
Fabrication of a polymeric microneedle array for the decalcification 

of blood vessels 

 

Kimaya Moodley 

 

 

 

 

 

A dissertation submitted to the Faculty of Health Sciences, University of the Witwatersrand, 

in fulfilment of the requirements for the degree of Master of Pharmacy 

Supervisor: 

Professor Yahya E. Choonara 

Wits Advanced Drug Delivery Platform, Department of Pharmacy and Pharmacology, School 

of Therapeutic Sciences, Faculty of Health Sciences, University of the Witwatersrand, 

Johannesburg, Gauteng, South Africa 

Co-supervisors: 

Associate Professor Thashree Marimuthu 

Professor Pradeep Kumar 

Wits Advanced Drug Delivery Platform, Department of Pharmacy and Pharmacology, School 

of Therapeutic Sciences, Faculty of Health Sciences, University of the Witwatersrand, 

Johannesburg, Gauteng, South Africa 

Doctor Armorel Van Eyk 

Department of Pharmacy and Pharmacology, School of Therapeutic Sciences, Faculty of 

Health Science, University of the Witwatersrand, Johannesburg, Gauteng, South Africa 

Johannesburg, 2024 

  



i 
 

Declaration 

 

I, Kimaya Moodley, declare that this Dissertation is my own, unaided work. It is being 

submitted for the Degree of Master of Pharmacy by dissertation at the University of the 

Witwatersrand, Johannesburg. It has not been submitted before for any degree or examination 

at any other University.  

 

 

___________________________ (Signature of candidate)  

_20__day of __July________________ 20_24___   



ii 
 

Publications envisaged from this research work  

Kimaya Moodley, Yahya E. Choonara, Thashree Marimuthu, Pradeep Kumar and 

Armorel van Eyk. Comparative Analysis of chitosan and alginate polymer blend 

microneedle arrays in the delivery of EDTA for calcium chelation in vascular 

calcification (to be submitted). 

 

Kimaya Moodley, Yahya E. Choonara, Thashree Marimuthu, Pradeep Kumar and 

Armorel van Eyk. Microneedle drug delivery and its potential as a vascular drug 

delivery system (to be submitted). 

 

 

 

 

  



iii 
 

Presentations 

Authors: K. Moodley, T. Marimuthu, P. Kumar, A. Van Eyk, Y.E. Choonara (Appendix 2) 

Title: Design and Characterisation of EDTA Loaded Polymer Microneedles: Fabricated from 

Chitosan and Alginate  

Wits School of Therapeutic Sciences Biennial Research Day 2023 Poster Presentation  

 

  



iv 
 

Acknowledgements 

Upon the completion of this dissertation, there are several individuals without whom I would not have 

been able to complete this research project to whom I would like to offer my sincere appreciation. 

To my Mum and Dad, thank you for always supporting my every venture and believing in me when I 

had my doubts – there were many. Your unwavering support and belief in me has given me the ability 

to persevere through any obstacle to get me where I am today. Thank you for always having an 

understanding ear available when the shoulders were too far away and for never getting tired of listening 

when you couldn’t understand.  

To my Brother, for being my inspiration always and reminding me that the world is bigger than I think it 

is. You have made me brave and resilient beyond belief and I am so grateful for that.  

To my Grandparents, for the words of inspiration that got me through not only this dissertation, but my 

previous studies as well. Your encouragement, belief and wisdom will live with me always.  

To my cousin Devyansh, my sweet baby boy. Thank you for reminding me of the child-like wonder that 

made me love science in the first place, for being my reason to carry on in the most difficult of times. 

You are the light I didn’t know I needed. 

To my supervisors, Professor Yahya Choonara, Associate Professor Thashree Marimuthu Professor 

Pradeep Kumar and Doctor Armorel van Eyk. Thank you for providing direction and support when 

needed. I am immensely grateful for the time you invested in this project and the guidance you have 

provided to me over the course of this research project.  

To my incredible colleagues at WADDP, thank you for your assistance and for allowing me to spring 

ideas off you. Your support means the world to me.  

To the life-long friends I made in the lab, Kruti Naik, Kate Da Silva, Divesha Essa, Variksha Singh, 

Theresa Varughese and Alexis Schwulst. Thank you for the laughs, ice cream and tea dates and your 

unwavering support, especially in the difficult stages of this work. Thank you for being my sounding 

board, voices of reason and for the endless assistance and encouragement.  

To the Ladies and management at Old Parks’ for giving me a space to keep my sanity throughout my 

research, it has been indispensable.  

To Dr Hillary Mndlovu, Mr Siyabonga Maphumulo, Mr Kleinbooi Mohlabi, Mr Bafana Temba and Ms 

Tshidi Mosete, thank you for your efforts in ensuring my work always ran smoothly, this research would 

not have been possible without your invaluable assistance. 

Financial support received from the National Research Foundation (NRF) for this project is 

acknowledged. 

 

 



v 
 

Dedication 

This dissertation is dedicated to all the young girls who have been made to believe that 

science isn’t made for them.  

 

 

"Never allow a person to tell you no who doesn’t have the power to say yes." 

— Eleanor Roosevelt 

  

https://www.goodreads.com/quotes/27765-never-allow-a-person-to-tell-you-no-who-doesn-t


vi 
 

Abstract 

Blood tissue calcification involves the deposition of calcium and phosphate minerals, 

predominantly within blood vessel walls, impacting cardiovascular health. Blood vessel 

calcification remains a significant concern in cardiovascular health, contributing to various 

complications such as medial arterial calcification (MAC) and intimal atherosclerotic 

calcification. While traditional treatment options have limitations, emerging research suggests 

that ethylenediaminetetraacetic acid (EDTA) could serve as a promising chelating agent to 

reverse calcification. When delivered in close proximity to the calcification site, EDTA has 

shown potential for mitigating calcification progression and restoring vascular function.   

This study aimed to develop a dissolvable polymeric microneedle (MN) array to be loaded with 

EDTA to treat vascular calcification in a site specific manner. Two MN formulations were 

prepared, the first from a combination of chitosan, polyvinyl alcohol and hydroxypropyl 

cellulose and the second from a cross-linked sodium alginate solution using a mould-based 

method. EDTA was successfully loaded into both MN formulations for further evaluation. 

Chitosan MN arrays were loaded with 340 µg of EDTA while alginate arrays were loaded with 

965.8 µg of EDTA. The arrays were analysed by, differential scanning calorimetry (DSC), 

powder x-ray diffraction (PXRD) spectroscopy and Fourier transform infrared (FTIR) 

spectroscopy. The morphological features and mechanical strength, were investigated by 

scanning electron microscopy and texture analysis respectively. The fabricated arrays were 

of 8 mm x 8mm patch size containing 10 x 10 needles. Each needle has a length of 300 μm, 

needle base of 100μm and needle pitch of 500μm. It was shown that MN arrays were 

mechanically sufficiently strong to penetrate the vascular tissue. The typical failure force 

ranged from 0.338 to 0.345 Newton per needle for chitosan and alginate MN arrays 

respectively. Chitosan MN arrays achieved a 315 µg release within 24 hours while alginate 

arrays released 789 µg in the same period. Drug permeation studies were carried out on 

porcine venous tissue and showed in enhanced permeation ability of the alginate arrays after 

6 hours. The MN arrays also both showed good hemocompatibility via hemolysis testing, with 

no significant increase in hemolysis and calcium chelating ability based on the quantity of 

EDTA permeating the tissue layer.  

Overall, this study resulted in the successful preparation of two dissolvable, EDTA loaded MN 

arrays from natural polymers using a simple, mould-based method. These MNs were found to 

penetrate the vascular tissue with minimal application forces and release bioactive over a 24 

hour period. These polymeric MNs could prove useful for the delivery of many other drugs to 

the vascular system which would benefit therapeutic outcomes of patients greatly.  
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Chapter 1 Introduction and overview of the study 

1.1 Background to this study 

Blood vessel calcification occurs when calcium and phosphate minerals are deposited within 

the walls of the vasculature (Schweighofer et al., 2016). Whilst previously considered  an age-

related consequence, it is now understood to be an actively regulated process of a similar 

nature to bone homeostasis (Wu et al., 2013). The three main types of vascular calcification 

are: calcific aortic valve disease, intimal calcification and medial calcification (Schantl et al., 

2019). Calcific aortic valve disease involves initial cellular changes of the leaflets to final-stage 

calcification which results in left ventricular outflow obstruction (Rajamannan et al., 2011). 

Intimal calcification, illustrated in Figure 1.1, is the most likely to rupture and is associated 

with atherosclerosis, leading to obstructed blood flow, acute coronary syndromes and 

decreased organ perfusion (Schantl et al., 2019; Wu et al., 2014). Medial calcification occurs 

within the vascular smooth muscle layer and results in the stiffening of the vessel wall, 

increasing blood pressure. Increased vessel stiffness is directly linked to a greater likelihood 

of adverse cardiovascular events and mortality.  

Figure 1.1 Schematic diagram of vascular calcification formation within vessel walls created using BioRender.com. 
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Patients with chronic kidney disease have a greater morbidity of cardiovascular disease 

compared to individuals with normal renal clearance, and although no single cause has been 

established, with vascular calcification proposed to have numerous significant contributing 

factors.  (Karamched et al., 2019). The presence of medial calcification in particular correlates 

strongly with the risk of cardiovascular events and amputation in diabetic patients (Lei et al., 

2013). Vessel calcification may also lead to calcified cerebral embolism, a rare condition that 

is known to result in more severe cerebral infarctions when compared to other types of 

embolisms. The cerebrovascular recurrence of such embolism is significant, with 40 % of 

patients experiencing recurrent stroke (Raghib et al., 2018).  

Current options to treat calcification mainly include physical mechanisms such as surgical 

procedures, the most common being rotational atherectomy where a drill-like mechanism is 

used (Goel et al., 2020). Pharmacological interventions such as vitamin K and sodium 

thiosulfate amongst others are currently under clinical investigation for the treatment of 

vascular calcification however there is little evidence currently available in literature to support 

the use of these drugs at this time (Schantl et al., 2019). Ethylenediaminetetraacetic acid 

(EDTA) is a chelating agent with the ability to dissolve and remove the calcium deposits if 

administered near the site of calcification (Karamched et al., 2019). Although Food and Drug 

Administration (FDA) approval for the use of EDTA to treat vascular calcification has not been 

granted at this time, an increasing number of cardiovascular disease patients are being treated 

in this manner (Ibad et al., 2016). Typical chelation therapy is administered intravenously and 

is generally well tolerated however, often leads to a burning sensation at the site of 

administration (Ibad et al., 2016). However, systemic administration of EDTA may lead to 

adverse effects such as hypocalcaemia, bone resorption, heart failure, hypotension, kidney 

damage, and bone marrow suppression, limiting its utility (Ibad et al., 2016; Karamched et al., 

2019). These adverse effects represent a significant limitation in the use of EDTA chelation 

therapy in the treatment of vascular calcification.  

Polymeric microneedle arrays have been shown to enhance the efficacy of loaded dosages 

by increasing tissue permeation as well as allowing for site specific delivery of bioactives (Avcil 

and Çelik, 2021; Damiri et al., 2022). This effect reduces the required effective dose and thus 

could potentially reduce the possibility of presenting with adverse effects. Polymer based 

materials have recently been evaluated for MN systems due to them showing improved 

biocompatibility, biodegradability, minimal toxicity, and cost-effectiveness when compared to 

previously used materials such as metals and silicon (Damiri et al., 2022). MN arrays can be 

fabricated using a variety of methods including but not limited to 3D printing, etching, laser-

mediated and micro-moulding techniques. The selected technique impacts the shape and 

other physical characteristics of the array and is affected by the type of drug to be incorporated, 
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required pharmaco- kinetics and dynamics, required dosage and the materials to be used 

(Damiri et al., 2022). 

Recent studies of MN based delivery systems relating to the vascular system are mainly 

concentrated around the diseases of hypertension, atherosclerosis, and myocardial infarction. 

These arrays have been used to deliver anti-thrombotic and anti-inflammatory agents as well 

as therapeutic peptides (R. Zhou et al., 2022).       

This study proposes to address the need for suitable therapy to treat calcification of vascular 

tissue by providing a polymeric microneedle array loaded with EDTA for the sustained, local 

delivery of EDTA for calcium chelation. An EDTA loaded polymeric microneedle array will 

provide local delivery of EDTA within the affected vessel as well as allow for sustained release.  

This proposed delivery system allows for diverse application in vessel calcification treatment 

and will mitigate the risks associated with systemic EDTA use by providing a route whereby 

EDTA will be delivered to the site of calcification only. Successful treatment of medial 

calcification could drastically reduce the mortality rate of cardiovascular disease as well as 

lower the risk of stroke and other neurovascular incidents amongst many population groups 

but most especially for those with chronic kidney disease and diabetes. 

1.2 Rationale and Motivation 

Polymeric microneedle arrays allow for the site specific, sustained release of EDTA within 

calcified vessels in the body while allowing for the usual movement of blood within the affected 

vessels due to the film like structure of the array, allowing for flexibility to accommodate the 

curved shape of a blood vessel (Rambhia and Ma, 2015). Polymeric materials have been 

extensively used as delivery vehicles of a wide-spectrum of drugs (Rafiei and Haddadi, 2019). 

A few major advantages of these types of materials include longer clearance time, enhanced 

therapeutic efficacy and reduced toxicity (Sur et al., 2019).  

Chitosan is a widely available carbohydrate polymer. It has been studied for its properties such 

as wound healing, hemostasis, biocompatibility, biodegradability, antimicrobial and antifungal 

activity, as well as many other valuable properties (Badhe et al., 2017). Chitosan was  utilised 

in this study due to its biocompatibility, biodegradability and bioadhesivity (Wu et al., 2020).   

Polyvinyl alcohol (PVA) is a commercially significant water soluble plastic and has been 

frequently utilised in various industries including the food and medical industry. Due to the 

heightened hydrolysis of the hydroxyl groups within its molecular structure, PVA exhibits 

qualities of being nontoxic and biodegradable. (Nagarkar and Patel, 2019). Additionally, its 

hydrophilic nature allows for superior water solubility which proves significant when 

considering applications in living tissue (Nagarkar and Patel, 2019). Hydroxypropyl 
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methylcellulose has a great swellability which impacts the drug release profile from a system 

designed using this polymer creating the ability for controlled release systems (Siepmann and 

Peppas, 2012). It is hypothesised that by using this combination of polymers will produce a 

polymeric blend that allows for sufficient mechanical strength of the arrays to penetrate 

vascular tissue while still being flexible, and allowing for the fabrication of dissolvable needles. 

