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In the first wave of COVID-19 pandemic, it was seen that overcrowded hospitals and lack 

of personnels increased the risk of mortality. Dexamethasone is a corticosteroid 

recommended by the World Health Organization (WHO) for use in severe COVID-19 

patients. Microneedle technology allows patients to take drugs painlessly with high 

bioavailability directly into the skin. Therefore, with the developments in this technology, 

this system which allows self administered without the need for any specialist will come 

forward in the future. Dosing systems ensure that the drug remains at the therapeutic level 

for a long time without side effects. Micropumps, which are defined as small devices 

capable of delivering the drug to the patient at a certain rate, have the ability to provide 

long-term therapeutic effects by adjusting the dosing on demand. When microneedle 

systems are combined with micropumps, more reliable, effective and hospital/expert-

independent drug dosing/management can be achieved compared to traditional drug 

administration strategies. 

 



 

 

 

ii 

Within the scope of this thesis, a micropump-assisted microneedle system with a drug 

reservoir, capable of dosing in the presence of a magnetic field, has been developed for 

the use of COVID-19 patients. Accordingly, the hollow polymeric microneedle array was 

produced from poly-L-lactic acid (PLLA) by solvent casting method in a single step 

within a suitable mold. The length, width and tip diameter (OD) of the microneedles were 

calculated as 1.4 ± 0.2, 0.9 ± 0.1 and 0.20 ± 0.03 mm, respectively and this system consists 

of 6 microneedles in a circular geometry and spaced at 1.8 mm intervals. As a result of 

the mechanical analysis, the failure force of the microneedles was found to be 2.9 ± 0.4 

N per needle and the decrease in their length was 58 ± 4%. Subsequently, to test the skin 

penetration abilities of the microneedles, in vitro studies were carried out with the skin 

model created from Parafilm®. In the Parafilm® test, 8 Parafilm® layers were folded on 

top of each other to create an artificial skin with a thickness of approximately 1 mm and 

it was determined to what extent the microneedles fixed to the mechanical analyzer could 

pierce the Parafilm® layers. It has been observed that the microneedles can effectively 

pierce the Parafilm® up to the 7th layer (~ 900 µm). Considering all these results, it has 

been shown that the microneedle array, which is capable of penetrating the skin painlessly 

with its length and mechanical properties, is suitable for the "poke and flow" approach 

for transdermal or intradermal applications.  

 

The liquid drug reservoir was 3D printed from acrylonitrile-butadiene-styrene (ABS) with 

a diameter of 28 mm, a height of 8 mm, and a diameter of the filling port of 2 mm. It has 

been observed that the drug solution can be easily fillled into the reservoir with a 

hypodermic needle (21 gauge) and the fluid can be drained through the same opening. No 

leakage was observed in the reservoir. 

 

Iron oxide (Fe3O4) particles were produced by co-precipitation to be used in the 

production of the magnetic membrane. Then, Fe3O4 particles and PDMS were mixed with 

a homogenizer at certain ratios (10, 20 and 30%, wFe3O4/wmembrane, %) by mass, and then 

coated on a glass substrate surface by dynamic spin coating method and cured at 90ºC for 

3 hours. The saturation magnetization of the iron oxide particles was found to be 62.5 

emu/g. The saturation magnetization of the thin magnetic membranes were measured as 

5.5, 10.7 and 15.3 emu/g, respectively. The thickness of the magnetic membranes varies 

between 0.74 and 0.44 mm. The deflection of the membranes at applied voltages (10, 20 
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and 30 V) was analyzed. The resulting deflection values varied from 0.165 ± 0.014 to 

1.1358 ± 0.1 mm. The amount of deflection are maximum at Fe3O4 ratio of 20% and 

minimum at 10% by mass.  

 

Two different assembly processes were performed for the fabrication of the micropump-

assisted microneedle array. The microneedle array and the reservoir were attached 

together by solvent bonding using dichloromethane, while the magnetic membrane was 

joined to the reservoir by the partial curing method. When the entire system was 

assembled, the total weight was measured as 4.6 g. Afterwards, the reservoir was filled 

with approximately 1.3 mL of dexamethasone solution and the dosing performance of the 

developed system at different voltages (30, 40, 50 and 60 V) was analyzed. The aqueous 

solution of dexamethasone 21-phosphate (0.2 mg/mL) was used as stock drug solution. 

