolol was used as the model drug and four formulations were 

designed. Their properties in the solution state were then characterised, namely 

hydrodynamic size (Size), polydispersity index (PDI), zeta-potential (ZP), 

encapsulation efficiency (EE), and viscosity. Moreover, it is also crucial to 

understand the properties of the raw materials that were used in nanogels production, 

minimizing the variations in the properties of nanogels due to changes in the raw 

materials. Therefore, some solid-state characterization techniques were performed, 

including thermal analysis, X-ray diffraction (XRD), and Fourier-transformed 

infrared spectroscopy (FTIR).  

 

The properties of the lyophilised nanogels were also determined. Similar to other 

biopharmaceuticals, the formulation was commonly lyophilised to remove water for 

long-term storage, unless the formulation is freshly prepared before use. 

Lyophilisation of nanogels is practical, which also mitigates multiple disadvantages 

shared between nanogels solution, emulsions, and suspensions. The solution-based 

formulations are bulky to transfer and difficult to store. In addition, the use of 

aqueous vehicles also made them susceptible to microbial growth and contamination 
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as well as hydrolysis, leading to a shorter expiry date. Despite the repulsion between 

the cationic charge on the nanogel particles, they could still aggregate and precipitate 

in the solution under long-term storage. Therefore, the nanogels are freeze-dried and 

were also characterized by solid-state characterisation techniques to evaluate their 

stability and properties after freeze-drying. It is vital to understand if lyophilisation 

would alter the nanogels. Noteworthy, these characteristics did not resemble the 

stability and properties in the solution state. Therefore, the lyophilised nanogels were 

resuspended in water and the nanogel properties were recharacterized. 

 
In short, the overarching aim of this chapter was to evaluate if the assay method, 

fabrication set-up and method were suitable for producing chitosan-TPP nanogels, 

using propranolol as a model drug. The second aim was to characterize the raw 

materials and the nanogels to understand their properties. Nanogels were also freeze-

dried as it is a frequent practice for long-term storage. Therefore, the lyophilised 

nanogels were characterised using solid state techniques while the properties of the 

nanogels were determined after the resuspension of the lyophilised counterparts, to 

evaluate if the lyophilisation process alters the nanogel properties.   

 
2.2. Materials and Method 

2.2.1. Materials 

Low molecular weight (LMW) and medium molecular weight (MMW) chitosan 

were purchased from Sigma Aldrich (St Louise, MO, USA) with a molecular weight 

of 50-190 and 190-310 kDa respectively according to the manufacturer. Sodium 

triphosphate pentabasic (TPP) was purchased from Fluka (Buchs, Switzerland) while 

propranolol hydrochloride (Propranolol), deuterium oxide, and deuterium chloride 

were acquired from Acros Organics (Geel, Belgium). Glacial acetic acid was 

obtained from Fisher Scientific (Waltham, MA, USA). Sodium hydroxide pellets 

were acquired from VWR (Radnor, PA, USA). All chemicals were at analytic grade 

and used as supplied. Deionised water was obtained from PURELAB® Chorus 2+ 

machine (ELGA LabWater, High Wycombe, UK). 0.22 µm syringe filters were 

purchased from Merck Millipore (Darmstadt, Germany). 
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2.2.2. Propranolol-loaded nanogels fabrication  
Propranolol-loaded chitosan nanogels were prepared by the ionic crosslinking 

method, adapted from the method reported by Al-Kassas et al. [208]. Low and 

medium molecular weight chitosan was first dissolved in 1% acetic acid solution 

until it formed a clear solution, followed by adjustment of the pH to pH 4.5 with 

0.1M sodium hydroxide solution. Chitosan solutions were filtered through a 0.22 µm 

syringe filter before use. Propranolol HCl was weighed and dissolved in the chitosan 

solution before the addition of the TPP solution. Meanwhile, various amounts of 

TPP were dissolved in deionised water to prepare different concentrations and the 

TPP solutions were also filtered with a 0.22 µm syringe filter. An equal amount of 

TPP solution was added to the chitosan solution under stirring at room temperature. 

The solution was then stirred at 600 rpm for 1 hour. Various chitosan concentrations 

(CS), chitosan-TPP ratio (CT) and chitosan-propranolol ratio (CP) were used, and 

nanogels were prepared using four formulations shown in Table 2-1. The prepared 

nanogels were then kept in a fridge at 4 oC for further characterisation. All nanogels 

were prepared and tested in triplicate.  

 

Table 2-1. Formulations of propranolol-loaded chitosan nanogels using both LMW 

and MMW chitosan and their measured properties. Three formulations were 

fabricated with LMW chitosan - F1 was the optimal condition from Chapter 3, while 

the formulations F2 and F3 were predicted using the models to obtain sizes of 100 

and 200 nm respectively and the lowest PDI. Thus, different CS and CT were used in 

the formulation. Only one formulation was fabricated with MMW chitosan – F4, as 

the properties of nanogels fabricated using the F2 and F3 formulations with MMW 

chitosan were different from those prepared with LMW chitosan. Thus, only one 

formulation for MMW chitosan was selected. Results were obtained from three 

independent experiments (n = 3) and represented as mean ± SD. 
 
Sample 
 

Experiment conditions 
Size (nm) PDI ZP (mV) EE (%) CS 

(%)  
CS/TPP 
ratio 

CS/prop 
ratio 

LMW chitosan 
F1  0.1 3 0.5 75.5 ± 2.2 0.210 ± 0.013 31.4 ± 1.3 66.0 ± 0.9 
F2 0.15 3 0.5 97.0 ± 1.5 0.247 ± 0.009 34.3 ± 1.4 69.0 ± 6.5 
F3 0.3 5 0.5 186.8 ± 2.0 0.461 ± 0.009 40.9 ± 1.4 66.1 ± 6.2 
MMW chitosan 
F4 0.1 3 0.5 113.6 ± 5.8 0.215 ± 0.009 20.9 ± 7.2 58.9 ± 5.2 
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2.2.3. Characterisation techniques for raw materials and freeze-dried nanogels 

2.2.3.1. Thermogravimetric analysis 

The analysis was conducted on a Discovery TGA (TA Instruments, New Castle, DE, 

USA). Approximately 3 mg of sample was added in a tared aluminium pan (TA 

Instruments, New Castle, DE, USA). The samples were then heated from 40 oC to 

400 oC at a temperature ramp of 10 oC/min. Experiments were conducted at a 

nitrogen purge flow rate of 25 mL/min. Data were analysed using Trios software 

(TA Instruments, New Castle, DE, USA).  

 

2.2.3.2. Differential scanning calorimetry 

3 - 5 mg of sample was added to an aluminium pan, which was sealed with a non-

hermetic lid (Tzero, TA instrument, New Castle, DE, USA). A hole was punctured 

in the lid to release the vaporized solvent and moisture during heating. The analysis 

was carried out using a Q2000 differential scanning calorimeter (TA Instruments, 

New Castle, DE, USA). The calorimeter was calibrated for temperature using an 

indium standard before the experiment. The sample was heated directly from 0 oC to 

200 oC at a temperature ramp of 10 oC/min and under a flow of 50 mL/min nitrogen 

gas. Data were recorded with the TA Advantage software package and analysed 

using TA Universal Analysis.  

 

2.2.3.3. Fourier transform infrared spectroscopy (FTIR) 

Analysis was performed with a Spectrum 100 FTIR spectrometer equipped with an 

attenuated total reflectance (ATR) sampling accessory (Perkin Elmer, Waltham, 

USA) in the range of 650 - 4000 cm-1 and with a resolution of 1 cm-1. 

 

2.2.3.4. Solid X-ray diffraction 

XRD patterns were recorded using a Copper-source Miniflex 600 (Rigaku, Tokyo, 

Japan) over a range of 2θ from 3 - 40o. The voltage and current used were 40 kV and 

15 mA. Data was collected at a g step of 0.02o and a scan rate of 5o/minute.  

 



__________________________________________________________ 
Chapter 2 – Fabrication of propranolol-loaded chitosan-TPP nanogels via 
stirring and characterisations of raw materials and nanogels 

62 

2.2.4. Characterisation techniques for raw materials only 

2.2.4.1. Degree of deacetylation determination for chitosan using 1H nuclear 

magnetic resonance spectroscopy 

The degree of deacetylation (DA) was determined based on a method adapted from 

Lavertu et al. [214]. 1H NMR spectrums were obtained using a 400 MHz NMR 

spectrometer (Bruker, Billerica, MA, USA), at the temperature of 60 oC. The 

relaxation time was set at 30 seconds. 10 mg of chitosan samples were dissolved in 2 

mL of 2% deuterium chloride (DCl) in deuterium oxide (D2O) and the solutions 

were then transferred into a 5 mm glass NMR tube. Results were analysed using 

TopSpin software (Bruker, Billerica, MA, USA), with the integrals of the peaks 

being automatically determined. The deacetylation degree was calculated using 

Equation 2-2. The experiment was repeated three times and the results were 

presented as mean ± SD. 

 

𝑫𝑨(%) = 𝑯𝟏𝑫

(𝑯𝟏𝑫+𝑯𝑨𝒄𝟑 )
× 𝟏𝟎𝟎% Equation 2-2 

where the integral for the peak of proton H1 of the deacetylated monomer is denoted 

as H1D and that of the peak of the three protons of the acetyl group is denoted as 

HAc.  

 

2.2.4.2. Particle size analysis by laser diffraction 

Particle size distributions of the LMW and MMW chitosan powders were measured 

using a Malvern Mastersizer 3000 particle analyser using an Aero S dispersion unit 

(Malvern Panalyticals, Malvern, United Kingdom). The samples were initially riffled 

to condition the line, and then 1 g of each sample was used for measurement (n = 3). 

Span was calculated based on Equation 2-3. 

 

𝐒𝐩𝐚𝐧 = 𝑫𝟗𝟎/𝑫𝟏𝟎
𝑫𝟓𝟎

	 Equation 2-3 

where D10, D50 and D90 were the diameters of the particles at 10%, 50% and 90% 

percentile based on a volume distribution.  
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2.2.5. Characterisation techniques for nanogels only 

2.2.5.1. Transmission electron microscopy 

The shape and morphology of the nanogels were characterised using an FEI CM120 

Bio Twin Transmission Electron Microscope (TEM) (Hillsboro, Oregon, United 

State). One drop of the nanogel sample was dropped onto 200-mesh carbon lacey-

coated copper grids and stained with 1% uranyl acetate solution, followed by air-

drying at room temperature for a few minutes. The excess solution was removed 

using filter paper. Particle size distribution was performed using Image J (NIH, 

Bethesda, MA, USA). 

  

2.2.5.2. Dynamic light scattering (DLS) and electrophoretic light scattering (ELS) 

The Z-average particle diameter and polydispersity index of the nanogels were 

measured using a Zetasizer Ultra (Malvern Panalyticals, Malvern, United Kingdom) 

at room temperature using a backscatter angle of 173o. A disposable polystyrene 

cuvette was employed in the analysis. Zeta potentials were measured using U-shaped 

capillary cells (DTS 1070, Malvern Panalyticals, Malvern, United Kingdom). The 

results were measured in triplicate obtained from three independent experiments. 

 

2.2.5.3. Encapsulation efficiency of propranolol in chitosan-TPP nanogels 

Measurement of EE of propranolol was adapted from the method reported by Al-

Kassas et al. [208]. Instead of separating the nanogels via centrifugation solely, 0.5 

mL of the propranolol-loaded nanogel solutions were loaded into a 0.5 mL Amicon 

diafiltration tube (MWCO 3000; Merck Millipore, Billerica, MA, USA). The 

solutions were then centrifuged using at 14000 X g for 30 minutes at 4 oC using a 

refrigerated mini centrifuge (Heraeus Fresco 17, Thermo Scientific, Waltham, USA), 

the filtrate was isolated and assayed by a UV-Vis spectrometer (Jenway 6305, 

Vernon Hills, IL, USA). The wavelength was set at 280 nm and drug concentrations 

were calculated using a pre-determined calibration curve, as shown in Figure 2-3. 

%EE was calculated using Equation 2-4. The experiment was repeated three times 

and the results were presented as mean ± SD.  
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𝐄𝐄 = 	𝑫𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍/𝑫𝑭𝒓𝒆𝒆
𝑫𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍

× 𝟏𝟎𝟎% Equation 2-4 

where DTheoretical refers to the amount of propranolol added to the solution while DFree 

refers to the amount of propranolol present in the aliquot after centrifugation. 

 

 
Figure 2-3. Calibration curve of the propranolol hydrochloride. Each data point was 

presented as a mean value from experiments in triplicates (n = 3). Error bars were too 

small to be observed.  

 

Encapsulation efficiency was measured via an indirect method in this study, in brief, 

the proportion of the unencapsulated propranolol in solution was measured. 

However, this method has a limitation, where the drug was assumed to be either 

encapsulated or in solution. Degradation was not taken into consideration, and thus 

the encapsulation efficiency could be exaggerated if the drug was degraded. 

Moreover, the drug could be adsorbed onto the plastic surfaces, which would also be 

considered encapsulated in this method. Usually, encapsulation efficiency could be 

measured via a direct method, where the nanogels were broken up and the drug 

content was measured. However, no suitable solvent was found in the preliminary 

study to break up the nanogels, which made the direct measurement of encapsulated 

drugs unpractical.  
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2.2.5.4. Viscosity measurements of the nanogels 

The density of the nanogel samples was obtained before the viscosity measurement. 

Kinematic and dynamic viscosities of the selected propranolol-loaded nanogels were 

measured with an automated rolling ball micro-viscometer (AMVN, Anton Paar, Graz, 

Austria) at 25 oC, with 5 replicates at each measurement. A 1.6 mm glass capillary 

with 1.5 mm stainless steel balls was used for the measurement. All samples were 

analysed at different tube inclination angles of 50o, 60o and 70o. 

 

2.2.6. Drug release of propranolol-loaded in Chitosan/TPP nanogels 

Dissolution tests were performed in 50 mL phosphate buffer saline (PBS) (10 mM, 

pH 7.4) solution with continuous stirring at 37 oC over 72 hours. 2 mL of the 

nanogels solutions were loaded into a cellulose dialysis bag (MWCO 3500, 

volume/cm = 1.91; Fischer Scientific, Waltham, MA, USA) with both ends tied, 

followed by submerging into PBS. 1 mL aliquots were withdrawn at certain time 

points and an equal volume of fresh preheated PBS solution was added to maintain a 

constant volume. Propranolol was assayed by UV-vis spectroscopy using a UV-Vis 

spectrometer (Jenway 6305, Vernon Hills, IL, USA) as described above. Drug 

concentrations were calculated using pre-determined calibration curves as shown in 

Figure 2-3. The experiment was replicated independently three times and the results 

were presented as the mean value ± standard deviation. 

 

2.2.7. Resuspension of lyophilised nanogels 
A solution at pH 4.5 was first prepared by adding hydrochloric acid to the PBS 

solution. Lyophilised propranolol-loaded LMW and MMW chitosan nanogels were 

resuspended at a concentration of 3.33 mg/mL in the solution under ultrasonication 

for 30 minutes. The properties of the resuspended nanogels were determined. The 

difference between the nanogels before lyophilisation and after resuspension of 

lyophilised nanogels was determined with a two-way ANOVA using GraphPad 

Prism 15, with the Šidák post-hoc test for comparisons within nanogels fabricated 

from the same chitosan grade. 
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2.3. Results and Discussion 

2.3.1. Fabrication of nanogels 
Nanogels were successfully fabricated in all formulations, with the nanogels 

properties shown in Table 2-1. The size of all nanogels was smaller than 200 nm, 

while the PDI ranged from 0.210 to 0.461, showing the nanogels were moderately 

polydisperse. The zeta potential of the nanogels was between 20 mV and 40.9 mV, 

which demonstrated that the propranolol-loaded nanogels are cationic in charge and 

had good colloidal stability. The LMW chitosan nanogels had higher zeta potential 

than the MMW chitosan nanogels, resulting in better colloidal stability. Lastly, the 

encapsulation efficiency was about 60% only, which indicated the encapsulation was 

not efficient, likely due to the repulsion between propranolol and chitosan.  

 
2.3.2. Characterisation techniques for raw materials and freeze-dried nanogels 

Only two formulations of nanogels were freeze-dried and characterised. Unless 

otherwise specified in the text, the propranolol-loaded LMW and MMW chitosan 

nanogels described below denoted F1 and F4 nanogels respectively. The formulation 

was identical in these nanogels, with the only difference being the chitosan grade 

used. Therefore, they were suitable for comparing the effects of the chitosan grade. 

As for the drug-free nanogels, they were fabricated with the same formulation and 

experimental condition without propranolol.  

 

2.3.2.1. Thermogravimetric analysis  

The TGA thermogram of raw materials used in chitosan-TPP nanogel fabrication is 

shown in Figure 2-4. The thermogram demonstrated that all materials were 

thermally stable until 200 oC, with less than 10% weight loss observed under 200 oC. 

The results indicated that all raw materials and all samples are stable to heat up to 

200 oC in the differential scanning calorimetry (DSC) study.  

 

TPP has high thermal stability, with minimal weight loss observed after heating to 

400 oC, owing to the high melting point of 622 oC. A small weight loss of 1.0% 

under 120 oC, which was likely the moisture adsorbed on the power. Contrarily, a 

full loss was observed for propranolol HCl after heating over 300 oC, which 

indicated that the drug is more sensitive to heat. No water loss was observed in 
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propranolol under 120 oC, where the minimal moisture content correlated to the 

hydrophobicity of the drug. LMW and MMW chitosan exhibited a multi- and two-

step profile, with the initial weight loss starting at around 40 oC and ending at around 

85 oC, owing to the vaporization of adsorbed and bound water from the chitosan 

[215]. To figure out the moisture content in chitosan quantitatively, TGA analysis 

was performed in triplicate. Weight losses of 9.6 ± 0.2% and 9.6 ± 0.1% were 

observed for LMW and MMW chitosan respectively under 120 oC, which indicated 

that moisture adsorbed or bound to chitosan accounted for about a tenth of the total 

weight. The second stage was associated with a rapid and dramatic drop in weight 

that occurred at 280 oC and continue up to 320 oC, with about half of the weight loss 

as shown in the drug-loaded MMW chitosan nanogels. It was due to the thermal 

degradation of the chitosan. The finding is consistent with the results reported in the 

literature [216]. The degradation was higher for LMW chitosan than in MMW 

chitosan, which demonstrated the thermal stability was higher in MMW chitosan, 

probably due to higher molecular weight and stronger intermolecular interactions. 

However, as chitosan is a natural polymer, the intrinsic features of the molecule, 

especially the degree of deacetylation, would affect the water contents and thus the 

total weight loss as well as degradation temperature. Therefore, some discrepancies 

between LMW and MMW chitosan, as well as between the measured result and 

literature are expected. 

 

In contrast, multiple and similar decomposition stages were observed for the drug-

free nanogels fabricated with LMW and MMW chitosan. About 5% weight loss 

under 120 oC was observed for both drug-free nanogels, which indicated that a small 

amount of bound water remained in the freeze-dried samples or moisture was 

adsorbed on the lyophilised nanogels. The second decomposition at about 200 oC 

was due to degradation. In contrast, the weight losses under 120 oC were much 

higher in the drug-loaded nanogels, with 11.6% and 14.6% weight loss in 

propranolol-loaded LMW and MMW chitosan nanogels respectively. The results 

revealed the moisture content accounted for a substantial proportion of the total 

weight of the lyophilised samples. Higher water content in drug-loaded nanogels is 

likely due to propranolol disrupting the intermolecular interactions between polymer 

and crosslinkers. Subsequently, the polymers and crosslinkers interacted with the 
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water and retained the water. The MMW chitosan nanogels had higher moisture due 

to the stronger interaction with water. The higher the molecular weight, the larger the 

surface area for interaction, and thus the stronger the interaction.  

 

Similarly, the propranolol-loaded MMW chitosan nanogels were more thermally 

stable than the LMW counterpart, with lower weight loss over 120 oC. The widening 

difference in weight loss between the two nanogels when the temperature increased, 

demonstrated the propranolol-loaded LMW chitosan nanogels were more susceptible 

to the high temperature. It is likely due to weaker interactions between chitosan and 

crosslinker in LMW chitosan nanogels. In short, the results indicated that the thermal 

stability of lyophilised nanogels varied with the chitosan grades that the nanogels 

were fabricated from. 

 

 
Figure 2-4. TGA thermogram of the raw materials and freeze-dried nanoparticles. F1 

of the propranolol-loaded LMW chitosan-TPP nanogels was characterised. Chitosan, 

drug-loaded and drug-free nanogels demonstrated multi-stage degradations, while 

propranolol demonstrated a sharp degradation at 200 oC. No degradation was 

observed for TPP within the temperature range. 
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2.3.2.2. Differential scanning calorimetry  

DSC thermograms of propranolol hydrochloride, TPP, LMW and MMW chitosan, 

freeze-dried drug-free and drug-loaded nanoparticles using a single heating method 

are shown in Figure 2-5. Propranolol shows a sharp melting peak at 164.5 oC, which 

confirms its crystalline nature as reported in the literature [217]. No melting peak is 

observed for LMW and MMW chitosan, which demonstrated that the materials are 

mostly amorphous. Board peaks at 107.3 and 99.0 oC in LMW and MMW chitosan 

respectively were likely due to vaporization of the moisture adsorbed or bound to 

chitosan. The peak temperature was lower in MMW chitosan than in LMW chitosan, 

which demonstrated more loosely bound water was present in the former. TPP 

exhibits two endothermic peaks at 112.6 oC and 190.5 oC. A larger temperature 

range (up to 300 oC) is required to see the full profile as an endothermic peak is 

observed at around 200 oC. The first peak at 112.6 oC was likely due to the 

evaporation of bound water. Similar to chitosan, a broad peak was observed at 68.1 

and 72.0 oC in the drug-free nanogels fabricated with LMW and MMW chitosan 

respectively, which was shifted from 99.0 and 107.3 oC in the LMW and MMW 

chitosan. The peak likely corresponds to water, which is less bound in the freeze-

dried nanogels than in chitosan. The broad peak was less obvious in propranolol-

loaded nanogels, which indicated that the water is also held but to a lesser degree. 

The peaks at 161.6 and 117.0 oC in propranolol-loaded LMW and MMW chitosan 

nanogels probably correspond to the propranolol, which was shifted from 164.5 oC. 

The slight shift of the peak in LMW chitosan nanogels was due to the presence of 

other components in the formulation, while the peak intensity was smaller due to a 

much lower content of propranolol present in the sample. The peak in MMW 

chitosan nanogels was likely shifted from 164.5 to 117.0 oC, which echoed the TGA 

results showing the lower thermal stability of the propranolol-loaded MMW chitosan 

nanogels.  
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Figure 2-5. DSC thermogram of the propranolol hydrochloride, TPP, LMW chitosan, 

freeze-dried drug-loaded and drug-free nanoparticles using a single heating method.  

 

2.3.2.3. Fourier transform infrared spectroscopy 

Figure 2-6 shows the IR spectrum of the individual components of the nanogels, as 

well as both propranolol-loaded and drug-free nanogels fabricated with LMW and 

MMW chitosan. In the spectra of LMW chitosan, strong bands around 3290 and 

3356 cm-1 are associated with O-H and N-H stretching and intramolecular hydrogen 

bonds, while the peak at around 2870 cm-1 corresponds to asymmetric C-H 

stretching. Slight shifts of peaks were observed in the MMW chitosan. Similar bands 

at 3288, 3371 and 3414 cm-1 were observed in the freeze-dried chitosan nanogels 

which also correspond to these intramolecular hydrogen bonds. The symmetric C-H 

stretching was not obvious in the spectra, as no peak was observed around 2900  

cm-1. N-acetylation of chitosan was confirmed with the band at 1642-1650 cm-1 and 

1323-1420 cm-1, which are the C=O stretching of amide and C-N stretching of amide 

respectively, as well as the peak at around 1590 cm-1 which corresponds to the N-H 

bending. The strong bands at 1027-1067 cm-1 are associated with the C-O stretching. 

The spectra agree with the results reported in the literature [218,219]. 
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In the IR spectrum of propranolol, a band at 3277 cm-1 corresponds to the O-H 

stretching with intramolecular hydrogen bonds, but the N-H stretching with 

intramolecular hydrogen bonds was less obvious at 3221 cm-1 in the spectrum. A 

peak at 796 cm-1 corresponds to the naphthalene in propranolol while the aryl alkyl 

ether is associated with the peak at 1266 cm-1 [215]. C=C stretching in naphthalene 

is observed with a sharp peak at 1578 cm-1. The spectrum obtained agrees with other 

literature [220]. As for TPP, the band at 3326 cm-1 corresponds to the O-H stretching 

while the band at 1135 and 1209 cm-1 is associated with O-P=O and P=O stretching, 

respectively [221]. A sharp peak at 1094 cm-1 corresponds to P-O stretching. The 

sharp peak at 1255 and 1269 cm-1 were present in the drug-free and propranolol-

loaded nanogels respectively, which are indicative of the P=O bond in TPP within 

the nanogel structure, albeit shifted from 1209 cm-1 in TPP alone as a result of the 

interaction with chitosan [197]. Drug-free nanogels fabricated with LMW chitosan 

exhibited sharper peaks at 1558 and 1648 cm-1 compared to the LMW chitosan, 

which showed that the complexation of LMW chitosan with TPP is likely to 

influence the chemical interaction between chitosan. In contrast, the peaks at 1522 

and 1638 cm-1 in drug-free nanogels fabricated with MMW chitosan were less sharp 

than its counterpart fabricated with LMW chitosan, which illustrated the 

complexation between MMW chitosan and TPP was less strong compared to LMW 

chitosan and TPP. Moreover, the C-O stretching of either group in chitosan was 

observed at 1087cm-1, which shifted to 1009-1069 and 1018-1019 cm-1 in the drug-

free and propranolol-loaded nanogels. The shift was similar to the reported literature 

[197]. Moreover, several distinct peaks for propranolol at 776, 795, and 1269 cm-1 

were present in propranolol-loaded nanogels, which were not observed in the drug-

free nanogels. In conclusion, the IR spectrum confirms the presence of the individual 

components in the nanogels and structural change of the nanogels after encapsulation 

and loading of propranolol was not observed. 
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Figure 2-6. FTIR spectrum showing the components of the formulation individually, 

freeze-dried unloaded nanogels and the propranolol-loaded nanogels. 

 

2.3.2.4. X-ray powder diffraction 

The physical forms of raw materials and nanogels were assessed by XRD, with the 

results shown in Figure 2-7. Propranolol is a crystalline material, with strong peaks 

at 2θ = 8.3o, 12.8o, 21.2o and doublets at 16o, 19o and, 25o. The result agrees with the 

study by Fernandes et al. [217]. X-ray diffraction patterns of both LMW and MMW 

chitosan exhibited broad peaks at 2θ = 10° and 2θ = 20°. The result is also in 

agreement the with XRD analysis of chitosan reported in the literature and indicates 

that the chitosan has a low degree of crystallinity rather than being amorphous 

[222,223]. TPP is crystalline, with sharp peaks observed in the diffractogram. 

However, it has two crystalline forms – phase I and II [224]. Phase I hydrates 

quickly in the atmosphere and is the stable form at high temperatures while phase II 

hydrates less readily and is thermodynamically stable at low temperatures [224]. 

Three peaks at 2θ = 23.7o, 24.1o and 24.7o are observed in the diffractogram, which 

are the characteristic peaks for phase II TPP [225]. With the IR result shown above, 

the presence of two phases in the sample is demonstrated. However, only small 
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bands are observed at the 2θ of around 22o and 29o in the XRD diffractogram, which 

indicates the majority of TPP is in phase II form, with only a small amount of phase 

I present. 

 

The nanogels exhibited a mixture of amorphous and crystalline materials, especially 

in the propranolol-loaded nanogels. Nanogels fabricated with LMW and MMW 

chitosan exhibited similar diffractograms. Two board peaks observed in chitosan 

disappeared, which is in agreement with the previous literature [226,227]. No Bragg 

reflection but two small board peaks were observed at 2θ = 10° and 2θ = 18° in 

drug-free nanogels, with much smaller intensity compared to unreacted chitosan. 

The disappearances indicated that the crosslinked chitosan was amorphous, and the 

crystallinity was lost due to the crosslinking with TPP, as a structure with a dense 

network of TPP crosslinked chitosan was formed [228]. However, only the former 

halo was present in the propranolol-loaded nanogels. Additional peaks with low 

intensities were observed at 2θ = 13, 16, 22, and 23o in both propranolol-loaded 

LMW and MMW chitosan nanogels, which are likely due to a small amount of 

propranolol crystal present. However, they were shifted slightly from those in the 

diffractogram of propranolol. The intensity of these peaks was weaker than those 

observed in propranolol crystals due to the smaller amount of propranolol present in 

the nanogels. Hence, the freeze-dried propranolol-loaded nanogels were a solid 

dispersion of amorphous crosslinked chitosan-TPP structure and crystalline 

propranolol.  
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Figure 2-7. X-ray powder diffraction patterns of the various raw materials used in 

chitosan-TPP nanogels fabrication. 

 

2.3.3. Characterisation techniques for raw materials only 

2.3.3.1. Determination of deacetylation efficiency of chitosan using 1H nuclear 

magnetic resonance 

Various temperatures and relaxation times were used in the NMR to obtain a decent 

quality NMR spectrum. First, measurements were performed at elevated temperatures 

as the peak of H1D overlapped with the solvent peak HOD at room temperature. 

Shifting toward downfield for all assignations of chitosan peaks is observed in Figure 

2-8, when the temperature increases from 25 oC to 50 oC, and a further shift was 

observed when temperature increased to 60 oC. Apart from the shift in peaks, no other 

peak was observed in the spectrum at a higher temperature, which elucidated that the 

shifting was not due to degradation at a higher temperature. As the solubility of 

chitosan increased at a higher temperature [229], the possible explanation for the shift 

is that chitosan interacts more with water and less with chitosan itself. Thus, the 

protons are de-shielded and a downfield shift with all peaks of the assignment was 

observed.  
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Figure 2-8. 1H NMR spectrums of low molecular weight chitosan were performed at 

three different temperatures 298 K (25oC), 323 K (50oC) and 333 K (60oC), where 

H3-6 referred to the integration of signals from hydrogen at position 3-6, which 

included H3, H4, H5, H6 and H6’. 

 

On the other hand, different relaxation times were used in NMR measurement, as 

shown in Figure 2-9. No major change in chemical shifts of peaks was observed 

between NMR spectrums measured with 2 s and 30 s relaxation time. However, the 

peaks measured with 30 s relaxation time were sharper than the counterpart measured 

with a relaxation time of 2 s.  

 

 
Figure 2-9. An overlay of the 1H NMR spectrums was obtained for the medium 

molecular weight chitosan at 60 oC, with different relaxation times of 2 s (blue) and 

30 s (red). Chemical shifts of the peaks were not varied amongst the three runs. 

 
Therefore, the measurement was performed at 60 oC and 30-second relaxation time 

on the LMW and MMW chitosan to quantify the DA of chitosan, with the spectrum 
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presented in Figure 2-10 and Figure 2-9 respectively. The solvent (HOD) proton 

resonated at 4.7040 ppm and the chemical shifts of other protons in chitosan 

presented similarly. Chitosan peaks were assigned based on the reported literature 

[214,230,231]. H3-6 is the collection of signals from protons at H3-6 and 6’, with a 

peak at a chemical shift of 4.2093 ppm being the signal for H3, 4 and 6. The peak at 

a chemical shift of 4.0579 ppm was a signal from H5 and 6’. H1D was a doublet as 

there is only one hydrogen (H2) interacting with the H1 proton, with chemical shifts 

of 5.2070 and 5.3138 ppm. H2D is a triplet, with 2 neighbour hydrogens H1 and H3. 

The degree of deacetylation was calculated using the integrals of the peak of H1 of 

deacetylated monomer (H1D) and the integral of the three protons in the acetyl 

group (HAc) via Equation 2-2 [214]. DA for LMW and MMW chitosan was 

calculated as 84.0 ± 0.8% and 89.4 ± 0.8% respectively, which indicated that most of 

the amine groups were free and the chitosan in 1% acetic acid should readily be 

crosslinked with TPP.  

 

 
Figure 2-10. A 1H NMR spectrum of the low molecular weight chitosan at 60 oC 

with the structures of deacetylated monomer (S1) and acetylated monomer (S2) of 

chitosan, with the position of carbon in the ring labelled. 

 
2.3.3.2. Particle size analysis by laser diffraction 

The particle size distributions (PSD) obtained from a different grades of chitosan raw 

materials are presented in Table 2-2 and Figure 2-9. The D [v,0.1] represents the fine 

end of the particle size distribution, the D [v,0.5] represents the mean particle size 
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while the D [v,0.9] represents the coarse end of the particle size distribution. The D 

[4,3] refers to the volume mean diameter while the span is an indication of how far the 

10% and 90% quantile are apart but normalised with the midpoint. The LMW chitosan 

had lower mean D[v,0.1], D [v,0.5], D [v,0.9] and D [4,3] than the MMW chitosan. 

The span was calculated to describe how far apart the finest and the coarsest part of 

the particle size distribution is and normalise it against the mid-point of the distribution, 

as shown in Equation 2-3. Span of LMW chitosan was approximately two times of 

the MMW counterpart, which indicated that the particle size distribution was much 

wider in the LMW chitosan powder than in MMW chitosan powder. 

 

Table 2-2. Mean D [v,0.1], D [v,0.5], D [v,0.9] and D [4,3] of the LMW and MMW 

chitosan powders. Span was calculated to describe the difference between the finest 

and coarsest parts of the particle size distribution. The results were presented as mean 

± SD from triplicates (n = 3).  
Sample D [v,0.1] 

(µm) 
D [v,0.5] 
(µm) 

D [v,0.9] (µm) D [4,3] (µm) Span 

LMW chitosan 20.5 ± 0.3 165.0 ± 4.6 551.7 ± 23.7 232.7 ± 9.0 3.22 ± 0.16 
MMW chitosan 209.7 ± 6.1 504 ± 6.4 968.7 ± 3.8 551.0 ± 5.6 1.51 ± 0.03 
 

LMW chitosan with MW 50-190 kDa according to the manufacturer had smaller 

particle sizes than MMW chitosan, which has a molecular weight of 190-310 kDa. 

However, the range of particle size population was higher in LMW chitosan than in 

MMW chitosan, as reflected in the higher span, which quantifies distribution width. 

Therefore, a wider particle size distribution and a less steep cumulative distribution 

curve are observed and shown in Figure 2-11.  

 



__________________________________________________________ 
Chapter 2 – Fabrication of propranolol-loaded chitosan-TPP nanogels via 
stirring and characterisations of raw materials and nanogels 

78 

 
Figure 2-11. Volume size distribution curves (in solid line) and cumulative 

distribution curves (in dotted line) for LMW and MMW chitosan. 

 
2.3.4. Characterisation techniques for nanogels only 

2.3.4.1. Transmission electron microscopy (TEM)  

TEM images of the propranolol-loaded nanogels fabricated with LMW and MMW 

chitosan were shown in Figure 2-12 (a) and (c) respectively, while their size 

distribution is shown in Figure 2-12 (b) and (d). Both LMW and MMW nanogels 

appeared as spherical or oval objects. The average size of the propranolol-loaded 

LMW nanogels at the dried state was 67.6 ± 18.4 nm as presented in Figure 2-12 

(b), which is close to the measured Z-average of 75.5 ± 2.2 nm. Z-average is defined 

as the harmonic intensity averaged particle diameter according to ISO 13321; in 

other words, cumulants mean hydrodynamic size measured in DLS. However, the 

quality of the TEM images was substandard. The average size of the propranolol-

loaded LMW nanogels was only based on 10 particles, as only 10 particles are 

visible from the background, which are circled in red in Figure 2-12 (a). Thus, the 

size distribution was not reliable as the particle count was not sufficient. The greyish 

cloud-like materials in the background were likely the undried polymer.  

 

Regarding the propranolol-loaded MMW chitosan nanogels, the measured size was 

much bigger than those fabricated with LMW chitosan, as the scalebar was shorter in 

Figure 2-12 (c) for the same distance. As the quality of the TEM image was better 
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and the background was clearer than the previous image, more particles could be 

measured. Thus, the size distribution was calculated from 75 particles, with a 

diameter of 283.0 ± 74.6 nm. However, the particle size of the same sample 

measured with Zetasizer was 113.6 ± 5.8 nm. The discrepancy between the two 

values was likely because the size measured in the TEM image was the diameter at 

the dry state, while the size measured with Zetasizer was the hydrodynamic size, 

where particles were suspended in water with an assumption of the spherical 

particles. The wide particle size distribution in the TEM images demonstrated that 

the TEM samples were not sufficiently dried and thus some nanogels may not be 

fully dried and may appear larger than others [197]. Paradoxically, the drying of the 

nanogels can also promote aggregates to form, which could explain why plenty of 

larger particles as observed on the TEM.  
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Figure 2-12. (a) A TEM image of the propranolol-loaded nanogels fabricated with 

LMW chitosan. (b) The PSD of the LMW chitosan nanogels is based on the 

diameters measured using Image J on the particles that could be identified (circled in 

red) in the TEM image. (c) A TEM image of the propranolol-loaded nanogels 

fabricated with MMW chitosan and (d) its particle size distribution based on the 

TEM image. 

 

2.3.4.2. Viscosity of nanogels 

One of the advantages of using nanogels as a formulation is the favourable injectability, 

which is related to the ease of administration of a dosing solution and is partly 

dependent on the viscosity of the formulation [232]. Thus, it is important to determine 

the viscosity of the nanogels formulations. A ball-rolling micro-viscometer was used 

to measure the viscosity of the formulations, as this viscometer is simple, easy to use 

and requires only a small volume of sample. Moreover, the viscosity of the nanogels 

could not be determined in a parallel plate rheometer, as a suitable plate was lacking. 

Microfluidic viscometer (e.g., Rheosense) could not be used for the nanogels solution 
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either as filtration through a 0.22 µm filter is required to prevent blockage of channels, 

which might also remove the bigger-sized nanogels.  

 

In the ball-rolling micro-viscometer, the shear rate is influenced by the tube inclination 

angle, so the shear-dependent flow behaviour can be tested. The dynamic and 

kinematic viscosities of F1, F2, and F3 reduced with the higher inclination angles as 

shown in Figure 2-13, which indicates these LMW chitosan formulations might be 

shear thinning, whereas the MMW chitosan nanogels F4 might be slightly shear 

thickening, as the kinematic and dynamic viscosity increased with the inclined tube 

angle. F1 formulation has higher viscosities than F2 formulations, even though the 

former used a lower concentration of LMW chitosan. A further decrease in viscosity 

was observed in F3, which indicates that an increase in LMW chitosan concentration 

might reduce viscosity. However, the limitation of the ball-rolling technique is that 

the shear stress across the capillary was not uniform. Therefore, the shear-thinning or 

shear-thickening properties of these formulations were estimated but could not be 

concluded based on the results, as the correlation between the shear rate and the 

inclination angle could not be established.  

 

 
Figure 2-13. (a) Dynamic and (b) kinematic viscosities of the nanogel formulations 

F1-3 and F4 at different inclination angles. F1 and F4 were the propranolol-loaded 

nanogels fabricated with the formulation - CC of 0.1% and CT of 3 using LMW and 

MMW chitosan respectively. F2 was propranolol-loaded nanogels fabricated with 

LMW chitosan at 0.15% CC and CT of 3, while F3 was fabricated at 0.3% CC and 

CT of 0.5. CP was fixed at 0.5 for all formulations. 
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2.3.5. Drug release studies 
The in vitro drug release test determined the dissolution profile and bioavailability of 

the loaded drugs. The use of PBS (pH 7.4) is to stimulate the release at physiological 

pH. A burst release of encapsulated propranolol in the first 2 hours can be observed 

in Figure 2-14. A significant release of around 20% propranolol was observed 

within the first 10 minutes, followed by a slow increase until 8 hours, when most of 

the drugs were released from the carrier. After 8 hours, the concentrations from some 

formulations levelled off. Similar release profiles were observed between nanogels 

F1 to F3, which indicated that these nanogels were likely to release propranolol 

comparatively even though the size and PDI of nanogels were different. It is likely 

due to the precipitation and aggregation of chitosan nanogels in PBS. The solutions 

turned turbid and opaque due to the presence of precipitates. Precipitation of 

chitosan might also destroy the architecture of the nanogels, and thus propranolol 

inside the void of nanogels could leach out, which might account for the rapid and 

burst release. Besides, as both propranolol and chitosan are cationic, there is lacking 

interaction between polymer and propranolol to retain the propranolol and slow the 

release down. The number of precipitates present in the dialysis bag was likely to be 

dependent on the concentration of chitosan and therefore the amount of chitosan 

present, with the lowest amount of precipitate observed in F1 and the highest amount 

of precipitate observed in F3 for LMW chitosan. 
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Figure 2-14. In vitro propranolol release over 72 hours (large) and the zoom-in of the 

first 8 hours (small) from various propranolol-loaded nanogels fabricated using 

LMW chitosan, where F1, F2 and F3 nanogels were fabricated with different 

formulations. Data are obtained from three independent experiments and represented 

as mean ± SD. 

 

Comparing the nanogels fabricated with different chitosan grades, similar release 

profiles were observed between LMW (F1) and MMW (F4) nanogels in Figure 

2-15, which indicated that the nanogels were likely to release propranolol in an 

equivalent way even different grades of chitosan were used. A significant release of 

around 20% propranolol was observed in both nanogels within the first 10 minutes, 

followed by a slow increase until 8 hours, when most of the drugs were released 

from the carrier. Therefore, the release mechanism of propranolol from the nanogels 

remained unchanged, despite different chitosan grades used for fabrication. 

Interestingly, both solutions turned turbid and opaque due to the presence of 

precipitates. Therefore, the results indicated that the precipitation of chitosan at 

physiological pH was unavoidable, even when LMW chitosan was used.  
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Figure 2-15. In vitro propranolol release from the nanogels fabricated with both 

LMW and MMW chitosan over 72 hours (large) and the zoom-in of the first 8 hours 

(small). The nanogels were fabricated using the same formulation but with different 

grades of chitosan. Data are obtained from three independent experiments and 

represented as mean ± SD. 