The muco-adhesive property of chitosan will aid in ensuring that the MN array remains in place 

within the vessel.  

Alginate is a block copolymer of (1-4)-linked b-D-mannuronic acid with varying proportions 

and sequential arrangements of its epimer a-L-guluronic acid residues. Sodium alginate is 

routinely used in the pharmaceutical and biotechnology fields due to its nontoxic, unbranched 

structure, nonimmunogenic and biodegradable characteristics (Topuz et al., 2012). Sodium 

alginate is frequently crosslinked with divalent calcium ions to form ionic bridges with the 

guluronic units of alginate to form a network structure with improved  mechanical properties 

(Russo et al., 2007). Although polymer based materials generally possess a lower mechanical 

strength when compared to other materials used for the development of MN arrays, their other 

advantageous properties make them and enticing prospect for MN development.  

When administered near the site of calcification, EDTA has been shown to have the potential 

to slow down the vascular calcification progress and improve vascular function in calcific 

disease conditions (Lei et al., 2014a). EDTA is a successful chelator of calcium which allows 

for the breakdown and removal of calcium build ups from the vessel wall and safe 

transportation out of the body (Lei et al., 2014a).  EDTA therapy has not been implemented 

as common treatment for calcification due to the large side effect profile associated with 

systemic administration. Addressing the unanswered questions of an optimal delivery method, 

dosing regimen and long term efficacy of EDTA therapy may provide significant insights into 

developing therapies to combat various calcification-related cardiovascular complications.  

The use of a polymeric microneedle array in the delivery of EDTA will minimise the adverse 

effects of EDTA chelation therapy as the EDTA will be delivered directly to the site of 

calcification. It has also been shown that EDTA therapy prevents the return of vascular 

calcification for a time period after the cessation of treatment (Karamched et al., 2019). Vessel 

calcification is of great impact and value particularly in already vulnerable patient groups such 

as those with chronic kidney disease and diabetes, having a negative effect on patient 

outcomes. It is therefore of great value to the patient population to find a successful method 

of treating this calcification before it leads to potential mortality and limb amputations.  
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1.3 Applications 

The polymer blend array will be inserted at site of vascular calcification immediately after 

surgical intervention at tissue trauma sites for example, neuro trauma (TBI, stroke). The 

prototype delivery system may also allow for broader application in other sites of vascular 

calcification treatment to mitigate the risks posed by the use of intravenous (non-targeted) 

EDTA therapy. Successful treatment of vascular calcification could drastically reduce the 

mortality rate of CVD as well as lower the risk of stroke and other neurovascular incidents 

amongst patients afflicted with chronic conditions such as kidney disease and diabetes.  

MN arrays have the potential to aid in the delivery and effective dosing of cardiovascular 

related drugs in a way that provides improved patient outcomes and more rational drug use 

as they can be dosed site specifically. The MN arrays ability to penetrate membrane barrier 

allows for enhanced drug permeability to the affected site. Due to the formulations ability to 

locally deliver drugs the associated side effect profile may be reduced as the drug will avoid 

systemic interactions.  

1.4 Novelty 

Formulation of polysaccharide MN arrays: fabrication of a novel polymeric microneedle array 

for the decalcification of blood vessels using a chitosan polymeric blend and a crosslinked 

alginate polymeric matrix. The approach presented in this study shows the development of a 

unique polymeric microneedle array for vascular applications as the materials presented 

herein have not been applied to vascular MN technology previously.  

1.5 Aims and Objectives 

This study aims to design and develop polysaccharide formulations for the fabrication of an 

EDTA loaded dissolvable microneedle patch for the treatment of calcified blood tissue. This 

was achieved through the following objectives: 

1. Formulation of suitable polysaccharides, cross-linkers and/or auxiliary polymers to 

fabricate an EDTA loaded microneedle array through a mould-based method to 

obtain two candidate MN patches. 

2. Characterisation of the pertinent morphological, physiochemical, mechanical, and 

penetration properties of the MN patches by SEM, FTIR, Texture Analysis and 

thermal analysis to ensure design parameters suitability for vascular applications.  

3. Evaluation of the in vitro drug release and tissue permeation of EDTA loaded MN 

patches across excised porcine venous tissue using an in-line flow-through 
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diffusion system to explore the effect of the delivery system on the rate of release 

as well as the bioactive ability for tissue penetration.  

4. Evaluation of the ex vivo effectiveness of EDTA via calcium chelation model to 

verify biological performance. 

5. Assessment of the hemocompatibility of the EDTA loaded MNs via hemolysis to 

ensure biocompatibility. 

1.6 Overview of this Dissertation 

Chapter 1 of this dissertation presents a background and introduction to the current study by 

outlining the impact and current treatment failures for vascular calcification. This chapter also 

focuses on the aim and objectives as well as the potential benefits and rationale of the 

development of the microneedle arrays presented in this study.  

Chapter 2 of this dissertation critically reviews the current available MN formulations that have 

been designed for vascular and non-dermal drug delivery. This chapter discusses the types 

of microneedle arrays and the advantages and disadvantages of each type in relation to their 

desired function. Furthermore, the methods that have been commonly utilised for fabrication 

of microneedle arrays are outlined herein whilst the materials commonly used are also 

evaluated. 

Chapter 3 of this dissertation outlines the pertinent parameters to be considered during the 

preliminary phase of the microneedle array fabrication process, particularly for vascular 

applications. This chapter shows the various methods, polymers, cross-linkers and fabrication 

methods that were evaluated for the development of the optimised formulation that was tested 

further.   

Chapter 4 of this dissertation explores the fabrication process and assessment of 

characteristics of the MN arrays. The physiochemical (Differential scanning calorimetry (DSC), 

X-ray diffraction (PXRD) and Fourier Transform Infrared (FTIR)), morphological (scanning 

electron microscopy (SEM)) and physicomechanical (water uptake and material strength) 

properties of the MN array are described. The release and tissue permeability of the bioactive 

from the two fabricated MN arrays is also evaluated in this chapter and a comparison between 

the two formulations is presented. 

Chapter 5 concludes this thesis, by addressing the limitations and provides recommendations 

for future use of the MN arrays evaluated in this study.  
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Chapter 2 Microneedle Fabrication Techniques and Potential Use as a Vascular 

Drug Delivery System 

2.1 Introduction 

Microneedles, micron-sized needles with lengths varying from 100 to 1000 μm (Panda et al., 

2021), were initially developed to effectively deliver drug molecules across tissue barriers such 

as the skin as a transdermal drug delivery system and have only recently been expanded into 

drug delivery into other organ systems such as the gastrointestinal tract, the vascular system, 

and the ocular system as shown in Figure 2.1 below (Lee et al., 2020a, 2014a; Panda et al., 

2021). Microneedle delivery systems provide a minimally invasive system which possesses 

the ability to deliver drugs across impermeable membranes (Panda et al., 2021). Microneedles 

can be fabricated using a plethora of materials as well as various methods. Common materials 

used for microneedle formulation include silicon and other metals, carbohydrate-based 

materials, and synthetic polymers. Microneedles have been proven to circumvent many known 

delivery obstacles through the local delivery of the drug, as dosages are reduced and efficacy 

is maximized (Panda et al., 2021).  

Figure 2.1 Schematic diagram of the various non-dermal applications of microneedle arrays to date created using 
BioRender.com. 
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2.1.1 Vascular disease and current treatment 

Cardiovascular diseases (CVD) are one of the world’s leading health threats, causing 

significant morbidity and mortality (Zhou et al., 2022). Common cardiovascular diseases 

include; hypertension, dyslipidemia, atherosclerosis, thrombosis and myocardial diseases.  

According the World Health Organization (WHO) stroke and ischemic heart disease are the 

two most prevalent vascular diseases causing the highest global mortality. Alarmingly, in 2012 

nearly 17 million people succumbed to a cardiovascular disease related causes (Im et al., 

2017). 

2.1.2 Limitations to vascular treatment 

Surgical bypasses using vein or arterial grafting are frequently used for the treatment of 

coronary and peripheral atherosclerosis, however, this treatment often requires secondary 

surgery in a large portion of the population due to the likelihood of patients developing 

restenosis or occlusion at the site of surgery (Choi et al., 2012). Many drugs have been 

investigated to reduce the likelihood of patients developing restenosis or occlusion post-

surgery but are limited in their efficacy due to an inability to reach the sight of smooth muscle 

cell proliferation (Choi et al., 2012). Local drug delivery systems for vascular tissue have 

included the usage of drug eluting stents and cuff like devices that deliver drug to the external 

wall of the vessel. Drug eluting stents often cause damage to the endothelium post insertion 

which could lead to the development of restenosis and occlusion whereas cuff like devices 

mitigate this risk but pose their own difficulties including unpredictable drug distribution (Choi 

et al., 2012). Many side effects of vascular drug delivery are as a result of poorly compatible 

materials that cause the adhering of platelets and also allows vascular smooth muscle cells to 

proliferate easily causing restenosis (Jang et al., 2019). 

2.1.3 Microneedles as vascular delivery system 

Endothelial cells have become an interesting potential therapeutic target for molecular 

interventions. Endothelial cells represent diverse subpopulations and therefore offer 

characteristics that can be used for targeted drug delivery (Ding et al., 2006). Recent advances 

in microneedle technology has expanded this delivery system away from primarily transdermal 

delivery systems to a complex system that can be applied in various organ systems including 

the vascular system (Zhou et al., 2022). MN have been investigated for various vascular 

applications due their wide array of suitable materials and custom designs of physical 

properties (Lee et al., 2020a). MN arrays also allow for targeted delivery of drugs, avoiding 

first pass metabolism and thus allowing for a reduced dosage which could potentially mitigate 

many associated side effects of cardiovascular drugs (Panda et al., 2021).  
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This concise review will focus on the various types of microneedles and how these may be 

used to improve drug delivery to the vascular system as well as what materials would be most 

suitable to this function. This review aims to evaluate current trends in the field and identify 

the suitability of microneedle arrays as a delivery system for the vascular system.  

2.2 Types of microneedles and their applications 

The types of microneedle arrays that can be designed, as shown below in Figure 2.2, are; 

hollow, solid, dissolving, coated and hydrogel-forming needles. Each of these microneedle 

types has specific methods of formulation, most suitable materials, unique methods of drug 

delivery and various advantages and disadvantages (Waghule et al., 2019).  

Figure 2.2 Schematic illustration of the types of microneedle applications used for drug delivery purposes. 
Reproduced from Rad et al., 2021 under the Creative Commons License.  

2.2.1 Hollow MN arrays and recent application in the vascular system 

Hollow microneedles are designed to consist of a cavity of a certain length, usually filled with 

drug solution, with an oblique angled opening at the tip of the needle (Waghule et al., 2019). 

Hollow microneedles are mainly used for drug delivery and for extraction of interstitial fluid for 

analysis (Wu et al., 2022). Common materials used for the development of these needles 

include glass, metal, silicon and ceramic. Of these materials silicon offers the most ideal 

physical properties however, considerable disadvantages are involved including the high 
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material cost as well as complex fabrication processes (Wu et al., 2022). Hollow microneedles 

are one of the highest costing microneedle type and production requires the use of a pump 

(Avcil and Çelik, 2021). Hollow microneedles are mainly utilized in protein and other high 

molecular weight drug molecules delivery and are therefore useful in the administration of 

vaccines (Waghule et al., 2019). This type of microneedle allows for the adjustment of the flow 

rate of administered drug as well as high dose volumes (Waghule et al., 2019). An increased 

bore size increases the flow rate but could result in a needle array with substantially lower 

mechanical strength (Waghule et al., 2019). Stoeber et al. 2000 assessed the injection of fluid 

through hollow microneedles fabricated via etching and showed that needles 200 µm in height 

were able to successfully delivery drug 100 µm under the surface of the skin using a chicken 

thigh model (Stoeber and Liepmann, 2000). Pérennès et al. presented a cheaper and more 

easily accessible method for the fabrication of sharp beveled tip hollow microneedles using X-

ray lithography (Pérennès et al., 2006). This study eliminated some of the limitations of hollow 

microneedle synthesis however in terms of vascular applications, there are limited uses for 

hollow microneedles as a breach in vascular membranes may cause more harm than it does 

good.  

2.2.2 Solid MN arrays and recent application in the vascular system 

Solid microneedles are mainly used as a pre-treatment, creating channels in the membrane 

layer to create improved permeation across the barrier through the passive diffusion 

mechanism (Damiri et al., 2022; Waghule et al., 2019). Solid microneedle drug delivery is 

effected by various considerations including the force of insertion, needle density and needle 

tip sharpness (Damiri et al., 2022). A major disadvantage of solid microneedles involves the 

sharp waste that they create (Avcil and Çelik, 2021). Li et al. used solid microneedles for 

transdermal delivery and proved that these needles may be inserted multiple times (Li et al., 

2017). This however is limited to transdermal applications and a single patient as cross-

contamination would be detrimental. Another example of solid microneedles would be the work 

of Narayanan and Raghavan of solid silicon microneedles also utilised in transdermal delivery 

(Pradeep Narayanan and Raghavan, 2017, 2019). Kundu et al. designed stainless steel solid 

microneedles for delivery of chemicals into plant vascular tissue (Kundu et al., 2019). Although 

this proves useful in plant tissue, it is not feasible in human models as solid microneedles will 

need to be removed and this would require multiple invasive surgeries.  