For this, different voltage values (30, 40, 50 and 60 V) were applied to the system, but 

pumping did not occur because the deflection of the magnetic membrane alone was not 

sufficient. Afterwards, it was observed that the pumping was achieved by placing a 

cylindrical neodymium magnet of 10x1.5 mm size on the magnetic membrane. 

Accordingly, liquid pumping capacities ranging from 43 ± 17 to 115 ± 8 μL/s were 

achieved when each voltage between 30 - 60 V (10 V increment) was applied to the 

system alone, and between 32 ± 12 and 142 ± 45 μL/s were achieved when the system 

was operated in stages between 30 - 60 V (10 V increment, 2 s on, 2 s off). The system is 

capable of delivering a total of 52 μg dexamethasone in 16 seconds. It has also been 

shown that the system are capable of dosing in different volumes and perform multiple 

dosings according to the applied voltage values over time. 

 

The micropump-assisted microneedle array produced in this study, may come forward as 

a 'proof of concept' system that patients can apply it directly on their own, adjust the drug 

dose, and make repeated dosing at a certain time interval. In addition, this developed 

system can be used successfully for other dosing applications where necessary besides 

dexamethasone. 

 

Keywords: COVID 19, Microneedle, Microfabrication, Dexamethasone, Magnetic 

Micropump 
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COVID-19 pandemisinin ilk dalgasında hastanelerin aşırı kalabalık olması ve personel 

eksikliğinin ölüm riskini artırdığı görülmüştür. Deksametazon, Dünya Sağlık Örgütü 

(DSÖ) tarafından ağır COVID-19 hastalarında kullanımı önerilen bir kortikosteroidtir. 

Mikroiğne teknolojisi, hastaların ilaçları ağrısız ve biyoyararlanımı daha yüksek bir 

şekilde doğrudan deri içine salımı ile almasını sağlar. Dolayısıyla, bu teknolojideki 

gelişmelerle gelecekte hastaların herhangi bir uzmana ihtiyaç duymadan ilaçları doğrudan 

kendi başlarına alabilecekleri sistemler ön plana çıkacaktır. Doz ayarlı sistemler ilacın 

terapötik seviyede uzun süre kalmasını ve yan etkilerinin daha düşük olmasını sağlar. 

İlacı hastaya belirli bir hızda gönderebilen küçük cihazlar olarak tanımlanan 

mikropompalar, isteğe göre dozlamayı ayarlayarak uzun vadeli terapötik etki sağlama 

yeteneğine sahiptir. Mikroiğne sistemleri mikropompalar ile birleştirildiğinde geleneksel 

ilaç uygulama stratejilerine göre daha güvenilir, etkili ve hastane/uzmandan bağımsız ilaç 

dozlama/yönetimi sağlanabilir.  
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Bu tez çalışması kapsamında, COVID-19 hastalarının kullanımı için manyetik alan 

varlığında dozlama yapabilen, ilaç rezervuarına sahip mikropompa destekli bir mikroiğne 

sistemi geliştirilmiştir. Bu doğrultuda, içi boş polimerik mikroiğne dizisi, poli-L-laktik 

asitten (PLLA) çözücü döküm yöntemi ile uygun bir kalıp içerisinde tek adımda 

üretilmiştir. Dairesel bir geometride ve 1.8 mm aralıklarla yerleşmiş 6 adet mikroiğneden 

oluşan bu sistemde, mikroiğnelerin uzunluğu, genişliği ve uç çapı (OD) sırasıyla 1.4 ± 

0.2, 0.9 ± 0.1 ve 0.20 ± 0.03 mm olarak hesaplanmıştır. Mekanik analizler sonucunda, 

mikroiğnelerin deformasyon kuvveti iğne başına 2.9 ± 0.4 N ve uzunluklarındaki azalış 