 

2.3.6. Resuspension of lyophilised nanogels 

Lyophilised propranolol-loaded LMW and MMW chitosan nanogels were 

resuspended in a buffer at pH 4.5 under ultrasonication for 30 minutes. Nanogel 

properties were measured and shown in Figure 2-16. The ANOVA demonstrated 

that all nanogels properties – size, PDI, ZP and EE were statistically significantly 

different before freeze-drying and after resuspension of lyophilised nanogels. The 

size of the resuspended nanogels was much bigger, with a 4-fold increase. In 

addition, the resuspended nanogels were also more polydisperse than the original 

nanogels before freeze-drying. The PDI was double and quadruple in the LMW and 

MMW nanogels, respectively. The results indicated that the nanogels were 

aggregated in the resuspended solution, where the aggregation could not be broken 

with ultrasonication. Thus, the aggregation of nanogels after freeze-drying was likely 
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irreversible. The ZP of both LMW and MMW nanogels were increased, which was 

likely due to the aggregation of nanogels, increasing the charge density. 

Interestingly, the encapsulation efficiency was improved in both nanogels. It is also 

likely related to the aggregation of nanogels, as larger particles could allow more 

propranolol to be entrapped. In conclusion, the lyophilisation of nanogels might lead 

to an irreversible aggregation of the nanogels and they could not be broken up by 

ultrasonication effectively. The results elucidated that the lyophilisation was not 

suitable for these nanogels as a long-term storage method. Chitosan-TPP nanogels 

samples should be prepared freshly before any further experiment or assay, which 

would limit their potential clinical uses.  

 

 
Figure 2-16. (a) Size, (b) PDI, (c) zeta potential and (d) encapsulation efficiency of 

the propranolol-loaded LMW and MMW chitosan nanogels before freeze-drying and 

after resuspension from the lyophilised samples and sonication.  

 

2.4. Conclusion 
In this study, four nanogels were fabricated with different formulations, varying the 

chitosan concentration, chitosan-TPP ratio, chitosan-propranolol ratio and chitosan 

grade. The properties of nanogels, including the hydrodynamic size, polydispersity, 
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zeta potential, encapsulation efficiency, and viscosities were measured for these 

nanogels. The results demonstrated that the setup of the experiment was fit-for-

purpose, in which nanogels could be fabricated using it. Thus, the set-up would be 

used in the next experimental chapter.  

 

Two samples F1 and F4, which shared the same formulation but were fabricated 

with different chitosan grades, were freeze-dried. Their lyophilised samples and raw 

materials were then characterised using various analytical techniques to understand 

the stability in the solid state. They were also resuspended in a buffer at pH 4.5 

under ultrasonication. However, all nanogels properties of resuspended nanogels 

were significantly different from the respective nanogels in solution before freeze-

drying. The results elucidated that lyophilisation led to the irreversible aggregation 

of the nanogels. Fresh samples should be prepared before any experiment and assay.  

 

Overall, the set-up was shown to be fit-for-purpose, while the characterisation 

performed highlighted various properties of nanogels to be controlled, which are 

crucial for a successful nanogel formulation. However, the mechanism of drug 

loading in the nanogels is currently not understood. Parameters such as the 

formulation, drug loading, and processing factors could also potentially affect these 

properties. Therefore, these areas are explored in more detail in the next 

experimental chapter.  
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Part of the contents in this chapter has been published as the 

following research article.  

 
Ho, H. M. K., Craig, D. Q., & Day, R. M. (2022). Design of Experiment Approach 

to Modelling the Effects of Formulation and Drug Loading on the Structure and 

Properties of Therapeutic Nanogels. Molecular Pharmaceutics. 
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3. Modelling the effects of formulation, processing 

factors and drug loading on the structure and properties 

of nanogels 
 
3.1. Introduction 
Controlling the parameters of nanoparticles is crucial for any nanoparticle 

formulation, including nanogels. The size and surface charge of nanoparticles are 

especially important as these parameters impact the solubility, biodistribution, 

stability, cytotoxicity, cellular uptakes, and clearance of the nanoparticles. For 

instance, the uptake of nanoparticles into cells is dependent on the size, shape, 

surface hydrophobicity, and charge of the nanoparticles, although the permeability 

varies between different cells [233]. The particles have to be in a size range 

generally between 10 to 500 nm, and up to 5 µm, to be engulfed via 

micropinocytosis [233]. Nanoparticles taken up via clathrin-mediated endocytosis 

tend to have diameters in the region of 100 nm, while those involved in caveolae-

mediated endocytosis are typically 60-80 nm in size [234]. Furthermore, Tang et al. 

showed that only cationic nanoparticles suspended in a culture medium were 

ingested by endocytosis, suggesting the importance of nanoparticle surface charge in 

cellular uptake [235]. Cationic nanoparticles have a strong interaction with the 

negatively charged cytomembrane, facilitating the entry of nanoparticles into the 

cell. These nanoparticles are usually taken up via clathrin-mediated endocytosis 

[194,195]. For instance, chitosan-TPP nanogels are successfully taken up into lung 

epithelial cells (A549) and intestinal epithelial cells (Caco2) predominantly via this 

mechanism [236,237]. For systemic clearance, nanoparticles <10 nm are cleared 

quickly by renal filtration and are not reabsorbed into the blood, whilst nanocarriers 

between 50 – 200 nm are often unable to escape from blood capillaries [238]. 

 

Stability is another key parameter for nanoparticle formulation. Suspended 

nanoparticles are a colloid system and thus tend to flocculate, coagulate, and 

sediment, which leads to increased particle size and affects cellular uptakes and 

clearance. To maintain stability, nanoparticles may be stabilised via steric and 

electrostatic repulsion. In chitosan-TPP nanogels, the nanoparticles are stabilised by 
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electrostatic repulsion and zeta potential is an indication of the potential stability of 

the colloidal system. Particles with zeta potential more positive than 30 mV or more 

negative than -30 mV are considered stable, and the nanoparticles are unlikely to 

flocculate due to the repulsion between nanoparticles [239]. In short, successful 

delivery of nanogels requires optimal size and charge, and thus the fabrication 

process needs to be optimised. 

 

Design of Experiments (DOE) is a popular method for optimising pharmaceutical 

formulation development. It allows a systematic evaluation of the effect of multiple 

factors in the variation of the response measured and reduces the number of 

experimental runs. However, the drawback is that the process is driven by 

experiments and is labour-intensive, as DOE models are constructed based on the 

input parameters, and any changes in the input factors require the construction of a 

new model. Thus, a model is usually reported for a particular drug and delivery 

system. The prediction ability of these models with new drug payloads is rarely 

explored in literature and therefore is poorly understood. Indeed, the drugs are 

commonly thought to be encapsulated in the voids between polymer chains and thus 

the drug choice is often assumed to be of limited influence if that drug is of a size 

and solubility to allow incorporation into the nanogel voids. Here, this view was 

challenged by exploring both the development of predictive models using a DOE 

approach and the possible generalisability of both the approach and the model to a 

range of drugs. A predictive understanding of the effects of composition on nanogel 

performance parameters will both aid the formulator and aid in understanding the 

role of drug structure on both incorporation and nanogel architecture. 

 

The mechanism of drug loading in chitosan-TPP nanogels is not well understood. It 

is thought that the drugs are loaded in the voids formed between the crosslinked 

chitosan matrix during the gelation process. If the loading mechanism is purely 

entrapment during the gelation process, the nanogel properties should be governed 

by the formulation, such as the polymer and crosslinker concentrations. Thus, 

different drugs could be loaded into the nanogel without alteration of the nanogel 

properties, as long as the drugs fit into the voids of the nanogels, and the prediction 

models remain valid for different drugs. Since these nanogels are fabricated via 
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electrostatic interactions between chitosan and TPP, it is expected that the drug 

molecules could also potentially impact the gelation process, altering the interaction 

between the drug, chitosan and TPP. Thus, the structure of drugs, drug properties 

and pH are important. It is hypothesized that drugs are loaded via both physical 

entrapment and through interaction with the nanogel carrier during the gelation 

process, where the drug electrostatically interacts with either oppositely charged 

chitosan or TPP. Other interactions such as weak Van der Waal's force and 

hydrophobic interaction could also play a role in the interactions. Thus, it is expected 

that the properties vary when the properties of the drug change. 

 

To verify this hypothesis, propranolol was used initially as a model drug for nanogel 

fabrication. Response surface models were constructed for the unloaded and drug-

loaded systems to predict the properties of propranolol-loaded chitosan-TPP 

nanogels, namely size, PDI, ZP, and EE. Seventeen experimental runs were 

performed to build a three-factor, three-level face-centred cubic central composite 

model in which chitosan, chitosan-TPP ratio, and chitosan-propranolol ratio were 

varied. The models were then verified by an individual test group, before identifying 

the optimal conditions. The optimal condition was selected and explored 

experimentally with twelve other drugs without structural similarity to propranolol 

and six beta-blocker drugs with close structural relationships to propranolol, of 

which the latter are expected to similarly interact with the polymer or crosslinker. In 

this way, it is possible to establish whether the models may be applied to other drugs 

and if so whether structural similarity is a requirement for such extrapolation.  

 

To describe a drug molecule, one of the common representations is the molecular 

descriptor. It is defined as an algorithm-generated mathematical representation of 

structural or physicochemical properties of molecules [240], which can be classified 

based on either the dimensionality or information content. The former classifies 

descriptors into 0D to seven-dimensional (7D) descriptors, whereas the latter 

classifies them into constitutional, topological, geometric, and electronic descriptors 

[241]. The classifications overlap extensively and are not mutually exclusive. Thus, 

molecular descriptors discussed in this study will be based on the constitutional and 

topological properties for clarity. Constitutional descriptors are calculated from 
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molecular formulae, such as molecular weight atom and bond count whereas 

topological and structural descriptors, including counts of fragments and functional 

groups, are calculated from the two-dimensional (2D) structure. Geometric spatial 

and electronic descriptors are derived from the three-dimensional (3D) structure 

[241]. Numerous open-source and commercial software exist for computing these 

molecular descriptors, including PaDEL [242], MORDRED [243], CDK [244], 

Dragon [245], RDKit [246], and etc. As a proof-of-concept study, these drugs were 

described in terms of 15 basic molecular descriptors, which include the number of 

acids (nAcid), bases (nBase), rings (nRing), hydrogen bond acceptors (nHBAcc), 

hydrogen bond donors (nHBDon), the sum of the atomic polarizability (apol), the 

sum of the absolute value of the difference between atomic polarisability of all 

bonded atoms (bpol) in the molecule, Wiener path number (WPATH), Wiener 

polarity number (WPOL), topological polar surface area (TopoPSA), topological 

diameter (TopoDiameter), Petitjean topological shape index (Toposhape), two 

logarithms of n-octanol/water partition coefficient ALogP and XLogP. The 

constituent descriptors, especially the number of chemical groups, were selected to 

evaluate the chemical groups responsible for the interactions with the carriers and to 

identify the mode of loading in the nanogels, where the polarity and polarizability 

were picked to evaluate the effects of other interactions, such as Van der Waal’s 

force and hydrophobic interaction. The topological shape and size descriptors were 

selected to evaluate whether the size and shape of the drugs impact drug entrapment 

since the drugs are loaded into the voids of the nanogels. The relationship between 

nanogel properties and molecular descriptors of drugs was determined via multiple 

linear regressions, logarithmic, exponential and quadratics correlations. This 

facilitates our understanding of how a drug may influence entrapment and nanogel 

structure, intending to establish the generalisability of the DOE modelling approach 

across a wide range of drug structures and increase our understanding of the 

mechanism of drug loading in nanogels. Notably, the development of predictive 

models for optimising the properties of drug delivery systems is an incredibly useful 

and well-established approach within the field. In this particular case, we focus on 

two as yet unexplored applications of performance modelling. Firstly, the 

formulation of nanogels is a complex and as yet poorly predictable process whereby 

each system is explored on a largely individual basis due to the absence of a 
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validated methodology for performance prediction, hence there is a clear 

requirement and novel application for such approaches for these systems. Secondly, 

the effect of drug incorporation on performance and properties is a critical area 

which has as yet again not received systematic study, hence the intention is to 

develop methodologies whereby the effects of incorporation of the active agent may 

be developed at least, in the present case, for structurally related molecules, with the 

intention of this providing a basis for studies into a broader range of active 

pharmaceutical ingredients.  

 

Lastly, the chapter finished off with a systemic screening of processing parameters in 

the fabrication process. The properties of nanogels were demonstrated to be 

dependent partially on the formulation and the properties of the drugs encapsulated 

in the nanogels in the above studies. However, the predictability of the zeta potential 

and encapsulation efficiency was found to be weak in these models and the 

percentage differences between the predicted and experimental size and PDI were 

occasionally larger than 10%. These observations revealed that there are other 

factors responsible for governing these performance parameters. Therefore, other 

factors such as the processing factors in the fabrication process were explored. 

Understanding the effects of these processing factors is important in the manufacture 

of nanogels, as they could impact the scale-up, robustness of the fabrication method 

and reproducibility of the products. To evaluate the effects of the fabricating factors 

respective to the stirring, eight processing factors were selected, namely, temperature 

(T), the total volume of the solution (TV), stirring rate (SR), the addition rate of 

crosslinker solution (AR), duration (D), glass vial volume (GV), stirrer size (SS), 

and blocking (B). In conjunction with the chitosan grade and crosslinker choice, 

these ten factors were screened with a definitive screening design approach. The 

optimal fabrication condition was also identified in the design, followed by an 

investigation of the scaling-up of the nanogels fabrication via increasing the volume 

pro-rata at this condition. This is the first study that systematically demonstrated the 

impacts of the processing factors in fabrication on the properties of nanogels and 

investigated the scaling-up of nanogels. 
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3.2. Materials and Method 

3.2.1. Materials 
Sodium pyrophosphate, paracetamol, metoclopramide hydrochloride, metoprolol 

tartrate, lidocaine hydrochloride, theophylline, ofloxacin, metronidazole, acebutolol, 

pindolol, and esmolol hydrochloride were also acquired from Sigma Aldrich (St 

Louise, MO, USA). Caffeine was purchased from Fluka (Buchs, Switzerland) while 

quinine anhydrous, lisinopril dihydrate, verapamil hydrochloride, and betaxolol were 

acquired from Acros Organics (Geel, Belgium). Pirfenidone and atenolol were 

purchased from Tokyo Chemical Industry (Tokyo, Japan). Chlorpheniramine 

maleate was acquired from the LKT laboratory (St Paul, MN, USA). Stirrers with 

three assorted sizes and two glass vial volumes were used in the DSD, with the 

dimensions shown in Table 3-1. 

 
Table 3-1. The dimensions of various stirrers and glass vials were used in the 

definitive screening design. 
Stirrer Length (mm) Width (mm) Thickness (mm) 
Small 12.82 ± 0.02 4.76 ± 0.01 4.71 ± 0.06 
Medium 15.12 ± 0.05 4.75 ± 0.01 4.62 ± 0.01 
Large 19.92 ± 0.02 6.02 ± 0.02 6.19 ± 0.27 
Glass Vial Volume 
(mL) 

External Diameter 
(mm) 

Height (mm) Glass Wall thickness 
(mm) 

14 23.18 ± 0.06 58.37 ± 0.07 1.05 ± 0.02 
28 27.46 ± 0.03 71.69 ± 0.15 1.09 ± 0.01 

 

3.2.2. Propranolol-loaded nanogels fabrication  

Propranolol-loaded chitosan nanogels were prepared by the method detailed in 

Section 2.2.2. A range of nanogels was prepared by varying these factors according 

to the experimental matrix shown in Table 3-2, Table 3-3 and 3-5.  

 

3.2.3. Central composite design 

Response surface methodology was used to determine the optimal condition for 

preparing propranolol-loaded nanogels. A face-centred cubic (FCC) central 

composite design (CCD) was used in the optimisation, which was formed by three 

factors, namely the chitosan concentration (CC), the chitosan-TPP mass ratio (CT) 

and the chitosan-propranolol mass ratio (CP), at three levels as shown in Table 3-2. 

A total of seventeen experimental runs were denoted as the training set and were 
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performed in triplicate to construct the response surface model, as shown in Table 

3-3. The composite matrix was constructed using JMP 15 (SAS Institute, Cary, NC, 

USA). Four properties of nanogels (Size, ZP, PDI, and EE), which contribute to 

being a successful drug carrier, were determined as the dependent variables. 

 

Noteworthy, the results were obtained from three independent experiments for each 

fabrication condition. However, only a single value for each datapoint can be input 

into the software for modelling. Thus, the mean value for each condition was used as 

the input. As a result, standard deviation (SD) was not included in the model. 

 

Table 3-2. Non-codified levels for each factor used in the central composite design. 
  Non-Codified level 
Factor Symbol Low (-) Mid (0) High (+) 
Chitosan concentration (%w/v) (CS) 0.1 0.2 0.3 
Chitosan-TPP ratio (CT) 0.010 0.015 0.020 
Chitosan-propranolol (CP) 0.1 0.2 0.3 

 

A stepwise least square regression was used to fit the polynomial model to the data 

individually for each dependent variable. A 5-fold cross-validation was performed to 

validate the model for all dependent variables. A one-way analysis of variance 

(ANOVA) test and lack of fit test was conducted to determine the statistical 

significance and goodness of fit for the model respectively, at a confident interval 

(CI) of 95%. Response surfaces were plotted to visualise the relationship between 

independent and dependent variables. A p-value <0.05 is considered statistically 

significant. 
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Table 3-3. The experimental design matrix was constructed for the CCD design, with 

various independent and dependent variables. The result of the dependent variables was 

based on three independent experiments and was presented as the average only.  

Sample 
Independent variables Dependent variables 
CC 
(%w/v) 

CT CP Size 
(nm) 

Zeta potential 
(mV) 

PDI Encapsulation 
efficiency (%) 

1 0.2 3 0.375 135.3 23.45 0.243 23.3 

2 0.2 5 0.25 135.6 29.53 0.367 40.6 
3 0.2 5 0.375 132.3 28.01 0.378 11.7 
4 0.2 5 0.375 138.6 29.95 0.352 18.6 

5 0.1 5 0.375 65.6 24.57 0.288 30.7 
6 0.1 3 0.5 69.8 25.73 0.233 35.1 

7 0.3 5 0.375 208.1 26.49 0.481 18.7 
8 0.2 5 0.375 135.2 30.59 0.327 16.5 
9 0.2 5 0.5 146.4 29.62 0.323 20.9 

10 0.1 7 0.25 59.4 18.67 0.342 19.7 
11 0.3 3 0.25 194.4 24.38 0.343 21.7 
12 0.3 7 0.25 198.6 31.58 0.498 14.5 

13 0.3 7 0.5 206.2 31.02 0.507 16.4 
14 0.2 7 0.375 132.0 32.23 0.461 18.0 
15 0.1 3 0.25 65.0 18.11 0.217 26.7 

16 0.3 3 0.5 190.8 24.69 0.345 19.6 
17 0.1 7 0.5 56.8 25.25 0.313 25.8 

 

3.2.4. Multiple response optimisation  

Multiple response optimisation was employed to determine the optimal condition for 

fabricating propranolol-loaded nanogels, as the dependent variables might contradict 

each other. The desirability function approach, first proposed by Harrington [247] in 

1965 and later advocated by Derringer and Suich [248], is one of the most widely 

used methods in multiple response optimization. It transformed the response 

variables (yi) into an individual desirability function di(yi), with a number assigned 

between 0 and 1. di(yi) = 0 indicates a completely undesirable response while di(yi) = 

1 represents the most desirable response. Individual desirability functions were 

transformed using JMP 15 software to minimise the particle size and PDI while 

maximising the EE and ZP. Individual desirability functions were then combined 

into overall desirability, as shown in Equation 3-1. 
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𝑫 = 0(𝒅𝟏(𝒚𝟏) × 𝒅𝟐(𝒚𝟐) × …× 𝒅𝒊(𝒚𝒊)
𝒊  Equation 3-1 

where d1(y1) and d2(y2) denote the individual desirability function for factors 1 and 2, 

respectively. i is the total number of factors and di(yi) is the individual desirability 

function of factor i.  

 

The running conditions with the highest overall desirability were deemed as the 

optimal condition and were determined by JMP 15. Nanogels were then fabricated 

under the optimal conditions in triplicate, with the dependent variables measured 

experimentally and compared with the predicted values to validate the models. 

Nanogels produced were then freeze-dried and characterised.  

 

3.2.5. Test set validation and final formulations 
To determine the predictive accuracy of the models, an independent test set with 13 

formulations was used with the properties of nanogels measured experimentally and 

compared with the predicted value from the model. The experimental conditions for 

the formulations in the training set were generated randomly and the test set is 

reported in Table 3-4. Finally, nanogels were also fabricated under experimental 

conditions predicted by the validated models to obtain 100 and 200 nm in size, with 

the secondary aim to minimise the PDI. Owing to the low predictability of the ZP 

and EE models, these parameters were measured but not compared with the 

predicted values.  
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Table 3-4. The parameter investigated, experimental findings and predicted results of the test set for evaluating the predictive accuracy 

of the CCD models. The experimental results were presented as the mean value only in this table from three independent experiments (n 

= 3). Percentage differences between the actual and predicted results were also calculated.  

 
Experiment conditions Size (nm) PDI ZP (mV) EE (%) 
CC  
(%w/v) 

C/T C/P Exp Pred %Diff Exp Pred %Diff Exp Pred %Diff Exp Pred %Diff 

1 0.15 4 0.25 114.4 103.0 -10.0 0.268 0.281 4.9 27.4 23.8 4.9 14.9 26.2 75.8 
2 0.25 4 0.375 138.1 168.8 22.2 0.283 0.353 24.7 25.4 27.8 24.7 15.4 21.5 39.6 
3 0.25 6 0.25 131.1 170.9 30.4 0.318 0.434 36.5 25.1 30.4 36.5 9.5 18.3 92.6 
4 0.1 4 0.5 98.9 70.1 -29.1 0.156 0.246 57.7 29.5 25.4 57.7 19.6 28.6 45.9 
5 0.15 3 0.375 118.1 99.4 -15.8 0.245 0.248 1.2 26.0 25.4 1.2 15.4 27.8 80.5 
6 0.3 6 0.5 179.8 206.2 14.7 0.422 0.476 12.8 29.4 29.2 12.8 8.5 16.0 88.2 
7 0.15 3 0.25 119.3 99.4 -16.7 0.253 0.248 -2.0 26.3 23.1 -2.0 31.4 27.8 -11.5 
8 0.2 4 0.5 113.0 135.9 20.3 0.268 0.317 18.3 23.1 29.3 18.3 9.7 23.9 146.4 
9 0.2 6 0.375 107.6 135.6 26.0 0.289 0.391 35.3 24.0 30.2 35.3 25.2 20.7 -17.9 
10 0.1 6 0.5 60.7 65.1 7.2 0.146 0.306 109.6 24.8 26.0 109.6 18.5 25.4 37.3 
11 0.15 7 0.375 115.8 94.1 -18.7 0.355 0.382 7.6 26.1 28.2 7.6 13.8 21.4 55.1 
12 0.25 3 0.25 133.8 162.7 21.6 0.263 0.312 18.6 25.0 25.8 18.6 18.3 23.1 26.2 
13 0.3 4 0.5 194.4 201.6 3.7 0.397 0.388 -2.3 28.4 25.3 -2.3 18.8 19.2 2.1 
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3.2.6. Application of the validated model with other drugs 

To determine the possibility of applying the validated models to other drugs, 

nanogels were fabricated at the optimal condition identified above. Chitosan 

nanogels loaded with other drugs were prepared by the same method discussed, 

except for atenolol. Atenolol-loaded chitosan nanogels were prepared with the 

respective amount of atenolol dissolving in the chitosan before pH adjustment, as the 

atenolol is not in a salt form, of which the pH of the chitosan solution would increase 

upon the addition of atenolol after the pH adjustment. Drugs with and without 

structural relationships were grouped and analysed separately. 

 

Owing to the poor predictability of the models, the zeta potential of the nanogels was 

measured but not predicted. To describe each drug molecule, fifteen basic molecular 

descriptors were selected and are shown in Table 3-5, which are subdivided into 

constitutional, topological descriptors, and molecular properties. These molecular 

descriptors of the drugs were calculated with PaDEL [242]. The correlations 

between molecular descriptors and the properties of nanogels were determined with 

linear regression using JMP 15, with the correlation coefficient (R2) aimed above 

0.7. 
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Table 3-5. Selected molecular descriptors of the drugs with and without structural similarity to propranolol.  
Drugs MW nAcid nBase nHBa nHBd nHetero 

Ring 
apol Bpol WPath WPol XLogP AlogP Topo-

shape 
Topo-
PSA 

Topo-
diameter 

Propranolol 259.2 0 1 3 2 0 44.866653 25.533347 792 25 4.053 -1.0098 2 41.49 11 
Drugs without structural similarity to propranolol 
Caffeine 194.1 0 0 5 0 2 26.751930 20.108070 258 25 -0.625 -0.4311 2 58.44 6 

Chlorpheniramine 274.1 0 1 2 0 1 45.209067 24.490933 718 25 4.288 0.6514 2 16.13 9 

Lidocaine 234.2 0 1 3 1 0 42.311446 27.648554 556 23 2.848 1.166 1 32.34 9 

Lisinopril 405.2 2 2 8 4 1 64.940583 38.743417 2362 40 1.106 -4.3984 2 132.96 13 

Metoclopramide 299.1 0 1 6 2 0 46.393446 29.324554 902 29 1.144 0.0496 1 67.59 11 

Metronidazole 171.1 0 0 3 1 1 22.267137 14.394863 193 15 0.017 0.2875 1 81.19 6 

Ofloxacin 361.1 1 1 8 1 3 52.080860 32.839140 1484 51 1.49 -0.2260 4 73.32 12 

Paracetamol 151.1 0 0 3 2 0 22.785137 11.456863 166 11 1.079 -1.0852 1 49.33 7 

pirfenidone 185.1 0 0 2 0 1 30.356723 14.963277 293 19 2.753 0.1195 2 20.31 7 

Quinine 324.2 0 1 3 1 1 55.007032 31.452968 1286 42 2.662 -0.5136 2 45.59 12 

Theophylline 180.1 0 0 5 1 2 23.658344 16.601656 211 22 -0.435 -0.967 2 69.3 5 

Verapamil 454.3 0 1 5 0 0 78.266134 51.845866 3698 55 4.71 0.1993 2 63.95 18 

Drugs with structural similarity to propranolol 
Acebutolol 336.4 0 1 6 3 0 55.758204 35.761796 1568 31 1.747 -2.1004 1 87.66 15 

Atenolol 266.3 0 1 5 3 0 43.915446 26.924554 890 21 0.678 -1.6098 1 84.58 13 

Betaxolol 307.4 0 1 4 2 0 54.522997 36.195003 1427 24 2.772 -0.6800 2 50.72 16 

Esmolol 295.2 0 1 5 2 0 49.137825 32.780175 1212 24 2.296 -0.9014 1 67.79 15 

Metoprolol 267.2 0 1 4 2 0 46.575825 31.822175 906 21 2.034 -0.7944 1 50.72 14 

Nadolol 309.2 0 1 5 4 0 52.231411 32.092589 1168 31 1.774 -0.925 2 81.95 12 

Pindolol 248.2 0 1 4 3 1 41.779860 25.100140 687 22 1.62 -1.4302 2 57.28 10 
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3.2.7. Screening the effects of parameters in the fabrication process 

To evaluate the effects of the process factors in the fabrication, a definitive screening 

study (DSD) was used to screen and optimize the important fabricating factors that 

size, PDI, ZP, and EE. Seven independent fabricating variables were screened in the 

study, namely temperature (T), total volume (TV), stirring speed (SR), addition rate 

of TPP solution (AR), duration of stirring (D) glass vial size (GV) and size of the 

magnetic stirrer (SS). As these factors are continuous factors except the glass 

volume, they were modelled in three levels. Glass volume was considered as a 

categorical factor in this study, as no medium-sized glass vial (21 mL) was available. 

Moreover, three additional factors were included in the design. Blocking (B), 

chitosan grade (CS) and choice of crosslinkers (CR) were added to the design to 

evaluate if any of these factors affect the properties of nanogels. Blocking was 

introduced to eliminate the influence of extraneous factors, in which the experiment 

was divided into two. In this study, the blocking was to balance out the effect of 

inter-day on the fabrication, in which nanogels in each block were fabricated on a 

separate day. Moreover, chitosan grade and choice of crosslinkers were added to the 

study to evaluate the effect of different material attributes on the properties of 

nanogels. As chitosan is a natural polymer, its properties, including solubility and 

charge density, vary between manufacturers, batches, grades, origin, molecular 

weight, and deacetylation efficiency. Therefore, it is important to understand the 

effect on nanogel properties when different chitosan was used. To simplify the 

variations in chitosan, two batches of chitosan were purchased from the same 

manufacturer and were classified as different chitosan grades based on the molecular 

weight – LMW and MMW. However, the limitation of this approach is that it is 

impossible to identify the exact parameters of chitosan impacting the nanogel 

properties. Regarding the choice of the crosslinkers, only two crosslinkers were used 

in the DSD with their structures shown in Figure 3-1, namely sodium pyrophosphate 

(Pyro) and sodium triphosphate (TPP), where pyrophosphate is a synonym for 

diphosphate. Therefore, it would be interesting if these structurally alike crosslinkers 

similarly interacted with chitosan or not. Blocking, chitosan grade and choice of 

crosslinker belonged to categorical factors, and thus they were modelled at two 

levels only. The optimal fabrication condition identified in Section 3.2.4 was kept as 

the formulation in this study. 
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Figure 3-1. Structures of various phosphate-containing crosslinkers used during the 

fabrication of the nanogels in this study, namely phytic acid sodium, sodium 

triphosphate pentabasic and sodium pyrophosphate. (Created with ChemDraw 20.1)  

 
A total of twenty-six experimental runs were performed according to the composite 

matrix shown in Table 3-6 in triplicate to construct the definitive screening design 

(DSD), where the composite matrix was constructed using JMP 15 (SAS Institute, 

Cary, NC, USA). The definitive screening design was then fitted by the Effective 

Model Selection for DSD methodology, which was performed automatically in JMP 

15. The main effects and second-order effects were first estimated individually and 

then combined to form the model parameter estimates. 

 

The identified factors were then used in the optimisation step. A stepwise least 

square regression was used to fit the polynomial model to the data individually for 

each dependent variable. A 5-fold cross-validation was performed to validate the 

model for all dependent variables. A one-way analysis of variation (ANOVA) test 

and lack of fit test was conducted to determine the statistical significance and 

goodness of fit for the model respectively, at a confidence interval (CI) of 95%. 

Response surfaces were plotted to visualise the relationship between independent 

and dependent variables. A p-value < 0.05 is considered statistically significant. The 

optimal fabrication was obtained via multiple response optimisation, as discussed in 

Section 3.2.4. 
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Table 3-6. Processing factors in the nanogels fabrication and dependent variable and the experimental design matrix of DSD design. 

Processing factors  Nanogels properties 

B T 
(oC) 

TV 
(mL) 

SR 
(rpm) 

AR 
(mL/min) 

D(hr) CS CR GV 
(mL)  

SS 
(mm) 

 Size  
(nm) 

PDI ZP  
(mV) 

EE  
(%) 

1 25 10 300 0.5 1 MMW TPP 14 20  130.4 0.235 33.1 28.8 
2 25 7 300 2 1 LMW TPP 28 12  129.5 0.266 17.01 31.4 
1 25 10 300 2 1.5 MMW Pyro 14 12  240.9 0.29 30.1 34.0 
1 25 4 300 2 2 LMW TPP 14 20  139.6 0.257 38.84 33.2 
2 25 4 300 0.5 2 MMW Pyro 28 20  195.2 0.282 35.9 38.3 
1 25 10 450 0.5 2 LMW Pyro 28 12  158.3 0.282 31.74 37.0 
1 25 10 600 2 1 LMW Pyro 28 20  148.7 0.275 25.02 33.1 
2 25 4 600 1.25 1 LMW Pyro 14 20  99.2 0.224 26.36 29.7 
2 25 4 600 0.5 1 MMW TPP 28 12  152.2 0.261 35.76 36.0 
2 25 4 600 2 2 MMW Pyro 14 12  163.7 0.301 29.4 29.8 
2 25 10 600 0.5 2 LMW TPP 14 16  199.1 0.318 38.47 16.6 
1 37.5 4 300 0.5 1 LMW Pyro 14 12  153.7 0.289 25.29 35.1 
1 37.5 7 450 1.25 1.5 MMW TPP 28 16  142.6 0.237 36.09 28.7 
1 37.5 7 450 1.25 1.5 LMW Pyro 14 16  105.5 0.258 24.8 31.0 
1 37.5 10 600 2 2 MMW TPP 28 20  203.9 0.303 24.29 28.8 
2 50 10 300 0.5 1 LMW TPP 28 20  255.5 0.355 33.69 29.9 
2 50 4 300 2 1 MMW Pyro 28 16  155.1 0.272 37.39 34.7 
1 50 4 300 0.5 2 MMW TPP 14 12  146 0.282 30.81 32.4 
2 50 10 300 1.25 2 MMW TPP 28 12  170.8 0.258 33.58 29.6 
2 50 10 300 2 2 LMW Pyro 14 20  138.8 0.269 32.69 31.1 
1 50 4 450 2 1 MMW TPP 14 20  110 0.218 28.44 35.7 
1 50 10 600 0.5 1 MMW Pyro 28 12  100 0.244 22.03 33.2 
2 50 10 600 2 1 LMW TPP 14 12  107.3 0.229 19.73 31.0 
1 50 4 600 0.5 1.5 LMW TPP 28 20  175 0.243 26.18 41.9 
1 50 4 600 2 2 LMW Pyro 28 12  161.5 0.292 31.81 31.1 
2 50 7 600 0.5 2 MMW Pyro 14 20  112.5 0.254 28.34 40.7 
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3.2.8. Scaling up of the nanogels fabrication 

Nanogels were fabricated at 4 different total volumes ranging from 2 to 20 mL, at the 

optimal fabrication conditions and formulation identified in Section 3.2.4 and 3.2.7. 

The total volume is defined as the sum of volumes for chitosan solution and TPP 

solution. 4 mL was used as the total volume (i.e., 2 mL of chitosan solution mixed 

with 2 mL TPP solution) in the studies described in Section 3.2.4 and 3.2.7 and thus 

was used as the control. Size, PDI, ZP and EE of the nanogels were measured as 

discussed previously in Sections 2.2.5.2 and 2.2.5.3. A one-way ANOVA test with 

Dunnett’s post-hoc test was used to compare if the properties of nanogels at different 

volumes were different to the control.  

 

3.3. Results and Discussion 

3.3.1. Central composite design (CCD) 

3.3.1.1. Statistical analysis 

A one-way analysis of variation (ANOVA) and lack of fit test was performed on the 

response surface models for each individual dependent variable to determine the 

statistical significance and the goodness of fit for these models on the training set. 

The null hypothesis of the ANOVA is that these models have no correlation to the 

training data set and thus do not have predictive capacity. The results of the ANOVA 

and lack of fit tests are reported in Table 3-7. p-values obtained in the ANOVA test 

for all the models were smaller than 0.05, demonstrating the significance of the 

correlations between the training set and the models. Furthermore, the p-values in the 

lack of fit tests for all models were larger than 0.05, which indicate these models 

were a good fit for the training set data. Thus, these models can predict the properties 

of nanogels.  
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Table 3-7. ANOVA and lack of fit test results for the CCD models for various 

independent variables. The significance of each term used in constructing the model 

was also reported. Statistical significance was set as Prob. > F being smaller than 

0.05. 

Where CC is chitosan concentration, CT is chitosan-TPP ratio and CP is chitosan-

propranolol ratio. 
 
  

Independent 
variables  

Source of 
variations 

Degree of 
freedom 

Sum of 
squared 

Mean 
squares 

F value Prob.> F Significance 

Size Model 4 46804.498 11701.200 649.0404 <0.001 Significant 
 CC 1 46444.225  2576.256 <0.0001 Significant 
 CT 1 0.529  0.529 0.0293 Not significant 
 CC X CT 1 182.405  10.118 0.0079 Significant 
 CT2 1 177.738  9.859 0.0085 Significant 
 Residual 12 216.342 18.000    
 Lack of fit 4 49.794 12.449 0.5980 0.6746 Not significant 
 Pure error 8 166.548 20.819    
PDI Model 3 0.117 0.039 56.7929 <0.001 Significant 
 CC 1 0.061  88.579 <0.001 Significant 
 CT 1 0.055  79.523 <0.001 Significant 
 CC X CT 1   2.277 0.1552 Not significant 
 Residual 13 0.009 0.001    
 Lack of fit 5 0.006 0.001 3.2981 0.0654 Not significant 
 Pure error 8 0.003 0.000    
EE Model 2 0.032 0.0162 3.9079 0.0448 Significant 
 CC 1 0.022  5.347 0.0365 Significant 
 CT 1 0.010  2.468 0.1385 Not significant 
 Residual 14 0.058 0.004    
 Lack of fit 6 0.003 0.000 0.0686 0.9979 Not significant 
 Pure error 8 0.055 0.007    
ZP Model 6 251.138 41.856 13.2271 0.00003 Significant 
 CC 1 66.641  21.060 0.0010 Significant 
 CT 1 50.060  15.820 0.0026 Significant 
 CP 1 19.721  6.232 0.0316 Significant 
 CC X CT 1 22.616  7.147 0.0234 Significant 
 CC X CP 1 26.082  8.242 0.0166 Significant 
 CC2 1 66.017  20.862 0.0010 Significant 
 Residual 10 31.644 3.164    
 Lack of fit 8 28.035 3.504 1.9420 0.3839 Not significant 
 Pure error 10 3.609 1.805    
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3.3.2. Effect of formulation composition on the nanogels 

3.3.2.1. Z-average and polydispersity index 

Size is one of the crucial factors controlling the performance of nanogels in cellular 

uptake [233]. Z-average is measuring the hydrodynamic size of the nanoparticles, 

which is a better indication of the size of the nanogels in solution than the size 

measured in TEM as the latter is measured at a dried state. All nanogels in the 

seventeen formulations from the training set were found to be within a range from 

56.8 to 208.1 nm. These nanoparticles were in the range for endocytic uptakes. 

Chitosan concentration, the interaction effect between chitosan concentration and 

chitosan-TPP ratio and the quadratic effect of chitosan-TPP ratio were found to have 

significant effects on the size of nanogels. Although the effect of the individual term 

for the chitosan-TPP ratio was not significant, it had to be included in the model as 

its interaction and quadratic terms were included.  

 

The size of the nanogels increased with the chitosan concentration as shown in 

Figure 3-2 (a). However, the observed trend is opposite to the results reported by 

Al-Kassas et al. [208], in which the “one factor at a time” (OFAT) optimisation 

approach was used to prepare propranolol-loaded chitosan-TPP nanogels. Nanogels 

fabricated in their study with 0.1% chitosan were much larger than those prepared 

from 0.2% and 0.3% chitosan. Moreover, the size of the nanogels prepared in this 

study was smaller than those reported by the Al-Kassas group. The discrepancy in 

nanogel sizes between the two studies is probably due to a different grade of chitosan 

being used, with low molecular weight chitosan used in this study while medium 

molecular weight chitosan being used by Al-Kassas et al. As the chitosan 

concentration increases with the viscosity, of which the crosslinking between 

chitosan and TPP are inefficient at high chitosan concentrations, eventually forming 

larger particles [249]. Furthermore, an interaction between chitosan concentration 

and the chitosan-TPP ratio was identified in the response surface model, which 

demonstrated that the nanogels formed were bigger at high chitosan concentration 

and high chitosan-TPP ratio. It is likely due to more chitosan and TPP being 

available, and thus more crosslinking was formed.  
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𝑺𝒊𝒛𝒆 = −𝟏𝟓. 𝟓𝟏𝟐𝟓 + 𝟓𝟔𝟐. 𝟏𝟐𝟓 × 𝑪𝑪 + 𝟏𝟏. 𝟓𝟑𝟓 × 𝑪𝑻 − 𝟏. 𝟔𝟒𝟐𝟓 × 𝑪𝑻𝟐 +

𝟐𝟑. 𝟖𝟕𝟓 × 𝑪𝑪 × 𝑪𝑻 Equation 3-2 

 

On the other hand, polydispersity index is a less crucial factor in endocytosis in 

contrast to the size, as endocytosis is still feasible for chitosan-TPP nanogels even 

though a wide range of nanoparticles with different sizes were present [236,237]. Ma 

et al. successfully delivered large (> 400 nm) and polydisperse (PDI = 0.5) chitosan-

TPP nanoparticles to human colorectal Caco2 cell lines [237]. However, from a 

pharmaceutical perspective, a successful nano-formulation should be stable, safe and 

effective. The preparation method should also be robust. Thus, the population of the 

nanocarriers should be as homogenous as possible. The PDI is a measure of the 

homogeneity of the nanoparticles in terms of size distribution [250], which is a value 

between 0 to 1 for the Malvern Zetasizer series. Hence, the smaller the PDI, the more 

uniform the size of the nanogels. A high PDI value (> 0.7) denotes a broad size 

distribution of the nanoparticles, which might indicate agglomeration of the 

nanoparticles or the presence of other contaminants.  

 

PDI of the training set formulations was between 0.217 and 0.507, of which only 

four amongst these formulations were considered polydisperse (PDI > 0.4) and the 

rest of the formulations were moderately dispersed. The response surface model is 

shown in Figure 3-2 (b), where chitosan concentration and chitosan-TPP ratio were 

identified to have a significant effect on the PDI of the nanogel formulations. The 

findings are similar to the trend observed in the study performed by Hosseinzadeh et 

al. [251]. It is likely due to more crosslinking formed at high chitosan concentration 

and high TPP concentration (i.e., Chitosan-TPP ratio), forming larger particles and 

agglomerating. Therefore, with larger particles being formed, the distribution of size 

for the nanogels was broadened and higher PDI was observed. However, their 

interaction was not significant, albeit it was estimated in the stepwise regression, 

which indicated that the nanogels are more polydisperse at high chitosan 

concentration and chitosan-TPP ratio, with no synergetic effect observed between 

these two factors.  