2.2.3 Coated MN arrays and recent application in the vascular system 

Coated microneedles are charcaterised by the presence of a layer of drug solution around the 

needle structure. The drug system being on the surface of the needles allows for rapid 

dissolution of drug, however, the amount of loaded drug is dependent on the thickness of the 

coating and the needle surface available and is usually a minimal amount (Damiri et al., 2022; 
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Waghule et al., 2019). Coated microneedles have been reported for the successful delivery of 

DNA, peptides and proteins (Damiri et al., 2022). The homogenous coating of the surface of 

the microneedles is an important parameter that needs to be considered during the fabrication 

process (Damiri et al., 2022). The viscosity, surface tension and capillary action of the drug 

loading solution influences the quality of the microneedle coating, while a more viscous 

solution with a decreased surface tension may be beneficial these alterations may result in a 

needle coating only at the tip due to the resultant decrease in capillary action and may 

negatively affect the penetrating ability of the array due to a decrease in needle sharpness 

(Baek et al., 2017; Chen et al., 2017). This tip only coating may be useful when the drug loss 

from the array substrate is considered. Coated microneedles involve sophisticated layering 

procedures to prevent loss of integral needle sharpness (Avcil and Çelik, 2021). Several 

methods have been utilised in the coating of these microneedles including dip coating and 

spray coating. Li et al. showed the possibility for microneedles to be individually coated 

allowing for co-delivery of multiple drugs within a single array (Li et al., 2018). This practice 

would however be limited by the volume of drug able to be loaded onto the surface of each 

needle to achieve a therapeutic dose. Tang et al. designed a microneedle patch for the 

treatment of myocardial infarction whereby the array was then basally coated with hydrogel 

containing cardiac stem cells for delivery into the damaged cardiac tissue to aid in tissue 

regeneration, reducing scar formation (Tang et al., 2018). Lee et al. developed a UV curable 

microneedle drug eluting balloon for vascular delivery to prevent in stent restenosis. The 

microneedle array was fabricated, pipette coated with drug (Paclitaxel) and attached to the 

balloon prior to insertion (Lee et al., 2020c). The insertion test performed showed that not only 

did the array remain attached to the balloon but also that the needles were able to penetrate 

both the healthy and unhealthy simulated tissue with a deeper insertion depth into the calcified 

simulated tissue (102 ± 11 µm) than the normal tissue (72 ± 6 µm). Both insertions depth were 

able to penetrate the endothelium at 10 µm without compromising the integrity of the medial 

layer at 500 µm (Lee et al., 2020c).  

2.2.4 Hydrogel forming/Swellable MN arrays and recent application in the 

vascular system 

Hydrogel forming microneedle arrays are the most recently developed microneedle type. 

These needles are formulated from highly swellable polymer materials which possess a 

hydrophilic structure allowing them to uptake a large volume of water into their polymeric 

network. These needles are used to disrupt the barrier membrane by forming channels 

between capillary circulation and the drug patch. The needles swell on insertion due to the 

absorption of interstitial fluid and once swollen they act as a rate controlling membrane 

(Waghule et al., 2019). Hydrogel-based microneedles are versatile devices which allow for 
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personalized treatment options owing to their ability to incorporate drugs with different 

therapeutic windows (Damiri et al., 2022). Zhou et al. describes a swelling microneedle array 

fabricated from crosslinked alginate for transdermal drug delivery (Zhou et al., 2022). This 

study aimed to expand the suitable materials for swellable microneedles. Results showed that 

optimal array fabrication was dependent on the concentration of cross-linker used as with 

great crosslinking concentrations, as the needles swell, the excess cross-linker dissolves 

leaving cavities which cause structural instability to the needle. These arrays were inserted to 

a depth of 155.33 ± 9.44 µm in porcine skin although florescence imaging using a model drug 

(FITC) showed drug penetration up to 900 µm into the skin. Lui et al. performed a study 

utilizing GelMA as the material for microneedle synthesis of a biodegradable and swellable 

microneedle array. This study concurred that crosslinking produced notable effects on the 

arrays swelling behavior, although a photo-cross linker was used as opposed to the chemical 

cross linker previously discussed. The swelling ratio of the array was found to be inversely 

proportional to the crosslinking time with a shorter time corresponding to the highest swelling 

ratio (Liu et al., 2021).  

2.2.5 Dissolving MN arrays and recent application in the vascular system 

Dissolving microneedles are fabricated using biodegradable polymers with drug encapsulated 

into the polymer solutions (Waghule et al., 2019). It has been shown that dissolvable 

microneedles are able to successfully deliver both small and large molecules (Demir et al., 

2013a). Dissolving microneedles involve a once off application only as it is not necessary to 

remove the needles after insertion, this is an attractive property for vascular drug delivery as 

it eliminates the need for further invasive surgeries. This type of microneedle allows for 

controlled release of drug as the polymer encapsulation acts as a regulator of the release rate 

(Waghule et al., 2019). One of the biggest problems faced when developing this type of needle 

is the adequate distribution of drug within the needles and thus effective drug polymer mixing 

is a vital step in formulation (Waghule et al., 2019). Dissolving microneedles also possess low 

mechanical strength and therefore have minimal penetration ability as well as only being able 

to deliver small doses of drug (Avcil and Çelik, 2021). Due to the attractive property of this 

type of microneedle it is the most common type studied for vascular and other non-dermal 

applications. Due to the polymeric nature of these dissolvable arrays they allow for alteration 

to the shape of the traditional array with many studies involving a curved or cuff like device for 

vascular delivery as this has been shown to reduce the negative impact these devices have 

on the vasculature (Choi et al., 2012; Kim et al., 2017; Lee et al., 2017, 2014b). Most 

commonly these vascular delivery systems have been designed for the delivery of anti-

proliferation drugs such as sirolimus, paclitaxel and sunitinib to prevent the formation of intimal 

hyperplasia at sites of tissue injury (Kim et al., 2017; Lee et al., 2017, 2014b). The dissolution 
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time of these dissolvable microneedles can be altered based on the type of polymer used as 

the polymer hydrophilicity is a rate determining factor in array dissolution (Coyne et al., 2017) 

Combining types of microneedles could result in more optimal properties being created by 

utilizing the advantageous properties of one type to enhance the properties of another for 

example Lee et al. performed a study in which drug loading was carried out via a dip coating 

method but the initial microneedle array was fabricated to be a dissolving needle. Seeing as 

dissolving needles have a low drug loading ability, dip coated the fabricated array could allow 

for more drug to be loaded into each array resulting in a higher dosing ability of a dissolvable 

array (Lee et al., 2017, 2014b). Dissolvable microneedles have been shown to have poorer 

insertion capabilities than solid microneedles and thus Zhu et al. fabricated a separating array 

with both solid and dissolving microneedles to improve tissue insertion (Zhu et al., 2016).  

2.3 Microneedle fabrication methods and material considerations 

Various fabrication methods for microneedle synthesis have been developed and are outlined 

below. The selection of fabrication technique is based on the required properties of the 

microneedle system as outlined below in Figure 2.3 (Damiri et al., 2022; Waghule et al., 2019). 

Desired properties to be considered include the drug type for incorporation, the dose required, 

the necessary needle geometry and materials, pharmacokinetic and pharmacodynamics 

requirements as well as the target and materials (Damiri et al., 2022; Waghule et al., 2019).  

Figure 2.3 Parameters to be considered when designing MN arrays. This image is reproduced from Damiri et al., 
2022 under the Creative Commons License. 

Fabrication techniques can broadly be divided into two main categories, namely, printing 

based methods and micro-molding based methods.  
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For vascular drug delivery in particular, the type of material used is of vital importance as blood 

is a particularly complex body fluid consisting of various proteins and peptides as well as a 

variety of cells. These various components are integral in several biological pathways such as 

the inflammatory response and the clotting cascade (Hedayati et al., 2019). Many blood 

contacting medical interventions are administered worldwide, these interventions include 

stents, heart valves and life support systems (Hedayati et al., 2019). Poorly compatible 

materials result in an inflammatory response within the vessels. This reaction includes the 

adhering of platelets and the proliferation of vascular smooth muscle cells. This leads to further 

vessel obstruction and injury. When the risk-benefit ratio deems the use of such materials 

appropriate, it is necessary to administer pharmaceutics, such as anticoagulants, to manage 

the risks associated with these materials (Hedayati et al., 2019). These therapies involve their 

own risks and side effects as well as requiring patient compliance and are not 100 % effective 

(Hedayati et al., 2019).  It is thus of vital importance to the treatment of vascular diseases to 

investigate and identify the most compatible materials.  

2.3.1 Printing based MN array fabrication techniques 

Three of the common printer types utilized in the printing of plastic based materials are 

selective laser sintering (SLS), fused deposition modeling (FDM), and stereolithography (SLA) 

(Luzuriaga et al., 2018). Each has their own benefits and limitations as discussed below.  

2.3.1.1 3D printing techniques 

Fused deposition modeling  

FDM is a cost effective and flexible method of printing and is suitable to print biocompatible 

and biodegradable materials such as polyvinyl alcohol and polyacetic acid (Luzuriaga et al., 

2018). FDM, however possesses a very low resolution in comparison to other printing methods 

and is therefore not usually capable of printing fine details such as microneedles. Studies have 

concluded that the main features responsible for the reduction of inflicted pain was the size 

and amount of needles present in the array with needles of maximum length of 1450 µm, 

thickness of 100 µm,  width of 465 µm, and a tip diameter <75 µm (Kaushik et al., 2001). 

Luzuriaga et al. however designed a method using FDM printing combined with a post 

fabrication etching process that was able to yield successful needles within the above 

mentioned size range. These needles not only possess the ability to penetrate the skin but 

also have been designed with a break-away system allowing for the needles to remain 

embedded in the skin for longer periods of time. PLA was used to synthesize these needles 

allowing for later degradation via hydrolysis in the skin. This combination method shows great 

potential for its ability to allow alterations in the parameters of the microneedles when 

compared to previous methods (Luzuriaga et al., 2018). These needles however, showed a 
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limitation in regards to the length with a minimum needle length of 600 µm. Although this would 

be acceptable for dermal applications, given the thickness of vascular tissue to optimum 

penetration depth is approximately 300 µm and as such the limitation of this method would 

prevent its use in vascular applications.  

Stereolithography (SLA) and selective laser sintering (SLS) 

SLA and SLS printers are more suitable to the printing of details smaller than 100 µm but are 

more costly and most of the suitable materials are not biocompatible and thus cannot be used 

in designing microneedle delivery systems (Luzuriaga et al., 2018). Although SLA is unsuitable 

for direct applications as a drug delivery system, it has been used to print MN templates which 

are further designed into master molds for MN fabrication. Krieger et al. was able to produce 

favourable resolution printed needles using this method and a clear resin. This study found 

that decreasing the layer height parameter when printing improved the surface finish of the 

fabricated needles (Krieger et al., 2019). This method does however show a discrepancy in 

the input print height and the acquired height of needles which may pose a problem when 

designing arrays for vascular implementation.  

Digital light processing (DLP) 

Digital light processing is based on stereolithography and involves the utilization of a projector 

to develop a cross-sectional image signal of an object into a digital signal which is then 

introduced into a photosensitive resin for the photo-curing synthesis (Yang et al., 2021). Unlike 

other printing techniques DLP is well suited to creating high resolution, smooth surfaced 

transdermal microneedles (Yang et al., 2021). Yao et al. used this technique to fabricate 

hydrogel based microneedles manufactured from polyethylene glycol diacrylate using a blue 

light curing step. The fabricated needles possessed a balance between stiffness and precision 

and it was found that the exposure time to the curing agent was directly linked to the stiffness 

of the needles with 300 ms being regarded as the optimal curing time for dermal applications 

(Yao et al., 2020).   

Continuous liquid interface production (CLIP) 

Continuous liquid interface production is a faster and more advanced method of 3D printing 

process based on the DLP technique (Yang et al., 2021). This fabrication method avoids the 

use of support during the printing process, without which it is possible to reduce and/or 

eliminate the stair stepping effect without impacting the mechanical properties and fabrication 

time. This results in an improved surface quality (Yang et al., 2021). Johnson et al. used this 

specific type of SLA printing to design square pyramidal microneedles of various heights 

(1000, 700 and 400 µm) (Johnson et al., 2016). This method of fabrication allows for 
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customizable design of microneedle properties and is fast to print once the CAD design is 

complete, however, this method like others mentioned requires a UV reactive substance to be 

used which is often not biocompatible. Johnson et al. did demonstrate the printing ability of 

photopolymerisable derivatives of PEG using this CLIP method as well as PCL, polyacrylic 

acid and acrylic acid, all of which are FDA approved for medical devices (Johnson et al., 2016). 

It was further shown that these arrays were able to penetrate the skin as well as release drug 

into the skin however using CLIP as a direct fabrication method for vascular applications may 

prove more difficult as these polymers are known to have large toxicity profiles and the 

degradation profiles of these altered derivatives is not well established (Johnson et al., 2016). 

This method may however prove useful in designing PDMS molds for further fabrication as it 

is highly customizable and faster than many other printing techniques.  

2.3.1.2 Lithography based printing 

Photolithography 

Photolithography is a technique used largely in creating hollow or solid microneedles. Needles 

are fabricated using an inverse mold method (Damiri et al., 2022). Photolithographic 

techniques are frequently combined with etching techniques (Li et al., 2018; Narayanan and 

Raghavan, 2017, 2019).  

Thermal lithography 

Drawing lithography, involves the shaping of a viscoelastic polymer into the desired 

microstructure shape by controlled polymer heating (Lee et al., 2010). Thermal drawing 

processes by nature expose MN materials to high temperatures and therefore it is necessary 

to monitor any changes in properties due to this thermal exposure, particularly when polymer 

components are involved (Choi et al., 2013). 

A common drawing method for needle fabrication which involves heating a polymer above its 

glass transition temperature, drawing it to the desired height before allowing it to cool and 

fracturing it at its neck, often results in enlarged two-step tips rather than sharp tips as required 

for MNs (Choi et al., 2012). To avoid this problem a spatially discrete thermal drawing system 

has been designed, allowing for the controlled heating of the top and bottom sides of the 

microneedles individually to adequately control needle tip dimensions by drawing to the 

desired height before cooling. This process has been shown to produce needles of varying 

heights (200 and 500 µm) (Choi et al., 2012) as well as being able to control the shape of the 

needle tip by controlling the drawing temperature, distance and speed (Choi et al., 2013).  

Kim et al. fabricated a cuff shaped MN array using a thermal drawing method of fabrication 

and a PLGA polymer base. This method required drug loading via a separate process 
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(dipping) as the heat needed for the needle formation may interfere with drug properties. 

Needle shape was controlled by altering the drawing speeds and temperature (Kim et al., 

2017).   