% 58 ± 4 olarak bulunmuştur. Devamında, mikroiğnelerin deri penetrasyon yeteneklerini 

test etmek için Parafilm®’den oluşturulmuş deri modeliyle in vitro çalışmalar 

gerçekleştirilmiştir. Parafilm® testinde, 8 adet Parafilm® tabakası üst üste katlanarak 

yaklaşık 1 mm kalınlığında bir yapay deri modeli oluşturulmuş ve mekanik analiz 

cihazına sabitlenen mikroiğnelerin Parafilm® tabakasını hangi katmanlara kadar 

delebildiği belirlenmiştir. Mikroiğnelerin, Parafilm® modelini 7. tabakaya kadar (~ 900 

µm) başarılı bir şekilde delebildiği görülmüştür. Tüm bu sonuçlar göz önüne alındığında, 

cilde ağrısız bir şekilde nüfuz etme özelliğine sahip olan mikroiğne dizisinin, transdermal 

veya intradermal uygulamalar için "dürt ve akıt" yaklaşımına uygun olduğu gösterilmiştir. 

 

Sıvı rezervuar, çapı 28 mm, yüksekliği 8 mm ve doldurma girişinin çapı 2 mm olacak 

şekilde akrilonitril-bütadien-stirenden (ABS) 3 boyutlu yazıcı ile üretilmiştir. 

Rezervuara, hipodermik iğne (21 gauge) ile ilaç çözeltisinin kolaylıkla doldurulabildiği 

ve yine aynı açıklıktan sıvının boşaltılabildiği görülmüştür. Rezervuarda herhangi bir 

sızıntı görülmemiştir. 

 

Manyetik zarın üretiminde kullanılmak üzere Fe3O4 partikülleri ikili çöktürme yoluyla 

üretilmiştir. Daha sonra, Fe3O4 partikülleri ve PDMS kütlece belli oranlarda (% 10, 20 ve 

30, kFe3O4/kZar, %) olacak şekilde bir homojenizatör aracılığıyla karıştırıldıktan sonra 

dinamik döndürerek kaplama yöntemiyle bir cam substrat yüzeyine kaplanmış ve 90ºC’de 

3 saat boyunca kürlenmiştir. Demir oksit partiküllerin doygunluk manyetizasyonu 62.5 

emu/g olarak bulunmuştur. Elde edilen ince manyetik zarların doygunluk 

manyetizasyonları ise sırasıyla 5,5, 10,7 ve 15,3 emu/g olarak ölçülmüştür. Manyetik 

zarların kalınlıkları 0,74 ve 0,44 mm arasında değişmektedir. Zarların, uygulanan voltaj 

değerlerindeki (10, 20 ve 30 V) yer değiştirmesi analiz edilmiştir. Elde edilen yer 
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değiştirmeler, 0,165 ± 0,014 ile 1,1358 ± 0,1 mm arasında değişmektedir. Yer değiştirme 

miktarları, kütlece %20 Fe3O4 içeren zarda en fazla, %10’da ise en azdır.  

 

Mikropompa tabanlı mikroiğne dizisinin üretimi için iki farklı montajlama işlemi 

gerçekleştirilmiştir. Mikroiğne dizisi ve rezervuar, diklorometan kullanılarak çözücü 

bağlama yöntemiyle bir araya getirilirken, manyetik zar rezervuara kısmi kürleme 

yöntemiyle bağlanmıştır. Tüm sistem bir araya getirildiğinde toplam ağırlık 4.6 g olarak 

ölçülmüştür. Sonrasında, rezervuar yaklaşık 1.3 mL deksametazon çözeltisiyle 

doldurulmuş ve geliştirilen sistemin farklı voltaj değerlerindeki (30, 40, 50 and 60 V) 

dozajlama performansı analiz edilmiştir. Stok ilaç çözeltisi olarak deksametazon 21-

fosfat sulu çözeltisi (0,2 mg/mL) kullanılmıştır. Bunun için, öncelikle sisteme farklı voltaj 

değerleri (30, 40, 50 ve 60 V) uygulanmış ancak manyetik zarın yer değiştirmesi tek 

başına yeterli olmadığı için pompalama gerçekleşmemiştir. Devamında, 10x1.5 mm 

boyutlarında silindirik neodyum mıknatıs manyetik zarın üstüne yerleştirilerek 

pompalama işleminin sağlandığı görülmüştür. Buna göre, sisteme 30 – 60 V arasında (10 