 

𝑷𝑫𝑰 = 𝟎. 𝟎𝟏𝟐𝟖 + 𝟎. 𝟕𝟖𝟏 × 𝑪𝑪 + 𝟎. 𝟎𝟑𝟕 × 𝑪𝑻  Equation 3-3 
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3.3.2.2. Zeta potential 

The nanogels are formed by ionic gelation between cationic chitosan and anionic 

TPP, where chitosan is used in excess compared to TPP. Therefore, nanogels are 

generally positively charged at acidic conditions with pH < 6, where the amine group 

on the chitosan are protonated. The ZP of nanogels is an important influencer on the 

colloidal stability of the nanogels, as the agglomeration of nanogels is attenuated by 

the electronic repulsion [251,252]. Nanogels with ZP values of 30 mV are generally 

stable in suspension due to the sufficient electronic repulsion between particles 

[253]. Zeta potentials of the nanogels from the training set as shown in Table 3-4, 

were in a range of 18 to 32 mV, which indicated that only a quarter of the nanogels 

formulations were stable due to the surface charge in the suspension.  

 

All selected factors were found to have significant effects on the ZP of the nanogels. 

Positive coefficients were associated with the chitosan concentration and chitosan-

propranolol ratio in Equation 3-4, which indicated that the ZP of nanogels increased 

with these parameters. As chitosan and propranolol consist of amine groups and are 

positively charged at pH 4.5, increasing chitosan and propranolol concentration will 

result in more positive charges on the nanogels particles. At high chitosan 

concentrations, the crosslinking between chitosan and TPP is ineffective, and thus 

the ZP is higher at high concentrations [249]. In contrast, TPP is an anionic 

molecule, of which increases in the chitosan-TPP ratio will lead to decreasing 

amount of TPP for crosslinking and reduction of the negative charge on nanogels, 

thus the ZP is inversely correlated to the chitosan-TPP ratio. These findings were in 

good agreement with the study conducted by Al-Kassas et al., using the OFAT 

approach [208]. The DOE approach is more advanced and allows interactions and 

quadratic effects to be identified, compared to the OFAT approach. Therefore, 

several additional were identified influencing the zeta potential of the nanogels in the 

RSM model. A quadratic effect of the chitosan concentration is demonstrated in 

Figure 3-2 (c) and (d), which illustrates that there is a maximum concentration for 

chitosan at 0.25% to achieve the highest zeta potential. Interactions between chitosan 

concentration and chitosan-TPP ratio as well as between chitosan concentration and 

chitosan-propranolol ratio were identified in the model, which demonstrated the 
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relationships amongst these factors, and the effect of chitosan concentration on the 

zeta potential is dependent on the other two factors.  
 

𝒁𝑷 = −𝟒. 𝟑𝟓𝟖𝟔𝟕𝟓 + 𝟏𝟗𝟖. 𝟏𝟏𝟑𝟑𝟕𝟓 × 𝑪𝑪 + 𝟒𝟎. 𝟏𝟐𝟒𝟒 × 𝑪𝑷 − 𝟎. 𝟓𝟔𝟐𝟔𝟕𝟓 × 𝑪𝑻 −

𝟒𝟎𝟎. 𝟒𝟏 × 𝑪𝑪𝟐 − 𝟏𝟒𝟒. 𝟐𝟓 × 𝑪𝑪 × 𝑪𝑷 + 𝟖. 𝟒𝟎𝟔𝟖𝟕𝟓 × 𝑪𝑪 × 𝑪𝑻 

 Equation 3-4 

 

3.3.2.3. Encapsulation efficiency 

Another crucial property of nanogels is their ability to encapsulate therapeutic 

molecules. The EE of propranolol in the nanogels formulation was between 10% to 

40%, as shown in Table 3-3, which indicates the encapsulation process of 

propranolol was inefficient. On the contrary, Al-Kassas et al. reported that the EE in 

their study was over 85% [208]. The discrepancy is probably related to the nanogels 

formed using low molecular weight chitosan in this study. Chitosan concentration 

and chitosan-TPP ratio were found to have inverse effects on the EE, with low EE 

observed under high chitosan concentration and low chitosan-TPP ratio (i.e., high 

TPP concentration), as shown in Figure 3-2 (e). It is likely due to the inefficient 

crosslinking at these conditions. Moreover, Whiteley et al. used a similar central 

composite design to predict the encapsulation efficiency of lysozyme in nanogels 

fabricated via microfluidics [197]. The EE of lysozyme in nanogels was higher, with 

at least 54% of the drug input. One likely reason to account for the discrepancy in 

encapsulation efficiency is that the molecular weights of propranolol and lysozyme 

are massively different at 259.34 Da and 14.3 kDa respectively, even though both are 

carrying a positive charge. Propranolol is, therefore, more likely to leach out from 

the nanogels, as compared to lysozyme. Moreover, the study identified different key 

factors on EE, which also revealed that the encapsulations of payloads are different 

between microfluidics and stirring.  

 

 𝑬𝑬 = 𝟎. 𝟑𝟗𝟔𝟖𝟒𝟕𝟎𝟓𝟖𝟖 − 𝟎. 𝟒𝟕𝟏 × 𝑪𝑪 − 𝟎. 𝟎𝟏𝟔 × 𝑪𝑻 Equation 3-5 
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Figure 3-2. Response surface models predicting the effect of CC and CT ratio on (a) 

Z-average, (b) PDI and (e) EE. As the response surface and contour plots are only 

able to compare 2 factors at once, the model of ZP was presented in (c) and (d), 

showing the effect of CC against CT and CT ratio against CP respectively on ZP. 
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3.3.3. Multiple response optimisation 

The optimal fabricating condition was determined by multiple response optimisation 

(MRO) as shown in Figure 3-3, aiming to achieve the highest EE and ZP, and the 

lowest size and PDI. The optimal running condition for nanogels production is at 

0.10% chitosan concentration, a chitosan-TPP mass ratio of 3 and a chitosan-

propranolol mass ratio of 0.5, as shown in Figure 3-3. The predicted size, PDI, ZP, 

and EE of nanogels produced at the optimal condition were 69.2 nm, 0.217, 25.3 

mV, and 30.1% respectively while the measured results of the nanogels were 75.5 

nm, 0.210, 31.4 mV, and 66.0%. The measured values were 9.1%, 2.8%, 24.1%, and 

122.3% different from the predicted values, respectively. The high discrepancies 

between the measured and predicted values for EE demonstrate that the model did 

not give a good prediction and was dependent on the training set.  

 

 
Figure 3-3. Prediction tool shows the relationship between the parameters and the 

properties of nanogels. The optimal condition for nanogel fabrications was shown on 

the x-axis (in red), whereas the corresponding nanogels properties were estimated 

and shown on the y-axis (in red).  
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3.3.4. Test sets and final formulations 

Thirteen test set formulations were performed to determine the prediction accuracy 

of the models, with the measured and predicted results shown in Table 3-4. The 

regression coefficients of the test set (Q2) were compared to those of the training set 

(R2) for each parameter of nanogels. Good fitting is reflected on R2 close to 1, while 

a similar R2 and Q2 indicate that the model was working independently from the 

training data set, which indicates the power of model prediction. Size and PDI 

models were good with a relatively high Q2 value (> 0.6) compared to R2 as shown 

in Figure 3-4, indicating high predictive accuracy. As these models work 

independently from the training data set, the model and mathematical equation could 

be used for prediction. Conversely, the models for ZP worked only on the training 

set and had limited predictive accuracies. An opposite trend is observed for the test 

set compared to the training set. Therefore, the model for ZP should not be used for 

prediction and as the criteria for final formulation. The R2 and Q2 for the EE model 

were low, which suggested that the model is not a good representation of the EE 

within the design space, nor it has a good prediction ability. Therefore, only the 

hydrodynamic size and PDI of the nanogels were predicted as shown in Table 3-4 

whilst the ZP and EE were only measured. The results elucidated the importance of 

verifying the models with test sets as the constructed models do not necessarily have 

the power of prediction. 
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Figure 3-4. Correlations between measured and predicted values for the prediction of 

(a) size, (b) PDI, (c) ZP and (d) EE for the training set (in red) and test set (in blue) 

formulations. The coefficients of determination of the training set (R2) and test set 

(Q2) were determined to find out the degree of correlation between the experimental 

and predicted nanogels properties. R2 close to 1 indicated a good fitting, while the 

proximity of R2 and Q2 demonstrated good predictability.  

 

3.4. Application of the prediction models to other drugs 
Nanogels were fabricated at the optimal condition identified in the model using a total 

of nineteen other drugs, where the drugs are divided into two groups based on the 

molecular similarity to propranolol. The measured size, PDI and zeta potential of the 

nanogels fabricated using structural distinct drugs with propranolol were shown in 

Figure 3-5. Dunnett’s test was applied to the measured size, PDI and zeta potential of 

the nanogels fabricated with different drugs, which illustrated that the properties of 

the nanogels were different and were dependent on the choice of drugs. Moreover, the 

percentage differences between the predicted and measured size of nanogels ranged 

between 10% to 41%, whilst the counterpart in PDI was between 5% and 59%. The 

discrepancy between the predicted and measured values elucidated that the model does 

not apply to other drugs, and DOE optimisation should be performed when a different 

drug is used. These drugs are structurally distinct from each other (i.e., no structural 

activity relationship), possess different functional groups and thus are likely to interact 



_________________________________________________________ 
Chapter 3 - Modelling the effects of formulation, processing factors 
and drug loading on the structure and properties of nanogels 

113 

with chitosan and TPP in nanogels differently, influencing the properties of the 

nanogels. Albeit the distinct results from the propranolol-loaded nanogels, all other 

nanogels were between 70 and 120 nm in size and the PDI were between 0.2 and 0.4. 

The zeta potential of the nanogels was above 20 mV, which indicated that the nanogels 

were less stable than the propranolol-loaded nanogels but possessed some degree of 

colloidal stability. The results indicated that the size, PDI and ZP were different but 

remained in similar magnitudes, indicating properties of nanogels are partly dependent 

on the formulation.  

 

 
Figure 3-5. Measured size, PDI and ZP of the nanogels fabricated with a variety of 

drugs with no structural similarity with propranolol. The red dashed lines represented 

the predicted value from the model. Analysis of Variance (ANOVA) was performed 

to determine the significant difference between nanogels loaded with propranolol and 

other drugs. The error bar represents the standard deviation. * p-value < 0.05, ** p-

value < 0.01, *** p-value < 0.001 and **** p-value < 0.0001. ns refers to a p-value > 

0.05. All samples were fabricated at the optimal conditions, with chitosan 

concentration at 0.1% (w/v), a chitosan-TPP ratio of 3 and a chitosan-drug ratio of 

0.5. 

 

To investigate whether drugs with molecular similarities behaved differently, seven 

beta-blocker drugs with structure-activity relationships (SAR), including propranolol, 

were tested. All beta-blocker drugs had similar structures, the same number of acid 

and base groups, and pKa of pH ~ 9. Thus, at pH 4.5, the drugs were ionised and likely 

interacted with anionic TPP in the nanogels. However, there are also repulsions 
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between cationic chitosan and drugs, which could limit the encapsulation and decrease 

the drug loading. As the drugs and TPP are polar and possess a hydrogen acceptor and 

donor, these interactions are likely to play a role in drug loading. Multiple linear 

regressions and non-linear fittings were conducted to evaluate the correlations 

between the selected molecular descriptors and nanogel properties, which was shown 

in Table 3-8. Metoprolol was not included in the fittings, as the drug comes as a 

tartrate salt of which tartrate could also crosslink in chitosan nanogels [254]. Thus, the 

extra crosslinking may mask the effect of the drug itself. As the sample sizes were too 

small with only seven beta-blockers, these drugs were not sub-grouped into training 

and test sets.  

 
Table 3-8. Estimated correlation coefficients (R2) between selected molecular 

descriptors and properties of nanogels were calculated by the Row-wise method. R2 

< 0.5 referred to weak effect, 0.5 < R2 < 0.7 indicated moderate effects whilst R2 > 

0.7 indicated strong correlation. The estimated correlations with R2 > 0.7 were 

highlighted in red. A negative value in R2 indicated an inverse correlation and vice 

versa. 
Drugs Properties of nanogels  Molecular 

descriptors 
Properties of nanogels 

Size PDI ZP Size PDI ZP 
Acebutolol 108.41 0.269 19.15 

 

nAcid 0 0 0 
Atenolol 121.44 0.261 28.29 nBase 0 0 0 
Betaxolol 104.17 0.274 20.64 nHBd 0.4006 -0.3888 0.0986 
Esmolol 89.27 0.243 27.90 nHBa 0.5786 0.3091 -0.4141 
Metoprolol 97.76 0.204 18.88 nRing -0.4544 -0.4630 0.1544 
Nadolol 98.77 0.216 27.71 nHeteroRing -0.1207 -0.2456 0.2273 
Pindolol 96.61 0.235 27.88 apol 0.1495 0.3918 -0.8015 
Propranolol 82.23 0.231 28.92 bpol 0.1955 0.4989 -0.7985 
 WPATH 0.2508 0.5515 -0.8425 

WPOL -0.0846 -0.1859 -0.4219 
XLogP -0.7985 -0.1870 0.0087 
ALogP -0.5275 -0.3334 0.2914 
TopoPSA 0.6740 0.1363 -0.1791 
TopoDiameter 0.3126 0.7367 -0.7042 
TopoShape 0.0444 -0.1610 -0.1702 

 

Several strong linear correlations were estimated by the Row-Wise method, between 

some molecular descriptors and properties of nanogels. As the number of acids and 

bases in all tested beta-blockers are the same, the correlation coefficients were 0. 

Correlations with strong effects were estimated between XLogP and size, as shown in 
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Figure 3-6. Both ALogP and XLogP are atom-additive approaches to calculate the 

partition coefficient (LogP) theoretically, where XLogP is an enhanced modification 

of ALogP. The correlation coefficient (R2) between the size and XLogP was 0.64 and 

the p-value was 0.0313, which demonstrated that the correlations were moderately 

strong and statistically significant. Hence, the nanogels are likely to be smaller in size 

when a beta-blocker with higher XLogP is used. As LogP is a measure of 

hydrophobicity, higher XLogP indicates higher hydrophobicity. Therefore, the 

observation elucidates that the nanogels size reduced with the hydrophobicity of beta-

blockers. Another strong correlation was estimated between PDI and topological 

diameter (TopoDiameter), indicating a potentially strong influence of graph-

theoretical sizes on the PDI of the nanogel as TopoDiameter is a measure of the 

maximum atom eccentricity. However, the p-values for the ANOVA and lack of fit 

were 0.0589 and 0.7043 respectively, which indicated that the relationship was well-

fitted but was statistically insignificant. Other multiple correlations were estimated 

between the sum of all atomic polarizability (apol), the sum of the absolute value of 

the difference between atomic polarizabilities of all bonded atoms in the molecule 

(bpol), Wiener path number (WPATH), TopoDiameter with zeta potential. Apol and 

bpol are two measures of the polarizability of the drug, while WPATH is a topological 

descriptor, which is defined as the sum of the lengths of the shortest paths between all 

pairs of vertices in the chemical graphs [255]. The Wiener index helps to identify the 

branching, cyclicity and centricity of the compounds. The first three correlations were 

statistically significant, with a p-value of 0.0302, 0.0313, and 0.0173 respectively, 

whereas the correlation between TopoDiameter and ZP was not. All regression 

coefficients were over 0.6, which demonstrated that these correlations were 

moderately strong. The result revealed that the polarizability and molecular 

topography of the drug could potentially affect the zeta potential of the nanogels.  

  



_________________________________________________________ 
Chapter 3 - Modelling the effects of formulation, processing factors 
and drug loading on the structure and properties of nanogels 

116 

 
Figure 3-6. Linear regression and non-linear correlation plots between the nanogel 

properties and the selected molecular descriptors. Linear, logarithmic, exponential, 

and quadratic fittings were plotted in red, green, blue, and black respectively, with 

the correlation coefficient (R2) and p-value for each fitting shown in the respective 

colour. 

 

Non-linear correlations, such as logarithmic, exponential, and quadratic correlations 

were also fitted between the molecular descriptors and the nanogel properties. As with 

the linear regressions, the correlation coefficient for nAcid and nBase was 0. 

Interestingly, the exponential correlation between PDI and bpol was significant 

despite the moderate effect of the correlation, with a p-value of 0.0447 and an R2 of 

0.5865. The result revealed that the polarizability of the drugs impacted the PDI of the 

nanogels, potentially in an exponential growth fashion. Moreover, the interactions 

between apol, bpol, WPATH, and ZP could be fitted in other relationships, as shown 

in Table 3-9, with the quadratic correlations between these molecule descriptors and 

ZP deemed as the best fitting (R2 > 0.9). However, the vertex of the quadratic fit could 

not be confirmed with the existing data set and thus is likely to be overfitted. 

Exponential fitting between apol and ZP, as well as bpol and ZP, were also good, with 
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p-values of 0.0078 and 0.0021, respectively. Hence, the result showed that these two 

factors could have negative exponential effects on the ZP, instead of linear 

relationships. Contrary, the exponential fit was invalid for WPATH and ZP, as there 

are invalid arguments. The quadratic fit was the best fit amongst all relationships, with 

the highest R2. Both linear and logarithmic correlations were comparable and slightly 

above 0.7. With the existing data set, there is likely a quadratic correlation between 

the WPATH and ZP. Last but not least, a new correlation between ALogP and ZP was 

found in the quadratic fit, with a p-value of 0.0081 and an R2 of 0.9098. The result 

indicates that hydrophobicity also influenced the ZP and the colloidal stability of the 

nanogels.  

 

Table 3-9. Correlation coefficients (R2) between selected molecular descriptors and 

properties of nanogels were calculated for each non-linear fitting method. The 

correlations with R2 > 0.7 and p-value < 0.05were highlighted in red while the 

correlation with R2 < 0.7 and p-value < 0.05 were highlighted in purple. 
Fits Logarithm Exponential Quadratic 
 Properties of nanogels 

Size PDI ZP Size PDI ZP Size PDI ZP 

M
ol

ec
ul

ar
 d

es
cr

ip
to

rs
 

nAcid 0 0 0 0 0 0 0 0 0 
nBase 0 0 0 0 0 0 0 0 0 
nHBd 0.1437 0.1638 0.0010 0.0429 0.2881 0.0255 0.4358 0.4197 0.0513 
nHBa 0.3098 0.0915 0.1737 0.1945 0.1425 0.3345 0.3863 0.1078 0.2707 
nRing 0.2226 0.2266 0.0269 0.2065 0.2144 0.0238 0.2065 0.0573 0.0238 
nHeteroRing 0.0197 0.0546 0.0269 0.0146 0.0603 0.0517 0.0146 0.0603 0.0517 
apol 0.0125 0.1357 0.6367 0.1066 0.3594 0.7858 0.1777 0.3406 0.9227 
bpol 0.0243 0.2304 0.6261 0.0815 0.5865 0.8719 0.0390 0.5143 0.9335 
WPATH 0.0468 0.2848 0.7054 Invalid Invalid Invalid 0.0693 0.4290 0.9413 
WPOL 0.0131 0.0431 0.1836 0.0334 0.0204 0.1564 0.6451 0.0414 0.1805 
XLogP 0.6193 0.0348 0.0000 0.4521 0.0604 0.0518 0.6779 0.0369 0.2255 
ALogP 0.2828 0.1156 0.0095 0.2280 0.0387 0.0112 0.2925 0.4658 0.9098 
TopoPSA 0.4407 0.0165 0.0335 0.1023 0.2159 0.5063 0.4604 0.0325 0.0666 
TopoDiameter 0.0874 0.5306 0.4877 0.0201 0.5045 0.5498 0.1925 0.5859 0.6019 
TopoShape 0.0001 0.0321 0.0224 0.0015 0.0277 0.0271 0.1677 0.1996 0.2101 

 

To summarise, the results indicate that the properties of the payload impacted the 

properties of nanogels. Interaction between the drugs and other components of 

nanogels is most likely to play a vital role in determining the nanogels properties in 

addition to the formulations. Thus, the loading of drugs in nanogels is not purely a 

simple entrapment inside the void. Drugs with diverse sizes and shapes could still be 
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encapsulated in the nanogels but altered the nanogel properties. Furthermore, most of 

the topological size and shape descriptors selected failed to influence the nanogel 

properties, which also supported the finding. Interestingly, since the structural 

difference between drugs is small for drugs with structural activity relationships, hence 

the interactions between nanogel and drugs remain similar. The constitutional 

descriptors selected did not impact the nanogel properties, which demonstrated that 

the hydrogen bonds and the heterocyclic and aromatic rings were not the key 

interactions or groups between the drugs and the carrier. Instead, the hydrophilicity, 

polarity and polarizability of the drugs were more important, which were found to 

impact the nanogel properties. With these correlations, the DOE models established 

could potentially be applied to similar drugs, to estimate the nanogels properties. In 

practice, for example, if the target payload is expensive or has limited availability, 

cheaper drugs with a SAR could be used to optimise the formulation and the optimum 

conditions could then be applied to the target payload.  

 

As a proof-of-concept study, there are several limitations to this approach. First, only 

a small number of molecular descriptors were selected compared to approximate 1800 

descriptors computed by PaDEL. Therefore, future use of machine learning could help 

identify molecular descriptors that have stronger and more non-linear correlations with 

the properties of nanogels, as well as from a larger pool of molecular descriptors. 

Despite the limitations, this study revealed that the established DOE models could be 

applied to similar drugs with the help of molecular descriptors. It also provided a 

deeper understanding of how drugs are loaded in nanogels as well as how payloads 

could impact the properties of nanogels.  

 

3.4.1. Screening the effects of processing factors in nanogels fabrication  

3.4.1.1. Definitive Screening Design (DSD) 

The factors with linear effects were first screened in the definitive screening design 

for each nanogel property (size, PDI, ZP and EE), followed by the factors with 

quadratic and interaction effects. The processing parameters were estimated to have 

effects on nanogel properties using the profilers shown in Figure 3-7. Temperature, 

the total volume of the solution, stirring speed, grade of chitosan and choice of 

crosslinkers were estimated to impact the size of the nanogels, while temperature and 
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the choice of crosslinker also influenced the PDI of nanogels. Furthermore, ZP was 

likely to be dependent on the chitosan grade and interestingly the size of the stirrer. 

Nevertheless, the addition rate of the crosslinker and glass vial volume was expected 

to affect the encapsulation efficiency in the nanogels. These results revealed that 

these processing factors could also impact the nanogels properties, in addition to the 

formulation composition and drug loading.  

 

 
Figure 3-7. Profilers show the effect of the factors identified from the DSD on each 

nanogels property. The predicted correlation was present as the solid black line. At 

the experimental conditions mentioned on the x-axis of the profiler and in red, the 

corresponding predicted nanogel properties were in red on the y-axis of the profiler. 

 
3.4.1.2. Response surface methodology 

The estimated parameters were then used to construct a model via stepwise 

regression, with a 5-fold cross-validation. For size, two interactions (T x CR and T x 

SR) and total volume (TV) were removed from the model to avoid overfitting. A 

one-way analysis of variation (ANOVA) and lack of fit test was then performed on 

the linear regression models for each individual dependent variable to determine the 

statistical significance and the goodness of fit of these models on the training set. 

The null hypothesis of the ANOVA is that the nanogel properties do not correlate 

28
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with the parameters. The results of the ANOVA and lack of fit tests are reported in 

Table 3-10. p-values obtained in the ANOVA test for all the models were smaller 

than 0.05, demonstrating the significance of the correlations between the training set 

and the models. Furthermore, the p-values in the lack of fit tests for all models were 

larger than 0.05, which indicate these models were a good fit for the training set data. 

As discussed above in Section 3.3.4, a good fit with the training data does not 

indicate good predictability. A test set is usually performed to determine the 

predictability, but it was not performed in this study as the final aim of the study 

focused on identifying the optimal condition only, instead of predicting the 

properties. In short, the results indicated that the models were well-fitted to the data 

set and the correlations between the processing factors and the properties of nanogels 

were significant. Hence, an optimal condition was obtained from the multiple 

response optimisation.  
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Table 3-10. ANOVA and lack of fit test results for the DSD models for various 

independent variables. The significance of each term used in constructing the model 

were also reported. Statistical significance was set as Prob. > F being smaller than 

0.05. 

Where T is temperature, SR is stirring rate, CS is chitosan grade, CR is crosslinker choice, 

AR is addition rate, GV is glass vial volume and SS is stirrer size. 

Independent 
variables  

Source of 
variations 

Degree of 
freedom 

Sum of 
squared 

Mean 
squares 

F value Prob.> 
F 

Significance 

Size Model 5 37432.870 7486.570 43.225 <0.0001 Significant 
 T 1 2526.010  14.584 0.0011 s 
 SR 1 2180.853  12.591 0.0020 s 
 CS 1 16225.800  93.682 <0.0001 s 
 CR 1 16416.877  94.785 <0.0001 s 
 T X CS 1 1978.637  11.424 0.0030 s 
 Residual 20 3764.03 173.20    
 Lack of fit 14 2848.699 203.478 1.984 0.2046 Not 

significant 
 Pure error 6 615.334 102.556    
PDI Model 2 0.013 0.007 14.076 0.0001 Significant 
 T 1 0.006  12.274  s 
 CR 1 0.006  13.526  s 
 Residual 23 0.011 0.000    
 Lack of fit 3 0.000 0.000 0.062 0.9764 Not 

significant 
 Pure error 20 0.011 0.001    
EE Model 2 0.0024 0.012 8.119 0.0021 Significant 
 AR 1 0.007  4.727 0.0402 s 
 GV 1 0.019  12.692 0.0017 s 
 Residual 23 0.0341 0.001    
 Lack of fit 3 0.003 0.001 0.5524 0.6524 Not 

significant 
 Pure error 20 0.031 0.002    
ZP Model 2 421.314 210.657 11.650 0.0003 Significant 
 CS 1 373.803  20.673 0.0001 s 
 SS 1 72.002  3.982 0.05810 ns 
 Residual 23 415.884 18.082    
 Lack of fit 3 29.797 9.932 0.5145 0.6770 Not 

significant 
 Pure error 20 386.087 19.304    
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3.4.2. Effect of processing factors on the nanogels properties 

3.4.2.1. Z-average  

The nanoparticles in Table 3-6 were in a range of 100-250 nm, despite the 

fabrication conditions varying dramatically. The results echoed the previous 

observations in the sections above, which also demonstrated the size of the nanogels 

were partially dependent on the formulations, where the formulation of the nanogels 

was fixed in this study. Thus, the sizes of nanogels remained similar. In the 

definitive screening design, temperature, stirring rate, grade of chitosan, and choice 

of crosslinker were found to have significant effects on the Z-average of nanogels, as 

presented in Table 3-10. The interaction between temperature and chitosan grade (T 

x CS) also significantly impacted the size.  

 

In macroscopic terms, the propranolol nanogels were fabricated by mixing chitosan 

and crosslinker solutions under stirring, where the fluid motion and mixing of the 

two solutions could be described by the Rankine vortex model [210]. The model 

involved a swirling flow of viscous fluid, which was the chitosan solution with the 

forced vortex generated in the centre and a free vortex surrounding it. Nevertheless, 

in microscopic terms, the mixing and gelation process is still governed by diffusion 

and could also be described as nucleation. Thus, the nanogels properties are likely 

dependent on how well the chitosan and crosslinker solutions are mixed under 

stirring.  

 

The size of nanogels decreased with temperature and stirring speed, as shown in 

Figure 3-8 (a). At high stirring speed and high temperature, the sizes of nanogels are 

reduced. The vortex increased with the stirring speed, which improved the 

turbulence and subsequently the mixing effect of the two solutions. Thus, the 

chitosan was more readily available to interact with the crosslinker, resulting in more 

nucleation and smaller particles being formed. Similar results were observed by 

Hussain et al. for this stirring speed range, where the particle size of chitosan TPP 

nanoparticles decreased with the stirring speed varying from 200 to 700 rpm [256]. 

However, the group also found that the effect of stirring speed on the nanoparticle 

size was a V-shape or quadratic effect. Thus, the size of nanoparticles increased 
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when the stirring speed further increased from 700 rpm to 1000 rpm. This 

observation was likely due to the poor mixing effect when the vortex was too deep 

and reached the impeller. The power was absorbed by the liquid and the mixing was 

inefficient. Another possible explanation was that the shearing generated at these 

stirring speeds was too weak to break up the agglomerated nanoparticles, as the fluid 

was in a circular motion only. Hence, larger particle size was observed. At high 

temperatures, the viscosity of the chitosan solution reduced at high temperature in 

particular, which allowed better mixing between the crosslinker solution and 

chitosan solution and resulted in a larger surface area between the chitosan and 

crosslinker. In addition, the diffusibility of the chitosan and crosslinkers were 

increased under high temperature. More nucleation was present and thus the size of 

the nanogels was smaller. Interestingly, the result demonstrated an opposite trend to 

the study conducted by Kamat et al., where the nanoparticles obtained at 4 oC were 

smaller in size and had a narrower distribution compared to 27 and 35 oC [213]. The 

difference in observations might be due to the different fabrication processes of the 

nanogels. Kamat et al. fabricated the nanogels in the pipette tips without stirring at a 

microlitre scale, while nanogels were produced by stirring in this study with a 

millilitre scale. Thus, temperature influenced the nucleation stage in the former 

study, while the temperature was likely impacting the mixing of the two components 

before nucleation in this study.  

 

Choice of crosslinkers was also found to impact the size, with nanogels formed with 

pyrophosphate being larger than those formed by TPP. It is likely due to alterations 

of the crosslinking between chitosan and crosslinkers. Pyrophosphate is a 

diphosphate carrying only four negative charges while TPP refers to triphosphate, 

which bears five negative charges. Hence, the electrostatic interactions between 

chitosan and pyrophosphate are weaker than those between chitosan and TPP. As a 

consequence, the nanogels were less contracted due to electrostatic interaction. In 

addition, the coordination of the crosslinkers was thought to be different between the 

pyrophosphate and TPP, where a TPP molecule arranged in a V-shape and interacted 

with the amine group on chitosan to form two crosslinks per molecule. In contrast, 

pyrophosphate interacted with anime groups on chitosan and formed one crosslink 

per molecule [257]. Furthermore, the chitosan-pyro nanogels retained colloidal 
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stability even at a high pyro concentration, while chitosan-TPP nanogels would form 

aggregates and coagulate when the TPP concentration was high. Thus, the size of 

chitosan-TPP nanogels was larger than the chitosan-pyro nanogels [258]. Lastly, 

chitosan grade was found to impact the size, with LMW chitosan producing smaller 

nanogels than MMW chitosan. It is probably related to the higher viscosity of the 

MMW chitosan solution than that of the LMW chitosan solution. Thus, the LMW 

chitosan was mixed better than the MMW chitosan solution and subsequently 

produced smaller nanogels. 

 

𝑺𝑰𝒁𝑬 = 𝟐𝟏𝟔. 𝟖 − 𝟎. 𝟎𝟔𝟗𝑺𝑹 − 𝟎. 𝟖𝟔𝟑 × 𝑻 − 𝟑 × 𝑪𝑺J 𝑳𝑴𝑾 𝟗. 𝟓𝟏𝟕
𝑴𝑴𝑾 −𝟗. 𝟓𝟏𝟕N +

𝟎. 𝟎𝟖 × 𝑻 × 𝑪𝑺J 𝑳𝑴𝑾 𝟗. 𝟓𝟏𝟕
𝑴𝑴𝑾 −𝟗. 𝟓𝟏𝟕N + 𝑪𝑺 J

𝑳𝑴𝑾 −𝟐𝟓. 𝟐𝟎𝟗
𝑴𝑴𝑾 𝟐𝟓. 𝟐𝟎𝟗 N +

𝑪𝑹 J𝑷𝒚𝒓𝒐 𝟐𝟓. 𝟑𝟓𝟕
𝑻𝑷𝑷 −𝟐𝟓. 𝟑𝟓𝟕

N 

 Equation 3-6 
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Figure 3-8. Response surface models predicting the effect of temperature and stirring 

rate on the size of the nanogels at four different combinations of chitosan grade and 

crosslinkers, as the response surface plots, could show the continuous factors only. 

Thus, the surface plots were presented in 4 combinations, namely (a) LMW chitosan 

and pyrophosphate, (b) LMW chitosan and TPP, (c) MMW chitosan and pyro, and 

(d) MMW chitosan and TPP. 

 

3.4.2.2. PDI 

From a pharmaceutical perspective, a successful nano-formulation should be stable, 

safe, and effective, and the preparation method should be robust. Thus, the 

population of the nanocarriers should be as homogenous as possible. The PDI is a 

measure of the homogeneity of the nanoparticles in terms of size distribution [250], 

which is a value between 0 to 1 for the Malvern Zetasizer series. Hence, the smaller 

the PDI, the more uniform the size of the nanogels. A high PDI value (> 0.7) denotes 

a very broad size distribution of the nanoparticles, which might indicate 

agglomeration of the nanoparticles or the presence of other contaminants.  
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PDI of the nanogels shown in Table 3-3 was between 0.218 and 0.355, of which all 

formulations were considered moderately dispersed. Temperature and crosslinker 

choice were the only processing factors found to affect the PDI of the nanogels, as 

shown in Table 3-10. At high temperatures, the mixing was improved as the 

viscosity of the chitosan solution and crosslinker solution was lowered. Furthermore, 

the diffusibility of both chitosan and crosslinkers was higher. The nucleation was 

more, and the particles were smaller in size. Thus, the particle size distribution was 

narrower at high temperatures, and thus the PDI decreased with temperature. 

Moreover, the choice of crosslinkers was equally important, with higher 

polydispersity obtained with pyrophosphate than with sodium triphosphate. It is 

probably related to the stronger interaction between chitosan and TPP compared to 

that with pyrophosphate. The particles are more contracted by the electrostatic force 

and thus the particle size distribution was narrower, resulting in lowering the PDI.  

 

𝑷𝑫𝑰 = 𝟎. 𝟑𝟏𝟖 − 𝟎. 𝟎𝟎𝟏 × 𝑻 + 𝑪𝑹J𝑷𝒚𝒓𝒐 𝟎. 𝟎𝟏𝟔
𝑻𝑷𝑷 −𝟎. 𝟎𝟏𝟔N Equation 3-7 

 

3.4.2.3. Zeta potential 

The nanogels are formed by ionic gelation between cationic chitosan and anionic 

crosslinkers, where chitosan is used in 3-fold of the crosslinkers. Therefore, nanogels 

are generally positively charged at acidic conditions with pH < 6, where the amine 

group on the chitosan are protonated. The ZP of nanogels is an important influencer 

on the colloidal stability of the nanogels, as the agglomeration of nanogels is 

attenuated by the electronic repulsion [251,252]. Nanogels with ZP values of 30 mV 

are generally stable in suspension due to the sufficient electronic repulsion between 

particles [253]. Zeta potentials of the nanogels from the data set as shown in Table 

3-3, were in a range of 17 to 38 mV, which indicated that around half of the nanogels 

formulations were colloidally stable due to the surface charge repulsions in the 

suspension.  

 

Only the grades of chitosan were found to have significant effects on the ZP of the 

nanogels. Stirrer size was first estimated to affect the ZP of nanogels but failed the 

statistical test in the end. The chitosan grade was classified as a categorical data set 
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in this study, as the chitosan was different in terms of molecular weight and 

deacetylation efficiency. The higher ZP in nanogels fabricated with MMW chitosan 

was likely due to the higher deacetylation efficiency, as shown in Section 3.2.2. 

Deacetylation efficiency indicated the proportion of free anime groups on the 

chitosan, which would be protonated at the fabricating pH. Thus, the higher the 

deacetylation efficiency, the more pronated the chitosan. Thus, the MMW chitosan 

was more cationic than LMW chitosan at pH 4.5 and the surface charge was 

neutralised by the anionic crosslinker to a lesser degree, resulting in higher ZP.  
 

𝒁𝑷 = 𝟐𝟐. 𝟔𝟏𝟕 + 𝟎. 𝟒𝟓𝟒 × 𝑺𝑺 + 𝑪𝑺J 𝑳𝑴𝑾 −𝟑. 𝟖𝟎𝟓
𝑴𝑴𝑾 𝟑. 𝟖𝟎𝟓 N Equation 3-8 

 

3.4.2.4. Encapsulation efficiency 

The EE of propranolol in the nanogels formulations after varying the fabrication 

factors was between 16% to 40%, as shown in Table 3-3, which were similar to 

those reported in Section 3.3.2. The results indicated the encapsulation process of 

propranolol was not altered by varying the fabricating factors, and thus the 

encapsulation efficiency remained similar. In conjunction with the previous chapter, 

the encapsulations were inefficient, as a consequence of the charge repulsions 

between the cationic chitosan and propranolol. The addition rate of crosslinker 

solution and glass vial volume were found to have proportional effects on the EE, 

with high EE observed at a high addition rate and when a large container was used. It 

is likely due to the faster the addition rate, the more TPP or pyrophosphate available 

for crosslinking. Hence, the gelation process was faster, and more propranolol could 

interact with the TPP or pyrophosphate at the beginning of the gelation stage, which 

enhanced the encapsulation efficiency in the nanogels. Interestingly, the 

encapsulation efficiency was also dependent on the glass vial volume, with nanogels 

fabricated in the larger glass vial (volume = 28 mL) possessing higher encapsulation 

efficiency. Glass vial volume was considered as a categorical data set, as the radius 

and height of the glass vial changed simultaneously for the larger glass vials and no 

intermediate size was found between the two vial sizes. The higher encapsulation 

efficiency using a larger vial is probably related to the vortex mixing, where the 

radius (r) of the container plays an important role. The velocity of the flow decreased 

with 1/r2 outside the vortex. The larger the radius of the vial, the slower the velocity 
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and thus more time was available for propranolol to interact with the crosslinkers 

and encapsulation during the gelation process.  

 

𝑬𝑬 = 𝟎. 𝟐𝟗𝟓 + 𝟎. 𝟎𝟐𝟒 × 𝑨𝑹 + 𝑮𝑽 J𝟏𝟒 −𝟎. 𝟎𝟐𝟕
𝟐𝟖 𝟎. 𝟎𝟐𝟕 N Equation 3-9 

 

3.4.3. Comparison between different chitosan grades and crosslinkers 

The training sets and test sets were reported in Sections 3.3.2 and 3.3.4 to construct 

the response surface profile and verify the models, where LMW chitosan was used. 