The spatially discrete thermal drawing method as shown below in Figure 2.4 has been used 

to produce mainly PLGA needles (Choi et al., 2013, 2012; Kim et al., 2017; Lee et al., 2019, 

2014b) and although the method used by Choi et al. was shown to have minimal effect on the 

polymer crystallinity, this is still a major limitation of this method as alterations to the 

crystallinity may result in inadequate mechanical properties (Choi et al., 2013). PLGA needles  

Figure 2.4 Schematic diagram of the three steps of the thermal drawing process. (a-c) contact drawing affecting 
the aspect ratio of the array, (d-e) body drawing affecting the aspect ratio and needle height and (g-i) tip drawing 
affecting the sharpness of the apex. This image is reproduced from Lee et al., 2019 under the Creative Commons 
License. 

have a limitation in regards to mechanical strength (Lee et al., 2014b). The main influence on 

whether a needle (Rad et al., 2021) array could suitably penetrate the vascular tissue is the 

aspect ratio of the needles. Lee et al. performed a study based on the method previously 

discussed (Choi et al., 2013) to test the optimal aspect ratio of needles. Needles with aspect 
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ratios (AR) of 1.5, 3.5 and 7.0 were tested via an insertion test and the results showed that 

lower AR needles although able to penetrate the tissue, resulted in large tissue damage not 

suitable to vascular delivery while higher AR arrays were unable to adequately penetrate the 

tissue. It was found that arrays with an AR of 3.5 was suitable for penetration while minimizing 

the tissue damage making this most suitable for vascular delivery (Lee et al., 2014b).  

2.3.1.3 Etching based printing 

Etching is a process whereby material is removed from an already existing scaffold or wafer 

to create a controlled and specific geometry. Stoeber and Liepmann used a combination 

method of fabrication using photolithography and two types of etching. This method was able 

to produce sharp tipped hollow needles with a height of 200 µm and a lumen diameter of 40 

µm (Stoeber and Liepmann, 2000). Yang and Zahn used a reactive ion etching system to 

design silicon microneedles which were then used to assess the effect of vibrational force on 

needle insertion properties (Yang and Zahn, 2004). This system of etching uses a chemically 

reactive plasma to remove specific material from the surface of an existing wafer until the 

desired shape is created. Another variety of etching processes is the wet etching process. 

This process involves the use of KOH as the etching material (Wilke et al., 2005). Shakya et 

al. fabricated stainless steel microneedles using a wet etch process, these microneedles were 

fabricated to be 700 µm in height and each array contained 57 individual needles (Shakya et 

al., 2019).  

2.3.1.4 Laser mediated printing 

The laser cutting method is mainly utilized in fabricating polymer based or metal microneedles. 

A computer aided design system is utilized in designing the correct orientation and dimensions 

of the microneedles. The needles are cut by the laser in a 2 dimensional (2D) form onto a 

metal sheet and then bent at 90⁰ to create a 3 dimensional (3D) structure (Damiri et al., 2022). 

Banks et al. used a laser cutting technique to fabricate stainless steel microneedles for 

transdermal applications using an infrared laser. The fabricated needles were 750 µm in 

length, had a base width of 180 µm and a less than 1 µm tip diameter (Banks et al., 2010). 

Martanto et al. used a similar method and produced arrays of 105 needles with a base 

dimension of 50 by 200 µm, and a height of 1000 µm (Martanto et al., 2004). Due to these 

needles being synthesized from stainless steel they would not be an ideal candidate for 

vascular drug delivery as they may cause vascular irritation and will also require surgery for 

implantation as well as removal. Laser ablation is a similar laser technique utilized frequently 

in the fabrication of polymer or metal based microneedles. This technique, unlike laser cutting, 

engraves the plate into 3 dimensional microneedle plates (Damiri et al., 2022). Nejad et al. 

used a CO2 laser ablation technique to fabricate microneedle molds. This study used a specific 

2D geometric pattern of lines traced by the laser, these lines overlapped at certain points and 
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due to this the laser passed over these points more frequently resulting in a greater depth of 

ablation. These overlapped areas are what created the needle geometry in the mold (Nejad 

et al., 2018).  

2.3.2 Micro-molding based method of MN array fabrication 

Micro-molding techniques are far more common in the microneedle field as they are less 

costly, reproducible and simpler to fabricate than printed needles (Lee et al., 2020a). Molding 

techniques do however have the disadvantage of being difficult to customize MN properties 

and alter needle parameters.  Many mold based methods incorporate some form of printing in 

the development of the master mold but this process is a once off rather than a continuous 

method of production.  

2.3.2.1 Solvent casting 

The process of solvent casting involves dissolving of the required medium into solution which 

is filled into the mold then allowing the solvent to evaporate leaving behind a film like solid. 

This method is popular with many polymeric scaffolds and has also been frequently used to 

fabricate biocompatible microneedle arrays. Solvent casting is most frequently utilized when 

fabricating with polymer materials such as alginate (Bonfante et al., 2020; Guimarães et al., 

2022; Zhang et al., 2018a), PVP (Su et al., 2023), hyaluronic acid, cellulose derivatives 

(Bonfante et al., 2020), PVA and PLGA (Arsalan Abu-Much et al., 2022).  

Amongst the research reviewed for this paper it was shown that alginate is frequently used for 

solvent casting methods, however pure alginate lacks the mechanical strength required for 

needle penetration into the skin and therefore various measures have been taken to 

circumvent this shortcoming such as crosslinking (Zhang et al., 2018b; Zhou et al., 2022) or 

combination polymer solutions (Guimarães et al., 2022).  

Zhang et al. was able to successfully fabricated MN made of alginate however stable needles 

possessing adequate strength was only possible when crosslinking was combined with the 

addition of another polymer with crosslink only arrays showing significant shrinkage in 

comparison to the mold as well as not possessing the mechanical strength to penetrate the 

skin (Zhang et al., 2018b). Zhou et al. looked at the different gelling methods for alginate based 

formulations and resulted in a similar conclusion, alginate crosslinked with Ca2+ showed 

irregular formation but when combined with another gelling agent, in this case D-(+)-glucono-

1,5-lactone, the arrays were uniformly structured with little crinkling and shrinkage (Zhou et 

al., 2022).  

Bonfante et al. demonstrated the comparison between various polymers and concentrations 

using a PDMS mold technique. Polymers evaluated in this comparison were alginate, 
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hyaluronic acid and carboxymethyl cellulose. MN arrays were evaluated based on physical 

structure, in particular the tip sharpness, and piercing ability. This study showed promising 

results for HA and CMC however the alginate arrays were found to be brittle and had a poor 

needle structure (Bonfante et al., 2020).  

These studies all show signs of alginate being a poor candidate for MN synthesis without 

alteration, however alginate is frequently used for vascular drug delivery due to its compatibility 

and ability to contain and deliver sensitive molecules like proteins (Gu et al., 2004) Although 

alginate MN have not been very successful in the past this polymer is of interest for vascular 

drug delivery as it possesses the ability to encapsulate and deliver proteins and other sensitive 

molecules (Gu et al., 2004). 

Arsalan et al. and Lee et al. both used PLGA but of varying ratios (80:20 and 50:50). Arsalan 

et al. used a straightforward casting-mold technique by casting a PLGA solution onto a PDMS 

mold and kept overnight, this method produced quadrangular pyramid needle tips with a 

flexible back due to the addition of glycerol as a plasticizer (Arsalan Abu-Much et al., 2022). 

These arrays were able to withstand a force of 20 N applied by patients required for dermal 

insertion.  Lee et al. used a silicon mold but a more complex fabrication method using multiple 

steps including etching, deposition and lithography. Arrays produced had variable heights 480, 

640 and 780 µm (Lee et al., 2017).  

PVP and PVA are also frequently used in mold based microneedle synthesis (Coyne et al., 

2017; Su et al., 2023; Tang et al., 2018). Su et al. used PDMS molds and a PVP solution and 

then loaded with a drug. Coyne et al. used a combination of PVP and PVA and a PDMS mold 

for the fabrication of microneedles. Tang et al. used PVA alone to produce polymer based 

needles. PVP has been approved and used as a plasma volume enhancer for trauma victims 

and PVA is frequently used for scaffolds and grafts due to its biocompatibility (Coyne et al., 

2017). PVA and PVP combination needles produced needles with a height of 600 µm, a base 

width of 200 µm and a tip diameter of 10 µm, these measurements were used as they have 

showed a low aspect ratio that has been proven to improve mechanical strength. The needles 

were able to withstand a compressive force of approximately 5.6 N (Coyne et al., 2017). PVA 

only needles had a mechanical strength of 2 N per needle in the array and dimensions of 600 

µm (height), 300 µm (base width) and 5 µm (tip diameter). PVP alone needles, were not 

evaluated for mechanical strength or formulated dimensions but the mold used had a needle 

height of 300 µm and a base width of 300 µm (Coyne et al., 2017).  

Mold based fabrication methods have a wider variety of suitable materials which is of great 

significance when looking at vascular applications of microneedle arrays as the vascular 
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system is highly sensitive and requires special precaution to be taken when introducing foreign 

bodies.   

2.4 Conclusion 

Although many types of microneedles have been created for different dermal applications, not 

all of these are suitable for vascular applications as the vascular system is an internal body 

system without easy access. This nature of vascular tissue largely rules out the usage of solid 

and hollow microneedles. It is evident from current trends in literature that although printing 

methods provide a new avenue of microneedle fabrication which could allow easier alterations 

to a design, the precision offered and materials suitable for such are often not suitable to 

vascular delivery. Mold based microneedle fabrication techniques are far more adaptable in 

terms of the materials that can be used and are therefore more likely to be able to be used to 

fabricate microneedles for vascular applications.  

Overall, microneedles provide an interesting newly developing field to be explored for the 

progression and advancement of the treatment of vascular diseases with the potential to 

enhance patient outcomes and reduce the immense disease burden cardiovascular diseases 

currently possess.  
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Chapter 3 Formulation and design of microneedle arrays for vascular applications 

3.1 Introduction 

Microneedles can be easily and vastly modified via the use of different materials and 

fabrication methods to acquire detailed and specific needle structures to suit their wide variety 

of applications. Features such as needle height and diameter, array size, needle pitch and 

needle aspect ratio can all be altered to ensure optimal needle structure for drug delivery (Lee 

et al., 2019).  

Various MN technologies have been proposed for the adequate delivery of therapeutic agents 

in the vascular system. Many of these are to address intimal hyperplasia or for the more 

precise delivery of current therapeutics such as beta blockers (Zhou et al., 2021). It has been 

found that a greater degree of flexibility is required for vascular delivery than is for dermal 

delivery due to the curved nature of the blood vessels and tissue structures (Lee et al., 2017). 

Vascular MN delivery also has a more limited material base, as it is unlikely that non-

degradable substances be placed into the vasculature as they would require additional 

invasive surgery to be removed. The vascular system is also particularly sensitive to foreign 

material due to the white blood cells causing immune response and therefore the materials 

used for these MN arrays have to be very carefully selected.  

3.2 Formulation Considerations 

When fabricating an implantable microneedle array, material considerations are of vital 

importance as the materials utilised need to be of sufficient mechanical strength to form 

microneedles as well as be safe for use in tissue without significant negative biologic response 

such as inflammation or apoptosis. The type of microneedle to be developed also has a 

significant impact on material selection as each type of needle has specific requirements and 

fabrication techniques that cannot be met by all materials, for example materials that are 

thermo-sensitive cannot be utilised in many printing techniques as the exposure to heat 

required by the method would potentially alter the chemical properties and material strength 

of the selected polymer (Choi et al., 2012; Lee et al., 2019).  

Most frequently the microneedles used for implantation devices are polymers due to the need 

for these devices to dissolve and not need to be removed or to create medical sharp waste 

(Indermun et al., 2014). These polymers are either natural or synthetic with natural polymers 

being used more frequently. Commonly used natural polymers include carbohydrate based 

polymers such as well as derivatives of cellulose including carboxmethylcellulose (CMC) 

which have been utilised in the fabrication of degradable or coated MNs (Cholkar et al., 2017).  
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Other common polymers used for MN fabrication include chitosan, hyaluronic acid (HA), 

alginate, silicon, polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP). A polymers 

biocompatibility is evaluated based on its ability to mitigate the body’s immune response to a 

foreign body presence. Due to the nature of the array sought to be designed in this study 

(vascular) the material consideration is of great significance as the blood carries 

immunoresponsive materials and would therefore be quick to react to foreign bodies. 

Polymethyl methacrylate (PMMA) and polycarbonate (PC) have been shown to restrict the 

foreign body response and therefore have been utilised in many medical disciplines despite 

their synthetic nature (Cholkar et al., 2017).  

Drug loading of microneedles can be done via various mechanisms. One common method is 

the incorporation of drug molecules directly into the microneedle material matrix (Huang et al., 

2022). The method of drug incorporation chosen is influenced by the type of materials to be 

used in the fabrication process, the type of drug to be loaded, type of release profile required 

and the fabrication method.  

Although individual polymers may not always provide the exact physical properties needed for 

MN fabrication, often a combination of polymers and other additives may be used to enhance 

the physical properties of the resultant polymer blend (Calori et al., 2020; Cholkar et al., 2017). 

Auxiliary polymers may be added for numerous functionality reasons such as plasticizing 

agents, viscosity enhancers or additional compressive and tensile strength (Calori et al., 2020; 

Cholkar et al., 2017). Microneedles particularly for vascular drug delivery are required to be 

flexible as they need to be able to be fitted to the cylindrical shape of the vessel wall whether 

applied perivascularly or intravascularly.   

In light of these considerations, the polymers selected for further testing were, sodium alginate, 

low molecular weight chitosan, polyvinyl alcohol and hydroxypropyl methylcellulose. Sodium 

alginate has been frequently used for biomedical applications due to its, non-toxic, 

biocompatible, non-immunogenic, and antimicrobial properties. Chitosan is the most abundant 

natural occurring polymer possessing, biocompatible, biodegradable and nontoxic 

characteristics. Although chitosan is sensitive to water its pKa of 6.5 makes it practically 

insoluble at body pH allowing for a controlled release system to be designed. The biggest 

disadvantage of using natural polymers to design scaffold-like structures such as 

microneedles is the lack of mechanical properties that these materials possess. It is for this 

reason that additional polymers and cross-linkers were evaluated. PVA and was chosen to 

enhance the mechanical properties of chitosan as it exhibits good mechanical strength and 

biocompatibility. Both PVA and HPMC are hydrophilic polymers which was hypothesised to 
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increase the solubility of the chitosan scaffold within body tissue to allow for degradation to 

occur (Calori et al., 2020).  