V artış) her bir voltaj tek başına uygulandığında 43 ± 17 ile 115 ± 8 μL/s, 30 – 60 V 

arasında (10 V artış, 2 s açık 2 s kapalı) kademeli çalıştırıldığında ise 32 ± 12 ile 142 ± 

45 μL/s arasında değişen oranlarda sıvı pompalama kapasitelerine ulaşılmıştır. Sistem 16 

saniyede toplam 52 μg deksametazon verebilme özelliğine sahiptir. Bu veriler ışığında, 

sistemin uygulanan voltaj değerlerine göre farklı hacimlerde dozajlama yapabildiği ve bu 

dozajlamayı çoklu bir şekilde zamana göre gerçekleştirebildiği de gösterilmiştir. 

 

Bu çalışmada üretilen mikropompa tabanlı mikroiğne dizisi, hastaların doğrudan kendi 

başlarına uygulayabileceği, ilaç dozunu ayarlayabilecekleri ve belli bir zaman aralığında  

tekrarlı dozaj yapabilecekleri bir ‘proof of concept’ sistem olarak ön plana çıkabilir. 

Ayrıca, geliştirilen bu sistem dozajlaması gerçekleştirilen deksametazonun yanı sıra diğer 

dozajlama uygulamaları için de başarılı bir şekilde kullanılabilir.  

 

Anahtar Kelimer: COVID 19, Mikroiğne, Mikrofabrikasyon, Deksametazon, Manyetik 

Mikropompa  
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1. INTRODUCTION 

 

COVID 19 pandemic caused the death of almost 7 million people all over the world. 

Dexamethasone is a corticosteroid recommended by the World Health Organization 

(WHO) for use in severe COVID-19 patients. Dexamethasone can be taken by tablets or 

intravenous injection. While oral administration of dexamethasone has low 

bioavailability compared to intravenous injection. However, intravenous administration 

requires a medical expert and causing fear and pain for patient which may result in poor 

patient compliance.   

 

Skin, the outermost layer of the body is a vital organ taking a role of protection, sensing 

and regulation in the body. In addition to these inborn functions, skin is also a promising 

site of drug delivery due to presenting a large area of administration whether to impart 

local or systemic effect in the body. However, stratum corneum, due to its dense integrity, 

forms the main barrier against the delivery of drugs into skin. Only drugs which have 

certain physicochemical properties are able to pass stratum corneum. There are many 

enhancement methods to overcome this barrier. Microneedles, one of the these methods, 

is used to improve transdermal and intradermal drug delivery. Microneedle technology 

allows patients to take drugs painlessly with high bioavailability directly into the skin. 

Therefore, with the developments in this technology, systems which allow self 

administered without the need for any specialist will come forward in the future. 

Micropumps are well known small devices used for controlled dosing. In this thesis, a 

hollow microneedle array was incorporated with electromagnetic micropump to provide 

adjustable dosing of dexamethasone for intradermal delivery.  

 

In this thesis, microneedle array was fabricated from PLLA by solvent casting method. 

The liquid reservoir was 3D printed from acrylonitrile-butadiene-styrene (ABS). A thin 

magnetic membrane was fabricated from Fe3O4/PDMS composite by dynamic spin 

coating method. The microneedle array and the reservoir were attached together by 

solvent bonding using dichloromethane, while the magnetic membrane was joined to the 

reservoir by the partial curing method. In characterization studies, morphology, 

mechanical properties and penetration abilities of microneedle arrays were investigated. 
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Deflection capacity and magnetization of membranes were investigated. Lastly, dosing 

performance of micropump-based microneedle array was evaluated with single and 

multiple actuations. 
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2. GENERAL INFORMATION 

 

In this part, general information related to this thesis was provided. At the beginning, the 

structure of skin was introduced. After that, transdermal drug delivery systems and their 

improvement strategies were explained. Then, microneedle technology was addressed 

according to structure, material and mechanisms. At the end, the features of poly lactic 

acid and dexamethasone were presented.  In the final part, micropump systems were 

explained in detail with their classification mechanism, and features. 