The same formulations were repeated with MMW chitosan under the same 

condition. Instead of constructing another response surface model, the results from 

the training set and test set were grouped as a single data set, followed by a statistical 

test to determine the differences between the properties of nanogels fabricated with 

different chitosan grades. The properties of the nanogels fabricated using both LMW 

and MMW chitosan were summarised in Table 3-11.  
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Table 3-11. Nanogels were fabricated using different chitosan grades with the formulations in the training and test sets, with the details of 

experimental conditions shown for each formulation. Properties of the fabricated nanogels were measured and reported as mean ± SD, based on 

three independent results (n = 3).  
Experiment conditions LMW chitosan MMW chitosan 
Chitosan 
conc. 
(%w/v)  

Chitosan/ 
TPP 
ratio 

Chitosan/ 
Propranolol 
ratio 

Size (nm) PDI ZP (mV) EE (%) Size (nm) PDI ZP (mV) EE (%) 

0.2 3 0.375 135.3 ± 5.5 0.243 ± 0.009 23.45 ± 2.64 23.3 ± 12.3 201.4 ± 15.5 0.365 ± 0.051 31.80 ± 0.34 37.8 ± 5.2 
0.2 5 0.25 135.6 ± 5.3 0.367 ± 0.076 29.53 ± 1.36 40.6 ± 27.7 193.1 ± 5.4 0.356 ± 0.055 35.87 ± 2.09 36.6 ± 3.1 
0.2 5 0.375 132.3 ± 2.7 0.378 ± 0.066 28.01 ± 0.97 11.7 ± 11.4 197.1 ± 7.9 0.395 ± 0.048 34.69 ± 1.45 37.6 ± 2.2 
0.2 5 0.375 138.6 ± 4.5 0.352 ± 0.062 29.95 ± 1.76 18.6 ± 10.1 217.1 ± 12.7 0.413 ± 0.036 35.33 ± 2.19 36.3 ± 3.2 
0.1 5 0.375 65.6 ± 5.2 0.288 ±0.021 24.59 ± 7.43 30.7 ± 20.2 101.7 ± 4.7 0.302 ± 0.024 31.50 ± 5.07 55.2 ± 3.2 
0.1 3 0.5 69.8 ± 1.4 0.233 ± 0.015 25.73 ± 3.34 35.1 ± 20.6 122.5 ± 3.5 0.279 ± 0.012 32.38 ± 2.56 55.1 ± 9.2 
0.3 5 0.375 208.1 ± 3.9 0.481 ± 0.018 26.49 ± 7.00 18.7 ± 10.8 295.8 ± 20.5 0.518 ± 0.038 37.49 ± 1.40 35.4 ± 2.8 
0.2 5 0.375 135.2 ± 4.8 0.327 ±0.037 30.59 ± 2.32 16.5 ± 9.3 191.3 ± 3.1 0.330 ± 0.007 35.02 ± 3.67 42.7 ± 7.6 
0.2 5 0.5 146.4 ± 3.7 0.323 ±0.028 29.62 ±1.46 20.9 ± 11.8 204.7 ± 10.6 0.367 ± 0.053 34.14 ± 8.61 38.4 ± 4.2 
0.1 7 0.25 59.4 ± 6.1 0.342 ± 0.077 18.67 ± 4.38 19.7 ± 10.3   109.6 ± 1.7 0.426 ± 0.030 37.10 ± 1.88 38.7 ± 4.5 
0.3 3 0.25 194.4 ± 3.7 0.343 ± 0.072 24.38 ± 0.73 21.7 ± 12.1 295.3 ± 26.5 0.502 ± 0.083 32.35 ± 2.39 39.0 ± 5.2 
0.3 7 0.25 198.6 ± 10.8 0.498 ±0.026 31.58 ± 1.57 14.5 ± 7.3 342.8 ± 35.3 0.555 ± 0.020 38.39 ± 2.52 35.2 ± 3.1 
0.3 7 0.5 206.2 ± 6.7 0.507 ±0.035 31.02 ± 2.45 16.4 ± 8.3 348.5 ± 14.0 0.561 ± 0.029 41.03 ± 8.48 47.9 ± 4.7 
0.2 7 0.375 132.0 ± 12.6 0.461 ± 0.021 32.23 ± 3.55 18.0 ± 12.1 183.4 ± 8.8 0.423 ± 0.048 34.77 ± 8.48 35.4 ± 4.6 
0.1 3 0.25 65.0 ± 1.8 0.217 ± 0.030 18.11 ± 8.10 26.7± 16.2 123.5 ± 1.3 0.274 ± 0.005 34.31 ± 3.13 41.0 ± 5.6 
0.3 3 0.5 190.8 ± 12.9 0.345 ±0.069 24.69 ± 1.19 19.6 ± 10.3 307.9 ± 24.7 0.544 ± 0.112 34.52 ± 0.67 43.4 ± 6.8 
0.1 7 0.5 56.8 ± 4.4 0.313 ± 0.047 25.25 ± 5.86 25.8 ± 13.7 110.1 ± 8.6 0.413 ± 0.068 35.90 ± 4.68 46.1 ± 4.9 
0.15 4 0.25 114.4 ± 5.9 0.268 ± 0.008 27.44 ± 4.48 14.9 ± 2.6 187.5 ± 569 0.327 ± 0.026 38.78 ± 1.40 72.4 ± 3.9 
0.25 4 0.375 138.1 ± 7.0 0.283 ± 0.012 25.42 ± 3.76 15.4 ± 6.6 198.3 ± 40.5 0.343 ± 0.067 35.52 ± 2.10 70.7 ± 4.4  
0.25 6 0.25 131.1 ± 8.8 0.318 ± 0.027 25.12 ± 3.77 9.5 ± 3.0 254.5 ± 36.3 0.574 ± 0.320 38.89 ± 2.16 75.8 ± 4.1 
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0.1 4 0.5 98.9 ± 2.8 0.156 ± 0.037 29.46 ± 3.23 19.6 ± 2.3 165.6 ± 4.3 0.291 ± 0.004 37.01 ± 1.51 71.4 ± 4.7 
0.15 3 0.375 118.1 ± 4.9 0.245 ± 0.015 26.03 ± 1.84 15.4 ± 11.9 241.6 ± 2.1 0.456 ± 0.007 36.01 ± 1.13 70.8 ± 3.7 
0.3 6 0.5 179.8 ± 5.7 0.422 ± 0.069 29.36 ± 2.72 8.5 ± 5.9 348.7 ± 10.2 0.543 ± 0.026 40.83 ± 2.66 74.6 ± 3.9 
0.15 3 0.25 119.3 ± 8.4 0.253 ± 0.016 26.26 ± 1.29 31.4 ± 25.4 168.9 ± 12.1 0.298 ± 0.025 36.58 ± 0.83 74.9 ± 3.7 
0.2 4 0.5 113.0 ± 4.2 0.268 ± 0.013 23.10 ± 4.66 9.7 ± 5.8 209.5 ± 21.7 0.366 ± 0.061 40.28 ± 1.38 74.0 ± 5.2 
0.2 6 0.375 107.6 ± 5.9 0.289 ± 0.040 23.95 ± 6.26 25.2 ± 14.8 198.+ ± 9.7 0.336 ± 0.010 37.05 ± 2.12 78.0 ± 9.0 
0.1 6 0.5 60.7 ± 7.6 0.146 ± 0.020 24.79 ± 2.49 18.5 ± 2.1 103.2 ± 3.8 0.333 ± 0.037 36.07 ± 3.53 72.2 ± 5.1 
0.15 7 0.375 115.8 ± 6.1 0.355 ± 0.052 26.06 ± 7.11 13.8 ± 1.1 171.4 ± 14.8 0.395 ± 0.048 41.94 ± 3.27 69.4 ± 6.8 
0.25 3 0.25 133.8 ± 2.1 0.263 ± 0.013 24.99 ± 3.72 18.3 ± 10.2 223.1 ± 16.5 0.412 ± 0.033 31.11 ± 0.51 67.9 ± 3.0 
0.3 4 0.5 194.4 ± 7.3 0.397 ± 0.049 28.36 ± 2.30 18.8 ± 9.3 385.7 ± 24.7 0.589 ± 0.110 41.33 ± 1.16 71.2 ± 2.2 
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Significantly different in PDI (p = 0.0027), hydrodynamic size, zeta potential, and 

encapsulation efficiency (p < 0.0001) were observed for nanogels fabricated with 

different chitosan grades, with the result of the F-test and t-test shown in Table 3-12. 

Interestingly, these results suggest that different grades of chitosan have effects on all 

the properties of nanogels, whereas the result in Section 3.3.2 demonstrated the effect 

of chitosan grades on the size and ZP of nanogels. The difference is probably related 

to the poor ability of the definitive screening design to identify the marginal effects. 

By comparison, nanogels produced using LMW chitosan are smaller in size (131.5 ± 

8.1 nm) and less poly-disperse (0.330 ± 0.015) than those fabricated under the same 

condition using MMW chitosan, where the size and PDI of the MMW chitosan-TPP 

nanogels were 213.4 ± 14.4 nm and 0.410 ± 0.017, respectively. However, the 

encapsulation in the LMW chitosan fabricated nanogels is less efficient (20.0 ± 1.4%) 

than those prepared by the MMW chitosan (54.8 ± 3.0%). It is likely due to a smaller 

size in nanogels fabricated with LMW chitosan, which has a smaller capacity to 

accommodate the drug. Moreover, the zeta potential of nanogels is lower when LMW 

chitosan (26.57 ± 0.62 mV) is used for fabrication, compared to those of MMW 

chitosan (363.26 ± 0.54 mV). The finding showed that the nanogels produced with 

LMW chitosan are more prone to agglomeration, compared to their counterparts made 

from MMW chitosan. 
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Table 3-12. F-test and T-test results comparing the effect of using different chitosan for fabrication on the properties of the nanogels 

formed. p–value < 0.05 was deemed statistically significant. The results demonstrated the differences in nanogel properties were 

statistically significant when different chitosan was used for fabrication. 
  F-test to compare variances T-test 
Properties CS F p-value Sig. Mean SD Mean 

difference 
SE 
difference 

T df p-value Sig. 

Size (nm) LMW 3.174 0.0027 Yes 131.5 8.1 -81.9 16.5 4.967 45 <0.0001* Yes 

MMW    213.4 14.4       

PDI LMW 1.305 0.4786 No 0.330 0.016 -0.080 0.023 3.40 58 0.0012 Yes 

MMW    0.410 0.023       

ZP (mV) LMW 1.280 0.5106 No 26.57 0.62 -9.69 0.82 11.79 58 <0.0001 Yes 

MMW    36.27 0.54       

EE (%) LMW 4.915 <0.0001 Yes 20.0 1.4 -34.8 3.3 10.49 40 <0.0001* Yes 

MMW    54.8 3.0       

* T-test was conducted with Welch’s correction as F-test to compare variances with the group is significant.  



__________________________________________________________ 
Chapter 3 - Modelling the effects of formulation, processing factors 
and drug loading on the structure and properties of nanogels 

133 

 

Altering the crosslinkers could also impact the properties of nanogels. Apart from 

the two crosslinkers used above, phytic acid sodium (PAS, aka. inositol 

hexaphopshate) was used as the crosslinkers in nanogels, which potentially allow the 

non-linear and non-planar crosslinking between the chitosan chains, constructing a 

more complex three dimensional structure. In addition, the number of phosphate 

groups in PAS was double of the TPP and triple of the pyrophosphate, which allows 

more crosslinking to be formed per crosslinking molecule. The structure of these 

crosslinkers is shown in Figure 3-1. 

 

A one-way ANOVA was performed on the size, PDI, and the zeta potential of the 

nanogels fabricated with different crosslinkers. The result revealed that there were 

differences in size, PDI, and the zeta potential of nanogels fabricated with various 

crosslinkers (p < 0.001). The nanogels fabricated with PAS were the largest, while 

those with TPP were the smallest. The large size of particles was fabricated with 

PAS as it has the highest molecular weight, indicating that the number of molecules 

available for crosslinking for the same mass of crosslinker was fewer. Therefore, the 

number of nuclei was fewer, and the particles grew larger. In contrast, 

pyrophosphate carried lower charges and interacted differently with chitosan [257], 

which contracted the nanogels less and resulted in larger particles compared to 

chitosan-TPP nanogels.  

 

In terms of polydispersity, there was no significant difference between nanogels 

fabricated with TPP and PAS. However, the nanogels fabricated with pyrophosphate 

were significantly more polydisperse than those with TPP or PAS. It is likely due to 

the weaker ability of pyrophosphate to contract the nanogels, resulting in larger size 

distribution. Furthermore, the lowest and highest ZP were measured in 

pyrophosphate and PAS nanogels respectively. The ZP of nanogels was likely 

related to the charge and molecular weight of the crosslinkers. Each Pyro, TPP and 

PAS molecule carries four, five and, twelve negative charges, but their molar masses 

were 265.90, 367.86, and 932.82 g/mol, respectively. Thus, under the same mass 

ratio of the chitosan-crosslinker ratio, more pyrophosphate was available for 

crosslinking and neutralising the positive charges on chitosan. Conversely, the PAS 
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has the highest charge and molecular weight, resulting in a fewer number of 

molecules for crosslinking. Despite PAS carrying the highest number of charges, the 

number of molecules available for crosslinking and neutralising the positive charge 

of chitosan was the lowest amongst all crosslinkers. Thus, the overall net charge on 

the nanogel was the highest.  

 

 
Figure 3-9. Size, PDI and ZP of nanogels fabricated with different crosslinkers. ** p-

value = 0.042, while **** p-value < 0.001. The results showed the size, PDI and 

zeta-potentials of the nanogels fabricated with various crosslinkers were different. 

 

3.4.4. Multiple response optimisation 

Unlike the central composite design used in Section 3.3.2, both screening and 

response surface methodology could be performed with a single model of definitive 

screening design, as discussed in Sections 3.4.1 and 3.4.2. Thus, an optimal 

fabricating condition could also be determined by multiple response optimisation 

(MRO), based on the established correlations. The MRO aimed to maximise EE and 

ZP and lower Z-average and PDI. The profilers in Figure 3-10 summarised all 

correlations between nanogel properties and the processing factors. A horizontal line 

in the profiler indicated no correlation between the nanogel properties and the 

respective processing factors, whereas a slope indicated a linear relationship. Each 

response was converted into a desirability function ranging between 0 and 1 as 
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discussed in Section 3.2.4. They were shown in the last column in Figure 3-10 for 

each response. The optimal fabrication for nanogels production was shown in red on 

the x-axis, of which the overall desirability of the optimal condition was shown as 

0.749. The optimal condition utilised MMW chitosan and TPP, with an additional 

rate for TPP solution at 2 mL/min. The solution was then stirred at a temperature of 

50 oC, stirring speed of 600 rpm. The volume of the glass vial used was 28 mL while 

the stirrer size was 20 mm. The predicted properties of nanogels fabricated at this 

condition were presented in red and shown on the y-axis, which was 132.7 nm, 

0.237, 35.5 mV, and 36.9% for the predicted size, PDI, ZP, and EE, respectively. 

However, the measured results of the nanogels were 113.6 ± 5.8 nm, 0.215 ± 0.009, 

20.9 ± 7.2 mV, and 58.9 ± 5.2%, which were -16.8%, -10.2%, -69.9%, and 59.6% 

different from the predicted values, respectively. The high discrepancies between the 

measured and predicted values for ZP and EE indicated that other factors that were 

not included in the models impacted these properties, even though more factors in 

processing factors were included. Alternatively, the results might demonstrate that 

the encapsulation efficiency and zeta potential could not be effectively predicted and 

was partly random. In short, an optimal fabrication condition was obtained from the 

DSD, with the experimental size and PDI close to the predicted value. ZP and EE 

were not effectively predicted, as high differences between the measured and 

predicted values were obtained.  
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Figure 3-10. The prediction tool shows the relationship between the parameters and 

the outcome and the optimal condition for nanogel fabrications. The predicted 

correlation was present as the solid black line in the profiler. At the experimental 

conditions mentioned on the x-axis of the profiler and in red, the corresponding 

predicted nanogel properties were in red on the y-axis of the profiler. The overall 

desirability was shown as 0.749 for this experimental condition, against the 

prerequisite criteria set for each nanogel property. 
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3.4.5. Scaling-up of the nanogels fabrication 

After determining the formulation and fabricating condition, the scaling-up process 

of the nanogels was investigated. As the total volume was not estimated to impact 

the nanogels properties in the definitive screening design, it is expected that the 

nanogels could be scaled up by increasing the volume pro-rata. The optimal 

fabrication conditions and formulation identified above were used to fabricate the 

nanogels. 4 volumes of total volume ranging from 2 to 20 mL were used. Total 

volume refers to the sum of volumes for chitosan solution and TPP solution in a 1:1 

ratio, where 4 mL was used in all studies above and as the control. Size, PDI, ZP and 

EE of the nanogels were measured and shown in Figure 3-11. 

 

 
Figure 3-11. Properties of nanogels fabricated with different total volumes at the 

optimal formulation and fabrication condition. The ANOVA demonstrated a 

significant difference in the measured properties when different total volumes of 

nanogels were used for fabrication. The results of multiple comparisons between sub-

groups were denoted in the figure. ns denoted not significant, * referred to p < 0.05, 

** p < 0.01, *** p < 0.001while **** p < 0.0001. 

 

A one-way ANOVA with Dunnett’s multiple comparison test was performed to 

determine the difference in the nanogel properties when the total volume varied. 

When the total volume increased from 4 mL to 10 and 20 mL, the size and PDI of 

the nanogels also increased significantly. Conversely, when the total volume 

decreased from 4 mL to 2 mL, the difference in size and PDI was insignificant. 

Interestingly, the zeta potential of the nanogels showed an opposite trend, where the 
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zeta potential of the nanogels did not change with increasing total volume but 

increased with scaling down. No difference was observed between nanogels 

fabricated at 2 and 20 mL. However, the encapsulation efficiency was increased 

when the total volume changed from 4 to 10 mL. In short, the results demonstrated 

that changing the volume pro-rata in nanogels fabrication also altered the nanogels 

properties, despite the use of an identical fabrication condition and formulation. 

Thus, nanogels fabrication could not be scaled up by increasing the volume pro-rata.  

 
3.5. Conclusion 
The effect of formulation, drug loading and the processing factors in the fabrication 

of the properties of propranolol-loaded nanogels were evaluated using the DOE 

approach. First, the effect of the formulation in terms of chitosan concentration, 

chitosan-TPP ratio and chitosan-propranolol ratio were determined against the 

hydrodynamic size, PDI, ZP, and EE of the nanogels. The optimal formulation of 

0.1% chitosan concentration, a chitosan-TPP ratio of 3 and a chitosan-propranolol 

ratio of 0.5 was predicted. The measured Z-average and PDI of the nanogel were 

similar to the predicted values. However, ZP and EE were not predicted as the 

predictability of these models were weak, indicating the importance of performing a 

test set. To evaluate the application of these prediction models to different drugs, the 

nanogels loaded with other drugs were fabricated at the optimal condition in the 

model with twelve structurally distinct and six structurally similar drugs. All 

measured properties were distinct from the predicted value but were of similar 

magnitude, which indicated that the DOE models must be refined when a new drug 

is used and the nanogels properties were partly related to the formulations. 

Nevertheless, relationships were found between structurally related drugs and 

performance parameters, indicating that encapsulation and nanogel formation 

processes are indeed drug-dependent and are not simply a matter of incorporation 

into inter-chain voids. The interactions between the nanogels and drugs are 

important mechanisms for encapsulation, which also govern the properties of 

nanogels. Finally, the processing factors in the nanogel fabrication were also shown 

to impact the properties of nanogels, which demonstrated that the scaling-up process 

of the nanogels fabrication process is not simply via increasing the volume pro-rata. 

Lastly, the optimal fabricating condition for nanogels utilised MMW chitosan and 
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TPP. The additional rate for TPP solution was set at 2 mL/min while the solution 

was then stirred at a temperature of 50 oC, stirring speed of 600 rpm. The volume of 

the glass vial used was 28 mL while the stirrer size was 20 mm. 

 

In short, the effects of the drug loading, formulation, and processing factors on the 

nanogel properties were systematically evaluated in this chapter. The optimal 

formulation and fabricating conditions were also established, where nanogels were 

successfully prepared accordingly. Although nanogels could be produced with 

controllable and predicted properties, it is pivotal that these materials are 

biocompatible, especially in a localised environment of the pericardium. The 

cytotoxicity effect of these materials is not well understood and thus this area is 

explored in more detail using location-specific cells in the following experimental 

chapter.  
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4. Determining the cytotoxicity of the propranolol-loaded 

nanogels using in vitro cell studies  
4.1. Introduction 
 
Intrapericardial delivery is a novel delivery route and thus no existing in vitro cell 

model is reported at the time of writing. Therefore, all studies, as shown in Table 

1-6, were performed directly on animals without performing any in vitro cytotoxic 

essay in advance. As such, there is an unmet need to develop a suitable in vitro cell 

model for the delivery route, to facilitate the development of intrapericardial 

therapies. During the intrapericardial delivery, the first layer of cells in contact with 

the pericardial fluid and drugs is the pericardium, thus understanding the likely 

cytotoxicity on the epicardium is particularly crucial for this route. The next layer is 

the myocardium, composed of cardiomyocytes. Cardiomyocytes are the target cell 

type for the payload and thus it is important to evaluate the cytotoxicity of the 

nanogels with them. However, due to cardiomyocytes being unavailable for this 

project, H9c2 cardiomyoblasts were used instead of cardiomyocytes. Hence, these 

cells were selected to model the cellular interactions following intrapericardial 

delivery. Although L929 fibroblasts are derived from subcutaneous connective tissue 

originating from the areolar of rats, they have been used extensively as a cell line to 

determine cytotoxicity according to the ISO 10993-5 standard, and thus they are also 

used for comparison in this study [259].  

 

This chapter focuses on determining the cytotoxicity of the propranolol-loaded 

nanogels using in vitro cell studies with epicardial cells, H9c2 cardiomyoblasts and 

L929 fibroblasts. Propranolol-loaded nanogels were fabricated according to the 

optimal conditions and formulation established in Chapter 3. First, the cellular 

toxicity of the propranolol-loaded nanogels, drug-free nanogels and propranolol was 

established on epicardial cells. Finally, the cytotoxicity of the nanogels was assayed 

in the three cell lines described above to determine if epicardial cells are more 

sensitive and more suitable to be an in vitro model for determining the cytotoxicity 

in the intrapericardial route than other cell lines such as L929 and H9c2.  
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4.2. Materials and Method 

4.2.1. Materials 
High glucose Dulbecco’s Modified Eagle’s Medium with Glutamax (DMEM), fetal 

bovine serum (FBS), 5% streptomycin-penicillin solution and 0.05% trypsin-EDTA 

solution were purchased from ThermoFisher Scientific (Gibco; Waltham, MA, 

USA). Trypan blue was purchased from Sigma Aldrich (St Louis, MO, USA). T75 

cell culture flasks and clear flat-bottomed 96-well plates were purchased from 

Grenier Bio-One (Kremsmünster, Austria). T225 cell culture flasks were purchased 

from Coning (Hartford, CT, USA). 

 

4.2.2. Propranolol-loaded nanogels fabrication  

Propranolol-loaded chitosan nanogels were using the optimal experiment condition 

established in Chapter 3. The optimal fabrication condition was identified as the 

chitosan concentration fixed at 0.1% w/v while the chitosan-TPP ratio and chitosan-

propranolol ratios were 3 and 0.5, respectively. Thus, a TPP solution of 0.333 

mg/mL was prepared by dissolving the respective amount of TPP in HPLC grade 

water and was then filtered with a 0.22 µm syringe filter. MMW chitosan was used 

in this study, with the chitosan first dissolved in 1% acetic acid solution until it 

formed a clear solution, followed by adjustment of the pH to pH 4.5 with 0.1M 

sodium hydroxide solution. Chitosan solution was filtered through a 0.22 µm syringe 

filter before use. Propranolol HCl was weighed and dissolved in the chitosan 

solution before the addition of the TPP solution. An equal amount of TPP solution 

was added dropwise to the chitosan solution under stirring at 2 mL/min. The 

temperature of the solution was maintained at 50 oC, while the solution was stirred at 

600 rpm for 1 hour. The prepared nanogels were then kept in a fridge at 4 oC when 

the cytotoxicity tests were not performed on the same day. All nanogels were 

prepared and tested in triplicate. 

 

4.2.3. In vitro cell culture  

Cells were grown in T75 flasks unless otherwise specified in the individual section. 

They were incubated in a PHCbi carbon dioxide incubator (MCO-170AICD; PHC, 

Tokyo, Japan) at 37 oC and 5% carbon dioxide. When confluency of 70-80% was 
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reached, the cells were first washed with PBS and then passaged by treating with 1.5 

mL of a 0.05% trypsin-EDTA solution for 5 minutes. 5 mL of complete medium was 

added to suspend the cells and inhibit the activity of trypsin, followed by 

centrifugation at 1,000 x g for 5 minutes (Eppendorf; Hamburg, Germany). The cell 

pellet was resuspended in a complete medium and divided 1:3 - 1:4 into fresh flasks. 

 

4.2.3.1. H9c2 cardiomyoblasts 

The rat cardiomyoblast cell line (H9c2) was a kind gift from Prof. Gareth Williams 

(UCL School of Pharmacy, London). The cells were cultured in a T75 and T225 

flask pre-treated with 0.2% gelatine solution. The cells were cultured in a complete 

medium, consisting of Dulbecco’s modified Eagle’s medium-high glucose with 

Glutamax (DMEM) and supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum (FBS), and 1% (v/v) antimycotic-antibiotic solution (100x). Attention was 

given to the cell morphology over consecutive passages, which can be altered with 

increasing passage numbers [260]. The passage number of H9c2 used in the study 

was between 4 and 11.   

 
4.2.3.2. Epicardial/mesothelial cells and L929 fibroblast cells 

Rat epicardial/mesothelial cells were a kind gift from Dr Caroline Pellet-Many 

(Royal Veterinary College, London). The cells were isolated from rats, as described 

by Wada et al. and Eid et al. [261,262]. On the other hand, L929 cell lines are 

immortalised subcutaenous fibroblasts from mice. Both cells were cultured in a 

complete medium consisting of Dulbecco’s modified Eagle’s medium-high glucose 

(DMEM) with 2 mM glutamate and supplemented with 10% (v/v) heat-inactivated 

fetal bovine serum (FBS), and 1% (v/v) streptomycin-penicillin solution (100X). 

Epicardial cells between passages 1 and 5 were used while the passage number of 

L929 was between 9 and 13 in this study.  

 
4.2.4. Inverted light microscopy 

Imaging of the cells was performed using an EVOS® FL imaging system 

(ThermoFisher Scientific, Waltham, MA, USA). The flask containing cells and 

medium was placed on the microscope stage and imaged at 20X and 40X 

magnifications.  

 



__________________________________________________________ 
Chapter 4 – Determining the cytotoxicity of the propranolol-loaded 
nanogels using in vitro cell studies 

144 

4.2.5. Cell viability assays 
Three different cell viability assays were performed for propranolol and propranolol-

loaded nanogels on epicardial cells, namely PrestoBlue® assay, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and 

Bromodeoxyuridine (BrdU) assay. Both MTT and PrestoBlue® assays determine cell 

viability in terms of cell metabolic activity. Therefore, the response from the assay is 

conventionally determined as cell viability in literature with two assumptions. First, 

a positive correlation was assumed between cell metabolic activity and the number 

of cells. Secondly, the tested agent does not suppress metabolic activity. As the 

effect of propranolol on the cell metabolic activity was unknown, the metabolic 

activity was used as the response in the section below. On the other hand, BrdU 

measured cell proliferation via measuring the incorporation of BrdU in cell division.  

 

Time-dependent and concentration-dependent cytotoxicity of propranolol and 

propranolol nanogels was investigated. Cells were seeded into flat-bottomed 96-well 

plate tissue culture plates at a density of 10,000 cells per well for MTT, PrestoBlue®, 

and BrdU assays. The cells were allowed to equilibrate in the wells for 24 hours 

before incubation with the nanogels and propranolol. The propranolol and nanogels 

were first dissolved in a complete culture medium and then filtered through a 0.22 

μm syringe filter for sterilisation. After 24 hours, the old culture medium was 

removed and replaced with 100 µL of the complete medium containing nanogels or 

propranolol at various concentrations and incubated for 24, 48 and 72 hours. The 

concentration range for propranolol, drug-free nanogels and propranolol-loaded 

nanogels were 0.010-2.500, 0.005-1.333, and 0.007-1.670 mg/mL respectively, 

where the solutions were prepared by serial dilutions.  

 

However, only PrestoBlue® was performed when comparing the sensitivity of 

various cell lines, as the test was simpler to perform compared to the MTT assay 

given that more cell lines were experimented with. PrestoBlue® offers some 

advantages over MTT, including living cell viability monitoring, a simpler and faster 

procedure than MTT assay, as the cell lysis step was not required. Boncler et al. 

demonstrated that the MTT assay and PrestoBlue® (fluorometric assay) showed 

comparable results [263]. Data from the tests were analysed using GraphPad Prism 
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15. The data sets were first normalised. Statistical significance of differences 

between formulations was evaluated by two-way ANOVA using the Bonferroni 

post-hoc test. The significance level was set at p-value < 0.05. 

 

4.2.5.1. PrestoBlue® assay 

PrestoBlue® (PB) cell viability reagent is a resazurin-based cell viability reagent that 

allows live-cell viability determination. In brief, as the reagent was supplied as a 

10X solution, it is diluted 10-fold with the media to a 1X solution. 100 µL of the 

diluted solution was added to the 96-well plate with cells and incubated at 37 oC for 

2 hours. The excitation wavelength was set at 560 nm whiles the fluorescence at 590 

nm was measured using a SpectraMax M2e spectrophotometer (Molecular Devices 

Inc., Sunnyvale, CA, USA).  

 

𝑪𝒆𝒍𝒍	𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	(%) = 	
𝑭𝟓𝟗𝟎𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑭𝟓𝟗𝟎𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅
𝑭𝟓𝟗𝟎𝒄𝒐𝒏𝒕𝒓𝒐𝒍 − 𝑭𝟓𝟗𝟎𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅

× 𝟏𝟎𝟎% 

  Equation 4-1 

 
4.2.5.2. MTT assay 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

monitors the metabolic activity of the cells. It is used as a cell viability measurement 

where the metabolic activities are proportional to the number of viable cells present. 

MTT assay was performed using a CellTiter 96 Non-radioactive cell proliferation 

assay kit (Promega, Madison, WI, USA). The assay kit was performed as described 

in the protocol by the manufacturer. In brief, the media with the testing agents (100 

µL) were retained in the well after incubation for 24-72 hours. 15 µL of the dye 

solution was added to each well. The plate was then incubated at 37 oC for 4 hours, 

followed by the addition of 100 µL of the solubilisation/stop solution. The plate was 

then incubated at 37 oC overnight to dissolve the formazan. Absorbance at 570 nm 

was measured using a SpectraMax M2e spectrophotometer (Molecular Devices Inc., 

Sunnyvale, CA, USA). Reference wavelength at 630 nm was also monitored. The 

background was also measured with empty wells containing the media, dye solution 

and solubilisation/stop solution. 
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𝑪𝒆𝒍𝒍	𝒎𝒆𝒕𝒂𝒃𝒐𝒍𝒊𝒄	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	(%) = 	
𝑨𝟓𝟕𝟎𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑨𝟓𝟕𝟎𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅
𝑨𝟓𝟕𝟎𝒄𝒐𝒏𝒕𝒓𝒐𝒍 − 𝑨𝟓𝟕𝟎𝒃𝒂𝒄𝒌𝒈𝒓𝒐𝒖𝒏𝒅

× 𝟏𝟎𝟎% 

  Equation 4-2 

 
4.2.5.3. ELISA for BrdU incorporation assay 

Bromodeoxyuridine (BrdU) incorporation in the cells during DNA synthesis was 

determined using a commercial cell proliferation assay kit (Roche Diagnostics, 

Mannheim, Germany, Cat. No. 11647229001). The kit was performed as directed by 

the protocol provided by the manufacturer. In brief, after incubating with the test 

agents in a volume of 100 µL per well for 24 hours, 10 µL of BrdU solution was 

added to the wells and subsequently re-incubated for 2 hours. The labelling medium 

was first removed by tapping off. 200 µL of FixDenat solution was then added to 

each well, followed by incubation at ambient temperature for 30 minutes. After 

fixing the cell, the FixDenat solution was removed by tapping and 100 µL of the 

anti-BrdU-POD solution was added and incubated for another 90 minutes. 

Subsequently, the antibody conjugates were removed by tapping and the wells were 

rinsed with PBS solution 3 times. The washing solutions were removed and 100 µL 

of the substrate was finally added. After 30 minutes, the absorbances at 370 nm 

(target wavelength) and 470 nm (reference wavelength) were measured by a 

SpectraMax M2e spectrophotometer (Molecular Devices Inc., Sunnyvale, CA, 

USA). 

 
4.3. Results and Discussion 
The optimal fabricating condition was determined by multiple response optimisation 

(MRO) in Section 3.2.4, aiming to achieve the highest EE and ZP, and the lowest Z-

average and PDI. The optimal fabrication for nanogels production utilised MMW 

chitosan and TPP, with an additional rate for TPP solution at 2 mL/min. The solution 

was then stirred at a temperature of 50 oC and a stirring speed of 600 rpm. The 

volume of the glass vial used was 28 mL while the stirrer size was 20 mm. The 

measured results of the nanogels were 113.6 ± 5.8 nm in size, with PDI of 0.215 ± 

0.009, ZP of 20.9 ± 7.2 mV, and EE of 58.9 ± 5.2%.  
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4.3.1. Morphology of the cells under a light microscope 
The morphology of the cells was observed and imaged using an inverted light 

microscope. Figure 4-1 shows the morphology of epicardial/ mesothelial cells, H9c2 

and L929 cells when cultured under control conditions. The epicardial/ mesothelial 

cells appeared as polygonal “cobblestone’ morphology as shown in Figure 4-1, 

which became a continuous epithelial monolayer at confluency. The morphology of 

the cells corresponds with descriptions reported by Eid et al. and Wada et al. 

[261,262]. The morphology of H9c2 cells is highly dependent on the passage 

number, with the cells changing from spindle to ameboid in shape. Witek et al. 

reported that H9c2 cells remain spindle-shaped for the first 5 passages, whilst the 

nuclei were enlarged, and the cell appeared ameboid shape after ten passages [260]. 

In Figure 4-1 (b), H9c2 cells were at passage 3. They appeared mostly spindle shape 

and the nuclei remained small, echoing the findings of Witek et al. L929 exhibited 

heterogeneous morphology, with cells appearing in spindle-like, epithelial-like, 

stellate and round shapes [264], as shown in Figure 4-1 (c).  

 

 
Figure 4-1. Light microscopy of (a) epicardial/ mesothelial cells, (b) H9c2 

cardiomyoblasts and (c) L929 fibroblasts. The former two were sub-confluent while 

the L929 was confluent. The magnification was at 20X, while the scalebar was at 200 

µm.  

 

4.3.2. Biocompatibility of propranolol-loaded nanogels 

Intrapericardial delivery is a novel administration route, so most of the reported 

studies investigated the route via animal testing [5–7,169,170]. No in vitro cell 

model has been previously described in the literature. However, animal studies are 

expansive in terms of maintenance, animal costs and require personal, project 

licenses and ethical approval, leading them not suitable for screening drugs and 

formulations. In vitro cell studies are thus useful for these purposes, owing to a much 
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lower maintenance cost and simple procedures. Therefore, the biocompatibility of 

the nanogels was tested with the epicardial cells, L929 and H9c2 cells in vitro.  

 
4.3.2.1. Time and dose-dependent suppression of metabolic activity on epicardial cells 

To investigate the cellular effects of propranolol, drug-free nanogel and propranolol-

loaded nanogel on epicardial cells, the cells were incubated with increasing 

concentrations of propranolol (0.005 to 2.500 mg/mL, equivalent to 33 to 8375 µM), 

drug-free nanogel (0.005 to 1.333 mg/mL) and propranolol-loaded nanogel (0.007 to 

1.667 mg/mL) for 24 hours, as shown in Figure 4-2. The viability of epicardial cells 

was determined using the MTT assay, which is based on measuring cell metabolic 

activity. The assay shows that the metabolic activity of the propranolol-treated 

epicardial cells was 70% of the control cells (< 33.8 µM, which is equivalent to 10 

µg/mL). However, the metabolic activity dropped to below 20% of the control cells 

at and above 67.6 µM (20 µg/mL) These data indicate there was a dose-dependent 

effect on cell metabolism for propranolol on the epicardial cells.  

 

IC50 is defined as the concentration of the test compound where the response is 

halved, indicating the potency of the test compound. Thus, in the context of 

metabolic activity measured by MTT assay; it is the concentration of the compound 

at which the cell metabolic activity is reduced by 50% compared to untreated cells. It 

was established by plotting the metabolic activity of the cells at a range of 

concentrations of propranolol. The IC50 for propranolol was 0.005, 0.008 and 0.011 

mg/mL after incubations for 24, 48 and 72 hours respectively, which are equivalent 

to 17.0, 27.0 and 37.2 µM. The IC50 decreased with the incubation times with 

propranolol, where the lowest IC50 was determined after 72 hours of incubation. In 

contrast, the IC50 at 24 hours was the highest, which indicated that the suppression 

of the metabolic activity of the epicardial cells was dependent on the incubation 

time. The longer the incubation with propranolol, the more inhibitory effect on the 

metabolic activity of the epicardial cells. The identified IC50 for propranolol was 

lower than the reported values for other cell lines in the literature, where the anti-

tumour properties of propranolol were shown [265]. For example, Wei et al. showed 

that propranolol inhibited the growth of 8505C and K1 thyroid cancer cells in vitro, 

where the IC50 were 200 and 280 µM, respectively [266]. Bota et al. reported the 
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IC50 for propranolol on HUVEC and BJ fibroblast were 81.94 and 148.32 µg/mL, 

respectively [267].  

 

Nevertheless, the drug-free nanogels exhibited no effect on the metabolism of the 

epicardial cells at concentrations below 0.667 mg/mL after they were incubated for 

24, 48 and 72 hours, as the cell metabolic activity remained above 70%. However, 

the nanogel was cytotoxic to the cells at 1.333 mg/mL. Furthermore, the cell 

metabolism of the epicardial cells was lower at 72 hours across all concentrations 

than at 24 and 48 hours, but the IC50 calculated were remarkably similar. Thus, the 

decrease in cell metabolism was possibly due to depletion of nutrients and 

accumulation of waste during the long incubation time, instead of time-dependent 

cytotoxicity. The cytotoxicity of the nanogels only happened at high concentrations 

(0.667 mg/mL), indicating the biocompatibility of the nanogels. The cytotoxicity of 

free nanogels could be related to the cationic surface charge of nanogels damaging 

cell membranes at high concentrations. 

  



__________________________________________________________ 
Chapter 4 – Determining the cytotoxicity of the propranolol-loaded 
nanogels using in vitro cell studies 

150 

 

 
Figure 4-2. Metabolic activity of the epicardial/ mesothelial cells under incubation 

with (a) propranolol, (b) drug-free nanogels and (c) propranolol-loaded nanogels for 

24-72 hours. Concentration on the x-axis means the amounts of propranolol or 

freeze-dried nanogels per mL in the complete media, which were used to incubate 

with the cells. PBS was used as the control sample in this experiment. Epicardial/ 

mesothelial cells were tested as the epicardium is the layer directly in contact with 

the nanogels during intrapericardial delivery. Therefore, the effects on the epicardial/ 

mesothelial cells were crucial and first explored in the study. The metabolic activity 

of the epicardial/ mesothelial cells decreased when the concentration of propranolol 

and propranolol-loaded nanogels increased. However, in figure (c), the cell metabolic 

activity increased from 24 to 48 hours, which was likely due to cells grown in 

number at low nanogels concentrations, promoting the overall cell metabolic activity. 

The metabolic activity remained relatively constant unless a high concentration of 

drug-free nanogels was used. 
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In conjunction with propranolol, the propranolol-loaded nanogels displayed both 

dose-dependent and time-dependent inhibition of the metabolic activity of the 

epicardial cells. Interestingly, the inhibitory effect of propranolol-loaded nanogels 

was inversely dependent on the incubation time, which was opposite to the 

observation in the propranolol incubated cells. The metabolic activity inhibition was 

higher at 48 and 72 hours than at 24 hours, whereas the former two were similar in 

terms of the profile. The baseline cell metabolic activity at 48 and 72 hours was at 

about 20%, which was higher than that measured at 24 hours, indicating that the 

surviving cells were replicating and dividing after the exposure to propranolol. Thus, 

the cell metabolism and the IC30 increased. Most importantly, the dose-dependent 

inhibitory effect of metabolic activity was established on propranolol-loaded 

nanogels. It is likely due to the payload - propranolol. However, the IC50 calculated 

was 0.050, 0.044 and 0.052 mg/mL for 24-, 48-, and 72-hour incubations. However, 

these concentrations were the total weights of freeze-dried propranolol-loaded 

nanogels per mL, which could not be used as a direct comparison. Thus, after 

adjustment, the equivalent concentration of propranolol in these nanogels were 

0.030, 0.026 and 0.031 mg/mL, which were much lower than those identified for 

propranolol. The IC50 for propranolol were identified as 0.005, 0.008 and 0.011 

mg/mL for 24-, 48- and 72-hour incubations, which were approximately one-sixth, 

one-third, and a quarter of the equivalent results of propranolol-loaded nanogels. The 

IC30 also increased with the incubation times of the propranolol-loaded nanogels, 

indicating the recovery of the metabolic activity in the survived cells over the 72 

hours. In short, these results reveal the inhibitory effect of the cell metabolism was 

reduced when propranolol was fabricated in the nanogels, demonstrating the 

advantage of using the biocompatible nanogels as drug carriers.  

 
The propranolol and propranolol-loaded nanogels were tested with cell proliferation 

assays - BrdU, to evaluate the effect of propranolol nanogels on cell proliferation. 

BrdU is a synthetic nucleoside analogue that can be incorporated into the newly 

synthesized DNA molecules of the dividing cells and thus measures cell viability in 

terms of cell division. The IC50 of propranolol at all incubation times were 0.088, 

0.079 and 0.770 mg/mL for 24, 48 and 72 hours respectively, demonstrating the cell 

division of epicardial cells started to recover at 72 hours. Interestingly, the IC50 for 

propranolol-loaded nanogels were lower than the drug only across all incubation 



__________________________________________________________ 
Chapter 4 – Determining the cytotoxicity of the propranolol-loaded 
nanogels using in vitro cell studies 

152 

times, which demonstrated that the propranolol-loaded nanogels impacted the cell 

division to a larger degree than the propranolol itself. In summary, although various 

IC50 was determined for propranolol and propranolol-loaded nanogels using 

different assays, all results indicated that propranolol and propranolol-loaded 

nanogels were likely suppressing the cell proliferation and metabolic activity in the 

epicardial cells at concentrations likely to be used in the clinical setting.  

 
Table 4-1. IC50 and IC30 were calculated for the propranolol, drug-free nanogels 

and propranolol-loaded nanogels on the epicardial cells at three different incubation 

times. 

 

4.3.2.2. Sensitivity of different cell lines on the metabolic inhibition from propranolol-

loaded nanogels 

The metabolic activity of the epicardial cells and two other cell lines H9c2 and L929 

determined using the PrestoBlue® assay on the propranolol-loaded nanogels. These 

nanogels were incubated with the cells using the same concentration ranges for 24-

72 hours. The response was first normalised before performing the two-way analysis 

of variance (ANOVA), Then, the analysis was performed between the metabolic 

activity of epicardial cells, H9c2 and L929 cells, to evaluate if the responses were 

different between the cell types. The result indicated that there was a difference in 

the cell metabolic activity between different cell types after exposing to propranolol-

loaded nanogels at all incubation times (p < 0.0001). Propranolol-loaded nanogels 

exhibited both time-dependent and dose-dependent inhibitions of the metabolism for 

all cell types, with the metabolic activity of epicardial cells being the lowest amongst 

all cells regardless of the incubation time.  

 

Samples Assay 
method 

IC50 (mg/mL) IC30 (mg/mL) 
24 
hours 

48 
hours 

72 
hours 

24 
hours 

48 
hours 

72 
hours 

Propranolol MTT 0.005 0.008 0.011 0.004 0.007 0.010 
BrdU 0.088 0.079 0.770 0.076 0.075 0.639 

Propranolol-
loaded nanogels 

MTT 0.050 0.044 0.052 0.042 0.039 0.050 
BrdU 0.073 0.006 0.115 0.073 0.006 0.047 

Drug free 
nanogels 

MTT 0.800 0.700 0.750 0.650 0.800 1.000 
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A Turkey’s post hoc test was performed to compare the cell metabolic activities in 

different cell types at each propranolol concentration. The analysis showed that the 

cell metabolic activity measured in epicardial cells was significantly lower than 

those measured in H9c2 cells in the concentrations between 0.007 to 0.209 mg/mL, 

0.013 to 0.209 mg/mL at 24- and 48-hour incubation times respectively (p < 0.001). 

There were also significant differences between the metabolic activities of both cells 

at 0.026, 0.104 and 0.209 mg/mL after 72 hours of incubation. On the other hand, the 

significant difference in cell metabolic activity was only observed at nanogels 

concentrations of 0.026 to 0.209, 0.013 to 0.104 and 0.104 mg/mL after 24-, 48- and 

72-hour incubation respectively with the propranolol-loaded nanogels. At 

concentrations above 0.835 mg/mL, there was no significant difference between the 

cell metabolic activity across all cell types. The results demonstrated that the 

epicardial cells were more susceptible than the H9c2 and L929 to the inhibitory 

effect of propranolol on the cell metabolism at nanogels concentrations ranging from 

0.007 to 0.418 mg/mL, but the susceptibility decreased with the incubation time. The 

surviving cells were able to recover from the inhibitory effect of propranolol over 

time.  