3.3 Materials 

Biopolymers and pharmaceutical materials comprising of sodium alginate, polyvinyl alcohol 

(PVA) (MW=89,000-98,000 g/mol), chitosan (low molecular weight, 30 cp, 1 wt. % in 1 % 

acetic acid (25 °C, spindle LV1 Brookfield)(lit.) and hydroxypropyl methylcellulose (HPMC) 

(Mw=806.937 g/mol), were procured from Sigma-Aldrich (Missouri, USA). Ferric chloride 

dehydrate, ethylenediaminetetraacetic acid (EDTA) disodium and calcium chloride 

hexahydrate was procured from LabChem (Founder's hill, Johannesburg, SA). Microneedle 

(MN) moulds (patch size 8x8 mm, array 10x10, needle pitch 500 µm, height 300 µm, base 100 

µm) were purchased from DLD Scientific (Durban, South Africa), manufactured by MicroPoint 

Technologies (Singapore).  

3.4 Design Concepts and Prototyping 

As discussed in the previous chapter, microneedles can be fabricated using a variety of 

methods that each possess their own advantages and disadvantages. For this study it was 

determined that the most suitable method for fabrication on a small scale for prototyping would 

be a micro-moulding approach as this is a simple method with pre-developed moulds of 

varying specifications that allow for use of a variety of polymer bases without requiring 

significant method redevelopment. With the micro-moulding fabrication technique, the 

selected mould is largely responsible for the geometry of the resultant microneedle arrays and 

thus it is of vital importance to select a suitable mould size and shape.  

Parameters that need to be considered when designing a microneedle array include 

specification of the needle geometry which includes the needle height and aspect ratio as well 

as the needle pitch and shape (Johnson et al., 2016). These geometries are determined by 

the mould dimensions and therefore needed to be considered before selecting the most 

appropriate mould for this study. The needle height along with the strength of the material 

determines the penetration depth of the microneedle array. With regards to dermal insertion 

the needle height influences the pain inflicted with needle heights <1000 µm demonstrating 

painless insertion (Demir et al., 2013a). This, however, is not as influential of a factor for 

vascular delivery with more emphasis being placed on the needle size that minimizes the 

tissue damage as well as the specific layer of vascular tissue to be targeted.  

Vascular tissue ranges in thickness from 1500 to 40 µm depending on the type and location 

of the vessel (Camasão and Mantovani, 2021). In order to minimize tissue damage it would 
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be best for microneedles to not penetrate entire vessel structures as this could cause micro-

bleeds as well as a loss of vessel integrity (Lee et al., 2021, 2017). For this reason, the needle 

height needs to be carefully selected based on the chosen vessel for application. As bioactive 

molecules could diffuse through tissue layers the ideal height for microneedles for drug 

delivery into the medial layer of vascular tissue may not necessarily have to penetrate the 

medial tissue layer. It was thus decided that a microneedle of height 300 µm was a suitable 

size mould to utilize for the prototyping undertaken in this study.  

 In order to find the most suitable formulation and method of fabrication various polymer blends 

and concentrations were tested as outlined in the tables below. The sodium alginate and 

chitosan MN array formulations were optimised separately.  

The chitosan formulation was altered in the concentrations of the various solutions as well as 

whether dissolution should take place individually, prior to combination or if polymer powders 

should be mixed before dissolution.   

Different cross-linkers were evaluated for the cross-linking of sodium alginate at varying 

concentrations to establish the most appropriate cross-linking system, as described in the 

table below. The cross-linkers tested were calcium and magnesium, both divalent ions.   

3.5 Results and Discussion 

From the preliminary study conducted it was evident that a HPMC concentration of 3.75 %, 

although soluble, was too viscous to be homogeneously combined with other polymers 

whereas the 7.5 % HPMC was not fully solubilised. The 6 % chitosan solution was difficult to 

solubilise and created a resultant polymer solution too viscous to be filled into the silicon 

mould effectively which caused malformed microneedle arrays with barely any tip formed. 

Intermediate concentrations of chitosan also showed poorly formed arrays with many 

samples tearing or having holes when removed from the mould as seen in Figure 3.1and  

Figure 3.2. The higher concentrations of PVA caused an increase in rigidity of the resultant 

microneedle array, and although this may have been reduced when introduced into a biologic 

simulated environment and water uptake took place, these arrays were deemed unsuitable 

due to a lack of initial flexibility when removing the array from the mould as well as when 

evaluated via a mechanical forceps bending test. Findings from this initial study are 

summarised in Table 3.1 below. 

These results led to the lowest concentrations for each polymer being chosen for further 

studies. 



26 
 

The MN array produced from only sodium alginate was poorly formed with shrinkage occurring 

in the mould and needle tips that were bent or non-existent. This led to the consideration of 

potential cross-linkers to enhance the physical properties of the sodium alginate. The cross-

linkers chosen for investigation were both divalent ions, calcium and magnesium chloride 

shown in Table 3.2 and 3.3. 

Figure 3.1 Images of failed alginate polymer MN arrays. 

Figure 3.2 Images of failed chitosan polymer blend MN arrays. 

 

Figure 3.3 Image of selected chitosan (left) and alginate (right) MN array formulations. 

The biggest challenges faced in the design of these microneedle arrays in this study was the 

development of a polymer solution that was able to produce MN arrays with significant strength 

and flexibility while maintaining a low enough viscosity that allowed for successful filling of the 

entire microneedle mould. Another challenge encountered was the selection of the 
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microneedle size as this determines the aspect ratio of the array. The penetrating ability of the 

resultant array is highly dependent on the aspect ratio as a very high aspect ratio has been 

shown to cause needle bending or buckling whereas a low aspect ratio prevents insertion into 

tissue as the needles are not long enough to reach the desired tissue depth. In further stages 

of the development process, it was necessary to ensure that the microneedle arrays produced 

are of a suitable strength for tissue insertion.  
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Table 3.1  Results obtained from the preliminary testing of the chitosan formulation 

 

 

 

Chitosan 

concentration 

%(w/v) 

PVA 

concentration

%(w/v) 

HPMC 

concentration 

%(w/v) 

Results 

1.5  0.75 1.88  Well-formed and flexible MN array 

3.75  HPMC not well incorporated 

7.5  HPMC concentration too high for solubility 

1.5  1,88 Slightly stiff 

3.75 Slightly stiff and HPMC not fully incorporated 

7.5  HPMC concentration too high for solubility 

3  1.88  Slightly stiff array 

3.75 Slightly stiff array with HPMC not fully incorporated 

7.5  HPMC concentration too high for solubility 

3  0.75  1.88  Flexible but not well defined needles 

3.75  HPMC not well incorporated 

7.5  HPMC concentration too high for solubility 

1.5  1,88 Needles not well defined 

3.75 HPMC not well incorporated 

7.5  HPMC concentration too high for solubility 

3  1.88  Needles not well defined and array slightly stiff 

3.75 HPMC not well incorporated 

7.5  HPMC concentration too high for solubility 

6  0.75  1.88  Chitosan too concentrated for needle formation 

3.75  Chitosan too concentrated for needle formation 

7.5  Chitosan too concentrated for needle formation 

1.5  1,88 Chitosan too concentrated for needle formation 

3.75 Chitosan too concentrated for needle formation 

7.5  Chitosan too concentrated for needle formation 

3  1.88  Chitosan too concentrated for needle formation 

3.75 Chitosan too concentrated for needle formation 

7.5  Chitosan too concentrated for needle formation 
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Table 3.2 Results of the preliminary alginate formulation testing with a calcium chloride cross-linker 

Cross-linker 

concentration 

(% w/v) 

Alginate 

concentration 

(% w/v) 

Observations 

0.5 1 Cross-linking too weak; array shrunk upon drying 

2 Cross-linked but still low viscosity for mould filling 

4 Uneven cross-linking; solid parts and non-cross-linked sections 

6 Solid hydrogel too stiff for MN casting 

1  1 Slightly uneven crosslinking but solution too thick for pouring in mould 

2 Uneven cross-linking; solid parts and non-cross-linked sections 

4 Uneven cross-linking; solid parts and non-cross-linked sections 

6  Solid hydrogel too stiff for MN casting 

2  1 Uneven cross-linking; solid parts and non-cross-linked sections 

2 Uneven cross-linking; solid parts and non-cross-linked sections 

4  Uneven cross-linking; solid parts and non-cross-linked sections 

6  Solid hydrogel too stiff for MN casting 

4  1 Uneven cross-linking; solid parts and non-cross-linked sections 

2  Solid hydrogel too stiff for MN casting 

4  Solid hydrogel too stiff for MN casting 

6  Solid hydrogel too stiff for MN casting 

6  1 Solid hydrogel too stiff for MN casting 

2  Solid hydrogel too stiff for MN casting 

4  Solid hydrogel too stiff for MN casting 

6  Solid hydrogel too stiff for MN casting 
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Table 3.3 Results of the preliminary alginate formulation testing using a magnesium chloride cross-linker 

Cross-linker 

Concentration 

(% w/v) 

Alginate 

concentration 

(% w/v) 

Observations 

0.5  1 Cross-linking too weak; array shrunk upon drying 

2  Cross-linking too weak; array shrunk upon drying 

4  Cross-linking too weak; array shrunk upon drying 

6  Cross-linking too weak; array shrunk upon drying 

1  1 Cross-linking too weak; array shrunk upon drying 

2  Cross-linking too weak; array shrunk upon drying 

4  Cross-linking too weak; array shrunk upon drying 

6  Cross-linking too weak; array shrunk upon drying 

2  1 Shrinkage  

2  Uneven crosslinking; shrinkage 

4  Solidified but parts still not crosslinked 

6  Solidified but parts still not crosslinked 

4  1 Solidified but parts still not crosslinked 

2 Solidified but parts still not crosslinked 

4 Solidified but parts still not crosslinked 

6 Solidified but parts still not crosslinked 

6  1 Solidified but parts still not crosslinked 

2 Solidified but parts still not crosslinked 

4 Solidified but parts still not crosslinked 

6 Solidified but parts still not crosslinked 

 

3.6 Conclusions 

In conclusion, through various pre-formulation tests and evaluations, the two most promising 

polymer blend formulations were identified for further exploration and characterisation based 

on the MN arrays ability to be fabricated, removed from the mould as a completed array as 

well as enduring a forceps bending test without breakage. These formulations consisted of a) 

chitosan, HPMC and PVA blend with respective polymer concentrations of 1.5 % w/v, 1.875 
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% w/v and 0.75 % w/v and b) 2% w/v sodium alginate based solution cross-linked with a 0.5 

% w/v calcium chloride solution. These selected formulations displayed good flexibility as well 

as well-formed and sharp needle tips. Additionally, this stage of development allowed for the 

determination of a specific size of MN array which was suitable to the vascular system, 

ensuring uniformity of design in subsequent stages.   
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Chapter 4 Comparative Analysis of EDTA-Loaded chitosan and alginate 

microneedle arrays for calcium chelation in vascular calcification 

4.1 Introduction 

Blood tissue calcification involves the deposition of calcium and phosphate minerals, 

predominantly within blood vessel walls, impacting cardiovascular health (Schweighofer et al., 

2016). Formerly viewed as an aging-related process, it is now recognized as actively 

regulated, akin to bone homeostasis (Wu et al., 2014). Vascular calcification manifests in three 

forms: intimal, medial, and aortic valve calcification (Schantl et al., 2019). Intimal calcification, 

associated with atherosclerosis, poses a risk of vessel rupture, leading to acute coronary 

syndrome and reduced organ perfusion (Schantl et al., 2019; Wu et al., 2014). Medial 

calcification stiffens vessel walls, raising blood pressure and heightening the risk of adverse 

cardiovascular events and mortality (Lei et al., 2013; Shioi et al., 2020). Aortic valve 

calcification, ranging from sclerosis to stenosis, represents a progressive disorder (Freeman 

and Otto, 2005).  

Notably, chronic kidney disease patients are particularly vulnerable to cardiovascular 

morbidity due to vascular calcification (Karamched et al., 2019). Additionally, vascular 

calcification may lead to calcified cerebral embolism, with a significant recurrence rate of 

recurrent strokes (Raghib et al., 2018). Current treatment options, including surgical 

interventions and pharmacological agents like vitamin K and EDTA, aim to address vascular 

calcification (Goel et al., 2020; Schantl et al., 2019). However, EDTA chelation therapy, while 

showing promise, presents significant side effects when administered systemically (Ibad et al., 

2016). Targeted drug delivery approaches offer a potential solution to mitigate these adverse 

effects, providing hope for improved treatment outcomes in vascular calcification management 

(Lei et al., 2014b). 

Microneedle arrays have been shown to be a local delivery system which enhances drug 

permeability in a minimally invasive manner (Lee et al., 2019). As explored in Chapter 2 of this 

dissertation, recent advances in the field have expanded the technology to be utilised in 

various tissues and for many disease states (Lee and Prausnitz, 2018; Lee et al., 2019). These 

recent advances have included the development of MN arrays specifically for vascular drug 

delivery applications, focused mainly on intimal hyperplasia reduction however, the benefits 

of MN technology expands beyond this and could offer and interesting potential for targeted 

drug delivery to sites that are considered difficult to reach (Choi et al., 2013, 2012; Lee et al., 

2019).  
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In this study, two natural biodegradable polymer based MN arrays loaded with EDTA as a 

model bioactive, supported by previous literature in the field (Lei et al., 2014b; Najjar et al., 

2004) were fabricated, for the potential to treat vascular calcification. In the study it has been 

shown that these polymers are capable of forming well defined MNs with suitable mechanical 

properties for vascular drug delivery. It was also shown that these arrays were not harmful to 

the blood system and did not cause excessive apoptosis of red blood cells and in fact 

appeared to reduce the hemotoxicity of EDTA. The loaded bioactive was shown to be released 

from both arrays and permeated porcine venous tissue adequately.  