 

2.1. Structure and Function of Skin 

Skin comprises approximately 15 % of adult human weight and covers an area of 1.5 – 2 

m2 [1]. There are many vital functions of skin for the body. Primarily, it serves as a 

protective barrier against ultraviolet radiation, microorganisms, chemicals and physical 

impacts. For the homeostasis, it takes the role in the regulation of body temperature and 

presents skin cells for the damaged areas. In addition, skin has different kinds of receptors 

providing the perception for the surrounding [2]. There are three sublayers of skin, namely 

epidermis, dermis and hypodermis (Figure 2.1). Each of these sublayers has distinct 

characteristics in terms of structural and functional aspects. 

 

 

Figure 2.1. Human skin is demonstrated with its three layers and appendages [3]. 
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2.1.1. Epidermis 

Epidermis, the upper layer of skin, overlays the dermis. It includes mostly keratinocytes, 

but melanocytes, langerhans, merkel and stem cells are also avaliable together with 

keratinocytes [4]. The thickness of epidermis varies with respect to the age and sex of the 

individual as well as the region where it localizes throughout the body. While epidermis 

is the thickest on palms and soles by reaching up to 0.8 +/- 1.5 mm, it is the thinnest on 

eyelids with the depth of 0.05 mm [5]. Cells obtain the nutrients by diffusion due to the 

absence of blood vessels in epidermis. Generally, epidermis is divided into the five 

stacked layers based on the state of the cellular differentiation of keratinocytes, called 

‘Keratinization’. These layers are given below with a brief introduction as in sequence 

from the bottom to the top. 

 

Stratum basale is the deepest layer of epidermis. This layer is composed of single layer 

columnar shaped stem cells, also called basal keratinocytes which are attached to the basal 

membrane with multi-protein complex called ‘hemidesmosomes’. These basal 

keratinocytes are responsible to support homeostasis by producing keratinocytes into the 

body. Newly formed keratinocytes push the former ones upward through epidermis. 

During this movement, keratinocytes undergo distinct differentiation stages of 

keratinization until becoming mortar cells. In addition to keratinocytes, melanocytes and 

merkel cells also exist in stratum basale. Melanocytes are essential cells in the point of 

presenting the pigment called ‘melanin’ which protects the body from the adverse effects 

of UV radiation. Merkel cells, another existing cell in epidermis, provides the touch 

sensation by Piezo2-dependent transmission channels [5–7]. 

 

Stratum spinosum lies beneath stratum granulosum. Its name comes from spiky 

keratinocytes observed under histological examination. In the layer of stratum spinosum, 

keratinocytes start to keratinization. Characteristically, keratinocytes are interconnected 

with each other by desmosomes which contribute to the structural robustness of stratum 

spinosum. In addition to keratinocytes, Langerhans cells are also found in stratum 

spinosum. Langerhans cells are the skin immune cells, serve to induce sensitized T 

lymphocytes against pathogens by presenting antigen [8–10]. 

 

Stratum granulosum consists of grainy keratinocytes containing keratohyalin and lamellar 

granules. Keratohyalin granules are rich in histidine and cysteine, which function to 
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aggregate keratin filaments. Lamellar granules are secreted to extracellular space serving 

as a regulator for the cell integrity [7].  

 

Stratum lucidum is a thin transparent layer, only observed in the thick areas of the skin 

such as palm and soles. In the layer of stratum lucidum, keratinocytes are dead and have 

flattened shape. This layer has a densely packed structure consisting of keratinocytes 

which contains the specific protein called ‘eleidin’ converted from keratohyalin. Eleidin 

supports to water barrier function of skin [8]. 

 

Stratum corneum (SC) is the superficial layer of the body. The average thickness of 

human SC varies in the range of 10 to 30 µm [11]. It is composed of corneocytes which 

are the form of keratinocytes that reached the last stage of cellular differentiation. 