 

The cell metabolism inhibitory profile of propranolol on L929 and H9c2 cells were 

comparable for 24- and 48-hour incubation times at propranolol-loaded nanogels 

concentrations lower than 0.013 mg/mL or above 0.835 mg/mL. The cell metabolic 

activities of both cells were different at 0.026 and 0.104-0.418 mg/mL at 24 hours, 

0.026-0.209 mg/mL at 48 hours, and 0.007-0.014 mg/mL at 72 hours. However, no 

trend could be deduced from the results to demonstrate if L929 or H9c2 were more 

sensitive. 
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Figure 4-3. Cell viability of epicardial cells, H9c2 cells, and L929 cells under 

incubation with various concentrations of propranolol-loaded nanogels for (a) 24, (b) 

48, and (c)72 hours. 2-way Analysis of variance (ANOVA) was performed to 

determine the significant difference in the cell viability between the different cell 

types, where Tukey's test was used to compare the difference in cell viability after 

exposure to propranolol-loaded nanogels between the epicardial cells, H9c2 and 

L929 cells at each concentration. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 

0.0001. 

 

The IC50 was determined from a sigmoidal curve fitted to Figure 4-3. The IC50 and 

IC30 were the lowest in the epicardial cells, followed by the H9c2 and L929 cells 

across all incubation times, as shown in Table 4-2. The results revealed that the 

epicardial cells were the most sensitive to the metabolic inhibitory effect of 

propranolol-loaded nanogels, which indicated that the use of epicardial cells is likely 
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to offer better sensitivity than other cell lines for intrapericardial delivery. The IC50 

and IC30 of the propranolol-loaded nanogels decreased with the incubation times in 

H9c2 and L929, indicating the inhibition of the metabolic activity was increased 

over time in these cells. In short, the cell viability and proliferation assay using the 

epicardial cells could be performed to screen drugs and formulations suitable for 

intrapericardial delivery before conducting animal studies, minimizing the 

unnecessary toxicity on the animals. 

 

Table 4-2. IC50 and IC30 of propranolol were determined on the epicardial cells, 

H9c2 cardiomyoblasts, and L929 fibroblasts at different incubation times. 

 

4.4. Conclusion 
In this study, propranolol-loaded nanogels were fabricated using the optimal 

formulation and fabrication conditions established in Chapter 3. The effects of 

propranolol, drug-free nanogels and propranolol-loaded nanogels on cell metabolism 

and proliferation were assayed on the epicardial cells. The result indicated that 

propranolol inhibited the cell metabolic activity and proliferation of the epicardial 

cells. More importantly, the results demonstrated that the use of nanogels attenuated 

the inhibitory effect of propranolol on the cells. Lastly, the inhibitory effect of 

propranolol on the metabolism of epicardial cells, H9c2 and L929 cells were tested 

to evaluate if epicardial cells are more sensitive than other cell types. The results 

indicated a significantly higher inhibition of the metabolic activity in epicardial cells 

than H9c2 and L929 after the exposure to propranolol-loaded nanogels. The results 

demonstrated epicardial cells might be applied to cytotoxicity assays to screen drugs 

and formulations suitable for the route in the future. As a result, a new drug has to be 

sought to replace propranolol as the payload of the nanogels. An anti-fibrotic peptide 

Ac-SDKP was selected, but a quantitation method that is compatible with the 

nanogel formulation and high peptide concentrations is required as a prerequisite for 

Cells IC50 (mg/mL) IC30 (mg/mL) 
24 hours 48 hours 72 hours 24 hours 48 hours 72 hours 

Epicardial cells  0.004 0.075 0.062 0.023 0.114 0.069 
H9c2 cardiomyoblasts 0.121 0.113 0.071 0.151 0.148 0.093 
L929 fibroblasts 0.227 0.209 0.194 0.304 0.201 0.204 
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the formulation development. Therefore, a new quantitation method for the peptide 

is developed and validated in the next chapter. 
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Chapter 5 

Developing an HPLC-UV Method for 

Quantification of the Anti-fibrotic Peptide N-

acetyl-seryl-aspartyl-lysyl-proline 

 
Part of the contents in this chapter has been published as the 

following research article.  

 
Ho, H. M. K., Sembi, S., Abukhamees, S., Day, R. M., & Craig, D. Q. (2022). An 

analytical quality by design approach towards a simple and novel HPLC-UV method 

for quantification of the antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-

proline. Analytical Biochemistry, 114793. 
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5. Developing an HPLC-UV method for quantification of 

the antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-

proline 
 
5.1. Introduction 
N-acetyl-seryl-aspartyl-lysyl proline (Ac-SDKP) is a tetrapeptide, with the structure 

shown in Figure 1-4. It is a candidate drug for potentially attenuating damage post-

MI and promoting cardiac repair due to its anti-fibrotic, anti-inflammatory, and 

angiogenic properties. The proposed mechanism of action, synthesis, degradation, 

and potential clinical applications of the peptide are discussed in Section 1.4.1. 

Owing to the short half-life of the peptide (4.5 minutes in circulation) [268], 

pericardial delivery of Ac-SDKP using the nanogel delivery system could localise 

delivery and prolong the residence time of the peptide in the heart.  

 

Given the potential clinical applications of the peptide, a reliable analytical method 

is required to facilitate the formulation of the peptide-loaded nanogel, as well as to 

assess the associated in vivo release profile. The charge and pH plot of the peptide is 

shown in Figure 5-1, with the isoelectric point estimated at roughly 3.1 [269]. The 

molecular weight of the peptide is 487.5 g/mol while the XLogP is -5.369. Thus, it is 

likely that the peptide can be quantified with the HPLC using the ordinary C18 

column as other polar small molecules. 
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Figure 5-1. The isoelectric point of the peptide Ac-SDKP. The figure was generated 

using the peptide calculator from Bachem (Bubendorf, Switzerland) [269].  

 

Although a limited number of quantitative assays for the peptide or its analogue have 

been reported, these techniques either involve enzyme immunoassays (EIA) 

[270,271] or liquid chromatography-tandem mass spectrometry (LC-MS/MS) [272–

275]. Pradelles et al. first described an EIA for Ac-SDKP in 1990, using 

acetylcholinesterase-Ac-SDKP conjugate as the tracer, rabbit antiserum, and mouse 

anti-rabbit IgG antibody-coated 96-well plate. However, the limitation of this 

method was a lack of specificity, resulting in cross-reactivity with Ac-SDKP-like 

materials [271]. Junot et al. reported an improved EIA assay for the amidated 

analogue of the peptide, with successful quantification of the peptide analogue in the 

mouse plasma samples without interference from the endogenous Ac-SDKP. The 

detection limit in mouse plasma was 1 nM, which is equivalent to 0.5 ng/mL [270]. 

The same group also published a liquid chromatography-electrospray mass 

spectrometry (LC-ESI-MS) method for quantifying the Ac-SDKP peptide in human 

plasma and urine from health volunteers receiving intravenous Ac-SDKP injection 

or captopril. However, the recovery in plasma was only 64% and the limit of 

quantitation was 5 ng/mL, as the plasma samples were first extracted using 

methanol. Detection in urine samples dropped from 88% within the range of 2.5 to 

25 ng/mL to 15% at 1000 ng/mL, indicating an upper detection limit exists using this 

method for higher concentrations of Ac-SDKP in the samples [275]. Therefore, to 

overcome these limitations, Inoue et al. reported an LC-ESI-MS/MS method to 



__________________________________________________________ 
Chapter 5 – Developing a simple and novel HPLC-UV method for 
quantification of the antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-
proline 

160 

quantify Ac-SDKP in human plasma samples obtained from haemodialysis patients, 

with a wider detection range of 0.5 to 100 ng/mL and a lower limit of quantitation 

(LLOQ) of 0.1 ng/mL. Several stable isotope tetrapeptides were used as the internal 

standard, whilst the samples were extracted via solid-phase extraction before LC-

MS/MS [274]. The same group further developed an online solid-phase extraction 

liquid chromatography-tandem mass spectrometry for high-throughput analysis of 

the Ac-SDKP peptide in human plasma samples. The LLOQ and range remained 

unchanged in the new method [272]. Mesmin et al. performed a head-to-head 

comparison of the LC-MS/MS and EIA method in quantifying the amidated 

analogue of the peptide in human biological samples and concluded that the LC-

MS/MS method offered higher sensitivity and lower assay variability than the EIA 

[273]. 

 

The above methods provide high sensitivity assays for Ac-SDKP but require 

specialist equipment and non-trivial experimental procedures. Both the LC-MS/MS 

methods and EIA methods are designed for quantifying Ac-SDKP in biological 

samples, where the concentration is low and intensive sample preparations are 

required. The use of high concentrations of analyte might overload the extraction 

column or the separation column in LC-MS/MS or the EIA plates, so the response 

could be non-linear, which makes these approaches undesirable to detect analytes 

with high concentrations. In addition, in vitro drug release is routinely performed in 

pharmaceutical developments to simulate drug release in the body, where phosphate 

buffer is commonly used as the medium. However, phosphate buffer is not 

compatible with the LC-MS/MS, owing to its non-volatile nature. Thus, this chapter 

aimed to develop and validate a simple and selective HPLC-UV assay method for 

the detection of the peptide Ac-SDKP, which is suitable for supporting the 

development and evaluation of nanogels formulations containing the peptide at 

concentrations commensurate with therapeutic doses, ranging from 400 µg/kg to 3.2 

mg/kg per day [67,276]. Moreover, the method has to be suitable for quantifying Ac-

SDKP without extensive sample preparation.  

 

The HPLC method was developed using an analytical Quality by Design (AQbD) 

approach. Quality by design (QbD) is defined by the International Council of 
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Harmonisation (ICH) Q8 (R2) guideline as a systematic approach to development 

that begins with predefined objectives and emphasizes product and process 

understanding and process control, based on sound and quality risk management 

[277]. However, it does not explicitly discuss the requirements for analytical method 

development. ICH Q9 and Q10 guidelines focus on the risk management and control 

strategy respectively [278,279], while the ICH Q11 guideline detailed the 

implementation of QbD in the API synthesis process [280]. While neither of these 

guidelines is designed for analytical method development, several papers have 

discussed the implementation of the QbD life cycle in analytical method 

development, i.e., Analytical Quality by Design (AQbD) [280–284]. These authors 

also applied the approach to HPLC method developments according to the ICH Q8 

(R2) guideline [285,286]. Aligned with QbD, AQbD applies a similar approach as 

the typical QbD life cycle, despite the use of different tools and terminology. In 

brief, the AQbD life cycle includes analytical target profiles (ATPs), critical quality 

attributes, (CQA), risk assessment, method optimisation and development with the 

design of experiment (DOE), method operable design region (MODR), control 

strategies, continuous method monitoring and continual improvement [280,287]. The 

use of AQbD could offer more flexibility for the analytical method but does require 

a robust quality system and a deep understanding of the process, product, and 

analytical method [287]. Therefore, the HPLC method, robustness and ruggedness 

were tested at the beginning of the method development stage to ensure the 

efficiency of the method throughout the product life cycle, followed by method 

validation according to the ICH Q2 (R1) guideline. 

 

5.2. Materials and Method 

5.2.1. Materials 

Peptide Ac-SDKP was synthesised by the Chinese Peptide Company (Hangzhou, 

PRC), with a purity of 90-94%. Acetonitrile (ACN) was purchased from Fisher 

Scientific (Waltham, MA, USA) and HPLC grade water was obtained from 

PURELAB® Chorus 2+ machine (ELGA LabWater, High Wycombe, UK). 

Potassium phosphate monobasic and phosphoric acid were purchased from Sigma 

Aldrich (St Louis, MO, USA). Amber HPLC vial caps were purchased from Fisher 
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Scientific (Waltham, MA, USA), while the 200 µL conical glass vial insert was 

purchased from Agilent (Santa Clara, CA, USA). SteritopTM vacuum bottle-top filter 

and Amicon Ultra filter (MWCO 3000 Da, 0.5 mL) were purchased from Merck 

Millipore (Darmstadt, Germany). 

 

5.2.2. Instrumentation and chromatographic conditions 

Chromatographic analysis was performed on an Agilent 1260 Infinity liquid 

chromatography system (Santa Clara, CA, USA), equipped with a Variable 

Wavelength Detector (VWD). The column used in the study was a Zorbax Eclipse 

Plus C18 column (Agilent, Santa Clara, CA, USA), with a particle size of 5 µm, 

dimensions of 4.6 mm internal diameter and 250 mm in length. The VWD was set at 

a wavelength of 220 nm and detector sensitivity of 0.1 AUFS. Various flow rates 

(FR), gradient program, temperature (T), injection volume (V) and pH of the buffer 

(pH) were used, based on the experimental design matrixes. 1 mg/mL standard 

solution of Ac-SDKP in water was prepared and used for the screening and response 

surface methodology studies.   

 

5.2.3. Preparation of buffer component of the mobile phase 
Phosphate buffer was prepared at a concentration of 10 mM by dissolving 1.36 g 

potassium phosphate monobasic in 1 L HPLC grade water, with the pH adjusted to 

2.5 or 3.0 (± 0.05) with the phosphoric acid solution. The buffer was filtered through 

a 0.22 µm polyethersulfone SteristopTM vacuum bottle-top filter. The buffer was then 

used immediately upon preparation or stored under refrigeration in borosilicate glass 

bottles for a maximum period of 24 hours. 

 

5.2.4. Sample preparation 

The verification standard was prepared by dissolving the Ac-SDKP standard in 

HPLC grade water at 1 mg/mL. Drug-free matrix solution was prepared by 

diafiltration of chitosan-TPP nanogels, where 0.5 mL of the nanogel solution was 

centrifuged with the Amicon Ultra filter (MWCO 3,000) at 14,000 rpm while PBS 

was prepared as discussed above. Samples in PBS and matrix solutions were 
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subsequently prepared by dissolving the respective amount of Ac-SDKP in the PBS 

and matrix solution. 

 

5.3. HPLC method development by an AQbD approach 

5.3.1. Identification of analytical target profiles 
The analytical target profiles (ATPs) set the criteria to be achieved in the 

measurement. The proposed method is intended to be an analytical method for 

quantifying the peptides present in pharmaceutical dosage forms (i.e., Chitosan-TPP 

nanogels in this study) and phosphate buffer saline (PBS) using a reversed-phase 

HPLC equipped with an autosampler and a quaternary pump. In routine, the method 

is designed to determine the peptide released in the PBS during the in vitro drug 

release study and to quantify the unencapsulated peptide in the chitosan-TPP nanogel 

formulations. Four key outputs in HPLC measurement were identified in the ATPs, 

namely capacity factor (Rf), resolution between the peak of analyte and the closest 

adjacent peak (Rs), tailing factor for the peak of analyte (Tf), and theoretical plate 

count (N). The acceptable criteria for these outputs are derived from the ICH Q2 

(R1) guideline, with Rf and Rs ≥ 2, Tf ≤ 1.5 and N ≥ 2,000.  

 
5.3.2. Determining critical quality attributes 

The critical quality attributes (CQA) are the method parameters that impact the 

ATPs. Thus, these factors should be controlled to achieve the pre-determined criteria 

in the ATPs. HPLC CQA usually include mobile phase ratio, pH of the buffer, 

diluent, column selection, organic modifier, injection volume, flow rate, buffer 

strength and elution methodology [280]. 

 

5.3.3. Risk assessment 

Risk assessments were performed throughout the method development cycle. Initial 

risk assessment was deployed to identify and assess the risks at the beginning of the 

method development, as these risks could impact the efficiency of the HPLC method 

established. The cause-effect relationships between the CQA and the ATPs were 

illustrated using an Ishikawa fishbone diagram, which was visualised with 

MindManager 12 (Mindjet, Austin, TX, USA).  
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5.3.4. Definitive screening design 

A definitive screening design (DSD) was used for identifying key independent 

variables impacting the ATPs. The eight screened factors included blocking, starting 

solvent B concentration (%Bs), solvent B concentration increment (%Bi), flow rate 

(FR), temperature (T), injection volume (V), the run time (t), and pH of the buffer. A 

total of 22 experimental runs, as shown in Table 5-1, were performed in triplicate to 

construct the DSD, where the composite matrix was constructed using JMP 15 (SAS 

Institute, Cary, NC, USA). The design was then fitted by Effective Model Selection 

for DSD methodology, which was performed automatically in JMP 15 (SAS 

Institute, Cary, NC, USA). The main effects and even order effects were first 

estimated individually and then combined to form the model parameter estimates. 

Since the DSD was used for the screening only, the factors estimated to have effects 

were selected as the independent parameters for the response surface methodology 

below. 
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Table 5-1. Independent and dependent variable and the experimental design matrix 

of DSD design. The outputs were reported as the mean value from three independent 

experiments (n = 3).  

Screened parameters Outputs 

Block %Bs %Bi t (min) 
FR 
(mg/mL) 

T 
(oC) 

V 
(mL) pH Rf Rs Tf N 

1 3 1 15 1 45 10 2.75 1.917 6.484 1.84 5709 
1 4 1 10 1 25 10 2.5 1.698 5.882 1.42 4243 
1 5 1 15 1.5 35 10 2.5 1.982 4.991 1.28 5939 
1 3 10 12.5 1.5 25 10 3 1.540 4.786 1.33 10279 
1 5 10 10 1.5 25 20 2.75 2.096 6.490 0.98 4425 
1 4 5.5 12.5 1.25 35 15 2.75 1.270 5.183 1.44 4437 
1 5 10 15 1 25 20 2.5 3.508 5.070 1.57 4858 
1 3 10 10 1 35 20 3 0.634 5.591 1.19 4225 
1 4 10 15 1.5 45 20 3 0.851 5.195 2.01 4098 
1 5 1 12.5 1 45 20 2.5 1.178 5.390 1.21 4697 
1 3 1 10 1.5 45 10 3 1.137 4.693 1.21 4413 
2 5 1 15 1.5 25 15 3 2.747 5.613 1.08 2630 
2 4 5.5 12.5 1.25 35 15 2.75 3.030 5.606 1.14 2397 
2 5 1 10 1.25 45 20 3 1.905 5.514 2.19 3214 
2 3 1 15 1 25 20 3 2.339 6.491 0.96 9589 
2 5 10 10 1.5 45 10 2.5 1.504 5.774 1.61 13200 
2 3 1 10 1.5 25 20 2.5 1.427 5.285 1.42 4560 
2 5 10 15 1 45 10 3 0.769 4.637 1.65 4383 
2 3 5.5 15 1.5 45 20 2.5 1.168 5.146 0.87 3418 
2 3 10 15 1.25 25 10 2.5 1.140 5.791 0.86 6975 
2 5 5.5 10 1 25 10 3 0.492 5.747 1.39 7133 
2 3 10 10 1 45 15 2.5 0.538 6.029 1.32 7173 

 

5.3.5. Response surface methodology 

5.3.5.1. Experimental design  

Response surface methodology (RSM) was used to determine the optimal condition 

for the chromatographic analysis of Ac-SDKP. A three-level face-centred cubic 

(FCC) central composite design (CCD) was used in the optimisation, which was 

formed by five pivotal independent variables as identified from the DSD, namely 

starting solvent B concentration (%Bs), solvent B concentration increment (%Bi), 

flow rate (FR), temperature (T), and pH of the buffer. Four key criteria set in the 
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ATPs, namely Rf, Rs, Tf, and N, were determined as the dependent variables. The 

injection volume (V) and running time were fixed at 20 µL and 15 minutes to 

minimise the number of factors in the model, as a run-time of 15 minutes allows a 

sufficient time to elute the analyte even at a low percentage of solvent B. The 

injection volume was fixed at 20 µL to maximise the ranges of detection and 

quantitation. It is known that any alteration does not hugely affect the capacity factor 

and theoretical plate number, and thus selectivity and efficiency are maintained. 

Thus, it is used for fine adjustment on the optimal condition, especially when column 

overloading happened. Lowering it could further reduce the tailing and improve the 

resolution. The design matrix to construct the RSM, as shown in Table 5-2, 

comprised 21 running conditions and was constructed using JMP 15 software, where 

each running condition was repeated in triplicate and reported as an average value. 

Prediction profilers were plotted using the same software. Wash runs were 

performed in between two different running conditions to equilibrate the column, 

where a blank solution was run at the set solvent compositions, temperature, and 

flow rate of the next running condition for 10 minutes. 

 

A stepwise least square regression was used to fit the polynomial model to the data 

individually for each dependent variable. A 5-fold cross-validation was performed to 

validate the model for all dependent variables. A one-way analysis of variance 

(ANOVA) test and lack of fit test was conducted to determine the statistical 

significance and goodness of fit for the model respectively, at a confidence interval 

(CI) of 95%. Response surfaces were plotted to visualise the relationship between 

independent and dependent variables. A p-value < 0.05 is considered statistically 

significant. The response surface and contour plots were plotted using the same 

software. 
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Table 5-2. Independent and dependent variables and the experimental design matrix 

of CCD design. The outputs were reported as the mean value from three independent 

experiments (n = 3). 

Input parameters Output 

Pattern %Bs 

(%) 
%Bi 

(%) 
pH FR 

(mg/mL) 
T 
(oC) 

Cf Rs Tf N 

−−−++ 3 1 2.5 1.5 45 1.936 5.853 2.25 3213 
000A0 3.5 5.5 2.75 1.5 35 1.750 5.203 1.48 3444 
+−+++ 4 1 3 1.5 45 1.220 4.710 1.76 3362 
−+−−+ 3 10 2.5 1 45 1.588 5.680 1.86 8021 
+++−+ 4 10 3 1 45 1.143 5.205 1.73 6262 
++−−− 4 10 2.5 1 25 1.568 5.439 1.22 6154 
A0000 4 5.5 2.75 1.25 35 1.463 5.131 1.55 3819 
−−+−+ 3 1 3 1 45 1.903 5.341 2.18 3350 
−++++ 3 10 3 1.5 45 1.558 4.997 1.73 4522 
00a00 3.5 5.5 2.5 1.25 35 1.746 5.387 1.72 4087 
−++−− 3 10 3 1 25 1.872 5.007 1.04 7275 
0a000 3.5 1 2.75 1.25 35 1.891 5.352 1.66 2725 
00000 3.5 5.5 2.75 1.25 35 1.706 5.263 1.56 4378 
−−++− 3 1 3 1.5 25 2.711 5.177 0.99 2187 
−−−−− 3 1 2.5 1 25 3.018 6.139 1.32 2997 
000a0 3.5 5.5 2.75 1 35 1.612 5.488 1.64 4789 
0000a 3.5 5.5 2.75 1.25 25 2.042 5.454 1.07 3872 
a0000 3 5.5 2.75 1.25 35 1.968 5.537 1.57 4078 
00000 3.5 5.5 2.75 1.25 35 1.698 5.260 1.55 3699 
++−++ 4 10 2.5 1.5 45 1.318 5.434 1.73 4866 
0000A 3.5 5.5 2.75 1.25 45 1.453 5.516 1.93 4558 
−+−+− 3 10 2.5 1.5 25 2.171 5.364 1.11 5198 
+−−−+ 4 1 2.5 1 45 1.359 5.661 2.15 3628 
+−+−− 4 1 3 1 25 1.725 5.113 1.05 2589 
0A000 3.5 10 2.75 1.25 35 1.581 5.105 1.47 5537 
00A00 3.5 5.5 3 1.25 35 1.647 4.779 1.42 4228 
++++− 4 10 3 1.5 25 1.637 4.920 0.93 4267 
+−−+− 4 1 2.5 1.5 25 2.024 5.511 1.13 2575 

Key: - means low level, 0 refers to intermediate level whilst + refers to the high 

level. A and a refer to the two axial points.  

 

5.3.5.2. Multiple response optimisation  

Multiple response optimisation (MRO) was used to identify the optimal 

chromatographic condition using the desirability function approach as described in 

Section 3.2.4. The running condition with the highest overall desirability was 
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considered the optimal condition as determined by JMP 15 (SAS Institute, Cary, NC, 

USA). The peptide was analysed under the optimal chromatographic conditions in 

triplicate, with the dependent variables measured experimentally and compared with 

the predicted values to validate the models.  

 

5.3.5.3. Optimal running condition 

The optimal condition for quantifying the peptide Ac-SDKP was performed with an 

Agilent Zorbax Eclipse Plus reverse phase C-18 column with a dimension of 4.6 x 

250 mm, 5 µm particle size (Santa Clara, CA, USA) to verify the model, at the 

column temperature of 25 oC. The peptide was eluted using a gradient method as 

shown in Table 5-3, at a flow rate of 1 mL/min with 10mM phosphate buffer at pH 

2.5 and acetonitrile used as the mobile phase. Injection volume was originally set at 

20 µl in the MRO but was reduced to 10 µL, minimising the mass overloading. A 

post-time of 5 minutes at 97% solvent A and 3% solvent B was used after each run 

to re-equilibrate the column.  

 

Table 5-3. HPLC gradient program. 
 Composition 

Time (min) % Solvent A (Phosphate 
buffer) 

% Solvent B 
(ACN) 

0 97 3 

15 90.3 9.7 
 

5.3.6. Control strategy 

A control strategy, which is a method to maintain the important process parameters 

and material attributes within the method operable design region, is implemented 

after the HPLC method development [280]. The analytical control strategy was 

established according to the ATPs, through understanding the limits of the method 

operable design region, which were identified from the robustness test. The purity of 

the peptide and other materials used in the method was tested routinely. The method 

was also tested at the intermediate stage with a higher limit to understand the 

processing capacity.  
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5.3.7. Continuous method monitoring and continual improvement 
Continuous monitoring of the method performance and quality consistency was 

monitored by tracking the system suitability data [280]. Moreover, regular 

maintenance of the HPLC instrument and computers was performed. Other related 

apparatus used in this study, including the pH meter, weighing balance, and pipettes, 

were maintained and calibrated. The software was also routinely updated [282,285]. 

 

5.4. Method validation 
The method was validated according to the ICH Q2 (R1) guideline [288], utilising a 

reported template for best practice [289]. System suitability, linearity, accuracy, 

repeatability, selectivity, and robustness were evaluated during method validation, 

with the validation methods discussed individually as follows.  

 

5.4.1. Specificity 

Specificity is the ability of the method to determine the analyte from other 

components in the sample matrix [290], which is usually demonstrated by the 

complete separation of the peak of the analyte from other peaks present in the 

chromatogram of the sample matrix. Therefore, 10 µL of the verification standard, 

samples in PBS and matrix samples, PBS, blank (water), and drug-free matrix were 

introduced into the system to evaluate the specificity of the method.  

 

5.4.2. System suitability 
System suitability testing was performed with a 1 mg/mL validation standard 

solution on two different HPLC systems. A total of 6 injections of the sample were 

injected. The capacity factor, resolution, tailing factor, and theoretical plates were 

present as the average, whilst relative standard deviations (RSD) for retention time 

and peak area were determined.  

 

5.4.3. Linearity and range 
Calibration standard solutions were prepared at 8 various concentrations ranged from 

0.25 mg/mL to 2 mg/mL. A further 6 concentrations were prepared via serial 2-fold 

dilutions of six repeats to prepare concentrations ranging from 3.9 µg/mL to 0.125 
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mg/mL. Three individually prepared solutions at each concentration were prepared. 

Linear regression was employed to determine the correlation. The acceptable criteria 

of the R-squared (R2) are R2 ≥ 0.999. The range was determined on the linear region 

of the calibration curve. 

 

5.4.4. Limit of detection and limit of quantitation 

The lower limit of detection (LOD) and lower limit of quantitation (LOQ) was 

determined from the calibration curve, according to Equation 5-1 and Equation 5-2.  

 

𝑳𝑶𝑫 = 𝟑.𝟑𝝈
𝑺

  Equation 5-1 

𝑳𝑶𝑸 = 𝟏𝟎𝝈
𝑺

  Equation 5-2 

Where σ was the standard deviation of the response and S was the slope of the 
calibration curve.  
 

5.4.5. Accuracy and quantitative matrix effects evaluation 

Spiked samples were prepared at 3 concentrations - 0.75, 1.0, 1.5 mg/mL, using both 

phosphate buffer and matrix solutions. Matrix solution was prepared by diafiltration 

of chitosan-triphosphate nanoparticles, where 0.5 mL of the nanoparticle solution 

was centrifuged with the filter at 14,000 rpm. Three individually replicates at each 

concentration were prepared and analysed. The mean, standard deviation, RSD, and 

percentage recovery were evaluated, and the acceptance criteria are within 90-110%. 

Evaluation of the matrix effects was performed by comparing the slopes of the 

curves constructed by PBS and placebo, with the slope of the calibration curve in 

water. A one-way ANOVA was performed on GraphPad Prism 9 to determine if the 

matrix effect was statistically significant, where a p-value < 0.05 is considered 

statistically significant. 

 

𝑴𝒂𝒕𝒓𝒊𝒙	𝒆𝒇𝒇𝒆𝒄𝒕 = J𝑺𝒎𝒂𝒕𝒓𝒊𝒙
𝑺𝒔𝒕𝒅

− 𝟏N × 𝟏𝟎𝟎% Equation 5-3 

Where Smatrix was the slope of the curve constructed by PBS and placebo. Sstd was the 

slope of the calibration curve in water. 
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5.4.6. Repeatability and intermediate precision 
A 1 mg/mL Ac-SDKP solution in water was prepared and 10 replicates of the 

validation standard were injected to determine the instrumental precision. The result 

was reported as average, standard deviation, and relative standard deviation (RSD) 

of the retention time, peak area, and height. The acceptable criteria were within ± 1% 

of RSD for these parameters. Meanwhile, intermediate precision determined the 

intra-lab variations. Three solutions with concentrations of 0.5, 1.0 and 1.5 mg/mL 

Ac-SDKP in water were prepared and performed on two different HPLCs (Agilent 

1200, Santa Clara, CA, USA) on two different days by two operators. The relative 

standard deviation for each operator and each instrument was determined and 

reported. The acceptable criterion was RSD within ± 2% [288].  

 

5.4.7. Robustness 

The robustness of the method was tested with deliberate alterations in the flow rate, 

%Bs, temperature, and pH of the mobile phase to determine the capacity of the 

method to remain unaffected by variations in the method parameters. Variations of 

flow rate, %Bs, temperature, and pH were selected as ± 0.2 mL/min, ± 1%, ± 5 oC 

and ± 0.1, respectively. Thus, buffers with pH of 2.4 and 2.6 were prepared. The 

robustness of the method was assessed using two aspects – the peak area and 

capacity factors of the analyte peak. For capacity factors, the predicted values were 

calculated from the chromatographic conditions of the deliberate alterations using 

the correlation established in the MODR. The assays were then performed in 

triplicate to obtain the experimental result. Percentage differences between the two 

values were calculated as described in Equation 5-4. Regarding the peak area, it is 

not an identified ATPs, so the percentage difference was calculated using Equation 

5-5, between the peak area obtained in the optimal condition and conditions with 

deliberate alterations.  
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%	𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = 	𝑹𝒇𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍/𝑹𝒇𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅
𝑹𝒇𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅

× 𝟏𝟎𝟎% Equation 5-4 

%	𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = 	𝑷𝒆𝒂𝒌	𝑨𝒓𝒆𝒂𝑨𝒍𝒕𝒆𝒓𝒂𝒕𝒊𝒐𝒏𝒔/𝑷𝒆𝒂𝒌	𝑨𝒓𝒆𝒂𝒐𝒑𝒕.
𝑷𝒆𝒂𝒌	𝑨𝒓𝒆𝒂𝒐𝒑𝒕.

× 𝟏𝟎𝟎% Equation 5-5 

Where Rf predicted and Rf experimental refer to the predicted and experimental capacity 

factor of the analyte peak, respectively. Peak Area Alterations and Peak Area opt. 

corresponded to the measured peak area for the analyte peak in the chromatographic 

conditions with deliberate alterations and the optimal condition, respectively.  

 

5.5. Results and Discussion 

5.5.1. Risk assessment 

Risk identification in the HPLC method was illustrated in the Ishikawa fishbone 

diagram, as shown in Figure 5-2. Seven method parameters amongst the assessed 

CQA were evaluated as vital and subsequently selected as the input factors for the 

definitive screening design, namely starting solvent B concentration (%Bs), solvent 

B concentration increment (%Bi), flow rate (FR), temperature (T), injection volume 

(V), the run time (t) and pH of the buffer. As the method is intended to assay the 

peptide in various pharmaceutical dosage forms and matrices, which included the 

samples from in vitro drug release study, the use of phosphate buffer would be the 

most suitable and compatible with these samples. Thus, the buffer type was kept 

unchanged during the method development. Due to previous preliminary results 

altering the column choice, buffer strength and organic modifier worsened the ATPs, 

these parameters were also kept constant.  
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Figure 5-2. Fishbone diagram showing the risks proposed before the AQbD assisted 

HPLC method development for the peptide.  
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5.5.2. Definitive screening design 

The effective factors screened in the definitive screening design for each variable 

(capacity factor, theoretical plate count, resolution and tailing factor) were estimated. 

The profilers for each factor were shown in Figure 5-3.  

 

 
Figure 5-3. Profilers show the effect of the factors identified from the DSD on each 

independent variable. The predicted correlations were present as the solid black line 

in the profiler. The experimental conditions were mentioned on the x-axis of the 

profiler and in red, while the corresponding predicted nanogel properties were 

present in red on the y-axis.  

 

The capacity factor was estimated to be dependent on the %Bs, with the capacity 

factor decreasing with the %Bs. Increasing %Bs would decrease the polarity of the 

starting mobile phase, eluting the analyte earlier. Meanwhile, the peak resolution 

correlated to the injection volume and the pH of the buffer, with peak resolution 

decreasing with both the injection volume and the pH of the buffer. Reduced 

injection volume would minimize band broadening, allowing better peak separation 

between the analyte peak and the adjacent peak. The correlation was observed 

because of mass overloading in the column, which will be discussed in Section 

5.5.5. Lowering the pH altered the ionization state of the peptide, as the pH of the 

buffer was close to the isoelectric point. Furthermore, the tailing factor was 
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dependent on the temperature and injection volume, with tailing worsened with both 

factors. With increased injection volume, the band broadening was more pronounced 

with more diffusion and mass transfer at the edge of the peak. Interestingly, the 

tailing of the peak was promoted when the temperature increased, as the column 

temperature influences the kinetics and transport properties of the analytes. The 

diffusivity of the analyte was enhanced because the viscosity of the mobile phase 

decreased at a higher temperature. Nevertheless, theoretical plate count depended on 

the %Bi, flow rate and injection volume. The efficacy of the retention was reduced 

with the flow rate and injection volume, as a higher flow rate reduced the time for 

interaction between the analyte and column. Injection volume usually increased the 

peak height and area. However, as the column was mass-overloaded, the tailing 

increased and the band was broadened, increasing the width of the peak. 

Interestingly, the %B increment promoted the efficiency of the analyte retention, 

probably due to the reduced width of the peak. In short, these independent factors 

were found to impact the ATPs, and thus selected for the optimisation via response 

surface methodology. 

 
5.5.3. Central composite design 

5.5.3.1. Statistical analysis 

The response surface model for each dependent response, namely capacity factor, 

resolution, tailing factor, and the number of theoretical plates was constructed with a 

polynomial equation. A one-way analysis of variance (ANOVA) and lack of fit test 

was performed on the RSM for each individual dependent variable to determine the 

statistical significance and the goodness of fit of these models, respectively. The null 

hypothesis of the ANOVA is that these models do not correlate with the data set. 

The results of the ANOVA and lack of fit tests are reported in Table 5-4. p-values 

obtained in the ANOVA test for all the models were smaller than 0.05, 

demonstrating the significance of these models. Terms with linear effects, 

interactions, and quadratic effects included in the polynomial equations were also 

shown in Table 5-4, with the significance of these terms evaluated individually. 

Furthermore, the p-values in the lack of fit tests for all models were larger than 0.05, 

which indicated these relationships were a good fit for the data set. Thus, the results 

showed that the models established in the RSM were correlated strongly with the 
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data set and were well-fitted. The predictive capacity of these models within the 

design space is maintained.  

 
Table 5-4. ANOVA and lack of fit test results for the CCD models for various 

independent variables. The significance for the effect of individual, quadratic and 

interaction terms of the independent terms predicted to impact the responses were 

also determined. Statistical significance was set as Prob. > F being smaller than 0.05. 

Independent 
variables  

Source of 
variations 

Degree of 
freedom 

Sum of 
squared 

Mean 
squares 

F value Prob.> F Significance 

Capacity 
factor 

Model 15 4.320 0.288 179.988 <0.0001 Significant  
%Bs 1 1.541  962.936 <0.0001 s 
%Bi 1 0.624  390.114 <0.0001 s 
pH 1 1.541  59.855 <0.0001 s 
FR 1 0.624  10.094 0.0080 s 
T 1 0.096  972.321 <0.0001 s 
%Bs x %Bi 1 0.016  115.204 <0.0001 s 
%Bi x pH 1 1.556  4.651 0.052 ns 
%Bs x FR 1 0.184  6.573 0.0248 s 
%Bi x FR 1 0.007  15.312 0.0021 s 
pH x FR 1 0.011  12.568 0.0040 s 
%Bs x T 1 0.025  29.792 0.0001 s 
%Bi x T 1 0.020  78.763 <0.0001 s 
pH x T 1 0.048  8.220 0.0142 s 
%Bi2 1 0.126  4.074 0.0665 ns 
T2 1 0.013  6.431 0.0261 s 
Residual 12 0.019 0.002    
Lack of fit 11 0.019 0.002 49.787 0.1101 Not 

significant Pure error 1 0.000 0.000   
Resolution Model 5 2.227 0.445 25.493 <0.001 Significant 

%Bs 1 0.216  12.354 0.0020 s 
%Bi 1 0.162  9.251 0.0060 s 
pH 1 1.514  86.634 <0.0001 s 
FR 1 0.201  11.517 0.0026 s 
%Bs x %Bi 1 0.135  7.710 0.0110 s 
Residual 22 0.384 0.018    
Lack of fit 19 0.332 0.017 1.01 0.5824 Not 

significant Pure error 3 0.052 0.017   
Tailing 
factor 

Model 12 3.653 0.304 256.251 <0.001 Significant 
%Bs 1 0.035  29.757 <0.0001 s 
%Bi 1 0.155  130.113 <0.0001 s 
pH 1 0.156  131.318 <0.0001 s 
FR 1 0.065  54.663 <0.0001 s 

T 1 3.102  
2610.63
1 <0.0001 

s 

%Bs x %Bi 1 0.017  14.111 0.0019 s 
%Bi x pH 1 0.009  7.514 0.0152 s 
%Bs x FR 1 0.005  4.001 0.0639 ns 
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Where %Bs is the starting solvent B concentration, %Bi is the solvent B 

concentration increment, FR is the flow rate and T is temperature. s and ns were 

denoted for statistically significant and not significant, respectively.  

  

pH x FR 1 0.004  3.007 0.1034 ns 
%Bs x T 1 0.016  13.723 0.0021 s 
%Bi x T 1 0.074  62.214 <0.0001 s 
T2 1 0.017  13.965 0.0020 s 
Residue 15 0.018 0.001    
Lack of fit 14 0.018 0.001 14.292 0.2048 Not 

significant Pure error 1 0.000 0.000   
Theoretical 
plate 

Model 10 51632727.0
00 

5163273.0
00 

95.538 <0.001 Significant 

%Bs 1 611939.000  11.323 0.0037 s 

%Bi 1 
36053121.0
00  667.105 <0.0001 

s 

pH 1 404378.000  7.482 0.0141 s 

FR 1 
7260544.00
0  134.345 <0.0001 

s 

T 1 
1209578.00
0  22.381 0.0002 

s 

%Bs x %Bi 1 938304.000  17.362 0.0006 s 
%Bs x FR 1 547589.000  10.132 0.0054 s 

%Bi x FR 1 
3642030.00
0  67.390 <0.0001 

s 

%Bi x T 1 368962.000  6.827 0.0182 s 
T2 1 596281.000  11.033 0.0040 s 
Residual 17 918750.000 54044.000    
Lack of fit 16 688502.200 43031.000 0.187 0.9657 Not 

significant Pure error 1 230247.820 230248.00
0 
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5.5.4. Method Operable design region (MODR) 

The method operable design region (MODR) was determined by overlaying the 

contour plots, based on the criteria set for the ATPs, which are derived from the ICH 

Q2 (R1) guideline, with Rf and Rs ≥ 2, Tf ≤ 1.5 and N ≥ 2,000. The overlay contour 

plots were fixed with the optimal chromatographic conditions, with the MODR 

portrayed in Figure 5-4. The white region referred to the MODR, while the coloured 

region denoted the region that failed with one or more criteria set in the ATPs.  

 

 
Figure 5-4. The overlay contour plots show the MODR. Only two factors were 

displayed at a time - (a) %Bs and %Bi, (b) flow rate and temperature, and (c) pH and 

temperature, while the other factors were fixed at the optimal condition. The lines in 

the figure are the contour grid, with assorted colours for respective chromatographic 

responses. 

 
5.5.4.1. Capacity factor 

The capacity factor (Rf or k) indicates the retention of the analyte in the column 

about the dead volume (t0). All the chromatographic runs in Table 5-2 possessed 

capacity factors above 1, which indicated that the retention of the analyte in the 

column is sufficient, and the specificity of the analyte is achieved under these 

chromatographic conditions. All factors, except the quadratic term of %Bi and the 

interaction term between %Bi x pH, were statistically significant in the ANOVA test 

as presented in Table 5-4. Increasing in all linear terms resulted in a reduction of the 

capacity factor, as the interactions between the sorbent and analytes were weakened 

and thus the retention in the column was reduced. In contrast, all the statistically 

significant interaction terms possessed positive effects on the capacity factor, which 
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indicated that there are synergies between the linear factors and these synergistic 

interactions attenuate the reduction of capacity factors at a high level the linear 

factors. Quadratic terms of the temperature also possessed a positive coefficient, 

which demonstrated that the effect of temperature was not linear and the effect of 

temperature on capacity factor was enervated at high temperature, as shown in 

Figure 5-5, likely because of simultaneous altering of the chemical and mechanical 

factors in the kinetics of the analyte in the column in elevated column temperature. 