4.2 Methods and Materials 

4.2.1 Materials 

Biopolymers and pharmaceutical materials comprising of sodium alginate, polyvinyl alcohol 

(PVA) (MW=89,000-98,000 g/mol), chitosan (low molecular weight, 30 cp, 1 wt. % in 1 % 

acetic acid (25 °C, spindle LV1 Brookfield)(lit.) and hydroxypropyl methylcellulose (HPMC) 

(Mw=806.937 g/mol), were procured from Sigma-Aldrich (Missouri, USA). Ferric chloride 

dehydrate, ethylenediaminetetraacetic acid (EDTA) disodium and calcium chloride 

hexahydrate was procured from LabChem (Founder's hill, Johannesburg, SA). Phosphate 

buffered saline (PBS) tablets were procured from Rochelle Chemicals (Electron, 

Johannesburg, SA). Human whole blood was collected into heparin anticoagulation tubes, 

from healthy volunteers (ethical clearance number: M180978). Microneedle (MN) moulds 

(patch size 8x8 mm, array 10x10, needle pitch 500 µm, height 300 µm, base 100 µm) were 

purchased from DLD Scientific (Durban, South Africa), manufactured by MicroPoint 

Technologies (Singapore).  

4.2.2 Methods 

4.2.2.1 Chitosan microneedle fabrication  

A chitosan (1.5 % w/v in acetic acid 1 % w/v), HPMC (1.825 % w/v in deionized water), PVA 

(0.75 % w/v in deionized water) blend was prepared in a 1:1:1 ratio. Each polymer was 

dissolved separately and then combined to ensure homogeneity. Microneedle arrays were 

synthesized using a mold based technique whereby 200 µl of the polymer solution blend was 

cast into a predesigned silicon mold (patch size 8x8 mm, array 10x10, needle pitch 500 µm, 

height 300 µm, base 100 µm) and left to dry for 48 hours at 25 °C.  
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4.2.2.2 Alginate microneedle fabrication 

A calcium chloride (0.5 %w/v in deionized water) cross-linked alginate solution (2 % in 

deionized water), prepared in a 1:2 ratio. The mixture was vortexed to ensure homogeneity 

and complete crosslinking. Microneedle arrays were synthesized using a mold based 

technique whereby polymer solution blends were cast into a predesigned silicon mold (patch 

size 8x8 mm, array 10x10, needle pitch 500 µm, height 300 µm, base 100 µm) and left to dry 

for 48 hours at 25 °C. The concentration and volume of calcium was optimized to produce a 

crosslinked polymer of appropriate viscosity for both mechanical strength and mold filling.  

4.2.2.3 Characterisation of the Fabricated Microneedle (MN) Array using Fourier-

Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was conducted using a Spectrum 100 FTIR Spectrometer (Perkin-Elmer, 

Beaconsfield, BUCKS, UK) to confirm the synthesis of the MNs. Determination of functional 

groups present in the resultant formulation provides an insight into the potential properties 

Figure 4.1Schematic diagram of the formulation process for the alginate and chitosan microneedle arrays 
created using BioRender.com. 
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possessed by the MN array. FTIR was performed on the pure polymers as well as the MN 

formulations to establish its chemical functional groups. Samples were processed at a 

resolution of 4 cm−1
 and were analysed at wave numbers ranging from 650-4000 cm−1. 

4.2.2.4 Evaluation of the surface morphology of the MN array using optical 

Microscope and Scanning Electron Microscopy (SEM) 

The surface morphology and characteristics were evaluated using Scanning Electron 

Microscopy (SEM) (FEI Quanta 400F (Hillsboro, OR, USA)). Morphological analysis allows for 

an evaluation of the detailed needle structure which impacts the penetrating ability of the 

arrays. Samples were gold/palladium-coated for 30 s with an SPI-Module Sputter Coater (SPI 

Supplies, Division of Structure Probe Inc., West Chester, PA, USA) while being mounted on 

the aluminium stub, prior to analysis. 

4.2.2.5 Assessment of the physicomechanical properties of the MN array using 

Texture Analysis 

Mechanical strength of the MNs was determined using a Texture Analyser (TA.XT.plus 

Texture Analyser, Stable Microsystems®, Surrey, UK). An arrays mechanical strength 

determines the force which can be applied to its surface before bending/breaking occurs. This 

force needs to be greater than the required application force in order for successful application 

to occur. A microneedle array was placed on the flat rigid surface of a stainless-steel base 

plate. An axial force was applied using a cylindrical probe 2 cm in diameter, perpendicular to 

the axis of the microneedle. The force was measured when the moving sensor touched the 

uppermost point of the microneedle array. The force-distance graph obtained from evaluations 

yielded the maximum force required for deformation of the MN. A pre-test speed and post-test 

speed of 0.5 mm/s was employed. A trigger force of 0.049 N with a load cell weight of 5 kg 

was used for all tests. A target mode of 10 % strain was used. These test parameters emulate 

the application force to be applied during surgery. 

4.2.2.6 X-Ray diffraction analysis to determine crystallinity of the MN Array 

Powder X-Ray diffraction (PXRD) was employed to detect any changes in crystallinity on a  X-

Ray Diffractometer (Rigaku Miniflex 600, Rigaku Corporation, Matsubara-cho, Akishima-shi, 

Tokyo, Japan). The dry samples were analysed under a continuous scan mode at 15 °/minute 

(Wang, 1994; Guirguis et al., 2012) over the diffraction angle range 5–90 ° (2Ɵ).  
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4.2.2.7 Determination of the thermal behaviour of the MN array using Differential 

Scanning Calorimetry (DSC) 

Thermal analysis of the MN was undertaken employing a Temperature Modulated or 

Advanced DSC (TMDSC/ ADSC) (Mettler Toledo DSC-1 STARe System, Schwerzenback, 

ZH, Switzerland) to assess the thermal behaviour of the formulation. The thermal transitions 

of pure EDTA, chitosan, HPMC and PVA were compared. Samples (2-12 mg) were accurately 

weighed into standard 40 μL aluminium open pans, hermetically closed and pierced. Samples 

were then heated from 0-300 °C. The pans were ramped at 10 °C/min between a temperature 

gradient of 0-300 °C under a constant purge of an inert N2 atmosphere (100 mL/min). Using 

differential scanning calorimetry (DSC) system, the glass to rubber transition of MN base 

materials, delta Cp and melting peak, were investigated. These properties affect the structural 

integrity of the array and are therefore essential to consider in the fabrication process.  

4.2.2.8  Determination of in vitro degradation 

Microneedle samples were prepared as per the fabrication method in 4.2.2.1 and 4.2.2.2 and 

weighed prior to being incubated in a shaker bath in phosphate buffer solution (pH 7.4) for 

various intervals (72, 48, 24, 16, 8 and 1 hours) at 37 °C. The samples were removed at the 

required time point and centrifuged at 15000 rpm for 5 minutes. The supernatant was then 

removed and remaining sample was left to dry for 48 hours before being weighed. The 

percentage degradation was calculated by 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 % = 100 − (
𝑚𝑖−𝑚𝑓 

𝑚𝑖
×100) 

Equation 4.1 below: 

𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 % = 100 − (
𝑚𝑖−𝑚𝑓 

𝑚𝑖
× 100) Equation 4.1 

Where mi is the initial dry mass of the sample in milligrams and mf is the final dry mass of the 

sample in milligrams.  

4.2.2.9 Determination of in vitro water uptake  

Microneedle arrays were individually weighed before being placed into 10 ml of PBS (pH 7.4) 

for various intervals after which the samples were removed, blotted dry on filter paper and 

reweighed. The change in weight was used to determine the percentage water uptake by the 

array as calculated by 𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒% =
𝑚𝑑−𝑚𝑤

𝑚𝑑
× 100 Equation 4.2 below:  

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒% =
𝑚𝑑−𝑚𝑤

𝑚𝑑
× 100 Equation 4.2 
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Where md is the dry mass of the sample in milligrams and mw is the mass of the sample at 

maximum water uptake state in milligrams.  

4.2.2.10 Drug loading and encapsulation via ferric UV-Vis spectrophotometry  

To calculate the amount of EDTA in the formulation, an Ultraviolet Visible (UV-Vis) 

spectrophotometric analysis was conducted.  

A MN sample was weighed and then dissolved in 5 mL of a 0.1 M HCl. Concentration of EDTA 

was assessed using UV-Vis spectroscopy (UV-Visible Spectrophotometer, Varian GmbH, 

Austria) at wavelength λ=272 nm and compared to a calibration curve. Entrapment efficiency 

was calculated using %𝐸𝐸 =  𝐷𝑖 −𝐷𝑓𝐷𝑖×100 Equation 4.3 below, 

%𝐸𝐸 =
𝐷𝑖−𝐷𝑓

𝐷𝑖
× 100 Equation 4.3 

Where Di is the theoretical drug loaded (micrograms) and Df is the entrapped drug evaluated 

from the calibration curve (micrograms). A calibration curve was established by dissolving a 

range of known quantities of EDTA (10 – 50 µg/ml), complexation with a 0.5 mg/ml 

FeCl3solution (0.1 M HCl) and analysing the results on UV-vis (λ=272 nm). 

4.2.2.11 Determination of EDTA release from MN formulations 

The drug release percentage of the EDTA bioactive was evaluated using a flow cell diffusion 

apparatus (PermeGear 7-in-line flow-through diffusion system, PermeGear, Hellertown, USA) 

with a flow rate of 1.5 ml/hour to mimic the effect of in vitro blood flow. MN arrays were placed 

within the cell and the donor compartment was filled with PBS (pH 7.4) to prevent sample 

drying. The apparatus was run over a 24 hour period at 37 °C, with samples of 3 ml (volume) 

being collected for evaluation at 2 hourly intervals. Samples were then quantified by utilizing 

UV-Vis spectrophotometry. 

Percentage release was calculated via % 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =
𝐷𝑅

𝐷𝐿
 × 100 Equation 4.4 below: 

% 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =
𝐷𝑅

𝐷𝐿
 × 100 Equation 4.4 

Where DR is the quantity of EDTA released and DL is the quantity of EDTA encapsulated in 

the formulation.  

4.2.2.12 Collection and storage of venous porcine tissue 

An ethics waiver for the approved use of porcine skin was obtained from the University of the 

Witwatersrand School of animal, plant and environmental sciences (19-05-2022-O) (Appendix 
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1). The porcine venous samples were harvested from animals euthanized for other purposes 

at the central animal unit at the University of the Witwatersrand Medical School. Porcine tissue 

was selected as the porcine model is the most frequently used model for in vitro permeation 

studies due to is anatomical similarity to human tissue (Albl et al., 2016).   

After collection, porcine tissue was immediately placed in phosphate-buffered saline (PBS) 

(pH 7.4) solution and transported to the laboratory within an hour. Excess fat and connective 

tissue were removed, and the specimen were cut into strips. The prepared tissue strips were 

then placed into cryovials, snap frozen in liquid nitrogen (-195 °C) and stored at -70 °C. Any 

samples showing signs of any disease or damage that may influence results was removed 

from the study. The process of cryopreservation is a process in which organelles, cells and 

tissues are preserved by cooling to extremely low temperatures (Jaiswal and Vagga, 2022). 

This process is widely used for the permeability analysis. Studies have shown that the process 

of cryopreservation increases the flux of the preserved tissue and therefore has been a 

method to preserve tissues for permeability analysis (Jaiswal and Vagga, 2022; Keane et al., 

2015). 

4.2.2.13 Determination ex vivo tissue permeation of EDTA from MN arrays using 

flow diffusion cells 

The tissue permeation of the EDTA bioactive was evaluated using a flow cell diffusion 

apparatus (PermeGear 7-in-line flow-through diffusion system (exposed area 0.039 cm2, 

PermeGear, Hellertown, USA) with a flow rate of 1.5 ml/hour. MN arrays were placed onto the 

porcine venous tissue sample (1 cm2) within the cell and then the donor compartment was 

filled with PBS (pH 7.4) to prevent sample drying. The apparatus was run over a 24 hour period 

at 37 °C, with samples of 3 ml (volume) being collected for evaluation at 2 hourly intervals. 

Samples were then quantified by utilizing UV-Vis spectrophotometry. 

The cumulative amounts of EDTA that diffused across the tissue were calculated by using 

𝑄𝑡 = ∑ 𝑉𝑡𝐶𝑡𝑡
𝑖=0   Equation 4.5 below: 

𝑄𝑡 = ∑ 𝑉𝑡𝐶𝑡𝑡
𝑖=0   Equation 4.5 

Where Qt is the cumulative quantities (ng), t (min) is the time period, Vt is the volume (ml) of 

the sample at t and Ct is the concentration of the sample (ng/mL) at t.  

Cumulative curves were constructed using the cumulative quantities at each time point per 

unit of skin surface area exposed (0.0397 cm2), 𝑄𝑡/𝐴  Equation 4.6 below. 

𝑄𝑡/𝐴  Equation 4.6 
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The linear portion of the cumulative graphs were then analysed further to determine the Steady 

state fluxes (Fluxss) via linear regression and the lag time to reach steady state (x-intercept) 

values.   

To ensure tissue integrity was maintained throughout the experiment run, FTIR was run, as 

described in section 4.2.2.3, on the freshly thawed tissue sample as well as the tissue sample 

immediately post experiment. The various bands of the pre and post test runs were compared 

to evaluate the effect that the test process had on the tissue samples.  

4.2.2.14 Determination of in vitro hemocompatibilty 

Samples were placed in 1 ml of fresh human whole blood and incubated for one hour before 

blood was centrifuged at 15000 rpm for 15 minutes to prepare serum samples. Serum samples 

were analysed via UV-vis for the absorbance of hemoglobin (wavelength λ=570 nm). The 

change in absorbance values were recorded and compared with control to determine the 

percentage increase in hemolysis using % 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝑅𝑎−𝑆𝑎

𝑅𝑎
 × 100 Equation 4.7 below:  

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝑅𝑎−𝑆𝑎

𝑅𝑎
 × 100 Equation 4.7 

Where Ra is the absorbance value of the control (untreated blood sample) and Sa is the 

absorbance value of the sample.  

4.2.2.15 Statistical analysis 

The experimental data was analysed by one-way analysis of variance (ANOVA) and two-way 

ANOVA and post hoc tests, or with Student’s t-test for a direct comparison of two groups. All 

tests were run in triplicate. Statistical tests were done using GraphPad Prism 10 software. 

4.3 Results and Discussion 

4.3.1 Fabrication of microneedles (MN) arrays 

Chitosan and alginate were selected as the main polymer components in the formulation of 

these MN arrays due to their biocompatible and biodegradable properties. Both these 

polymers are naturally found polymers and are therefore more suitable for biologic 

applications. These polymers, however, were found to have a lack of mechanical strength 

which prevented needles from being formed and removed without damage from the silicon 

mold. In this light, HPMC and PVA were added to the chitosan formulation for their 

advantageous properties as described in the previous chapter and a calcium chloride cross-

linker was added to the alginate formulation to create stronger polymer blends for improved 
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needle formation seen in Figure 4.2. As shown in Figure 4.1, individual polymers were 

dissolved in their respective solvents before being combined. It was then that EDTA was 

added, and the final solutions cast into the silicon molds. These polymer blends were created 

in larger volumes than were required for individual arrays as only 200 µl was required per 

mold. 

4.3.2 Polymer characterization by Fourier Transform Infrared Spectroscopy 

(FTIR) 

In Figure 4.3, the FTIR spectra for chitosan showed characteristic bands at wavelengths 3285 

cm-1 (N─H stretching), 2870 cm-1 (C─H stretching), residual N-acetyl groups were confirmed 

by bands at 1649 cm-1 (C═O stretching of amide I), 1313 cm-1 (C─N stretching of amide III) 

and 1560 cm-1 (N─H bending of amide II) 1374 cm-1 (C─H deformations), 1150 cm-1  

(asymmetric stretching of the C─O─C bridge) and 1023 cm-1 (C─O stretching) as previously 

reported by literature (Queiroz et al., 2015).  

The spectrum for HPMC in Figure 4.3 revealed bands at 3425, 1372, 2895 and 1051 cm-1 

which corresponded to O─H stretching, O─H bending, C─H stretching and C─O stretching, 

respectively.  

PVA spectrum seen in corresponded with findings from (Mansur et al., 2008) with peaks being 

observed at 2907 cm-1 (alkyl C─H stretching), 3281 cm-1 (O─H stretching), 1714 cm-1 (C═O 

stretching of the acetate group) and 1087 cm-1. 

EDTA disodium characteristic peaks as reported by (Baykal and Toprak, 2007 and Lanigan 

and Pidsosny, 2007) at 3519 cm-1 and 3379 cm-1 corresponding to O─H and N─H stretching, 

respectively and peaks at 1671 and 1610 cm-1 showing the free carboxylic acid groups. 

a)  b)  

Figure 4.2 a) SEM image of single needle within the array, and b) fabricated MN array. 
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Sodium alginate FTIR spectrum revealed bands at 3240 cm-1 (O─H stretching), 1594 and 

1406 cm-1 (symmetrical and asymmetrical carboxylic salt stretching, respectively) and 1050 

cm-1 (C─O stretching).   

 Figure 4.3 FTIR spectra of chitosan formulation arrays and pristine polymers. 
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Upon investigation of the FTIR spectra as shown in Figure 4.3 for the chitosan MN array 

formulations and its components before and after combination and the addition of EDTA it was 

shown that whilst resembling the spectrum for the main parent polymer (chitosan) molecular 

changes did occur that can be contributed to the addition of the other polymers. Unloaded 

chitosan blend arrays display a broad peak at 3344 cm-1 owing to the O─H stretching of the 

HPMC moiety, 2915 cm-1 as a result of the C─H stretching of the PVA moiety and a peak at 

1651 cm-1 indicating residual N-acetyl groups from the chitosan moiety. Additionally, EDTA 

loaded chitosan arrays display an increased intensity of peak 1578 cm-1 due to the EDTA 

interaction (COO-) (1400 cm-1) at the NH3+ site (1600 cm-1) of the chitosan moiety (Singh et 

al., 2012).  

Figure 4.4 FTIR spectra of alginate formulation and pristine powders. 
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Upon examination of the FTIR spectrum for the alginate MN formulation before and after 

crosslinking shown in Figure 4.4 it is evident that a change at the molecular-level occurred in 

response to the crosslinking process. From the two spectra, the most notable distinction 

observed is an intense absorption band shift of the -COO- groups, which have shifted from 

1594 cm-1 to 1610 cm-1 and from 1406 cm-1 to 1407 cm-1. Additionally, there is a broadening 

and reduction in intensity, as depicted in Figure 4.4. This implies a robust interaction between 

Ca2+ and the carbonyl bond (C=O) in the carboxyl functional groups of alginate, confirming the 

successful crosslinking. A notable similarity was reported by (Li et al., 2016) wherein a  

crosslinked alginate network was produced by an interaction Ca2+ to evaluate the effects of 

A B 

C D 

Figure 4.5 SEM images of individual alginate needle (A), alginate microneedle array (B), individual chitosan 
needle (C) and chitosan microneedle array (D). 
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calcium concentrations on the gelation process of alginate films. EDTA loaded sodium alginate 

arrays display a new peak at 3028 cm-1 as a contribution from the EDTA moiety. These 

features are indicative of successful incorporation of EDTA. 

4.3.3 Examination of MN array using Scanning Electron Microscopy (SEM) 

SEM images revealed well defined and formed square-based pyramidal needles with sharp 

tips to allow for easier penetration into vessel layers without causing significant tissue trauma 

and injury (Lee et al., 2020a). The uniform structure of both the alginate (Figure 4.5 B) and 

the chitosan (Figure 4.5 D) arrays demonstrates optimal mold formulation. The uniformity of 

materials within each individual needle as pictured in Figure 4.5 A and C, demonstrates 

successful blending and drug incorporation within the formulation process. Furthermore, the 

SEM images verified the presence of sharper tips and a smoother surface for the alginate 

arrays.  

4.3.4 Texture Analysis evaluation of the MN array  

The penetrating ability of microneedle arrays is of paramount importance when designing a 

drug delivery system of this nature (Demir et al., 2013b). In order for successful penetration of 

dermal tissue to take place microneedle arrays are required to possess a strength equivalent 

to between 0.08 and 3.04 N per needle (Lee et al., 2020d; Zhu et al., 2016). Texture analyser 

data for all synthesized arrays showed in Table 4.1 above, that all needle arrays were able to 

withstand sufficient force per needle without any breakages being observed upon scanning 

electron and light microscopy. This demonstrates that all arrays possess a mechanical 

strength required for insertion into the blood vessel wall. 

 

 

 

 

 

 

 

 

Figure 4.6 Schematic of the texture analyser setup for measurements of mechanical strength of the MN arrays. 
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Table 4.1 showing total maximum force as well as force per needle each microneedle array was able to withstand 
without breakage 

 

 

 

 

Figure 4.8 Schematic diagram showing the application of MN arrays to various surfaces mimicking human vessel 
tissue for penetration ability testing. 

 
Total max force (N) Force per needle 

(N) 

Chitosan MN with EDTA   33.847 0.338 
Chitosan MN with no EDTA 33.694 0.337 
Alginate MN  with EDTA 34.492 0.345 
Alginate MN with no EDTA 34.516 0.345 

Figure 4.7 Manual penetration test of a) chitosan MN array and b) alginate MN array in agar gel. 
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Figure 4.9 Light microscopy images of penetration testing in Parafilm M layers after a 30 N application force. a) 
chitosan MN array, all layers, b) chitosan MN array layer 1, c) chitosan MN array layer 2, d) alginate MN array all 
layers and e) alginate MN array layer. 
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 Figure 4.10 SEM images of MN post force application showing needle deformations. 
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4.3.5 Powder X-ray Diffraction analysis of the polymeric blends  

The PXRD diffractogram of the pristine compounds were first analysed and then compared to 

that of the alginate and chitosan loaded arrays as shown in Figure 4.11 below. The diffraction 

pattern of sodium alginate showed a semi-crystalline structure with two peaks at 2θ equals to 

22.1 °C and 38.4 °C. The diffraction pattern of EDTA disodium, however, contained sharp 

narrow peaks, pointing to their crystalline structure. 

Figure 4.11 XRD diffractograms of alginate MN arrays and components (above) and chitosan MN arrays and 

components (right). 
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After combining these, the produced EDTA loaded alginate array displayed an amorphous 

diffraction pattern. The diffraction pattern corresponded to sodium alginate and displayed two 

peaks at 2θ equals to 21.4 °C and 45.1 °C as well as an amalgamation of overlapping peaks 

between 20 – 30 °C which could be attributed to the addition of the more crystalline EDTA 

disodium. The XRD spectra of pristine compounds used in the chitosan formulation revealed 

a semi-crystalline structure for both chitosan and PVA but a more amorphous structure of 

HPMC. The combination array produced peaks similar to that of the main component, namely 

chitosan, but showed a broader peak at approximately 20 °C due to the interactions of both 

the other polymer components (HPMC and PVA) as well as the addition of EDTA disodium. 

Due to the more amorphous nature of the sodium alginate in comparison to the chitosan, the 

alginate arrays show a more amorphous diffraction pattern and this could correlate to the 

alginate arrays quicker degradation rate (Hideno, 2016).  

4.3.6  Differential Scanning Calorimetry (DSC) analysis of the polymeric 

blends 

 The DSC findings regarding the chitosan array loaded with disodium EDTA (Figure 4.13) 

showed 3 thermodynamic events all of which were endothermic events. The first of these 

occurred at 97.33 °C is assigned to the loss of molecular water, the second at 189.54 °C is as 

a result of melting of the PVA component within the system and the third, occurring at 243.72  

Figure 4.12 DSC thermograms of alginate MN formulation and pristine polymers. 
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°C represents the decomposition of the EDTA within the system. Peaks were observed at 

similar temperatures as event one and two for the unloaded chitosan arrays. 

Table 4.2 DSC peaks of the pristine powders and their corresponding thermal event 

Figure 4.13 DSC thermograms of chitosan MN formulation and pristine polymers. 

Sample Peak 
Temp 
(°C) 

Corresponding 
thermodynamic event 

Sodium alginate 156 Dehydration 

234 Decomposition 

EDTA disodium 183 
244 

Dehydration 
Decomposition 

Chitosan 101 Dehydration 

HPMC 85 Melting  

PVA 42 Glass transition 

190 Melting 
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4.3.7 In vitro degradation of alginate and chitosan MN arrays 

As shown in Figure 4.14, after 72 hours, the chitosan arrays were 95.92 % degraded whereas 

the alginate arrays had completely degraded by this time. Alginate based arrays degrade at a 

quicker rate than chitosan arrays and therefore make them better suited for dissolvable MN 

formulations whereas chitosan arrays may be beneficial for longer release formulations with 

the incorporation of  auxiliary polymers as the arrays maintained their structure beyond the 72 

hour testing period. Although alginate arrays are not completely degraded prior to the 72 hour 

time point, they do not maintain an intact array structure for more than a few minutes and are 

fully dissolved at the one hour time point and can only be separated from solution using 

centrifugation. 

Figure 4.14 72 hour degradation profile of EDTA loaded alginate and chitosan MN arrays. 

4.3.8  Water uptake analysis of the MN array  

Water uptake is an essential part of this system as the array would need to take in water in 

order for EDTA to be released to permeate the tissue. Water uptake also contributes to the 

degradation of the arrays. Chitosan-EDTA MN arrays have a maximum water uptake at 10 

minutes with an uptake ratio of 3071.62 % when compared to the initial dry mass of the 

sample. The blank chitosan samples reached maximum water uptake in half the time and 

possessed a water uptake ratio of 4064.56 %. This shows that by the addition of EDTA 

disodium into the formulation, the water uptake ability of the polymer base is reduced. This 

decrease in the water uptake percentage could be attributed to the strong interaction between 

the -NH3 groups of the chitosan and the -OH and -COOH groups of the EDTA molecule. This 

strong interaction results in a more densely linked complex with a decreased void space. It is 

this void space that is occupied with water during water uptake and with less void space, less 

water is able to be taken into the polymer matrix (Singh et al., 2012). Similar outcomes were 

observed with the alginate based arrays. EDTA loaded arrays reached peak water uptake of 
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362.53 % of original mass within one minute, whereas unloaded arrays took longer to reach 

peak water uptake (two minutes) but had a max water uptake ratio of 2515.10 %.  

Seeing as these included polymers and co-polymers possessing the ability for such great 

water uptake (Siepmann and Peppas, 2012) it is possible that the mechanical strength of the 

MN array will be reduced, however with the presence of EDTA being a minimizing factor in 

terms of water uptake, it may lead to only a plasticizing effect being had on the arrays, making 

them more flexible and conforming to vascular tissue structure. This conformation would aid 

in vascular delivery as stiff materials have been shown to increase the likelihood of intimal 

hyperplasia development (Kim et al., 2017). 

4.3.9 EDTA loading and encapsulation 

During initial fabrication stages, various w/v concentrations of EDTA were evaluated for both 

polymer arrays. Concentrations evaluated ranged from 1 mg/ml to 30 mg/ml. It was found that 

higher concentrations of EDTA in the chitosan array produced brittle MNs which were 

unusable whereas with the alginate array an increase in EDTA created a more pliable and 

usable MN array.  

Figure 4.15 Calibration curve of Fe-EDTA at concentrations 10, 20, 30, 40 and 50 µg/mL. 

  

It was found that chitosan microneedle arrays possessed a maximum loading capacity of 400 

µg of EDTA, as higher EDTA concentrations resulted in mechanical failure of the array due to 

the brittleness of the formulation.  
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A loading efficiency of 85.12% (±1.1) was recorded for the chitosan array, translating into a 

loaded drug weight of 340 µg per array. In comparison, due to the nature of the crosslinking 

of the alginate formulation, the alginate array possessed a larger loading ability of EDTA. Each 

alginate array was able to be loaded with 2000 µg of EDTA, however loading efficiency 

showed a very low percentage of 48.29% (±2.4) equating to 965.8 µg of EDTA. This is 

potentially due to EDTA’s ability to erode the calcium crosslinks formed, as seen in Figure 

4.17, within the alginate structure resulting in free calcium being chelated by the EDTA prior 

to complete release as described in Figure 4.16 and Figure 4.17 below (Delaney et al., 2010).  

Although EDTA forms a more stable complex with Fe3+ than Ca2+ (Corsello et al., 2009), its 

bound state prior to the addition of ferric chloride prevents favourable bonding and therefore 

EDTA was unquantifiable by previously discussed ferric chloride quantification method utilised 

in this work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 schematic diagram providing the process of cross-linking sodium alginate by calcium chloride. 
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Figure 4.17 schematic diagram providing the reversal process of cross-linking sodium alginate by calcium chloride 
in the presence of EDTA. 
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4.3.10 In vitro release of EDTA from alginate and chitosan MN arrays 

Both the chitosan and alginate arrays exhibit similar release profiles for the initial 6 hours (as 

shown in Figure 4.18 consistent with findings reported in previous studies of alginate MN 

arrays (Tiraton et al., 2022; Yu et al., 2017). Subsequently, the release profile of the alginate 

MN array accelerates, reaching steady-state flux with continuous release up to 24 hours.The 

release rate of EDTA from the chitosan MN array however decreased after 6 hours with a 

much lower cumulative release amount compared to the alginate array in line with 

observations made by other researchers (Wei et al., 2022). 