The results revealed that lowering these parameters could promote the interaction 

between the peptide and the column and thus increase the capacity factor.  

 

𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚	𝒇𝒂𝒄𝒕𝒐𝒓	(𝒌) = 	𝟏𝟑. 𝟓𝟏𝟐𝟑 − 𝟎. 𝟑𝟗𝟕𝟓 ×%𝑩𝒊 − 𝟏. 𝟒𝟖𝟔𝟎 ×%𝑩𝒔 −

𝟐. 𝟑𝟒𝟗𝟒 × 𝑭𝑹 − 𝟏. 𝟓𝟎𝟕𝟖 × 𝒑𝑯 − 𝟎. 𝟏𝟒𝟖𝟔𝟒 × 𝑻 + 𝟎. 𝟎𝟎𝟐 ×%𝑩𝒊𝟐 +

𝟎. 𝟎𝟎𝟎𝟔 × 𝑻𝟐 + 𝟎. 𝟎𝟒𝟕𝟕 ×%𝑩𝒔 ×%𝑩𝒊 + 𝟎. 𝟎𝟑𝟒𝟕𝟗 ×%𝑩𝒊 × 𝑭𝑹 +

𝟎. 𝟎𝟏𝟗𝟐 ×%𝑩𝒊 × 𝒑𝑯 + 𝟎. 𝟎𝟎𝟐𝟎 ×%𝑩𝒊 × 𝑻 + 𝟎. 𝟐𝟎𝟓𝟏 ×%𝑩𝒔 × 𝑭𝑹 +

𝟎. 𝟎𝟏𝟎𝟗 ×%𝑩𝒔 × 𝑻 + 𝟎. 𝟓𝟔𝟕𝟑 × 𝑭𝑹 × 𝒑𝑯 + 𝟎. 𝟎𝟏𝟏𝟓 × 𝒑𝑯 × 𝑻  

  Equation 5-6 
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Figure 5-5. Response surface models predict the effect of (a) %Bs and %Bi, (b) pH 

and temperature and (c) flow rate on the capacity factor of the analyte peak. 

	

5.5.4.2. Resolution 

Resolution is a measure of the separation between two peaks in a chromatogram in 

terms of distance and width [291]. In this study, the resolution measured the 

separation between the peak of interest and the closest adjacent peak using the half-

height method. The adjacent peak was at the retention time of 5.935 minutes as 

shown in Figure 5-10 (a). The measured resolution for all chromatographic runs in 

the design matrix was above 4, which indicated that the separations between the 

peak of interest and the adjacent peak were sufficient. The response surface plots for 

resolution are shown in Figure 5-6. %Bs, %Bi, flow rate, and pH were found to have 

significant but negative effects on the resolution, as the coefficients for these terms 

were negative in Equation 5-7. Increasing flow rate and steepness of the gradient 

generally decreased the resolution as both narrowed the peak spacing in the 

chromatogram [292]. Altering the pH was more complex, as it changed both 

selectivity and retention, which both subsequently impact the resolution. However, 

the response surface plots showed that the overall effect of pH was negative, which 
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indicates that the resolution decreases with the pH of the buffer for this peptide. In 

contrast, the use of higher organic solvent composition reduced the retention of the 

peptide as it decreased the polarity of the mobile phase and thus the peak spacing. 

Meanwhile, the interaction term between %Bs and %Bi was also found to be 

significant, which indicated that there is a synergism between %Bs and %Bi in 

changing the resolution. 

	
𝑹𝒆𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 = 𝟏𝟎. 𝟕𝟎𝟖𝟑 − 𝟎. 𝟏𝟔𝟑𝟖 ×%𝑩𝒊 − 𝟎. 𝟒𝟒𝟑𝟑 ×%𝑩𝒔 − 𝟎. 𝟒𝟐𝟐𝟗 × 𝑭𝑹 −

𝟏. 𝟏𝟔𝟎𝟎 × 𝒑𝑯 + 𝟎. 𝟎𝟒𝟎𝟖 ×%𝑩𝒔 ×%𝑩𝒊 Equation 5-7 

 

 
Figure 5-6. Response surface models predicting the effect of (a) %Bs and %Bi, (b) 

pH and flow rate on the resolution. 

 
5.5.4.3. Tailing factor 

The tailing factor refers to the coefficient of peak symmetry in United States 

Pharmacopeia (USP) and the acceptable tailing factor is between 0.9 to 1.2. Only a 

quarter of the chromatographic conditions in Table 5-2 possessed a tailing factor in 

between the acceptable criteria. The ANOVA study in Table 5-4 demonstrated all 

the linear terms of the factors were significant, with %Bi and pH reducing the tailing 

and vice versa for %Bs, FR, and T. Increase in %Bi, specifically the gradient 

steepness, refocused the peak and minimised the peak tailing. Interestingly, 

increasing pH reduced the tailing factor, most likely due to the pH being close to the 

isoelectric point of the peptide. Increasing the flow rate resulted in higher tailing 

factors, which is potentially due to increased mass transfer and diffusion of the 

analytes at a higher flow rate. Elevating the column temperature also led to a higher 
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tailing factor, as the column temperature influences the kinetics and transport 

properties of the analytes. The diffusivity of the analyte was enhanced because the 

viscosity of the mobile phase decreased at a higher temperature. Nonetheless, the 

correlation between flow rate, temperature, and %Bs with the tailing factor is poorly 

understood. Several interactions between %Bs x %Bi, %Bi x pH, %Bi x T, %Bs x T, 

and the quadratic term of temperature, as shown in Figure 5-7, were also found to be 

significant in controlling the tailing factor. However, it is difficult to identify the 

causes between the interaction terms and tailing factor as peak tailing is occurred due 

to multiple retention mechanisms of the analyte in the column. The peptide used in 

this study interacts via nonspecific hydrophobic interactions with the C18 chain and 

polar interactions with the ionised residue of the silanol groups. In addition, there are 

also interactions between the analytes as the peptide remains predominantly cationic 

at pH 2.5-3.0, where the repulsion between the analyte resulted in mass overloading 

of the column. Another possible explanation is that peak broadening was a 

consequence of the cationic peptides repulsing each other in the stationary phase.  

 
𝑻𝒂𝒊𝒍𝒊𝒏𝒈	𝒇𝒂𝒄𝒕𝒐𝒓 = 	−𝟎. 𝟔𝟔𝟗𝟒 − 𝟎. 𝟎𝟕𝟓𝟖 ×%𝑩𝒊 + 𝟎. 𝟐𝟐𝟖𝟏 ×%𝑩𝒔 +

𝟎. 𝟖𝟗𝟗𝟗 × 𝑭𝑹 − 𝟎. 𝟏𝟖𝟗𝟎 × 𝒑𝑯 + 𝟎. 𝟏𝟎𝟕𝟕 × 𝑻 − 𝟎. 𝟎𝟎𝟎𝟓 × 𝑻𝟐 + 𝟎. 𝟎𝟏𝟒𝟒 ×

%𝑩𝒔 ×%𝑩𝒊 + 𝟎. 𝟎𝟐𝟏𝟎 ×%𝑩𝒊 × 𝒑𝑯 − 𝟎. 𝟎𝟎𝟏𝟓 ×%𝑩𝒊 × 𝑻 − 𝟎. 𝟏𝟑𝟕𝟗 ×%𝑩𝒔 ×

𝑭𝑹 − 𝟎. 𝟎𝟎𝟔𝟒 ×%𝑩𝒔 × 𝑻 − 𝟎. 𝟐𝟑𝟗𝟏 × 𝑭𝑹 × 𝒑𝑯 Equation 5-8 
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Figure 5-7. Response surface models predict the effect of (a) temperature, (b) %Bs 

and %Bi, and (c) pH and flow rate on the tailing factor of the analyte peak. 

 
5.5.4.4. Theoretical plate counts 

The number of theoretical plates is an indication of the column efficiency. All 

factors identified in Table 5-4 were statistically significant in controlling the number 

of theoretical plates. The response surface plots for theoretical plate counts are 

shown in Figure 5-8. %Bs, flow rate, temperature, and pH were found to have 

significant but negative effects on the theoretical plate counts, as the coefficients for 

these terms were negative in Equation 5-9. Increasing all these factors reduced the 

column efficiency, as the retention time was reduced and the standard deviation of 

the measured peak in the unit of time was also altered [293]. Conversely, %Bi was 

also significant and possessed a positive effect on the number of theoretical plates. 

The result demonstrated that steepening the gradient slope within the design space 

improved the column efficiency, which is likely due to refocusing of the peak with 

the steeper gradient. Several interaction terms, namely %Bi x %Bs, %Bi x FR, %Bs x 

T, and %Bs x FR, were found statistically significant in the ANOVA, where the 

former three terms and the last term had negative and positive effects on the 

theoretical plate counts, respectively. Another quadratic term of temperature was 

also statistically significant, with the peak trough identified at about 35 oC.  
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𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍	𝒑𝒍𝒂𝒕𝒆 = 𝟏𝟐𝟏𝟐𝟓. 𝟎𝟖𝟕𝟕	 + 	𝟏𝟑𝟑𝟗. 𝟒𝟐𝟔𝟗 ×%𝑩𝒊 − 𝟏𝟔𝟐𝟔. 𝟕𝟖𝟔𝟎 ×

%𝑩𝒔 − 𝟓𝟑𝟖𝟕. 𝟖𝟖𝟒𝟓𝟖𝟔 × 𝑭𝑹 − 𝟓𝟗𝟗. 𝟓𝟑𝟖𝟗 × 𝒑𝑯 − 𝟏𝟔𝟖. 𝟕𝟎𝟔𝟗 × 𝑻 +

𝟑. 𝟎𝟒𝟓𝟔 × 𝑻𝟐 − 𝟏𝟎𝟕. 𝟔𝟐𝟗𝟎 ×%𝑩𝒊 ×%𝑩𝒔 − 𝟒𝟐𝟒. 𝟎𝟗𝟏𝟐 ×%𝑩𝒊 × 𝑭𝑹 −

𝟑. 𝟑𝟕𝟒𝟔 ×%𝑩𝒊 × 𝑻 + 	𝟏𝟒𝟕𝟗. 𝟗𝟖𝟓𝟕 ×%𝑩𝒔 × 𝑭𝑹 Equation 5-9	

 

 

 

Figure 5-8. Response surface models predict the effect of (a) temperature, (b) 

starting % solvent B and %B increment, and (c) pH and flow rate on the number of 

theoretical plates. 

 

5.5.5. Multiple response optimisation 

The optimal fabricating condition was determined by multiple response optimisation 

(MRO) as shown in Figure 5-9, aiming to achieve the largest capacity factor, 

resolution and theoretical plate, and the lowest tailing factor. The optimal running 

condition for Ac-SDKP utilises phosphate buffer at pH 2.5 and acetonitrile as mobile 

phases, which starts at 3% acetonitrile and increases to 9.7% over 15 mins at a flow 

rate of 1 mL/min. The injection volume was initially fixed at 20 µL, to maximise the 

ranges of detection and quantitation. The predicted capacity factor, resolution, tailing 

factor and theoretical plate running at the optimal chromatographic condition were 

2.400, 5.779, 1.22, and 5,778 respectively while the experimental results were 2.138, 
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5.970, 1.15, and 5,680, respectively. The measured values were -10.9%, 3.3%, -

5.7%, and -1.7% different from the predicted values for capacity factor, resolution, 

tailing factor and theoretical plate, respectively. Although there were discrepancies 

between the measured and predicted values for all responses, the results still 

demonstrated that these models had the sufficient predictive ability.   

 

 
Figure 5-9. Interaction profilers show the optimal chromatographic condition with 

the predicted parameters. %Bi was rounded up to 9.7% in the final method as the 

HPLC program could only handle up to 1 decimal place. The overall desirability for 

the optimal chromatographic condition was 0.551. 

 

However, mass overloading was observed in the column using the injection volume 

of 20 µL, with the peak fronting observed. The peak shifts exceeded the relative 

retention time window of 2.5%, at the lower concentrations of the calibration curve 

with the red arrow pointed in Figure 5-10 (a). This was likely to be due to the 

repulsion between the cationic peptide on the stationary phase and preventing the 

occupancy of the high-energy sites in the deeper C18 layer by the solute [294], as the 

peptide remains cationic at pH 2.5. Moreover, the broad and asymmetrical peak 

observed in the chromatogram could also be explained by the slow sorption-



__________________________________________________________ 
Chapter 5 – Developing a simple and novel HPLC-UV method for 
quantification of the antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-
proline 

186 

desorption kinetics of the silanols of the stationary phase [295]. Therefore, the 

injection volume was finally reduced to 10 µL, to further minimise the shifting of the 

retention time. The retention time shift was still present with the injection volume of 

10µL, but the shift was much attenuated and maintained within 2.5% of variation as 

shown in Figure 5-10 (b). It was noted that the reduction of the injection volume 

had impacts on the ATPs, mainly reducing the tailing factor, as the peak area was 

reduced and there was less mass overloading on the column. Moreover, it also 

impacted the capacity factor slightly, attenuating the shift of the peak retention time. 

Despite these impacts on the ATPs, it was vital to reduce the mass overloading on 

the column, avoiding the diminishments of the efficiency and the assay sensitivity. 

Hence, the injection volume was adjusted after the DOE optimisation, as a 

mitigation to the mass overloading.  

 

 
Figure 5-10. Chromatograms of three calibration standard solutions in the calibration 

curve ranged from 8 µg/mL, 0.5 and 2mg/mL at two different injection volumes of 

(a) 20 µL and (b) 10 µL; mobile phase flow rate 1 mL/min; a linear gradient (ACN: 

3% to 9.7% in 15 minutes); VWD detector wavelength 220 nm; column temperature 

25 oC. The figure showed that the peak shifts were attenuated, and all the peaks were 

within the 2.5% window after halving the injection volume to 10 µL. Variations in 

retention times between runs are expected, thus 2.5% was set as the acceptable 

window in this method due to the robustness of the method and quality by design.  
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5.6. Method validation 

5.6.1. Specificity 

The specificity of the method was evaluated by comparing the chromatograms of the 

blank solution, PBS solution, matrix sample solution, validation standard solution, 

and sample solutions in PBS and matrix sample. Thus, 10 μL of these solutions were 

injected into the HPLC system individually, and the chromatograms are shown in 

Figure 5-11. In the chromatograms for the solutions containing the peptide, as 

present in Figure 5-11 (a) to (c), the analyte was eluted as a single peak and well 

separated from other peaks presented. No co-eluting peak at the retention time of the 

peptide was observed, which indicated that the analyte peak was pure, and the 

method was specific. In Figure 5-11 (d) to (f), no peak of analyte was present for 

the matrix sample, blank and pure PBS solutions, which also elucidated that the 

other components in the sample did not interfere with the peak of the analyte. The 

presence of other peaks in Figure 5-11 (a) and (c) likely corresponded to the 

contaminants, potentially incorporated during the sample preparations. The peak at 

3.986 minutes observed in Figure 5-11 (b) likely referred to the impurities presented 

in the validation standard while the peak at 5.955 minutes was likely due to the 

presence of a contaminant. 

 



__________________________________________________________ 
Chapter 5 – Developing a simple and novel HPLC-UV method for 
quantification of the antifibrotic peptide N-acetyl-seryl-aspartyl-lysyl-
proline 

188 

 
Figure 5-11. Chromatograms of (a) the peptide in matrix sample, (b) the standard 

solution in water, (c) peptide samples in PBS, (d) peptide-free matrix sample, (e) 

blank solution (i.e., Water), (f) PBS. No peak was observed in peptide-free matrix 

sample, blank solution, and PBS, which demonstrated no peptide was detected. The 

retention time for the peptide in matrix sample, water and PBS were similar. 

 
5.6.2. System suitability 
A system suitability test was performed with a 1 mg/mL validation standard solution 

on two different HPLC systems. A total of 6 injections of the standard were injected 

into the column. The capacity factor, resolution, tailing factor, theoretical plates, and 

relative standard deviations (RSD) for retention time and peak area were determined 

and presented as the average in Table 5-5.  
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Table 5-5. System suitability results of the proposed HPLC method on two different 

HPLC systems. The results demonstrated both HPLC were suitable for performing 

analysis of the peptide.   
System suitability parameters Acceptable criterion HLPC 1 HPLC 2 
Retention time RSD ≤ 1% 0.1% 0.5% 
Peak area RSD ≤ 1% 0.2% 0.8% 
Capacity factor (k) k ≥ 2.0 2.237 2.256 
Resolution (Rs) Rs ≥ 2.0 6.881 6.409 
Tailing factor (T) T ≤ 1.5 0.90 0.93 
Theoretical plates (N) N ≥ 2000 7349 7283 

 

5.6.3. Linearity and range 

The calibration curve was established with 13 concentrations, with the solution with 

the lowest concentration of 3.9 µg/mL being undetectable. Therefore, the range of 

the assay method is between 7.8 µg/mL to 2 mg/mL. The correlation coefficient of 

the calibration was 0.9993, which was acceptable under the criterion. The result 

elucidated a good correlation between the peak area and the concentration within the 

range. The regression equation was shown as Equation 5-10. The range established 

in this method was much higher compared to the reported LC-MS/MS or EIA 

methods, where the range of these methods was between 0.5 and 100 ng/mL 

[270,272,274]. 

 

𝒚	 = 	𝟑𝟔𝟖𝟓𝒙 + 𝟓. 𝟐𝟎𝟏𝟗  Equation 5-10 

 

5.6.4. Limit of detection and limit of quantification 
The LOD and LOQ were determined from Equation 5-1and Equation 5-2 using the 

standard deviation of y-intercept in the calibration curve as σ. The LOD and LOQ 

were 5.5 and 16.8 µg/mL, respectively.  

 

5.6.5. Accuracy 

Accuracy was reported as the recovery percentage of the known peptide added to 

both phosphate buffer saline (PBS) as a placebo and a matrix solution (M). The 

matrix solution was the diafiltrate of the chitosan-TPP nanogels solution. The 

method involved spiking the PBS and M with Ac-SDKP in water at three different 
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concentrations (0.75, 1.00 and 1.50 mg/mL), with the results shown in Table 5-6. 

The % recovery obtained in the spiking of the sample with PBS was higher than in 

the M. The matrix solution is predominantly water and salt, as the Amicon ultra filter 

trapped all nanoparticles during the centrifugation, where PBS also contained 

phosphate. The matrix effects of the M and PBS were determined by Equation 5-3, 

with the values of -0.9 ± 2.8% and 5.1 ± 3.8% for MS and PBS, respectively.  

 

Table 5-6. Results of accuracy tests for determination of peptide Ac-SDKP in 

phosphate buffer saline and matrix solution samples. The RSD for both spiked 

samples fulfilled the criterion, which showed that peptide quantification in both 

samples was accurate.  
Spiked 
samples 

Concentrations 
(mg/mL) 

Purity (% 
Area) 

Area  Percentage recovery Criterion 

RSD 
(%) Average (%) 

RSD 
(%) 

PBS  0.75 96.6 ± 0.4 
3.7 82.2 3.7 

RSD 
<10% 

1.00 97.1 ± 0.0 
0.3 108.7 0.3 

1.50 97.8 ± 0.2 
0.2 161.0 0.2 

M 0.75 91.1 ± 0.2 
2.3 75.6 2.3 

1.00 91.1 ± 0.0 
1.2 100.6 1.2 

1.50 91.1 ± 0.1 1.2 150.0 1.2 
 

However, the matrix effects for M and PBS were not statistically significantly 

different from water according to the ANOVA as shown in Figure 5-12, and thus the 

matrix effects of the M and PBS are negligible. Despite the low purity of the peptide 

used due to the cost, the purity of the peptide was measured at over 91% in all spiked 

samples regardless of the matrix or PBS solution used, which agrees with the 

manufacturer's reported value of 90%. The result showed that the method remains 

robust, albeit the less pure peptide was used in the method development and 

validation, where the %area would reflect the purity of the analytes tested. 
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Figure 5-12. Matrix effects of the matrix solution (M) and phosphate buffer saline 

(PBS) on the chromatographic method. Analysis of variance (ANOVA) was 

performed to determine the statistical significance of the matrix effects for M and 

PBS. ns refers to p-value > 0.05. 

 

5.6.6. Precision – Repeatability and intermediate precision 

The average, SD and RSD of the retention time, peak area, and height for the 10 

replicates in repeatability measurement were presented in Table 5-7, with the 

experimental RSD for all parameters below 1% and fulfilling the criteria. The result 

elucidated that the method is precise and the intra-day variation on the instrument 

was minimal.  

 

In contrast, the intermediate precision assessed the method’s resistance to different 

instrumentation, time of analysis, and analyst to the initial method developed. The 

RSDs for the inter-day precisions for both analysts 1 and 2 and on both Agilent 

Infinity 1260 and 1200 HPLC systems were lower than the limit of 2%, which 

indicated that the method was resistant to variations in the analyst and time. Ms 

Satinder Sembi has kindly performed the analysis as analyst 2. The instrumental 

RSD, which included all runs on that instrument regardless of the day and analyst, 

was also smaller than the criterion and thus demonstrated that the method was 

precise and repeatable in different instrumental systems.  
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Table 5-7. Intermediate precision and repeatability of the method.  
Instrument HPLC 1 (Agilent 1260) HPLC 2 (Agilent 1200)  

Intermediate precision (n = 3) 

Concentrations 
(mg/mL) 

0.5 1.0 1.5 0.5 1.0 1.5 Criterion 

Operator 1 inter-day 
RSD 0.37% 0.26% 0.75% 

0.93% 1.64% 0.69% RSD <2% 

Operator 2 inter-day 
RSD 1.32% 1.37% 1.32% 

0.1% 0.46% 0.15% RSD <2% 

Instrument RSD 1.26% 1.04% 0.88% 0.16% 0.36% 0.11% RSD <2% 

Repeatability (n = 
10) 

Average RSD 
(%) 

    Criterion 

Resolution 8.203 0.12     RSD<1% 

Area 3749.4 0.22     RSD<1% 

Height 242.09 0.92     RSD<1% 

 

5.6.7. Robustness 
The robustness of the method was evaluated by deliberate alterations of the 

temperature, %Bs, %Bi, flow rate, and pH, as shown in Table 5-8. For the capacity 

factor of the analyte peak, they are first predicted based on the correlations 

established in the method operable design space and subsequently compared with the 

experimental result. The percentage difference between the predicted and 

experimental results was less than 7.5% for most of the alterations, which were set as 

the acceptance criteria. However, changing the flow rate had a notable impact on the 

capacity factor of the peak of an analyte, exceeding the 10% difference between the 

predicted and experimental results. The result indicated that controlling the flow rate 

(i.e., Linear velocity) is the most crucial method to avoid any impact on the ATPs. 

Temperature, %Bs, and pH were found to impact the capacity factor of the analyte 

peak, but their effects could largely be modelled by the correlation established. 

Altering the temperature resulted in shifts of the retention as the temperature impacts 

the analyte diffusivity, the viscosity [296], dielectric constant [297], and surface 

tension of the mobile phase, where the analyte diffusivity improved and the rest of 

the factors decreased under the elevated temperature, resulting in the decrease of the 

solute elution. Nevertheless, modifying %Bs does not affect the interaction between 

the analyte and the stationary phase, as %Bs refers to the starting % of the organic 
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solvent in the mobile phase. Thus, with the same eluting gradient, the retention time 

changes with the %Bs inversely and linearly. The pH of the buffer is another factor 

crucial to determining the ionization of the peptide, where the pH of the buffer was 

close to the isoelectric point of the peptide. Therefore, any change in the pH of the 

buffer would affect the ionisation of the peptide and subsequently the capacity 

factor.  

 

Table 5-8. Deliberate variations in analytical conditions to determine the robustness 

of the HPLC-UV assay method. The varied factors were bolded and italicised. 
Trial Opt. A B C D E F G H 
T (oC) 25 20 30 25 25 25 25 25 25 
%Bs 3 3 3 2 4 3 3 3 3 
%Bi 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 
FR (mL/min) 1 1 1 1 1 0.8 1.2 1 1 
pH 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.4 2.6 
Predicted Rf 2.400 2.657 2.193 3.100 1.723 2.428 2.395 2.464 2.359 
Experimental 
Rf  2.261± 

0.001 

2.479 
± 
0.001 

2.105 
± 
0.003 

3.042 
± 
0.004 

1.856 
± 
0.001 

2.955 
± 
0.002 

2.107 
± 
0.007 

2.312 
± 
0.004 

2.255 
± 
0.002 

% Difference 6.1% 
7.2% 4.2% 1.9% -7.1% 

-
17.8% 13.6% 6.6% 4.6% 

Area 3687.6 
± 8.7 

3688.5 
± 2.3 

3696.7 
± 1.9 

3702.8 
± 1.8 

3696.7 
±0.6 

4607.4 
± 4.8 

3731.6 
± 2.3 

3703.2 
± 0.1 

3762.5 
± 0.1 

% Difference 
(vs Opt.) N/A 0.0% 0.2% 0.4% 0.2% 24.9% 1.2% 0.4% 2.0% 
 

Regarding the peak area, as it is not an ATPs defined above, the percentage 

difference was calculated between the results obtained in the optimal condition and 

altered conditions. ANOVA was performed to determine whether the differences 

between the peak area obtained from these conditions were significant, as shown in 

Figure 5-13. The acceptable criteria were set as a percentage difference of 2% 

between the peak area obtained from the optimal and altered conditions. The result 

indicated that the differences were significant, especially when %Bs was increased 

by 1%, and when flow rate and buffer pH were changed. The peak area measured in 

these conditions was larger as compared to the original method. However, the degree 

of differences was small, with less than 2% for most of the other alterations, 

revealing the robustness of the model. Similarly, decreasing the flow rate by 10% 

significantly increased the peak area of the analyte peak by approximately 25%, 
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which demonstrated the importance of controlling the flow rate in the method. A 

reduction in flow rate also indicated a slower velocity through the detection flow 

cell, of which each molecule contributed more to the measured absorbance at the set 

detector sensitivity (0.1 AUFS) [298]. Noteworthy, the flow rate in 0.8 mL/min was 

not in the method operable design region, as the latter was in between 1 and 1.5 

mL/min. Thus, this discrepancy also revealed the significance of performing the 

method within the MODR, and any extrapolation outside the MODR was not 

feasible. Increasing the flow rate to 1.2 mL/min, which was in the MODR, altered 

the peak area to a much lesser degree, with only a 1.2% difference from that of 

optimal condition. Furthermore, increasing the pH to 2.6 also impacted the peak 

area, but the percentage difference calculated was 2.0%. The increase was likely due 

to more interactions between the solute and stationary phase when the pH of the 

buffer increased. Moreover, pH 2.6 is closer to the isoelectric point of the peptide 

(estimated to be pH 3), where more peptides were neutral in charge and interacted 

more strongly with the stationary phase. Conversely, the peak area measured with 

pH 2.4 buffer was significantly different from the proposed method, but the 

percentage difference was much smaller. The result demonstrated that pH 2.6 is 

likely the cut-off pH for the method without altering the accuracy. Overall, the result 

indicated that the method is robust within the MODR.  
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Figure 5-13. Robustness of method in terms of peak area with the variations in 

temperature (A & B), starting %B (C & D), flow rate (E & F), and pH (G & H). A 

one-way ANOVA was performed to determine if the variations result in a significant 

difference in the retention time and peak area. Dunnett’s test was performed to 

compare all variations to the standard method. *** p-value < 0.001, **** p-value < 

0.0001 and ns denoted not significant. Each data point is presented as average, while 

the error bar refers to the standard deviation, which might be too small to be 

observed in the figure.  

 

5.7. Conclusion 
In this chapter, a robust and accurate HPLC-UV method was developed for the 

quantification of Ac-SDKP using an analytical quality by design approach. The 

method was optimised via the Design of Experiment to identify the optimal 

chromatographic condition, where the obtained capacity factor, resolution, tailing 

factor, and theoretical plate counts fulfilled the ICH guidelines. The validated 

chromatography condition utilises phosphate buffer at pH 2.5 and acetonitrile as 

mobile phases, which starts at 3% acetonitrile and increases to 9.7% over 15 mins at 

a flow rate of 1 mL/min at 25 oC. The injection volume is set at 10 µL and the VWD 

detector wavelength is 220 nm. The new analytical method is advantageous because 

it utilises standard HPLC settings and does not involve the use of expensive 

equipment or procedures, such as LC-MS/MS or ELISA. The method is particularly 

well-suited to pharmaceutical research and the development of dosage forms for 
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peptides as it could detect peptides at high concentrations covering the range for the 

experimental therapeutic doses and with low running costs. Therefore, this work is a 

prerequisite for the last chapter, which was aimed at developing Ac-SDKP-loaded 

nanogels. As the assay method was validated with spiking PBS and filtrate from 

nanogels as the matrix, the method would be used for determining the encapsulation 

efficiency of the nanogels and quantifying the samples from drug release studies of 

the nanogels. 
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6. Developing guanidylated chitosan-TPP nanogels as a 

novel drug carrier for intrapericardial peptide delivery  
 
6.1. Introduction 
Biomolecules, including genes, proteins, and peptides, are fragile and susceptible to 

degradation from heat, enzymes, and hydrolysis. One way to protect these payloads 

is to encapsulate them in polymeric particles before delivery, which includes 

nanogels. In this study, the peptide Ac-SDKP was encapsulated in nanogels aiming 

for intrapericardial delivery. The key attributes of a successful intrapericardial 

nanogel formulation are that they are small enough to be injected through a needle 

and are monodisperse. The encapsulation of the peptide should also be efficient, and 

the activity of the peptide be retained after the encapsulation. In addition, peptides 

are sensitive to pH, as the amide bonds are susceptible to hydrolysis. Therefore, the 

peptide-loaded nanogels should be fabricated under mild conditions and at a close to 

neutral pH. 

  

Since chitosan precipitates at pH 6 due to the deprotonation of the amine group, it 

was predicted that a new nanogel system would be required for use at a higher pH. 

Three amino acids possess basic side chains at neutral pH, namely lysine, histidine, 

and arginine. Several proteins bind to the DNA via the interaction between the 

cationic side chains of lysine and arginine and phosphate backbone on the DNA 

[299,300]. Thus, the functionalisation of chitosan with lysine or arginine could 

potentially overcome the precipitation issue at high pH, as the pKa of the amine and 

guanidino group is higher than the fabrication pH of 5.5 or 7, preventing the 

precipitation of the polymer. As a result, a guanidinoacetic acid-functionalised 

chitosan (CS-GAA) was developed for fabricating the nanogels at higher pH in this 

chapter. Guanidinoacetic acid (GAA) is a metabolite of glycine and is a natural 

precursor of creatine via methylation. Conjugation of GAA to chitosan could 

potentially make the polymer soluble at neutral pH and interact stronger with the 

phosphate-containing crosslinkers.  
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In Chapter 3, several correlations between size, PDI and zeta potential of the 

nanogels were established with the molecular descriptors in the beta-blocker family. 

This chapter applied these correlations to a different structurally similar drug pair, 

where lisinopril was first used as a surrogate for nanogel optimization (due to the 

prohibitive cost of the peptide) to determine the optimal condition. Subsequently, 

lisinopril was replaced with the peptide Ac-SDKP and the peptide-loaded nanogels 

were fabricated using the same formulation. The structures of both drugs are shown 

in Figure 6-1. Although the guanidine groups were conjugated on the chitosan, it 

was presumed that the interaction between the guanidylated chitosan with the drugs 

and crosslinkers would not change. Therefore, the properties of the Ac-SDKP could 

potentially be estimated from the correlations established in Chapter 3. Since the 

processing factors could also impact the properties of the nanogel the processing 

factors were either kept unchanged or included in the optimization process.  

 

 
Figure 6-1. Structures of (a) lisinopril and (b) Ac-SDKP, with the distinct region 

shown in blue.  

 

In this chapter, the first aim was to develop a novel nanogel system that could be 

fabricated at a pH closer to the physiological pH. The success criteria for the 

formulation were set as size ≤ 500 nm, PDI ≤ 0.3 (measured by the Zetasizer), ZP ≥ 

15 mV, and EE ≥ 50%. The second aim was to fabricate Ac-SDKP-loaded nanogel 

with the formulation optimization process performed using a structurally similar 

drug – lisinopril. The ability to extrapolate the correlations established in 

propranolol-loaded nanogels was tested. Raw materials are defined as the starting 

materials in this chapter. They were characterised using various techniques alongside 

the guanidylated chitosan, and its nanogels. Finally, the last aim of this chapter was 
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to determine a suitable dose to evaluate the effect and function of the Ac-SDKP-

loaded CS-GAA nanogel.  

 
6.2. Materials and Methods 

6.2.1. Materials 

Low molecular weight chitosan (LMW with a molecular weight of 50-190 kDa 

according to the manufacturer), N-hydroxysuccinimide (NHS) and guanidine acetic 

acid (GAA; glycocyamine) were purchased from Sigma Aldrich (St Louise, MO, 

USA). Sodium triphosphate pentabasic (TPP) was purchased from Fluka (Buchs, 

Switzerland) while lisinopril dihydrate (lisinopril), deuterium oxide, and deuterium 

chloride were acquired from Acros Organics (Geel, Belgium). 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased from 

Tokyo Chemical Industry (Tokyo, Japan). Cellulose-based dialysis bag (MWCO 

3,000 Da), tetramethylethylenediamine (TEMED) and hydrochloric acid was 

obtained from Fisher Scientific (Waltham, MA, USA). Sodium hydroxide pellets 

were acquired from VWR (Radnor, PA, USA). Antifibrotic peptide - N-acetyl-seryl-

aspartyl-lysyl-proline (Ac-SDKP) was custom-made by the Chinese Peptide 

Company (Hangzhou, PRC), with a purity of 90-94%. All chemicals were at analytic 

grade and used as supplied. HPLC grade water was obtained from PURELAB® 

Chorus 2+ machine (ELGA LabWater, High Wycombe, UK). High glucose 

Dulbecco’s Modified Eagle’s Medium with Glutamax (DMEM), fetal bovine serum 

(FBS), 5% streptomycin-penicillin solution and 0.05% trypsin-EDTA solution were 

purchased from ThermoFisher Scientific (Gibco; Waltham, MA, USA). Trypan blue 

was purchased from Sigma Aldrich (St Louis, MO, USA). T75 cell culture flasks 

and clear flat-bottomed 96-well plates were purchased from Grenier Bio-One 

(Kremsmünster, Austria).  

 

6.2.2. Synthesis of guanidylated chitosan 

Guanidylated chitosan, also known as chitosan-guanidine acetic acid conjugate or 

chitosan-glycocyamine conjugate (CS-GAA), was produced by conjugating the 

LMW chitosan with guanidine acetic acid (GAA) via EDC/NHS coupling reaction 

adapted from the method developed by Liu et al. [301]. LMW chitosan was used 

instead of MMW chitosan as the viscosity and molecular weight were lower in 
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LMW chitosan, which allows better mixing during the functionalization process and 

smaller particles to form compared to MMW chitosan. Briefly, 0.1 g of 

glycocyamine and 0.5 g of LMW chitosan were first dissolved in 25 mL 

TEMED/HCl buffer solution at pH 4.7. NHS (0.07 g) and EDC (0.3 g) were added to 

the solution and stirred using a 12 mm stirrer bar and at 600 rpm for 24 hours at 

ambient temperature in the dark. The mechanism of coupling was shown in Figure 

6-2. The conjugate was purified by dialysis, where the solution was added into a 

dialysis tube with both ends tied and clamped. Dialysis was performed over 5 days 

and the water was replaced daily. The product was then quench-cooled in dry ice and 

lyophilised for 2 days. The identity of the conjugate was confirmed by FTIR.  

 

 
Figure 6-2. Mechanism of conjugating glycocyamine to chitosan via EDC/NHS 

coupling. (Created with ChemDraw 20.1) 

 

6.2.3. Fabrication of lisinopril-loaded guanidylated chitosan TPP nanogels 

Lisinopril-loaded guanidylated chitosan nanogel was prepared by the ionic 

crosslinking method. Lisinopril nanogels were fabricated according to the matrices 

established by the Design of Experiment approach, with the experimental conditions 

of each formulation stated in Table 6-1 and Table 6-2. Guanidylated chitosan was 

first dissolved in 0.1 M hydrochloric acid solution until it formed a clear solution, 

followed by adjustment to the final pH with 0.1M sodium hydroxide solution. The 

chitosan-glycocyamine solution was filtered through a 0.22 µm syringe filter before 
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use. Lisinopril dihydrate was weighed and dissolved in the chitosan-glycocyamine 

solution before the addition of the TPP solution. Meanwhile, various amounts of 

TPP were dissolved in deionised water to prepare different concentrations and 

filtered with a 0.22 µm syringe filter. An equal amount of TPP solution was added to 

the chitosan solution at a rate of 2 mL/min under stirring at ambient or elevated 

temperatures. The solution was then stirred at 300 or 600 rpm for 1 hour in a 14 mL 

glass vial using a 12 mm magnetic stirrer. The prepared nanogels were then kept in a 

fridge at 4 oC for further characterisation. All nanogels were prepared and tested in 

triplicate. 

 

6.2.4. Screening design 

Plackett-Burman design was used to screen the key factors that influence four key 

criteria in a successful nanogel formulation, namely size, PDI, ZP, and EE. Seven 

independent variables were screened in the study, namely guanidylated chitosan 

concentration (GC), guanidylated chitosan-TPP ratio (GT), guanidylated chitosan-

drug ratio (GD), temperature (T), pH of guanidylated chitosan, rotating speed (SR), 

and duration (D). A total of 14 experimental runs were performed in triplicate to 

construct the Plackett-Burman design, where the composite matrix was constructed 

using JMP 15 (SAS Institute, Cary, NC, USA). 
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Table 6-1. Independent and dependent variable and the experimental design matrix 

of Plackett-Burman design. The nanogel properties were represented as the mean 

value obtained from three independent experiments (n = 3).  

Pattern 
GC GD GT T pH SR D Size PDI ZP EE 
(%)   (oC)  (rpm) (hour) (nm)  (mV) (%) 

+−−−+−− 0.3 0.5 4 25 7 300 1 375.3 0.846 19.94 31.8 

+−+++−− 0.3 0.5 8 50 7 300 1 538.3 1.000 30.76 64.2 

++−−−+− 0.3 2 4 25 5.5 600 1 10000 1.000 4.46 31.2 

−−−+−−+ 0.1 0.5 4 50 5.5 300 3 3522.3 0.761 8.38 12.3 

−+++−−− 0.1 2 8 50 5.5 300 1 207 0.367 24.21 0.5 

−+−−+−+ 0.1 2 4 25 7 300 3 142 0.241 15.66 0.0 

−−+−+++ 0.1 0.5 8 25 7 600 3 4920.3 0.211 27.98 16.0 

−+−+++− 0.1 2 4 50 7 600 1 280 0.687 12.00 0.0 

−−+−−+− 0.1 0.5 8 25 5.5 600 1 105.7 0.260 11.44 14.0 

+−−+−++ 0.3 0.5 4 50 5.5 600 3 10000 1.000 10.62 28.8 

+++−−−+ 0.3 2 8 25 5.5 300 3 300.5 0.646 25.37 15.7 

+++++++ 0.3 2 8 50 7 600 3 542.7 1.000 25.44 20.8 
 
6.2.5. Response surface methodology 

Response surface methodology was used to determine the optimal condition for 

preparing lisinopril-loaded CS-GAA nanogels. A face-centred cubic (FCC) central 

composite design (CCD) was used in the optimisation, which was formed by four 

factors as identified in the Plackett-Burman design and at three levels, namely the 

guanidylated chitosan concentration (GC), the guanidylated chitosan-TPP mass ratio 

(GT), the guanidylated chitosan-drug ratio (GD), and temperature (T). A total of 27 

experimental runs were performed in triplicate to construct the response surface 

model. The composite matrix was constructed using JMP 15 (SAS Institute, Cary, 

NC, USA).  The four properties of nanogels (Size, ZP, PDI, and EE), which 

contribute to being a successful drug carrier, were again determined as the dependent 

variables. 

 

A stepwise least square regression was used to fit the polynomial model to the data 

individually for each dependent variable. A 5-fold cross-validation was performed to 

validate the model for all dependent variables. A one-way analysis of variance 

(ANOVA) test and lack of fit test was conducted to determine the statistical 

significance and goodness of fit for the model respectively, at a confidence interval 
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(CI) of 95%. Response surfaces were plotted to visualise the relationship between 

independent and dependent variables. A p-value < 0.05 is considered statistically 

significant. 

 
Table 6-2. Independent and dependent variables and the experimental design matrix 

of CCD design. The nanogel properties were represented as the mean value obtained 

from three independent experiments (n = 3). 

Pattern 
Independent variables Dependent variables 

GC GT GD T Size (nm) PDI ZP (mV) EE (%) 

−+−+ 0.15 7 0.5 50 501.0 0.117 27.52 32.7 
++−+ 0.25 7 0.5 50 6826.3 0.432 10.47 29.3 
+−++ 0.25 5 1 50 441.0 0.245 23.45 26.8 
++++ 0.25 7 1 50 6785.3 0.333 11.81 31.8 
−+−− 0.15 7 0.5 25 398.3 0.001 30.00 28.3 
0000 0.2 6 0.75 37.5 421.0 0.001 35.64 26.8 
+−−− 0.25 5 0.5 25 560.0 0.001 32.38 31.6 
+−+− 0.25 5 1 25 383.0 0.001 30.33 26.3 
+++− 0.25 7 1 25 10000 0.069 13.19 32.7 
−+++ 0.15 7 1 50 482.3 0.001 22.12 19.7 
000A 0.2 6 0.75 50 512.0 0.333 28.76 22.6 
−−−− 0.15 5 0.5 25 463.3 0.165 25.35 31.3 
−++− 0.15 7 1 25 466.3 0.001 25.49 13.4 
+−−+ 0.25 5 0.5 50 10000 0.001 11.74 31.5 
A000 0.25 6 0.75 37.5 3697.7 0.333 27.69 24.3 
a000 0.15 6 0.75 37.5 1018.0 0.001 22.30 15.0 
0A00 0.2 7 0.75 37.5 279.3 0.333 29.24 13.5 
0000 0.2 6 0.75 37.5 380.3 0.001 26.57 16.6 
0000 0.2 6 0.75 37.5 853.3 0.001 33.74 28.9 
−−−+ 0.15 5 0.5 50 847.0 0.624 13.54 26.4 
00A0 0.2 6 1 37.5 629.0 0.313 29.99 33.9 
000a 0.2 6 0.75 25 719.0 0.508 35.08 26.2 
++−− 0.25 7 0.5 25 7286.7 1.000 8.25 30.3 
−−+− 0.15 5 1 25 399.9 0.667 22.85 24.3 
0a00 0.2 5 0.75 37.5 6960.3 0.667 14.86 36.4 
−−++ 0.15 5 1 50 539.3 0.001 9.94 0.0 
00a0 0.2 6 0.5 37.5 6794.7 0.001 20.25 56.0 

Key: -, 0 and + refer to low, medium, and high levels respectively, while a and A denote the axial 

points. 