This can be attributed to how the arrays breakdown over time due to the reversal of calcium 

crosslinking upon the addition of EDTA, as the alginate array is dissolved almost immediately 

resulting in a quick release of EDTA which then steadily permeates through the tissue sample 

(Tiraton et al., 2022).  

Conversely, the chitosan array degrades slower and therefore EDTA is released from the array 

at a more gradual rate and then permeates through the tissue (Wei et al., 2022). These 

findings align with the observed differences in release profiles between the two arrays in our 

study. 

The alginate MN array shows greater cumulative release amount for EDTA due to its higher 

loading capabilities as mentioned above, however, when compared to initial loading of the 

array, chitosan arrays display a 92.57 % (±10.15) cumulative release efficacy at 24 hours with 

the alginate array displaying a lower cumulative release efficacy, the released drug amount in 

relation to the loaded drug amount percentage of 81.71 % (±8.66).  

Figure 4.18 Percentage EDTA released over a 24 hour period in PBS (pH 7.4) at 37 °C. 
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4.3.11 Ex vivo assessment of EDTA diffusion across excised porcine venous 

tissue 

Up until time point 480 minutes, both arrays display similar permeation values, as illustrated 

in Figure 4.19 below. After this point, the permeation of the alginate arrays increases rapidly, 

while the permeation of the chitosan array remains constant.  

There are numerous factors which impact the permeability of a drug molecule including the 

molecule size, shape, lipophilicity and the pH of the test system. Additional interactions 

between the tissue membrane and elements of the formulation could also impact the 

permeability. EDTA at a pH of 7.4 has a molecular charge of negative 3 although when 

considering the addition of calcium ions in the alginate formulation which would bind to the 

free EDTA, the charge will change to a more neutral compound which will enhance the cell 

permeability due to the negative charge within the cell.  

Figure 4.19 The diffusion kinetics of EDTA for the alginate and chitosan arrays across excised porcine venous 
tissue. 

The difference in permeability in this study may be contributed to the rapid dissolution time of 

the alginate array in comparison to the chitosan array. The almost complete degradation of 

the structure of the alginate array within the first few hours as seen in the degradation study 

results in the EDTA molecules being more readily available to permeate the membrane 

whereas the incomplete dissolution of the slower release chitosan array would prevent all the 

loaded EDTA from permeating the membrane. Although chitosan is a permeation enhancer 

and one would expect to find it having a higher permeation than the alginate arrays, the 

incomplete dissolution of the formulation would hinder the polymers ability to influence the 

membrane (Sadeghi et al., 2008). EDTA itself is a known membrane destabilizer and may aid 
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in its own transport across the membrane due to the increase in paracellular permeability 

(Dahlgren et al., 2021).  

The flux and lag phase of the graphs were calculated via linear regression of the linear portion 

of the graphs (360 – 1080 minutes for the alginate array and 960 – 1200 minutes for the 

chitosan array) to be 55299 ng/cm2/minute and 180 minutes respectively for the alginate 

arrays and 18713 ng/cm2/minute and 215 minutes respectively for the chitosan arrays. Flux is 

described as the amount of bioactive passing through the membrane per unit area into the 

receptor chamber per unit time, expressed in units of mass/area/time. The calculated flux 

values indicate that the alginate array had a much higher permeability in comparison to the 

chitosan array. The lag time represents the delay from onset of permeation to the time at which 

steady state is reached. Both formulations have similar lag times indicating that they reach 

steady state between 3-3.5 hours.  

The pre and post-test FTIR evaluation as shown in Figure 4.20 below, indicate no significant 

changes in the absorption bands between the two FTIR spectra showing that the interaction 

of the formulations did not alter the makeup of the tissue and tissue integrity was maintained.  

Figure 4.20 FTIR spectra of tissue samples before and after the permeation study was run. 
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4.3.12 Evaluation of calcium chelating ability of array 

Although maximum calcium chelating ability based on drug loading for the chitosan and 

alginate arrays are 112.2 µg and 318.8 µg respectively, actual calcium chelating ability of both 

alginate and chitosan arrays, shown in Figure 4.21 Mass of calcium that can be chelated over 

time based on EDTA release. Figure 4.21 was determined based on drug release data and a 

molar ratio of 1:1 (EDTA:CaCl2) (Nkuna et al., 2022).  

Figure 4.21 Mass of calcium that can be chelated over time based on EDTA release. 

4.3.13 Evaluation of In Vitro Hemocompatibility of the MN arrays 

EDTA has been shown to cause an increase in hemolysis by between 45.7(±33.4) and 

55.4(±34.7) percent and this creates a challenge when using EDTA as a bioactive (Witeska 

and Wargocka, 2011). However, results shown in Figure 4.23 when compared to Figure 4.22 

showed minimal hemolysis. Further UV-vis analysis of the results of the hemocompatibility 

study performed show that both formulations of EDTA loaded MN arrays showed a decrease 

in hemolysis in comparison to respective doses of unloaded EDTA disodium MN arrays, with 

the alginate needles showing a 115.07% decrease in hemolysis and the chitosan a 36.46 % 

decrease. This proves that the MN array dosage form has the potential  

Figure 4.22 Colour chart used in the detection of heamolysis showing heamolysis as mg/dl. Reused under CC 
BY-NC-SA 3.0.  

https://creativecommons.org/licenses/by-nc-sa/3.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/
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to reduce the toxicity effects of the loaded bioactives, this may be due to the delay in release 

from the array allowing for smaller amounts of EDTA to interact with the blood cells.  

Figure 4.23 Centrifuged blood samples showing serum colour for hemolysis assessment a) untreated, b) unloaded 
alginate array, c) EDTA loaded alginate array, d) pristine EDTA equal to alginate loaded MN array, e) unloaded 
chitosan array, f) EDTA loaded chitosan array and g) pristine EDTA equal to chitosan loaded MN array. 

4.4 Concluding remarks 

In this study 10 x 10 (8 mm x 8 mm) MN arrays with a needle height of 300 µm, a needle pitch 

of 500 and an aspect ratio of 3 were fabricated using two natural polymers and loaded with 

EDTA disodium as a bioactive for potential use in the decalcification of blood vessels. The 

fabricated MN’s were of pyramidal shape as seen in the SEM images.  

The amount of bioactive incorporated and released from the two microneedle formulations 

was evaluated using UV-Vis spectrophotometry and it was found that the alginate formulation 

had a loading capacity of 965.8 µg of EDTA and a cumulative release of 789 µg (±83.63) after 

a 24 hour period whereas the chitosan formulation had a loading capacity of 340 µg with 315 

µg (±33.43) being released after the same 24 hour period.  

Through the characterisations performed for this study it has been shown that both these 

natural polymer arrays assist in reducing EDTA hemotoxicity due to their site specific action 

and slower release profiles, allowing for greater potential for the development of EDTA and 

other therapies in vascular drug delivery. The alginate array has a faster degradation rate in 

comparison to the chitosan array showing complete degradation within 72 hours and complete 

dissolution in PBS in one hour, which would make it a potential candidate for quick release 

dissolving MN formulations which may prove useful for acute cases of vascular calcification 

whereas it may be beneficial to look at other polymer blends for more chronic cases.  

In this study it was found that both formulations were able to release the EDTA bioactive 

effectively and permeate the vessel tissue demonstrating the success of the formulation 

despite substantial bioactive loss in the alginate formulation. 

a
)

b
) 

c
)

d
)

e
)

f
)

g
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These microneedle arrays also have potential uses in the delivery of other small and large 

molecule cardiovascular drugs and bioactives due to the simple drug loading and fabrication 

process used herein with further studies required to evaluate the release efficiency.  
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Chapter 5 Conclusions and recommendations 

5.1 Conclusions  

Vascular and blood tissue calcification involves the deposition of calcium and phosphate 

minerals, predominantly within blood vessel walls, impacting cardiovascular health 

(Schweighofer et al., 2016). The current treatment of vascular calcification most commonly 

centres on physical means of removal of the calcium plaque, with reoccurrence being a 

common feature for patients (Schantl et al., 2019). Recently, EDTA has been investigated as 

a vascular therapeutic and although it is shown to be effective, it is also associated with many 

harmful and potentially lethal side effects. These concerns are presently restricting the use of 

this potentially successful bioactive. It has been shown that local targeted delivery of EDTA 

reduces the side effect profile. Therefore, there is a significant need for novel treatment 

options.   

This study proposed to fabricate a dissolvable MN with key features of vascular compatibility 

and local drug delivery to mitigate the harmful effects of EDTA chelation therapy. Two polymer 

blends were created that showed good mechanical strength and drug-release capability; 

however, drug-loading capacity remains a challenge. Since most drugs cannot be formed into 

a mechanically strong enough needle that is able to penetrate tissue, a high amount of drug 

loading is not possible as the majority of the needle must consist of polymer matrix. As 

microneedles are very small, the maximum total dose that can be loaded into a dissolving 

polymer MN can be a challenge, however applying multiple MNs to the area may help to 

achieve the required dosage.  

Results showed successfully designed EDTA loaded chitosan blend and alginate cross-linked 

MN arrays with mechanical strengths suitable for drug delivery to soft tissues such as the 

vascular system. Chitosan MN arrays possessed a mechanical strength of 0.338 N per needle 

and the Alginate arrays possessing a slightly lower mechanical strength of 0.345 N per needle.  

In conclusion, this study addresses some of the limitations of current vascular delivery systems 

by fabrication of a dissolving MN intended for single use in vascular tissue. MNs containing 

EDTA as model bioactive were shown to be able to be formed using a simple mould-casting 

method. These MNs were found to have a piercing depth of 130 – 260 µm which is suitable 

for vascular tissue as vessel wall thicknesses range from 1500 – 40 µm. Dissolving chitosan 

and alginate MNs fabricated in this study were able to deliver 92.57 % (±10.15) and 81.71 % 

(±8.66), respectively of the loaded bioactive amount. These MN arrays also showed good 

hemocompatibility and even reduced the natural hemolytic effect of EDTA.  
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5.2 Limitations 

A key limitation of this study is the inherent nature of dissolvable MNs to have a very low drug 

loading capacity. This could also be overcome by the application of multiple or larger patches 

of MNs but is limited by the vascular surface area available at the site of calcification This 

study was also limited by the degradation rate of the selected polymer blends as once the 

needle structure was dissolved the free bioactive molecules would migrate away from the site 

of action. 

5.3 Recommendations  

The present dissertation describes the successful fabrication and implementation of the 

EDTA-containing MN arrays fabricated from alginate and chitosan upon in vitro and ex vivo 

analysis. Characterisation of the MN provided data regarding the chemical stability, reactivity, 

morphology and degradation of the polymer. One of the key goals of this research was to 

design a drug delivery system that was safe and suitable for use in the vascular system. To 

further improve on this, polymers with longer erosion times could be investigated in the future 

as prolonged release would be of great benefit to vascular applications due to the inherent 

inaccessibility of the tissue. Redesign of needle geometry could increase the maximum drug 

loading capacity whilst retaining needle strength. Investigations by Martanto and colleagues 

suggest that MN density is essential for preventing tissue damage during delivery (Martanto 

et al., 2004). An inverse relationship exists between the density of a microneedle array and its 

penetrating ability. This relationship along with findings of ideal vascular delivery needle size 

is worthy of further investigation to determine the resultant effect on penetration and vascular 

drug delivery. To adapt the controlled drug release further, different ratios of polymer can be 

used in order to release drug slower while maintaining the MN array structure. 

5.4 Future Outlook  

A dissolving polymer MN containing EDTA as a model bioactive has been designed and 

fabricated in this study. In vitro and ex vivo results are encouraging and demonstrate good 

biocompatibility, therefore the next step is to conduct in vivo studies to investigate the effect 

of the MNs in a living organism.  

EDTA was used as model bioactive for this study. Other vascular targeted drugs should be 

investigated in the future for a wider range of therapeutic effects. The use of these polymer 

MNs may be further extended to other soft tissue sites in the future. These microneedle arrays 

also have potential uses in the delivery of other small and large molecule cardiovascular drugs 
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and bioactives due to the simple drug loading and fabrication process used herein with further 

studies required to evaluate the release efficiency.  
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Appendix 2 - Research Presentations 

Design and Characterization of EDTA loaded: Polymer Microneedles Fabricated from 

Chitosan or Alginate 

K. Moodley1, T. Marimuthu1 , P. Kumar1 and Y.E. Choonara1  

Wits Advanced Drug Delivery Platform, Department of Pharmacy and Pharmacology, School 

of Therapeutic Sciences, Faculty of Health Sciences, University of the Witwatersrand, 

Johannesburg, 7 York Road, Parktown, 2193, South Africa 

Aim: This study aims to design and compare EDTA-loaded chitosan and alginate microneedle 

patches for the treatment of calcified blood tissue.  

Methods: Alginate and chitosan solutions were made and mold-based approach was used for 

the synthesis of the microneedle arrays of both polymers mixtures. Physicomechanical and 

physicochemical characteristics of the arrays have been analysed using SEM, FTIR, DSC, 

XRD and texture analysis.  

Results: FTIR analysis of the chitosan array showed an intensity of the peak at 1578.26 cm-1 

whereas the alginate array showed the presence of a new peak at 3377.15 cm-1 indicative of 

successful combination of bioactive and the polymer. Texture analyzer results showed that 

although the chitosan array exhibited a greater compression strength than the alginate array, 

both polymer arrays display the mechanical strengths withstanding a force of 30N adequate for 

the insertion and penetration into the vasculature. Designed microneedles possess a square 

based pyramidal shape with a base of 100 µm and a needle height of 300 µm.  

Conclusions/Impact: The developed microneedles possess the physical attributes required for 

their potential use as a vascular drug delivery system. 

Future work:  the penetrating ability of the arrays is currently being tested using a PVA 

phantom model of both healthy and calcified vascular tissue. The hemocompatibility of the 

arrays will be evaluated by assessing hemolysis.  
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