 

6.2.6. Multiple response optimisation  
Multiple response optimisation was employed to determine the optimal condition for 

fabricating lisinopril-loaded nanogels, as discussed in Section 3.2.4. The running 
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conditions with the highest overall desirability were deemed as the optimal condition 

and were determined by JMP 15. Nanogels were then fabricated under the optimal 

conditions in triplicate, with the dependent variables measured experimentally and 

compared with the predicted values to validate the models. Nanogels produced were 

then freeze-dried and characterised. 

 

6.2.7. Fabrication of Ac-SDKP-loaded guanidylated chitosan TPP nanogels 

The Ac-SDKP-loaded nanogels were produced under the optimal condition 

identified above, with Ac-SDKP replacing lisinopril in the formulation. The 

fabrication condition was 0.161% GC, GT of 7, GD of 0.5 and T at 50 oC. Nanogels 

produced were freeze-dried and characterised. The properties of nanogels were 

determined using the same methods discussed below.  

 

6.2.8. Characterisation techniques for raw materials and freeze-dried nanogels 

6.2.8.1. Thermogravimetric analysis 

The analysis was conducted as described in Section 2.2.3.1. 

 

6.2.8.2. Differential scanning calorimetry 

1-3 mg of sample was added to an aluminium pan, which was sealed with a non-

hermetic lid (Tzero, TA instrument, New Castle, DE, USA). A hole was punctured 

in the lid to release the vaporized solvent and moisture during heating. The analysis 

was carried out using a Q2000 differential scanning calorimeter (TA Instruments, 

New Castle, DE, USA). The calorimeter was calibrated for temperature using an 

indium standard before the experiment. Ac-SDKP and GAA were heated from 0 oC 

to 170 and 350 oC at a temperature ramp of 10 oC/min and under a flow of 50 

mL/min nitrogen gas. Other samples were heated directly from 0 oC to 200 oC. Data 

were recorded with the TA Advantage software package and analysed using TA 

Universal Analysis.  

 

6.2.8.3. Fourier transform infrared spectroscopy (FTIR) 

Analysis was performed using the same method described in Section 2.2.3.3. 
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6.2.8.4. Solid X-ray diffraction 

XRD patterns were performed using the same method described in Section 2.2.3.4. 

 

6.2.8.5. Confirming the conjugation of GAA on chitosan using 1H nuclear magnetic 

resonance spectroscopy (NMR) 

The conjugation of GAA on the chitosan was confirmed with NMR. 1H NMR 

spectrums of chitosan, CS-GAA, and CS-GAA nanogels were obtained using a 400 

MHz NMR spectrometer (Bruker, Billerica, MA, USA), at a temperature of 25 oC. 

The relaxation time was set at 2 s. 10 mg of chitosan and guanidylated chitosan was 

dissolved in 2 mL of 2% deuterium chloride (DCl) in deuterium oxide (D2O) while 

the nanogels sample was dissolved in 2 mL of D2O. The solutions were then 

transferred into a 5mm glass NMR tube. Results were analysed using TopSpin 

software (Bruker, Billerica, MA, USA), with the integrals of the peaks being 

automatically determined.  

 

6.2.9. Characterisation techniques for nanogels 

6.2.9.1. Transmission electron microscopy 

The shape and morphology of the CS-GAA nanogels were characterised using an 

FEI CM120 Bio Twin Transmission Electron Microscope (TEM) (Hillsboro, 

Oregon, United State). 1 µL of the nanogel sample was dropped onto 200-mesh 

carbon lacey-coated copper grids, followed by air-drying at room temperature for a 

few minutes. The excess solution was removed using filter paper. The sample was 

not stained. Particle size distribution was performed using Fiji [302]. 

  

6.2.9.2. Dynamic light scattering (DLS) and electrophoretic light scattering (ELS) 

The hydrodynamic diameter and polydispersity index of the nanogels were measured 

in a medium-throughput approach using a Dynapro II plate dynamic light scattering 

detector (Wyatt Technology, Santa Barbara, CA, USA) at 25 oC. A disposable 96-

well black clear-bottomed polystyrene plate was employed in the analysis, with 100 

µL of nanogels added to each well. Any observable bubble was pierced with a 

needle and the plate was centrifuged to remove any smaller bubble. Size and 

polydispersity of the lisinopril and Ac-SDKP loaded nanogels were also analysed 

using both Dynapro II and Zetasizer Ultra (Malvern Panalyticals, Malvern, United 
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Kingdom) dynamic light scattering detector, as the latter is the gold standard for 

DLS. The measurements with Zetasizer were performed at 25 oC using a backscatter 

angle of 173o, using a polystyrene cuvette. Zeta potentials were measured using a 

Zetasizer Ultra with U-shaped capillary cells (DTS 1070, Malvern Panalyticals, 

Malvern, United Kingdom). The results were measured in triplicate obtained from 

three independent experiments. 

 

6.2.9.3. Encapsulation efficiency of lisinopril and Ac-SDKP in chitosan/TPP 

nanogels 

The unloaded drug in the nanogel solution was separated by centrifugal filtration 

(aka. diafiltration). 0.5 mL of the propranolol-loaded nanogel solutions were loaded 

into a 0.5 mL Amicon diafiltration tube (MWCO 3,000; Merck Millipore, Billerica, 

MA, USA). The solutions were then centrifuged using at 14,000 X g for 30 minutes 

at 4 oC using a refrigerated mini centrifuge (Heraeus Fresco 17, Thermo Scientific, 

Waltham, USA), the filtrate was isolated and assayed by high-performance liquid 

chromatography, and the details of the quantification are discussed below. The drug 

concentrations were calculated using the pre-determined calibration curves for 

lisinopril, while EE for Ac-SDKP was calculated using Equation 5-10. The 

experiment was repeated three times and the results were presented as mean ± SD.  

 

Quantification of lisinopril was performed on an Agilent 1260 Infinity liquid 

chromatography system (Santa Clara, CA, USA), equipped with a Variable 

Wavelength Detector (VWD) using the assay method described in the USP 43 NF 38 

monograph for lisinopril [303]. Briefly, a Kinetex C8 core-shell column 

(Phenomenex, Torrance, CA, USA), with a particle size of 5 µm, dimensions of 4.6 

mm column diameter and 250 mm in length was used in the analysis. Lisinopril was 

eluted using an isocratic method, where the flow rate was fixed at 1 mL/min and the 

column temperature was maintained at 50 oC. The VWD was set at 210 nm, while 

the injection volume used was 20 µL. Phosphate buffer at pH 5.0 and acetonitrile 

was used as the mobile phases. To prepare the phosphate buffer, 2.76 g of monobasic 

sodium phosphate was dissolved in 900 mL of HPLC grade water in a 1 L 

volumetric flask, with the pH adjusted to pH 5.0 with sodium hydroxide solution. 

The buffer was filtered through a 0.22 µm polyethersulfone SteristopTM vacuum 
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bottle-top filter. The buffer was then used immediately upon preparation or stored 

under refrigeration in borosilicate glass bottles for a maximum period of 24 hours. 

 

Chromatographic analysis of the peptide was performed on the same system using a 

Zorbax Eclipse Plus reverse phase C18 column (Agilent, Santa Clara, CA, USA), 

with a particle size of 5 µm, dimensions of 4.6 mm column diameter and 250 mm in 

length was used in the analysis. The analysis was performed using the method 

developed and validated in Chapter 5. The VWD was set at a wavelength of 220 nm 

and the column temperature was maintained at 25 oC. The peptide was eluted using a 

gradient method as shown in Table 5-3, at a flow rate of 1 mL/min with phosphate 

buffer at pH 2.5 and acetonitrile used as the mobile phase. The injection volume was 

set at 10 μL. A post-time of 5 minutes at 97% solvent A and 3% solvent B was used 

after each run to re-equilibrate the column. To prepare the phosphate buffer, 1.36 g 

of monobasic potassium phosphate was dissolved in 900 mL of HPLC grade water 

in a 1 L volumetric flask, with the pH adjusted to pH 2.5 with a phosphoric acid 

solution. The buffer was filtered through a 0.22 µm vacuum bottle-top filter as 

discussed above. 

 

6.2.10. Drug release of lisinopril and Ac-SDKP loaded in Chitosan-TPP 

nanogels 

Dissolution tests of lisinopril nanogels were performed in 50 mL PBS (10 mM, pH 

7.4) solution with continuous stirring at 37 oC over 72 hours. 2 mL of the nanogels 

solutions were first loaded into an Amicon diafiltration tube and centrifuged as 

described above to remove the free drug. Then, the nanogels were resuspended in 1.5 

mL water and loaded into a cellulose dialysis bag (3,500 MWCO, volume/cm = 

1.91, Fischer Scientific, Waltham, MA, USA) with both ends tied, followed by 

submerging into PBS. 1 mL aliquots were withdrawn at certain time points and an 

equal volume of fresh preheated PBS solution was added to maintain a constant 

volume. Lisinopril was assayed by HPLC as described above, with 150 µL of the 

sample added into an HPLC vial with a 200 µL conical glass insert. Drug 

concentrations were calculated using pre-determined calibration curves. The 

experiment was replicated independently three times and the results were presented 

as the mean value ± standard deviation. 
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Owing to the poor detection of the peptide, 4 mL of the nanogels solutions were 

centrifuged in the Amicon filter tube to remove the non-encapsulated peptide. Then, 

the nanogels were resuspended in 1.5 mL of water and loaded into a cellulose 

dialysis bag (MWCO 3,500, volume/cm = 1.91, Fischer Scientific, Waltham, MA, 

USA) with both ends tied, followed by submerging into 20 mL PBS. 20 mL was 

chosen as this is the lower end of the volume of pericardial fluid under normal 

circumstances and the dialysis bag can be fully submerged at this volume. 0.5 mL 

aliquots were withdrawn at certain time points and an equal volume of fresh 

preheated PBS solution was added to maintain a constant volume. The peptide was 

assayed by HPLC as described above, using the same vial and insert. Drug 

concentrations were calculated using pre-determined calibration curves. The 

experiment was replicated independently three times and the results were presented 

as the mean value ± standard deviation. 

 

6.2.11. In vitro cell culture conditions 

6.2.11.1. Epicardial cells and L929 fibroblasts 

Both cells were cultured in a complete medium consisting of Dulbecco’s modified 

Eagle’s medium-high glucose (DMEM) with 2 mM glutamate and supplemented 

with 10% (v/v) heat-inactivated fetal bovine serum (FBS), and 1% (v/v) 

streptomycin-penicillin solution (100X). Cells were grown in T75 flasks. They were 

incubated in a PHCbi carbon dioxide incubator (MCO-170AICD; PHC, Tokyo, 

Japan) at 37 oC and 5% carbon dioxide. When confluency of 70-80% was reached, 

the cells were first washed with PBS and then passaged by treating with 1.5 mL of a 

0.025% trypsin-EDTA solution for 5 minutes. 5 mL of complete medium was added 

to suspended cells to inhibit the activity of trypsin, followed by centrifugation at 

1,000 x g for 5 minutes (Eppendorf; Hamburg, Germany). the cell pellet was 

resuspended in a complete medium and divided 1:3-1:4 into fresh flasks. Epicardial 

cells between passages 1 and 5 were used while the passage number of L929 was 

between 9 and 13 in this study.  
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6.2.12. MTT assay 
MTT assay was performed using a CellTiter 96 Non-radioactive cell proliferation 

assay kit (Promega, Madison, WI, USA). The assay kit was performed as described 

in the protocol by the manufacturer. When the cells reached ~80% confluence, they 

were detached using a trypsin-EDTA solution, washed, and counted using a Luna-II 

automated cell counter (Logos Biosystem, Anyang, South Korea) and trypan blue. 

The cell suspension was adjusted to 12,000 cells/mL and 180 µL of the cell 

suspension was added into each well of a clear flat-bottom 96-well plate to achieve 

10,000 cells per well. The cells were allowed to equilibrate in the wells for 24 hours 

before incubation with the nanogels and individual ingredients. Solutions of the 

nanogels and raw materials were filtered through a 0.22μm syringe filter for 

sterilisation. After 24 hours, the culture medium was removed from the wells and 

replaced with equal volumes of complete medium containing nanogel or raw 

materials at various concentrations from 0.625 µg/mL to 2.5 mg/mL for 24 hours 

with or without TGF-β1. The media containing the test materials (100 µL) was 

incubated in the well for 24-72 hours. 15 µL of the MTT dye solution was added to 

each well. The plate was then incubated at 37 oC for 4 hours, followed by the 

addition of 100 µL of the solubilisation/stop solution. The plate was then incubated 

at 37 oC overnight to dissolve the formazan. Absorbance at 570 nm was measured 

using a SpectraMax M2e spectrophotometer (Molecular Devices Inc., Sunnyvale, 

CA, USA). The reference wavelength was 630 nm. The background absorbance was 

also measured with empty wells containing the media, dye solution and 

solubilisation/stop solution. The cell metabolic activity was calculated according to 

Equation 4-2. 

 
6.3. Results and Discussion 

6.3.1. Plackett-Burman design  

The factors with the main effect were first screened in the Plackett-Burman design 

for each nanogel property (size, PDI, ZP, and EE). However, unlike the definitive 

screening design used in Chapter 3, the Plackett-Burman design was unable to 

determine any interaction or quadratic effect, in return for a fewer number of 

experimental runs. Thus, this design is only capable of determining the main effects 

only. The effects of the factors were estimated by half-normal probability plots, 
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where the unimportant factors tend to have near-zero effects and a normal 

distribution centred near zero. In contrast, the key factors have effects away from 

zero and a normal distribution centred at true large effect values, in other words, a 

non-zero value. The half-normal plots for each nanogel property were shown in 

Figure 6-3. The further the point from the line, the higher the estimated effect for 

that factor. In Figure 6-3 (a), none of the variables was estimated to impact the size 

of the nanogels, while guanidylated chitosan concentration (GC), guanidylated 

chitosan TPP ratio (GT) and temperature (T) were likely to influence the PDI of 

nanogels as shown in Figure 6-3 (b). Furthermore, ZP was likely to be dependent on 

the guanidylated chitosan-TPP ratio (GT) and the pH of the solution, presented in 

Figure 6-3 (c). Nevertheless, the guanidylated chitosan drug ratio (GD) and 

guanidylated chitosan concentration (GC) were expected to affect the encapsulation 

efficiency in the nanogels as presented in Figure 6-3 (d). The results indicated that 

these factors had main effects on the properties of nanogels and would be used in 

constructing the central composite design for further optimization. 

 

 
Figure 6-3. Half normal plots show the factors which were estimated to have effects 

on each independent variable. The further the point from the blue line, the higher the 

effect is estimated. The variables estimated with effects were in black. 
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6.3.2. Central composite design 
The estimated parameters were then used to construct a model via stepwise 

regression, with a 5-fold cross-validation. The factors included GC, GD, GT, and T. 

pH of the solution was fixed at pH 5.5 to minimise the number of factors in the 

model and the number of experimental runs required. A one-way analysis of 

variation (ANOVA) and lack of fit test was then performed on the linear regression 

models for each individual dependent variable to determine the statistical 

significance and the goodness of fit of these models on the training set. The results 

of the ANOVA and lack of fit tests are reported in Table 6-3. p-values obtained in 

the ANOVA test for all the models were smaller than 0.05, demonstrating the 

significance of the correlations between the training set and the models. 

Furthermore, the p-values in the lack of fit tests for all models were larger than 0.05, 

which indicate these models were a good fit for the training set data. Thus, these 

models can predict the properties of nanogels.  
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Table 6-3. ANOVA and lack of fit test results for the GCD models for various 

independent variables. Significance for the effect of individual, quadratic and 

interaction terms of the independent terms predicted to impact the responses were 

also determined. Statistically significance was set as Prob. > F being smaller than 

0.05. 

Where GC is guanidylated chitosan concentration, GT is guanidylated chitosan TPP ratio, GD is guanidylated 

chitosan drug ratio, and T is temperature. 

  

Independent 
variables  

Source of 
variations 

Degree of 
freedom 

Sum of 
squared 

Mean 
squares 

F value Prob.> 
F 

Significance 

Size Model 3 19930940 6643647 3.860 0.0226 Significant 
 GC 1 8266178  4.803 0.0388 s 
 GT  1 4960935  2.882 0.1030 ns 
 GC x GT 1 6703827  3.895 0.0606 ns 
 Residual 23 39586401 1721148    
 Lack of fit 5 7320413 1464083 0.8168 0.5533 Not significant 
 Pure error 18 32265988 1792555    
PDI Model 3 0.5605713 0.186857 3.0878 0.0471 Significant 
 GC 1 0.04461071  0.7372 0.3994 ns 
 GT 1 0.00111864  0.0185 0.8930 ns 
 GC x GT 1 0.51484192  8.5077 0.0078 s 
 Residual 23 1.3918327 0.060514    
 Lack of fit 5 0.2712320 0.054246 0.8713 0.5194 Not significant 
 Pure error 18 1.1206007 0.062256    
ZP Model 6 1343.8727 225.812 8.8916 <0.0001 Significant 
 GC 1 49.33556  1.9623 0.1766 ns 
 GT 1 2.24014  0.0891 0.7684 ns 
 T 1 224.50805  8.9297 0.0073 s 
 GC x GT 1 479.93856  19.0893 0.0003 s 
 GT x T 1 139.41706  5.5452 0.0289 s 
 GT2 1 459.43334  18.2737 0.0004 s 
 Residual 20 502.8344 25.142    
 Lack of fit 8 234.99500 29.3744 1.3161 0.3222 Not significant 
 Pure error 12 267.83943 22.3200    
EE Model 7 0.16877552 0.024111 5.1467 0.0021 Significant 
 GC 1 0.03001250 6.4065  0.0204 s 
 GD 1 0.04351250 9.2882  0.0066 s 
 T 1 0.00309422 0.6605  0.4265 ns 
 GC x GD 1 0.01974025 4.2138  0.0541 ns 
 GC2 1 0.02890046 6.1691  0.0225 s 
 GD2 1 0.06418553 13.7011  0.0015 s 
 T2 1 0.00819363 1.7490  0.2017 ns 
 Residual 19 0.08900900 0.004685    
 Lack of fit 7 0.02263980 0.003234 0.5868 0.7425 Not significant 
 Pure error 12 0.06636920 0.005531    
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6.3.3. Effect of factors on the nanogels 

6.3.3.1. Hydrodynamic size 

The hydrodynamic sizes of the nanoparticles in Table 6-1 and Table 6-2 were in a 

range of 142 – 10,000 nm. Two out of the whole batch were larger than 10,000 nm 

(i.e., 10 µm), as the formulations precipitated and thus exceeded the detection limit 

of 10,000 nm. Several formulations with sizes between 1,000 and 10,000 nm were 

obtained, whilst most of the formulations were smaller than 1 µm in diameter. 

Noteworthy, the hydrodynamic size measured with the Dynapro II plate DLS is 

different from that measured with the Malvern Zetasizer, as the algorithms used to 

calculate hydrodynamic size and polydispersity are proprietary and vary between 

manufacturers. A Dynapro II plate DLS was used instead of the standard Malvern 

Zetasizer Ultra, which has been employed in the previous chapters, owing to the high 

throughput capacity of Dynapro. The samples were loaded in a black 96- or even 

384-well plate and the samples can be measured using a sequence. In contrast, 

individual polystyrene cuvettes were used for sample measurements while the 

samples and cuvette loading are all manual handling. Thus, 96 or 384 measurements 

could be performed in an automated mode with the Dynapro II, which is efficient 

and suitable for optimising the nanogels formulation using the Design of 

Experiment. Moreover, the Dynapro II plate DLS offers another advantage over the 

Zetasizer, with a smaller sample volume used. Although a different DLS detector 

was used in this chapter, the extensive range of size obtained in the results revealed 

that the guanidylated chitosan TPP nanogel is highly dependent on the formulations. 

In the definitive screening design, no factor was estimated to have significant effects 

on the hydrodynamic size of nanogels, as presented in Figure 6-3.  

 

In the central composite design, guanidylated chitosan concentration (GC), 

guanidylated chitosan-TPP ratio (GT) and their interaction were estimated to impact 

the hydrodynamic size of the lisinopril-loaded guanidylated chitosan nanogels. 

However, only GC was shown to have a significant effect on the hydrodynamic size 

of the nanogel, as shown in Table 6-3, while the other factor terms were not. The 

result reveals that the hydrodynamic size increased with GC, as shown in Figure 

6-4, where the number of nuclei was likely unchanged and nanogels grew bigger 
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with higher polymer concentration. Moreover, conjugation with glycocyamine also 

strengthened the interaction with the crosslinker, making the nanogels more 

susceptible to precipitation during fabrication. The result was different from that 

observed in propranolol-loaded chitosan TPP nanogels in Chapter 3, where the 

quadratic effect of the chitosan-TPP ratio was reported in addition to the terms 

identified in the guanidylated chitosan-TPP nanogels. Moreover, all terms were 

significant in chitosan-TPP nanogels. The difference was likely multi-factorial. First, 

a different polymer-crosslinker ratio was used, with the ratio of 3-5 and 5-7 used in 

chitosan-TPP nanogel and guanidylated chitosan-TPP nanogels, respectively. 

Furthermore, the interaction between polymer and crosslinkers was strengthened 

with the guanidine group, which might interact differently with the crosslinker, 

compared to the chitosan TPP nanogels. Moreover, the stronger interaction also 

indicated that the guanidylated chitosan nanogels were more susceptible to 

precipitation during stirring, especially at high polymer and crosslinkers 

concentrations, distorting the model and masking the quadratic effect. Nevertheless, 

as the Dynapro II was used instead of Zetasizer, the algorithm to measure size was 

different and thus the sizes of the nanogels should not be compared directly.  

 

𝑺𝒊𝒛𝒆 = 𝟏𝟗𝟏𝟗𝟏. 𝟑𝟎𝟗 − 𝟏𝟎𝟑𝟗𝟔𝟒. 𝟏𝟑𝟗 × 𝑮𝑪 − 𝟒𝟐𝟖𝟖. 𝟑𝟐𝟓 × 𝑮𝑻 + 𝟐𝟒𝟖𝟗𝟒. 𝟖𝟕𝟓 ×

𝑮𝑪 × 𝑮𝑻  Equation 6-1 
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Figure 6-4. Response surface models predicting the effect of guanidylated chitosan 

concentration (GC) and guanidylated chitosan TPP ratio (GT) on the size of the 

lisinopril-loaded nanogels. The nanogels size was estimated to increase with GC and 

GT. Synergism in nanogel size was also observed between GC and GT. 

 

6.3.3.2. PDI 

The PDI is a measure of the homogeneity of the nanoparticles in terms of size 

distribution [250], which is a value between 0 to 1 for the Dynapro II plate reader 

DLS. Hence, the smaller the PDI, the more uniform the size of the nanogels. The 

PDI of the nanogels shown in Table 6-2 was between 0.001 and 1.000, of which half 

of the formulations were smaller than 0.3. The main effects of guanidylated chitosan 

concentration and the guanidylated chitosan-TPP ratio were found to be insignificant 

on the PDI of the nanogels. Interestingly, the interaction effect between these two 

factors was significant, as shown in Table 6-3. Thus, the individual terms for GC 

and GT were included in the equation. The result indicated that the PDI is not 

dependent on the guanidylated chitosan concentration and polymer-crosslinker ratio 

individually. Importantly, there was a synergism between the two terms. The PDI of 

the nanogels were high at both low GC and GT, as well as high GC and GT. Low 

PDI was observed at high GC with low GT and vice versa. The observations 

demonstrated that the PDI was likely related to the degree of crosslinking. Less 

crosslinking was formed at low GC and high GT, as well as high GC and low GT, 

where the mass of the polymer was more than that of the crosslinker. On the other 
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hand, the nanogels were likely to precipitate at high GC and low GT, resulting in a 

very wide particle size distribution and higher polydispersity. At low GT and low 

GC, the polymer was not in excess, and thus more crosslinking was formed. 

However, the degree of crosslinking was not sufficient to cause nanogels to 

precipitate, resulting in large size distribution and polydispersity. Compared to the 

propranolol-loaded chitosan TPP nanogels in Chapter 3, the synergism between GC 

and GT was more prominent. The results showed that conjugation with the 

glycocyamine altered the interaction between chitosan and crosslinker TPP, 

requiring a fine balance between the polymer and crosslinker concentrations.  

 

𝑷𝑫𝑰 = 𝟒. 𝟑𝟖𝟑 − 𝟐𝟎. 𝟓𝟑𝟎 × 𝑮𝑪 − 𝟎. 𝟕𝟐𝟓 × 𝑮𝑻 + 𝟑. 𝟓𝟖𝟖 × 𝑮𝑪 × 𝑮𝑻  

 Equation 6-2 

 

 

Figure 6-5. Response surface models predicting the effect of guanidylated chitosan 

concentration (GC) and guanidylated chitosan TPP ratio (GT) on the PDI of the 

lisinopril-loaded nanogels. PDI decreased with increasing GC and GT, but there was 

synergism between GC and GT, where high PDI was observed where both GC and 

GT were simultaneously either at low or high levels.  
 

6.3.3.3. Zeta potential 

The nanogels are formed by ionic gelation between cationic guanidylated chitosan 

and anionic crosslinkers TPP, where chitosan is used in excess compared to the 

crosslinkers. Moreover, the guanidine group on the chitosan possess a pKa of 13. 
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Therefore, the nanogels are generally positively charged. The ZP of nanogels is an 

important indicator of the colloidal stability of the nanogels, as the agglomeration of 

nanogels is attenuated by the electronic repulsion [251,252]. Nanogels with ZP 

values of 30 mV are generally stable in suspension due to the sufficient electronic 

repulsion between particles [253]. Zeta potentials of the nanogels from the training 

set as shown in Table 6-2, were in a range of 8.25 to 35.64 mV, where only five 

nanogels formulations were stable due to the surface charge in the suspension.  

 

The temperature was found to have a significant effect on the ZP of the nanogels, 

with an inverted relationship to the ZP as shown in the equation. It is likely due to 

the diffusibility of the polymer solution being lower at high temperatures, allowing 

more interaction between the polymer and the crosslinker. As the chitosan was 

guanidylated, the interaction was stronger and more crosslinking was formed, 

neutralising the surface net charge. Thus, the zeta potential measured reduced with 

temperature. Moreover, low ZP was usually observed in the nanogels with large 

particle sizes, as shown in Table 6-2. Two interaction terms - GT and GC, T and GT 

also had a statistically significant effect on the ZP, with ZP decreasing with the 

interaction between GC and GT and increasing with the interaction between T and 

GT. However, their individual terms did not significantly impact the ZP of nanogels. 

These terms had to be included in the equation as their interaction term was 

included. The quadratic term of GT was inversely related to the ZP of the nanogels, 

where the peak was identified at about 6 to 6.5. At low GT, in other words, high TPP 

concentration, more interactions between guanidylated chitosan and TPP resulted in 

a reduction in the net surface charge. At high GT, which means the low TPP 

concentration was used, the polymer was in excess which in theory increased the ZP. 

However, the results showed the opposite trend where ZP was lower at high GT. The 

proposed explanation is that TPP might become the nuclei for the guanidylated 

chitosan to interact and condense to form the core particle under this condition. The 

hydrophobic part of the guanidylated chitosan might be exposed on the surface and 

form the shell, reducing the adsorption of ions and lowering the ZP.  
 

𝒁𝑷 = −𝟑𝟒𝟓. 𝟏𝟎𝟔 + 𝟔𝟐𝟒. 𝟏𝟏𝟒 × 𝑮𝑪 − 𝟏. 𝟔𝟗𝟗 × 𝑻 + 𝟏𝟏𝟕. 𝟕𝟎𝟔 × 𝑮𝑻 −

𝟖. 𝟕𝟓𝟏 × 𝑮𝑻𝟐 − 𝟏𝟎𝟗. 𝟓𝟑𝟖 × 𝑮𝑪 × 𝑮𝑻 + 𝟎. 𝟐𝟑𝟔 × 𝑻 × 𝑮𝑻  Equation 6-3 
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Figure 6-6. Response surface models predicting the effect of (right) temperature (T), 

(left) guanidylated chitosan concentration (GC) and guanidylated chitosan TPP ratio 

(GT) on the ZP of the lisinopril-loaded nanogels. 

 

6.3.3.4. Encapsulation efficiency 

The EE of lisinopril in the guanidylated chitosan nanogels formulations after varying 

the fabrication factors was between 0% to 56%, as shown in Table 6-2. The results 

indicated the encapsulation process of lisinopril was altered by varying the 

fabrication factors, and thus the encapsulation efficiency was quite different. In 

concordance with the previous chapter, encapsulation was inefficient because of the 

charge repulsions between the cationic chitosan and lisinopril at pH 5.5. Lisinopril 

has two carboxylic acids and two amine groups (one each for primary and secondary 

amines), with the respective pKa shown in Figure 6-7. At pH 5.5, the carboxylic 

acids and two amine groups were protonated. Thus, the drug carried two positive 

charges, which repulsed the guanidine group on the chitosan. However, as with 

propranolol-loaded nanogels, a portion of the lisinopril was still encapsulated in the 

nanogels.  
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Figure 6-7. The structure of lisinopril with the pKa is shown for each acid and base 

group [304]. 

 

The individual and quadratic terms of temperature, the individual, quadratic and 

interaction terms of GC and GD were all predicted to affect the EE in the stepwise 

regression. However, according to Table 6-3, only the individual and quadratic 

terms of GC and GD were found to have a significant effect on the EE, but not their 

interactions. Although the correlation between terms was not statistically significant 

(p = 0.0541), a link could still be observed in the surface plot in Figure 6-8, where 

the EE was high with 0.2% GC and with GD of 0.5 or 1. In Chapter 3, the 

individual term of chitosan concentration and the chitosan-TPP ratio was found to 

significantly impact the EE of chitosan-TPP nanogels, where the amount of 

propranolol was irrelevant to the EE. Conversely, in guanidylated chitosan nanogel, 

the quadratic effects of the GC and GD were observed in Figure 6-8, with the peak 

trough of GD at about 0.7 and the peak of GC at 0.2. The guanidylated chitosan-TPP 

ratio did not alter the EE. Relatively high EE was observed when either a low or high 

amount of lisinopril was added. The potential explanation was that when more 

lisinopril was added, the repulsion between the drug and polymer was stronger, 

which led to a decrease in EE initially. However, despite the stronger repulsion 

between the drug and polymer at high GD, more drugs were physically trapped in 

the mash by probability as the concentration of lisinopril in the solution was higher, 

overcoming the drop of EE due to repulsion. Thus, the EE rebounded when the GD 

decreased from 0.7 to 0.5. Although a double amount of lisinopril was used, only 

about a 10% increase in EE was predicted, elucidating the strong repulsion between 

polymer and drug. Furthermore, EE peaked at a GC of 0.2, which was possibly due 

to insufficient loading when the polymer concentration was low. When the polymer 

concentration was high, the repulsion between lisinopril and the polymer intensified 
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and lowered the EE. The results revealed that there is a fine balance between the 

amount of lisinopril added and the guanidylated chitosan for optimal EE. The 

repulsion with the drugs was more severe after conjugating chitosan with 

glycocyamine. Moreover, the individual and quadratic effects of temperature on the 

EE were also not significant. The result indicated that the effect of temperature on 

the EE of the nanogels was minimal.  

 

𝑬𝑬 = −𝟎. 𝟎𝟑𝟔 + 𝟏𝟒. 𝟗𝟔𝟒 × 𝑮𝑪 − 𝟒. 𝟑𝟗𝟐 × 𝑮𝑫 + 𝟎. 𝟎𝟐𝟓 × 𝑻 − 𝟒𝟎. 𝟔𝟑𝟖 × 𝑮𝑪𝟐 +

𝟐. 𝟒𝟐𝟐 × 𝑮𝑫𝟐 ++𝟎. 𝟎𝟎𝟏	 × 𝑻𝟐 + 𝟐. 𝟖𝟏𝟎 × 𝑮𝑪 × 𝑮𝑫  Equation 6-4 

 

 
Figure 6-8. Response surface models predicting the effect of guanidylated chitosan 

concentration (GC) and guanidylated chitosan drug ratio (GD) on the EE of the 

lisinopril-loaded nanogels. 

 

6.3.4. Multiple response optimisation 
The optimal fabrication condition was determined by multiple response optimisation 

(MRO) as shown in Figure 6-9, aiming to achieve the highest EE, and the lowest Z-

average and PDI. Desirable ZP was set over 15 mV. The optimal fabrication for 

nanogel production utilised 0.162% guanidylated chitosan, a guanidylated chitosan 

to TPP ratio of 7, and guanidylated chitosan to drug ratio of 0.5. The solution was 

stirred at a temperature of 50 oC and a stirring speed of 600 rpm. The predicted size, 

PDI, ZP, and EE of nanogels produced at the optimal condition were 512.3 nm, 

0.043, 25.7 mV, and 36.9% respectively while the measured results of the nanogels 
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were 279.5 ± 20.1 nm, 0.256 ± 0.072, 19.1 ± 2.3 mV, and 54.7 ± 3.1%. The 

measured values were -45.8%, -492%, -34.6%, and 34.1% different from the 

predicted values, respectively. The high discrepancies between the measured and 

predicted values for all parameters demonstrate that other factors impacted these 

properties but were not included in the models. The size and PDI of the nanogels 

measured with Zetasizer were 260.8 ± 9.2 and 0.233 ± 0.015, respectively. The 

results demonstrated that the lisinopril-loaded nanogels fulfilled all success criteria 

set at the beginning of this chapter.  

 

 
Figure 6-9. Prediction tool shows the relationship between the parameters and the 

outcome and the optimal condition for nanogel fabrications. The optimal 

experimental condition was shown in red on the x-axis of the profiler, while the 

corresponding nanogel properties and overall desirability were shown on the y-axis.  

 

6.3.5. Ac-SDKP loaded nanogels 

The Ac-SDKP loaded CS-GAA nanogels were fabricated with the condition 

described above, with the measured size, PDI, ZP, and EE shown in Table 6-4. The 

size of the peptide-loaded nanogels was smaller than that of the lisinopril-loaded 

counterpart, but the lisinopril nanogels were less polydisperse. The zeta potential of 

both nanogels was comparable, while the encapsulation efficiency was lower with 

the Ac-SDKP-loaded nanogels. The observed differences between the properties of 

lisinopril- and Ac-SDKP-loaded nanogels echoed the important influence of drug 
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loading on the nanogel properties. The result only partly fulfilled the success criteria, 

with the size and ZP reaching the set criteria. The size and ZP of the Ac-SDKP 

loaded nanogels measured by Zetasizer were ≤ 500 nm and ≥ 15 mV, respectively. 

The PDI of Ac-SDKP-loaded nanogels was larger than 0.3, while the encapsulation 

efficiency was lower than the success criteria of 50%.  

 
Table 6-4. Properties and the fabrication condition of the Ac-SDKP loaded CS-GAA 

nanogels. Size and PDI were measured with two different dynamic light scattering 

instruments, which use different algorithms to calculate size and PDI. The values of 

size were agreed upon between the two instruments, but a large discrepancy was 

present between the two PDI values. 
Instrument GC 

(%) 
GT GD T  

(oC) 
Size (nm) PDI 

 
ZP 
(mV) 

EE 
(%) 

Zetasizer 0.161 7 0.5 50 130.0 ± 9.7 0.434 ± 
0.085 

19.5 ± 
0.8 

39.2 ± 
6.1 

Dynapro II 139.3 ± 
20.6 

1.000 ± 
0.000 

 

Multiple correlations between the molecular descriptor and the properties of 

nanogels (size, PDI and ZP) were predicted in Chapter 3 for structural similar 

drugs. Both Ac-SDKP and lisinopril have similar structures and thus were used to 

evaluate whether the correlations observed applied to a different family of drugs and 

a new nanogel carrier. The prediction of the nanogel properties was based on 

extrapolation from the correlations, as the values for Ac-SDKP and lisinopril in 

Table 6-5 exceeded the ranges reported in the correlation plots (Figure 3-6). The 

size of beta-blocker-loaded nanogels decreased with XLogP. As Ac-SDKP has a 

lower XLogP than lisinopril, it was predicted that the Ac-SDKP-loaded nanogels 

were larger. However, the result measured using Zetasizer was the opposite, with 

Ac-SDKP-loaded nanogels smaller in size. The discrepancy was probably due to one 

amine group less in Ac-SDKP, which reduced the repulsion between polymer and 

drugs, contracting the nanogels. As for PDI, two correlations were established, with 

PDI increased linearly with TopoDiameter and exponentially with bpol. The bpol 

and TopoDiameter were larger with Ac-SDKP than lisinopril, thus the PDI of the 

Ac-SDKP-loaded nanogels were expected to be higher. The measured result matched 

this expectation. Finally, the ZP of nanogels correlated with apol and bpol in a 

negative exponential manner, WPATH and ALogP in a quadratic manner, and 
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decreased linearly with TopoDiameter. As the WPATH, apol, bpol and 

TopoDiameter of Ac-SDKP were higher than those of lisinopril, while the ALogP 

was lower with Ac-SDKP, extrapolation of all correlations pointed to a decrease of 

ZP in Ac-SDKP-loaded nanogels, compared to the lisinopril counterpart. However, 

the experimental results for both nanogels were comparable. The discrepancy could 

be related to the use of CS-GAA instead of chitosan in this study. Conjugation of 

GAA on the chitosan might have disrupted the interactions with TPP and drugs, 

altering the surface net charge and thus the ZP of the nanogels. The results 

demonstrated the poor prediction accuracy for extrapolating the correlations onto 

another family of drugs and the new nanogel carrier. However, with the existing 

results, it is impossible to determine if either a new family of drugs or a new nanogel 

carrier or both caused the discrepancy in the prediction, and hence further 

investigation should be performed to determine the root cause of the discrepancy. 

 

Table 6-5. Selected molecular descriptors of Ac-SDKP and lisinopril, which were 

demonstrated in Chapter 3 varying the size, PDI and ZP of nanogels loaded with 

structurally similar drugs. These descriptors were calculated by PaDEL and are 

present as single values.  

Drugs 
Molecular descriptors 
apol bpol WPATH TopoDiameter ALogP XLogP 

Ac-SDKP 69.92217 45.12383 3599 14 -6.2179 -5.369 
Lisinopril 64.94058 38.74342 2362 13 -4.3984 1.106 

 

6.4. Characterisation of raw materials and freeze-dried nanogels 

6.4.1. Thermogravimetric analysis  

The TGA thermogram of raw materials used in guanidylated chitosan-TPP nanogel 

fabrication is shown in Figure 6-10. Chitosan exhibited a two-step decomposition 

profile, with the initial degradation starting at around 40 oC and ending at around 85 
oC, owing to the vaporization of adsorbed and bound water from the chitosan [215]. 

The second stage of degradation associated with a rapid and dramatic drop in weight 

occurred at 280 oC and continued up to 320 oC, with about half of the weight loss. 

However, conjugation of the chitosan to the GAA reduced the thermal stability. The 

first decomposition started at 40 oC and ended at 110 oC with about 10% weight loss 

observed, which demonstrated more bound water was adsorbed on the polymer after 
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the conjugation. The second degradation started at about 200 oC and ended at 250 
oC, which was lower than chitosan. The results revealed that conjugation with GAA 

might weaken the interaction between polymers and lower the thermal stability. 

Moreover, it could also be the degradation of GAA on the polymer as there was an 

obvious degradation step at 270 oC in the GAA. The decomposition temperature of 

GAA was slightly lower than the reported value of 281 oC [305], which might 

indicate the presence of impurities or a less stable polymorphic form. Furthermore, 

lisinopril exhibited multi-step decomposition profiles, with the two obvious weight 

losses observed under 120 oC. The first weight loss was 4.1% observed at 82 oC, 

while the second weight loss was 4.4% at 107 oC. Both results were similar to those 

reported in the literature. These weight losses were likely due to two-step 

dehydration of the lisinopril dihydrate [306]. There were another three 

decomposition steps observed at 172, 200 and 268 oC, where the weight losses for 

each stage were 2.5%, 7.3% and 35.6% respectively. These weight losses were likely 

due to the decomposition of lisinopril. As for Ac-SDKP, three decomposition steps 

were observed. The first weight loss was 4.3% from 40 to 110 oC, which was likely 

due to evaporation of the free and bound water. The second stage started at 168 oC 

and ended at 250 oC, with 17.0% of weight loss, while the third degradation step 

started at 250 oC and did not end at 400 oC. The second stage could be due to 

degradations of the acetyl group and hydrochloride, which was equal to about 15.2% 

of weight loss. The third step might be related to the decomposition of the peptide 

backbones.  

 

In contrast, multiple decomposition stages were observed for the drug-free, 

lisinopril- and Ac-SDKP-loaded nanogels. The drug-free CS-GAA nanogel exhibited 

3 degradation steps, with the first step from 40 to 75 oC with 9% of weight loss, as a 

result of the evaporation of free water adsorbed in the freeze-dried samples. The 

second degradation was from 75 to 160 oC with 9% weight loss due to removal of 

bound water, while 45% weight loss was observed in the third degradation from 200 

to 300 oC, which was likely due to degradation of GAA conjugated to the polymer. 

In contrast, only two decomposition steps were observed in Ac-SDKP-loaded CS-

GAA nanogels, with 12% weight loss resulting from the evaporation of the free and 

bound water from 40 to 160 oC. Another 16% of the weight was lost in the second 
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decomposition from 160 to 250 oC, which was likely due to degradation of GAA 

only the chitosan. As most of the weight in the nanogels was the peptide, the weight 

loss was smaller as the proportion of GAA in the sample was lower than in free CS-

GAA nanogels. Finally, a constant loss of weight of the lisinopril-loaded nanogels 

was observed until the temperature was 260 oC, where an obvious drop in weight 

was observed. Alike other freeze-dried nanogels, the drop was likely due to the 

decomposition of the GAA conjugated on the polymer. However, further weight loss 

was observed as the temperature increased.  

 

 
Figure 6-10. TGA thermogram of the raw materials and freeze-dried guanidylated 

chitosan TPP. Multi-stage degradations were observed for all samples, except for 

TPP, where no degradation was observed for the temperature range used. 

 

6.4.2. Differential scanning calorimetry  

DSC thermograms of lisinopril dihydrate, Ac-SDKP, TPP, chitosan, freeze-dried 

drug-loaded and drug-free nanoparticles using a single heating method are shown in 

Figure 6-11. Lisinopril dihydrate shows two board asymmetric peaks at 89.5 and 

137.0 oC, where both peaks were likely due to desolvation. Sorrenti et al. reported 
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that the temperatures for desolvation were 61.9 and 90.4 oC and there should be two 

peaks that corresponded to each hydrate [307]. However, the temperature for 

desolvation in the experimental results was much higher than the reported result, 

despite a similar pattern of the thermogram being obtained. Thus, a possible 

explanation is that the two desolvation peaks were merged into one which was 

observed at 89.5 oC and the second peak was shifted to 137 oC. The second peak at 

137 oC was not reported in any literature and the minimal weight loss was shown in 

the TGA thermogram in Figure 6-10. Thus, it could be the second desolvation peak, 

melting of a polymorph or impurity, but further analysis is required. The peak at 

180.9 oC corresponded to the melting peak of the desolvated lisinopril, which was 

close to the value of 187.1 oC reported by Sorrenti et al. [307]. No melting peak is 

observed for chitosan and Ac-SDKP, which demonstrated that the materials are 

amorphous. Broad peaks at 97.1 oC in chitosan and 110.0 oC in Ac-SDKP were 

likely due to the vaporization of the moisture adsorbed or bound to chitosan and the 

peptide. TPP exhibits two endothermic peaks at 114.7 oC and 190.5 oC. A larger 

temperature range (up to 300.0 oC) is required to see the full profile as an 

endothermic peak is observed at around 200.0 oC. The melting point for TPP was 

622.0 oC, which exceeded the maximum temperature that the Tzero pan could 

handle. A sharp peak was also observed at about 270.0 oC for glycocyamine, which 

was 11.2 oC lower than the reported melting point of 281.2 oC [305]. The result 

echoed the TGA result, where the onset of decomposition temperature was lower in 

the measured sample. The results indicated the possibility of polymorphism of 

glycocyamine or the presence of impurities in the measured sample.  

 

A broad peak was observed in the diffractogram of CS-GAA at 125 oC, which was 

likely due to the removal of the bound water in the conjugate. Compared to chitosan, 

the temperature for water evaporation was higher, which indicated that the water was 

bounded strongly to the conjugate, as the guanidine group could interact with water 

via ion-dipole interactions in addition to hydrogen bonds while only the latter was 

present in chitosan. Similar board peaks were present in drug-free and Ac-SDKP-

loaded nanogels at around 73.9 oC, which indicated that the water is also contained 

in the samples. However, the drug-free nanogels had a higher degree of bound water 

than Ac-SDKP-loaded nanogels, as the intensity of the former was higher. In short, 
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the results confirmed the amorphous nature of the freeze-dried nanogels and CS-

GAA conjugate. 

 

 
Figure 6-11. DSC thermogram of the raw materials used in the fabrication of CS-

GAA nanogels, freeze-dried drug-free and drug-loaded CS-GAA nanogels using a 

single heating method. All samples, except GAA and Ac-SDKP, were heated between 

0 to 200 °C. A lower temperature range (0 to 170 °C) was selected for Ac-SDKP as 

the peptide started to degrade at 168 °C. On the contrary, the melting point for GAA 

is 300 °C according to the MSDS. Therefore, a higher temperature limit of 320 °C 

was set. A sharp melting peak was observed for GAA, confirming the crystalline 

nature. Board peaks were observed for chitosan, Ac-SDKP, CS-GAA, drug-free and 

drug-loaded nanogels, which corresponded to evaporation of free and bound water. 

The result demonstrated these samples were amorphous.  

 

6.4.3. Fourier transform infrared spectroscopy 

Figure 6-12 shows the IR spectrum of the individual components of the nanogels, as 

well as drug-free, lisinopril- and Ac-SDKP-loaded nanogels. In the spectra of 
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chitosan, strong bands around 3290 and 3356 cm-1 are associated with O-H and N-H 

stretching and intermolecular hydrogen bonds, while the peak at around 2870 cm-1 

corresponds to asymmetric C-H stretching. A small peak at 1397 cm-1 is related to 

the O-H bending, whereas the N-acetylation of chitosan was confirmed with the 

band at 1642-1650 cm-1 and 1323 cm-1, which are the C=O stretching of amide and 

C-N stretching of amide respectively, as well as the peak at around 1590 cm-1 which 

corresponds to the N-H bending. The strong bands at 1027-1068 cm-1 are associated 

with the C-O-C anti-asymmetric stretching [308]. The spectra agree with the result 

reported in the literature [218,219]. As for TPP, the band at 3326 cm-1 corresponds to 

the O-H stretching while the band at 1135 and 1209 cm-1 is associated with O-P=O 

and P=O stretching, respectively [221]. A sharp peak at 1094 cm-1 corresponds to P-

O stretching. In the FTIR spectrum of Ac-SDKP, a band at 2936 and 1722 cm-1 

corresponds to the C-H and C=O stretching, respectively. Peaks at 1622, 1447 and 

1043 cm-1 are associated with the N-H bending in the amine group, O-H stretching in 

the carboxylic acid group, and C-O in the side chain of serine, respectively. C-N 

stretching could be observed with peaks at 1180 and 1220 cm-1. Unlike Ac-SDKP, 

the N-H, O-H and C-H stretching are found at 3550, 3292 and 2919 cm-1 

respectively and no intermolecular hydrogen bond is observed in the spectrum of 

lisinopril. The C=O stretching in the group and N-H bending are at 1651 and 1568 

cm-1, respectively. C-N stretching in the amine group is identified at 1231 cm-1. 

Regarding the spectrum of GAA, the O-H and N-H stretching are observed from 

2976 to 3380 cm-1 and no intermolecular hydrogen bonds are observed due to the 

absence of the broad hump. Peaks for C-H stretching and the C=O stretching are at 

2808 and 1663 cm-1. The characteristic peaks for GAA are the two peaks at 1621 and 

1573 cm-1, which correspond to the C=N stretching and N-H bending in the 

guanidino group.  

 

After conjugation of GAA to chitosan, additional peaks at 1634 and 1530 cm-1 are 

observed, which correspond to the C=N in the guanidino group and N-H bending, 

respectively. The result agreed with the literature and indicated the successful 

conjugation of GAA on the chitosan [301]. The peak for O-H bending and stretching 

are shifted slightly to 1379 and 3348 cm-1, respectively. The C-O-C stretching could 

still be observed after the conjugation, with a strong peak at 1070 cm-1. As for the 
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lyophilised CS-GAA nanogels, similar peaks at around 1630 and 1538 cm-1 were 

observed in both drug-loaded and drug-free nanogels which also correspond to the 

C=N stretching and N-H bending in the guanidino groups. The broad peak at about 

3200 cm-1 corresponds to the O-H stretching with intramolecular hydrogen bonds. 

The symmetric C-H stretching was not obvious in the spectra of CS-GAA, but a 

peak was observed around 2940 cm-1 in all lyophilised nanogels samples. For the 

drug-loaded nanogels, some characteristic peaks are observed in the spectrum which 

is related to the drug. For example, the peak at 1389 cm-1 and two peaks in the 

fingerprint region at 700 and 746 cm-1 were related to lisinopril. Peaks in 1718 and 

1446 cm-1 in the spectrum of Ac-SDKP loaded nanogels are contributed by Ac-

SDKP, where similar peaks in 1772 and 1446 cm-1 are observed for the C=O and O-

H stretching in Ac-SDKP. The sharp peak at 1155-1185 and 1224 cm-1 were present 

in the drug-free and drug-loaded nanogels, which are indicative of the P=O bond in 

TPP within the nanogel structure, albeit shifted from 1209 cm-1 in TPP alone as a 

consequence of the interaction with CS-GAA. Moreover, the C-O-C stretching of the 

saccharide backbone of chitosan is shifted to 1039, 1032 and 1042 cm-1 in the drug-

free, lisinopril-loaded and Ac-SDKP-loaded nanogels respectively from 1087 cm-1. 

In conclusion, the IR spectrum confirms the presence of the individual components 

in the CS-GAA nanogels. Structural change of the nanogels after encapsulation of 

the drug was not observed. 
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Figure 6-12. FTIR spectrum showing the components of the formulation 

individually, freeze-dried drug-free nanogels, lisinopril-loaded and Ac-SDKP-loaded 

nanogels 

 

6.4.4. X-ray powder diffraction 

The physical forms of raw materials and freeze-dried nanogels were assessed by 

XRD, with the results shown in Figure 6-13. Lisinopril dihydrate is a crystalline 

material, with strong peaks at 2θ = 7.5o, 12.5o, 13,4o 16.3o, 19.7 o, 22.5o, 24.5o, 26.5o 

and 28o. The results were remarkedly similar to the PXRD reported by Fujii et al. in 

their synchrotron-DSC study of lisinopril dihydrate [309], but the peak at 2θ = 16.3o 

was much smaller in terms of intensity compared to the reported result. Combined 

with the TGA and DSC results, it might indicate the presence of another 

polymorphic form or the presence of impurities. X-ray diffraction patterns of 

chitosan exhibited broad peaks at 2θ = 10° and 2θ = 20°. The result is also in 

agreement the with XRD analysis of other grades of chitosan reported in the 

literature and indicates that the chitosan has a low degree of crystallinity rather than 

is amorphous [222,223]. TPP is crystalline, with sharp peaks observed in the 

diffractogram. Three peaks at 2θ = 23.7o, 24.1o and 24.7o are observed in the 
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diffractogram, which are the characteristic peaks for phase II TPP [225]. GAA is 

crystalline, with Bragg’s reflections observed. Sharp peaks were observed at 2θ =  

20 o, 20.6 o, 23 o, 23.6 o, 24 o, 25 o, and 26o. On the other hand, a broad hump was 

observed in the diffractograms of Ac-SDKP and CS-GAA at about 2θ = 20.5o and 

22o respectively, which indicated that both Ac-SDKP and CS-GAA were 

amorphous. Conjugation of crystalline GAA with chitosan likely disrupted the 

packing of chitosan, eradicating the low degree of crystallinity that chitosan 

originally possess.  

 

The nanogels exhibited a mixture of mostly amorphous materials and a small amount 

of crystalline material, especially in the drug-free CS-GAA nanogels. The hump 

observed at 2θ = 20° in chitosan disappeared, which agrees with the previous 

literature [226,227]. However, no Bragg reflection but a smaller hump at 2θ = 10° 

were observed in all lyophilised nanogels, regardless of the drug loading. The 

intensity in drug-free nanogels was lower than the drug-loaded counterparts, but all 

of them were much lower compared to unreacted chitosan. The disappearances 

indicated that the crosslinked chitosan was mostly amorphous, and the crystallinity 

was lost due to the crosslinking with TPP, as a structure with a dense network of 

TPP crosslinked chitosan was formed [228]. However, additional peaks with low 

intensities were observed at 2θ = 28 o, 38 o, and 39.5o, which are likely due to a small 

amount of TPP crystal present in the sample, but they were shifted slightly from 

those in the diffractogram of TPP. The intensity of these peaks was weaker than 

those observed in TPP due to the smaller amount of TPP present in the nanogels. 

However, their intensities were higher than the drug-loaded counterparts as the 

proportion of TPP in the drug-free nanogels was approximately double that of the 

drug-loaded counterparts. Only a small halo at 2θ = 27.5o was seen in the drug-

loaded nanogels, which was related to the TPP in the nanogels. Hence, the freeze-

dried propranolol-loaded nanogels were a solid dispersion of amorphous crosslinked 

chitosan-TPP structure with a small degree of crystallinity from its components.  
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Figure 6-13. X-ray powder diffraction patterns of the various raw materials used in 

guanidylated chitosan-TPP nanogels fabrication and lyophilised nanogels. The results 

demonstrated that GAA, TP and lisinopril were crystalline materials.  

 

6.4.5. Determination of deacetylation efficiency of chitosan using 1H nuclear 

magnetic resonance 
A 400 MHz 1H NMR spectrum of the chitosan, CS-GAA, and CS-GAA nanogels 

was measured at 25 oC and a 2-second relaxation time was shown in Figure 6-14, 

with the solvent (HOD) proton resonating at 4.7040 ppm. As the NMR was 

performed at ambient temperature, the chemical shifts of some protons in chitosan 

overlapped with the solvent peak (HOD), such as the H1 of deacetylated monomer 

(H1D). The H2 and H3-6 could be observed in the NMR spectrum of chitosan at 

3.0662 and 3.6359-3.8023 ppm, respectively. The peak at 1.9390 ppm corresponded 

to the three protons in the acetyl group of acetylated monomers (HAc).  
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Figure 6-14. A 1H NMR spectrum of the chitosan, guanidylated chitosan and the 

drug free nanogels at 60 oC. 

 

After conjugation with GAA, the peaks of H2 and H3-6 were not obvious in CS-

GAA under a similar scale. The single peak at 2.1009 ppm was likely the 

overlapping of a peak for the two hydrogens at the α carbon on the conjugates 

without coupling and the peak of HAc. The duplets at 1.8367 and 2.1009 ppm were 

the peaks when protons on the α carbon coupled with the proton on the adjacent 

nitrogen in the guanidine group, which could be occurred at room temperature. A 

similar spectrum was observed for the CS-GAA nanogels, but the intensities for the 

peaks of H2 and H3-6 were attenuated after crosslinking with TPP.  

 
6.4.6. Transmission electron microscopy (TEM)  

TEM images of the Ac-SDKP-loaded CS-GAA nanogel are shown in Figure 6-15 

(a-c). The former two images were taken at a scale of 100 nm, while the last image 

was taken at a scale of 500 nm. The nanogel appeared as spherical or oval objects. 

The average size of the Ac-SDKP-loaded nanogel at the dried state was 116.6 ± 45.6 

nm, which is close to the measured z-average of 139.3 ± 2.0.6 nm and 130.0 ± 9.7 

nm measured with Dynapro II and Zetasizer Ultra respectively. However, the 

number of particles in each image was limited and thus the size distribution was 

measured on 41 particles from three TEM images as shown in Figure 6-15 (a-c), 

where the particles are visible from the background or have a distinct boundary. The 

large standard deviation showed a wide size distribution, which echoed the high PDI 

measured in dynamic light scattering via both machines.  
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Figure 6-15. (a-c) TEM images of the Ac-SDKP-loaded CS-GAA nanogels at 

different scales and (d) the size distribution of the Ac-SDKP-loaded CS-GAA 

nanogels measured according to the particles with distinct boundaries (n = 41) 

observed in the TEM images using Fiji. Average size and SD were reported above 

the histogram. 

 

6.4.7. Drug release study 

The in-vitro drug release test uses PBS (pH 7.4) to simulate the release at 

physiological pH. A burst release of encapsulated lisinopril and Ac-SDKP can be 

observed in the first 8 and 5 hours respectively, as in Figure 6-16. A similar release 

profile was observed between the lisinopril- and Ac-SDKP-loaded nanogels in the 

first 5 hours, which indicated the same release mechanism of the drug from the 

nanogels. As Ac-SDKP and lisinopril are structurally alike, they are likely to interact 

with the guanidylated chitosan and TPP similarly. Both lisinopril and Ac-SDKP 

possess a similar molecular weight of 405.5 and 487.5 g/mol respectively, where 

they could leach out from the voids of the nanogels. In addition, it is known that the 

nanogels properties were partly dependent on the formulation, where the same 

formulation was used for both nanogels. Therefore, the release profiles were similar, 

and a quick release was observed. Nearly all Ac-SDKP was released in 24 hours, but 

only 70% of lisinopril was released from the nanogels.  
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Figure 6-16. In vitro drug release from both lisinopril- and Ac-SDKP-loaded 

guanidylated chitosan nanogels over 72 hours. Data are obtained from three 

independent experiments and represented as mean ± SD. The cumulative release of 

Ac-SDKP in the PBS plunged to 0% at 48 and 72 hours, which was likely due to the 

degradation of the peptide over time in the PBS. In other words, the amount of parent 

peptide detected at 48 and 72 hours were below the detection and quantification 

limits of the HPLC method. Hydrolysis of the peptide bonds is likely the cause of 

degradation, as the X-asp-Y sequence in the peptide are more liable than other 

peptide bonds [1].  

 

However, after 24 hours, the drug concentration from lisinopril-loaded CS-GAA 

nanogels levelled off, whilst the cumulative release from Ac-SDKP-loaded-CS-GAA 

nanogels plunged to 0. In other words, the concentration was below the lower limits 

of detection and quantitation of 5.5 and 16.87 µg/mL respectively in the method. It is 

likely due to the hydrolysis of Ac-SDKP in PBS into two dipeptides - (Ac-SD and 

KP) or a pair of amino acid and tripeptide (Ac-S with DKP or Ac-SDK with P). 

Interestingly, PBS promoted the fragmentation of peptides [310]. Two extra sharp 

peaks were observed at the dead time (t0) in the chromatogram in Figure 6-17, 
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which might correspond to these peptide fragments. However, the identities of these 

peaks should be confirmed via LC-MS. The results demonstrated that encapsulating 

the peptide in nanogels failed to protect the peptide from degradation, as the peptide 

likely leached out through the voids in the nanogels.  

 

 
Figure 6-17. HPLC chromatogram of the samples was obtained at 24, 48, and 72 

hours during the dissolution tests. The peak of interest at about 8 minutes 

disappeared at 48 and 72 hours, which indicated no peptides were detected in the 

sample. Two peaks were observed at about 2.2 and 2.5 minutes, with higher intensity 

compared to those observed at 24 hours. The result demonstrated that the peptide was 

likely degraded into two compounds, which had weaker interaction with the column 

and were eluted early.  

 

6.4.8. MTT assay 

TGF-β is an important proliferative signal that activates downstream signalling 

cascades that result in the transformation of fibroblasts into myofibroblasts and 

fibrosis. Epicardial cells are also able to transdifferentiate into myofibroblasts. TGF-

β promotes the production and secretion of extracellular matrix including collagens 

and stimulates the expression of α-SMA [61]. Thus, it is an important signal leading 

to fibrosis post-MI injury. Peptide Ac-SDKP is thought to suppress the TGF-β/Smad 

signalling, attenuating the epithelial-mesenchymal transition (EMT) and fibroblast 

proliferation [61]. Instead of using 5 or 10 nM Ac-SDKP in other studies, the 

suitable concentration that suppresses the metabolic activity of fibroblasts without 

affecting those of epicardial cells was determined using the MTT assay with 

epicardial cells and L929 fibroblasts. The use of peptide-loaded nanogels was aimed 

to suppress fibrosis, instead of inhibiting the metabolic activity of the resident cells. 

Thus, it is crucial to ensure that the concentration does not impact the epicardial 
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cells, especially when they are the first layer in contact with the nanogels and were 

shown to be sensitive in Chapter 4.  

 

Metabolic activity of fibroblast is partly towards the breakdown and resynthesis of 

protein and lipid, as well as to the excretion of extracellular matrix [311]. Therefore, 

the metabolic activity of fibroblast is a potential marker for the excretion of 

extracellular matrix and biosynthesis such as α -SMA and collagen. As a result, the 

cell metabolic activity determined with MTT assay under the conditions with and 

without TGF-β could be used to determine a suitable concentration for further study 

on the ability of the peptide to attenuate the excretion of extracellular matrix, the 

epithelial-mesothelial transition of the epicardial cells, and suppress the fibroblast 

proliferation. 5 ng/mL of TGF-β1 was selected based on the concentration used in 

the study conducted by Peng et al., to facilitate further investigations on the α-SMA 

expression, collagen synthesis and Smad using western blot [312]. According to the 

in vitro release study, the peptide level was not detectable at 48 and 72 hours, where 

the peptide level was below the detection and quantitation limits of the HPLC-UV 

quantitation method. It was likely due to the peptide fragmentation in PBS [310]. 

Consequently, the MTT assay was only performed after incubation for 24 hours, as 

the stability of the peptide over 24 hours in the culture media was not warranted. 

 

Peptide Ac-SDKP did not show any concentration-dependent inhibition of 

metabolism on the epicardial cells, as the metabolic activity levelled off at between 

90-100% across all concentrations tested under the conditions without and with 

TGF-β1, respectively. However, the cell metabolic activity of the epicardial cells 

was significantly promoted with the presence of TGF-β1 across all tested 

concentrations. For L929 fibroblasts, Ac-SDKP exhibited concentration-dependent 

metabolic inhibition, with the response dropping below 100% at the concentration of 

2.5 mg/mL without exposure to TGF-β1. Conversely, the metabolic activity was 

below 100% when the Ac-SDKP concentrations were higher than 0.62 mg/mL with 

5 ng/mL TGF-β1. The metabolic activity was lower for cells incubated with TGF-β1 

at concentrations above 0.156 mg/mL than the counterparts without TGF-β1. 

However, according to the multiple comparison test, the difference in metabolic 

activity was statistically significant at only two concentrations (0.62 and 1.25 
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mg/mL). The results indicated the different responses to the peptide were cell 

specific. In general, the peptide suppressed the cell metabolism only at a very high 

concentration of 2.5 mg/mL but promoted cell growth at lower concentrations, 

especially in the epicardial cells. The suppression of fibroblast metabolism at 

concentrations > 0.156 mg/mL (320 µM) was limited, which echoed the finding of 

Peng et al. in human cardiac fibroblasts which only used 1-10 nM Ac-SDKP [312]. 

 

With regards to the Ac-SDKP nanogels, a dose-dependent effect was observed with 

both L929 and epicardial cells, where cell metabolic activity was the lowest at 1.218 

mg/mL. Unlike cell proliferation being promoted after incubating with Ac-SDKP 

and TGF-β1, the cell proliferation in response to Ac-SDKP nanogels was not 

obvious. The cell metabolic activity was maintained at the same level as the control 

in both cell lines after incubating with Ac-SDKP nanogels and TGF-β1. At 

concentrations of 0.152 mg/mL and above, the Ac-SDKP nanogels significantly 

lowered cell metabolic activity of epicardial cells in the presence of TGF-β1, but the 

reduction was not significant for concentrations lower than 0.152 mg/mL. In 

comparison, the degree of suppression in L929 was more prominent after 24-hour 

incubation with TGF- β1 and the nanogels. However, the difference in cell metabolic 

activity between the presence and absence of TGF-β1 was only significant at three 

concentrations – 0.005, 0.019 and 0.152 mg/mL. Reduction of the cell metabolic 

activity only in the presence of TGF- β1. It should be noted that the concentrations 

used in the experiments were the total weight of freeze-dried nanogels, and thus the 

equivalent concentration of Ac-SDKP present in the nanogels was 0.003, 0.012 and 

0.097 mg/mL, respectively. Thus, compared to the Ac-SDKP only in Figure 6-18 

(b), the metabolic suppression at concentrations closest to these values was not 

significant, which indicated that the effect of the peptide at the nanoscale was likely 

strengthened. Therefore, the effect of proliferation suppression on L929 was shown 

at lower equivalent Ac-SDKP concentrations in nanogels.  

 

Epicardial cells were found to be more susceptible to metabolic suppression by the 

drug-free CS-GAA nanogels, which were positively charged and could potentially 

disrupt the phospholipid bilayers of the cells. However, the inhibition was only 

observed at concentrations of 0.443 mg/mL for both cells, but the suppression in 
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epicardial cells was more obvious. The results reflect the observations in Chapter 4 

and the epicardial cell metabolic inhibition. Under the presence of TGF-β1, the 

average cell metabolic activity of epicardial cells and L929 was lower than under the 

absence of TGF-β1 when incubating with the drug-free nanogels, but the differences 

were statistically significant only at several concentrations as shown in Figure 6-18 

(e-f). However, the epicardial cells and L929 were over 100% viable at these 

concentrations, which indicated that the drug-free nanogels were not cytotoxic to the 

cells.  

 

To determine a suitable concentration of Ac-SDKP-loaded nanogels, the key 

criterion of selection is that no inhibition of metabolic activity is observed in the 

epicardial cells while the metabolism of fibroblast is suppressed simultaneously. 

Three concentrations fulfilled the criterion according to the multiple comparison test, 

namely, 0.005, 0.019 and 0.152 mg/mL. A significant reduction in metabolic activity 

of L929 was shown after the incubation with 0.005 mg/mL Ac-SDKP nanogels 

(equivalent to 6.52 µM of Ac-SDKP) and TGF- β1 for 24 hours, whilst the 

epicardial cells remained 100% viable. On the other hand, at 0.019 and 0.152 mg/ml 

(equivalent to 24.8 and 198.4 µM) of Ac-SDKP nanogels, although the cell 

metabolic activity of both epicardial cells and fibroblast were suppressed, the 

epicardial cells were still over 100% viable. Therefore, these three concentrations 

were explored further to evaluate the effect of the Ac-SDKP and its nanogels at 

various concentrations on the epithelial mesothelial transition, trans-differentiation 

of fibroblast into myofibroblast, and the production of collagen, which will be 

discussed in future works.  
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Figure 6-18. Relative cell viability of the epicardial cells and L929 after 24-hour 

incubation with (a-b) Ac-SDKP, (c-d) Ac-SDKP-loaded nanogels and (e-f) drug-free 

nanogels with and without 5 ng/mL TGF- β1. Šidák test was used to compare the cell 

viability with and without the presence of TGF- β1. * Denoted p ≤ 0.05, ** referred 

to p ≤ 0.01, *** meant p ≤ 0.001, and **** referred to p < 0.0001. 
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6.5. Conclusion 
In this chapter, a novel nanogel system was developed to produce nanogels at a more 

neutral pH. Guanidinoacetic acid was conjugated to the chitosan to make the 

chitosan soluble at physiological pH for loading an anti-fibrotic peptide Ac-SDKP, 

minimising the degradation due to a low pH environment. Conjugation was 

performed via EDC/NHS reaction. As the peptide is expensive, formulation 

optimisation was performed using the structurally similar drug lisinopril. The 

important formulation and processing parameters were first selected from the 

Plackett-Burman design and used to construct the response surface methodology. 

Properties of the lisinopril-loaded nanogels fabricated at the optimal condition 

fulfilled all success criteria, with size ≤ 500nm, PDI ≤ 0.3, ZP ≥ 15 mV, and EE ≥ 

50%. Subsequently, Ac-SDKP-loaded nanogels were fabricated according to the 

same condition. However, the success criteria were partly fulfilled with the Ac-

SDKP-loaded nanogels, with PDI and EE of 0.434 and about 40% respectively. 

Properties of the Ac-SDKP loaded nanogels were determined but there was a 

discrepancy between the measured result and the expectation based on extrapolating 

the correlations established in Chapter 3, where the nanogels are expected to be 

larger, more polydisperse and with a lower ZP. However, only the PDI followed the 

extrapolation, but the size was smaller and a similar ZP was measured. The results 

indicated that the correlations might not be suitable for extrapolating to other 

families of drugs or a different nanogels system or both.  

 

Moreover, the novel CS-GAA polymer and its nanogels were characterised with 

several physical characterisation methods, to understand the properties of these 

materials. The FTIR and NMR results demonstrated the successful conjugation of 

the GAA on the chitosan. Furthermore, the release study illustrated that the 

conjugation of GAA did not impact the release of the peptide. The peptide was 

released immediately and throughout the first 24 hours, but the cumulative release 

plunged to 0% at 48 and 72 hours, likely due to the promoted degradation of peptide 

in PBS. In the cell studies, the use of nanogels reduced the peptide concentration 

required to suppress the metabolic activity of fibroblasts under the presence of TGF-

β1. Three concentrations of Ac-SDKP-loaded nanogels were identified in cell 

studies, which did not impact the cell metabolic activity of epicardial cells and 
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simultaneously attenuated the proliferation of L929 fibroblast. These concentrations 

are suitable for use in future to determine the effects of the nanogels on preventing 

the epithelial-mesenchymal transition, collagen production and transdifferentiation 

of fibroblasts into myofibroblasts. 
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7. Conclusions and Future works 
7.1. Conclusions 
Intrapericardial delivery is an alternative route for delivering therapeutics to the 

heart. Encouraging results have been reported when using this route for delivery of 

cells, drugs, and protein for a variety of conditions, resulting in regeneration of 

myocardium after acute myocardial infarction, mitigating cardiac arrhythmias or 

preventing platelet aggregation and restenosis after reperfusion via the coronary 

artery. Minimally invasiveness intrapericardial delivery is likely to offer 

advantageous pharmacokinetic profiles and localised therapy to the heart, which 

could fill the unmet needs for targeted cardiac delivery. However, these techniques 

also restrict the choice of formulations. Nanogels have been applied in numerous 

experimental settings and for different purposes, offering potentially favourable 

injectability and ease of fabrication. Thus, the formulation of nanogels for 

intrapericardial delivery of therapeutic agents was the focus of this thesis.  

 

The key outcomes from this research included demonstrating the predictability of the 

nanogels properties and optimising the formulation and fabrication process of drug-

loaded nanogel. This study also demonstrated the potential application of the models 

on structural similar drugs and elucidated the drug loading mechanism in nanogels. 

The third outcome was developing a novel, simple and robust HPLC-UV method for 

the anti-fibrotic peptide Ac-SDKP, which is suitable for pharmaceutical assessment. 

Last but not least, a novel guanidylated chitosan-TPP nanogels was developed for 

delivering the peptide Ac-SDKP and the cytotoxicity of the nanogels was tested on 

epicardial cells and other cell lines. The findings for each chapter are summarised 

and as follows. 

 
7.1.1. Modelling the properties of the nanogels and prediction of drug-loading 

and release with structural activity relationship 

In Chapter 2, propranolol-loaded chitosan-TPP nanogels were fabricated and 

characterised to demonstrate the fabrication method, set-up and assay method were 

fit for purpose. In Chapter 3, prediction models for the properties of propranolol-

loaded nanogels were constructed using a Design of Experiment approach. First, the 

effects of three formulation factors - chitosan concentration, chitosan-TPP ratio and 
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chitosan-propranolol ratio on the four key criteria of a successful nanogel 

formulation were determined, namely Z-average (size), polydispersity index (PDI), 

zeta potential (ZP), and encapsulation efficiency (EE). The optimal formulation of 

0.1% chitosan concentration, a chitosan-TPP ratio of 3 and a chitosan-propranolol 

ratio of 0.5 was predicted. The Z-average and PDI of the optimum nanogel 

formulation were 75.5 ± 2.2 nm and 0.211 respectively, which were close to the 

predicted values. However, ZP and the EE have not been predicted as the 

predictability of these models were weak, indicating the importance of performing a 

test set and other unexplored factors controlling these parameters. The results 

demonstrated the size and PDI of the nanogels could be modelled and predicted.  

 

To evaluate the application of these prediction models to different drugs, the 

nanogels loaded with other drugs were fabricated at the optimal condition in the 

model with 12 structurally distinct and 6 structurally similar drugs, and the size, PDI 

and ZP of the nanogels were measured. These properties were distinct from the 

predicted value, which indicated that the DOE models must be refined when a new 

drug is used. Despite the different payloads in the nanogels, the measured properties 

of nanogels were similar, which revealed that the nanogel properties are partly 

dependent on the formulation. Nevertheless, relationships were found between 

structurally related drugs and performance parameters, hence there is a dependence 

on the molecular structure which could potentially be solved for a wider range of 

drugs. Firstly, the size of beta-blocker-loaded nanogels decreased with XLogP of the 

drug, while the PDI of nanogels increased linearly with TopoDiameter and 

exponentially with the bpol of the drug. Finally, the ZP of nanogels negatively and 

exponentially correlated with apol and bpol, quadratically related to WPATH and 

AlogP, and decreased linearly with TopoDiameter. These outcomes also show that 

encapsulation and formation processes are indeed drug-dependent and are not simply 

a matter of incorporation into the inter-chain voids. This is the first study that 

reported that the interaction between the nanogels and drugs are intrinsic 

mechanisms for encapsulation that also govern the properties of nanogels, paving a 

solid foundation for further formulation developments using nanogels. 

 
A definitive screening design was used to screen and optimize the important 

fabricating factors that influenced the hydrodynamic size, PDI, ZP and the EE of the 
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nanogels. Five out of ten processing factors were shown to significantly affect the 

properties of propranolol-loaded nanogels, namely temperature, stirrer size, the 

addition rate of the crosslinker and volume of the glass container. Moreover, the 

chitosan grade and the choice of crosslinkers also significantly impacted the 

properties of nanogels. As chitosan is a natural polymer, the properties of chitosan 

(i.e., molecular weight and deacetylation efficiency) vary between batches and 

manufacturers, which also adds complexity to reproducing the nanogels with 

expected properties from reported methods. Lastly, the optimal formulation 

condition of nanogels was established from the definitive screening study, utilising 

MMW chitosan and TPP. The additional rate for TPP solution was set at 2 mL/min 

while the solution was then stirred at a temperature of 50 oC, stirring speed of 600 

rpm. The volume of the glass vial used was 28 mL while the stirrer size was 20 mm. 

This is a novel study evaluating the effects of processing factors during fabrication 

on the nanogel properties systematically. The results indicated the importance of 

controlling the processing factors in the fabrication process and demonstrated that 

the scaling-up of the nanogels fabrication process is not simply via increasing the 

volume pro-rata. The process has to be investigated individually to prepare the 

respective target volume of nanogels.  

 
7.1.2. Evaluation of the biocompatibility of the propranolol-loaded nanogels 

In Chapter 4, propranolol was shown to suppress cell metabolic activity of 

epicardial cells, H9c2 cardiomyoblasts and L929 fibroblasts. The results also 

indicated the significantly higher sensitivity of epicardial cells to propranolol 

cytotoxicity, which highlights the importance of using location-specific cells (i.e., 

epicardial cells for modelling intrapericardial delivery) in the screening of new drug 

formulations. Time-dependent and dose-dependent inhibition of cell metabolic 

activity and proliferation was demonstrated with propranolol on epicardial cells. 

Finally, cytotoxicity of propranolol, drug-free nanogels and propranolol-loaded 

nanogels were tested on the epicardial cells. The result indicated that the use of 

biocompatible nanogels reduced the effect of propranolol on cells, with inhibition of 

cell metabolism observed at higher equivalent propranolol concentrations, 

demonstrating that it is advantageous to use nanogels as a carrier. 
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7.1.3. HPLC-UV assay method development and validation for anti-fibrotic 

peptide Ac-SDKP 

Owing to the metabolic suppression of propranolol at concentrations likely to be 

delivered, an anti-fibrotic peptide Ac-SDKP was selected to be the new payload in 

the nanogels. The existing quantification methods for the peptide are liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) and enzyme-linked 

immunosorbent assay (ELISA), but they are not ideal for formulation development, 

where detection of high dose-equivalent concentrations is required. In Chapter 5, a 

novel HPLC-UV assay method for the peptide was developed using an analytical 

Quality by Design (AQbD) approach, which could detect and quantify high 

concentrations. The method was developed based on the principles in ICH Q8-10 

guidelines and was subsequently validated according to the ICH Q2 (R1) guideline. 

The holistic approach involves multiple stages, namely identification of the ATPs 

and CQA, risk assessments, Design of Experiment, determination of the method 

operable design region (MODR), establishing control measures, and continuous 

monitoring. Four key chromatographic responses – capacity factor, resolution, 

tailing factor and theoretical plate count were selected as the outputs. Various 

chromatographic parameters were first screened and selected to construct the 

response surface design. The optimised chromatography conditions utilised 10 mM 

phosphate buffer at pH 2.5 and acetonitrile as mobile phases, starting at 3% 

acetonitrile and 97% buffer and increasing to 9.7% acetonitrile and 90.3% buffer 

over 15 mins at 25 oC and a flow rate of 1 mL/min. The injection volume and VWD 

wavelengths were 10 µL and 220 nm, respectively. In short, the method offered a 

cost-effective, simple, and accurate quantification assay for the peptide, but the 

drawback of the method was that the LOD and LOQ were compromised. Therefore, 

the method developed is likely to provide a complementary approach to the existing 

quantification methods, especially when quantifying the peptide at higher 

concentrations. This method is the first reported HPLC-UV assay method for peptide 

Ac-SDKP that is capable of quantitation at relatively high concentrations and is 

compatible with phosphate buffer, which could facilitate the future development of 

the peptide in clinics.  

 



__________________________________________________________ 
Conclusions and Future Works 249 

7.1.4. Fabrication of CS-GAA nanogels at higher pH to enable encapsulation 

of Ac-SDKP 

As the new payload was a peptide, which is fragile and pH-sensitive, nanogels were 

required to be fabricated at a more basic or neutral pH to attenuate the hydrolysis of 

the peptide. However, chitosan is not soluble at neutral pH and functionalisation of 

the polymer was required to achieve this. Thus, guanidinoacetic acid was conjugated 

via EDC/NHS coupling to the chitosan, making the chitosan soluble at physiological 

pH for loading an anti-fibrotic peptide Ac-SDKP. As the peptide is expensive, the 

formulation optimisation was performed using the structurally similar drug lisinopril, 

based on the correlations established in Chapter 3 between nanogels properties and 

properties of drugs with structural similarity. Important formulation and processing 

parameters were first selected from the Plackett-Burman design and used to 

construct the response surface methodology. Ac-SDKP loaded CS-GAA nanogels 

were then fabricated according to the optimal conditions predicted. A discrepancy in 

the properties of the Ac-SDKP-loaded nanogels, as compared to the result based on 

extrapolating the correlations established in Chapter 3. The Ac-SDKP-loaded 

nanogels were expected to be larger, more polydisperse and with lower ZP. 

However, only the PDI followed the extrapolation, whilst the size was smaller and 

ZP was comparable. The results indicated that the correlations might not be suitable 

for extrapolating to other families of drugs or a different nanogels system or both, 

but further investigation is required for a solid conclusion. Moreover, the novel CS-

GAA polymer and its nanogels were characterised with several physical 

characterisation methods, to understand the properties of these materials. The in vitro 

drug release study was performed using the quantification assay described in 

Chapter 5, with the released peptide from the nanogels fragmented after 24 hours 

owing to the PBS used. The MTT assay showed that the use of nanogels reduced the 

peptide concentration required to suppress the metabolism of fibroblast under the 

presence of TGF-β1. Three concentrations of Ac-SDKP-loaded nanogels were 

identified in cell studies, which did not impact the metabolic activity of epicardial 

cells and simultaneously attenuated that of L929 fibroblast. These concentrations are 

candidates for future research to determine the effects of the nanogels on preventing 

the epithelial-mesenchymal transition, collagen production and transdifferentiation 

of fibroblasts into myofibroblasts. 
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7.2. Future works 
The research reported in this thesis has identified an Ac-SDKP-loaded nanogel 

formulation that warrants further investigations in intrapericardial delivery for the 

treatment of myocardial infarction. Further experiments will need to explore the 

effects and distribution of the Ac-SDKP-loaded nanogels. Therefore, additional 

directions are proposed for the next steps towards achieving this overarching goal in 

the future. 

 
7.2.1. Effects of the Ac-SDKP-loaded nanogels 
Further experiments are needed to establish the biological effects and behaviour of 

the nanogels. A biodegradation test should be performed to understand the fate and 

degradation of the nanogels. Moreover, the swelling behaviour of the nanogels 

should be explored further.  

 

Secondly, the activity of the peptide after encapsulating in the nanogels should be 

tested. As Ac-SDKP is thought to suppress the TGF-β/Smad signalling, attenuating 

the epithelial-mesenchymal transition (EMT) and fibroblast proliferation [61], the 

effect of Ac-SDKP on associated cellular pathways would provide a good indication 

of whether the peptide activity is preserved after loading in the nanogels. Western 

blots could be performed to determine the expression of α-smooth muscle actin, 

Smad 2 & 7, and collagen in fibroblasts after incubating the Ac-SDKP nanogels and 

TGF-β1. These are markers for the transdifferentiation of fibroblasts into 

myofibroblasts, activation of Smad signalling, and secretion of extracellular matrix, 

respectively. Cardiac fibroblasts should be used instead of L929 as the latter are 

immortalised areolar fibroblasts. The ability of the peptide to suppress the epicardial 

mesenchymal transition could be performed, as outlined above. Lastly, the peptide-

loaded nanogels could be injected intrapericardially into animal models of 

myocardial infarction to evaluate the cardioprotective effects of the Ac-SDKP-

loaded nanogels in vivo.  

 



__________________________________________________________ 
Conclusions and Future Works 251 

7.2.2. In vitro and in vivo distribution of the nanogels  
To understand the uptake, distribution, and fate of nanogels delivered into the 

pericardium, a Transwell uptake study could be performed using the epicardial and 

H9c2 cells, simulating the layer-by-layer structure in the cardiac wall. The feasibility 

of trans-endocytosis or permeation of nanogels through the epicardial cells was 

evaluated, as shown in Figure 7-1. The fluorescently labelled nanogel will be first 

added into the medium contained in the insert, where the EMCs are grown on the 

membrane. Confocal microscopy could be performed on the epicardial cells and 

H9c2 cells to detect the uptake of nanogels in the layer-by-layer setting. This would 

be a qualitative study. The fluorescently labelled nanogels could also be injected 

directly into the pericardium of an animal. The depth of penetration and distribution 

of the labelled nanogels in the cardiac wall could be investigated using either in situ 

imaging methods or immunofluorescence imaging of explanted tissue.  

 

 
Figure 7-1. A schematic diagram showing the steps in tracking the deposition of 

nanogels using the in-vitro H9c2 and epicardial cells model 
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