Corneocytes, simply dead cells, have lack of nucleus or organelles. ‘Brick’ mortar model 

is commonly used in literature to explain the structure and organization of the components 

forming SC. Simply, ‘Brick’ stands for corneocytes, which were flattened through the 

differentiation. ‘Mortar’ stands for the extracellular lipid matrix consisting of lipid 

lamellae serving as the continuous phase of SC. Corneocytes are embedded within the 

intercellular lipid matrix; besides, they are linked with a glycoprotein called 

corneodesmosomes that contributes to the strength and function of this formed ‘brick 

wall’ layer. The total mass of SC consists of 70% of proteins, 15% of lipids and 15% of 

water. The large portion of lipids made of 50% of ceramides, 25% cholesterol and 15% 

free fatty acids. Stratum corneum has highly dense integrity, which efficiently prevents 

excessive water loss as well as keeps unwanted substances (e.g. pathogens and chemicals) 

away from the body [12–14]. Because of this firmly organized structure of SC, 

transdermal drug delivery systems have difficulties in the effective delivery as well. More 

detailed knowledge regarding the aspect of transdermal systems, is summarized in the 

following sections of this thesis. 

 

2.1.2. Dermis 

Dermis, the other main layer of skin, is located between epidermis and hypodermis. 

Differently from epidermis, dermis is connective tissue which includes fibroblasts as 

predominant cell type; furthermore, a wide range of skin components such as, sweat 

glands, free nerve endings, blood and lymphatic vessels are found in dermis [5, 15]. 

Dermis has an irregular fibrous structure composed of collagen and elastin fibers. 
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Collagen composes about 70% of dry weight of dermis; furthermore, the most abundant 

collagen type presented in unwounded skin is type I collagen [16]. While collagen fibers 

confer strength to skin, elastin contributes to flexibility of skin. Dermis has varied 

functions due to more skin components which it includes. One of those functions is the 

thermal regulation which is caused by the blood vessels and sweat glands. The sensation 

role comes along with the free nerve endings as well as other kinds of receptors. Dermis 

also serves as a supportive layer with its extracellular matrix (ECM) for the skin 

components. There are two separate sublayers of dermis, namely papillary and reticular 

dermis. Papillary dermis lies beneath SB. It has a loosely organized fibrous structure 

which is made of thin collagen and elastin fibers. Characteristically, papillary dermis 

extends with a finger-like ridges through epidermis. Those ridges, increasing the contact 

area between dermis and epidermis, enable oxygen and nutrients transferred to epidermis 

[17]. Reticular dermis forms the bottom layer of dermis which extends through 

hypodermis. Compared to papillary dermis, structural fibers of reticular dermis are 

thicker, densely organized, and outnumbered [18, 19].  

 

2.1.3. Hypodermis 

Hypodermis (subcutis) is the deepest layer of skin located beneath the dermis. It is a loose 

connective tissue attached to reticular dermis by collagen fibers [20]. Characteristically 

for hypodermis, it is composed of adipocytes which are organized in lobules. Hypodermis 

serves as an entry for systemic circulation of the substances by the blood vessels which 

are branched from dermis. Similarly to dermis, most of skin components are also found 

in hypodermis as well (e.g. blood vessels, sensing nerves, macrophages), so the functions 

of hypodermis is basically the same with dermis [5, 21]. 

 

2.2. Transdermal Drug Delivery Systems 

Transdermal drug delivery is a method in which it targets the skin as a site of absorption 

of drug to impart systemic effect in a body. 

 

2.2.1. Drug Delivery Systems 

Drug delivery system (DDS) stands for the method which enables the presentation of the 

amount of drugs imparting therapeutic effect for targeted sites of the body [22, 23]. While 
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tablets, capsules and syrups are conventional examples of DDS, liposomes, nanoparticles, 

microneedles and micropumps are advanced systems. 

 

There are primarily three types of drug releasing mechanisms employed by drug delivery 

systems, namely diffusion, erosion and swelling. In the diffusion mechanism, drug 

particles move randomly through the less concentrated areas due to Brownian motion. 

Brownian motion is an important phenomenon for the delivery of drug particles ranging 

from nanometre to millimetre in scale [24, 25]. Erosion mechanism is based on the 

physical dissolution of a drug carrier matrix (e.g. polymer) by enzymatic reactions or 

hydrolysis. According to the manner of the dissolution process, erosion mechanisms can 

be divided into the two sub-categories as bulk and surface erosion. While bulk erosion 

occurs homogeneously through the matrix, surface erosion, however, takes place only in 

the surface of the matrix [26]. Another mechanism is swelling. This mechanism relies on 

emergence of the channels for drug molecules to pass through, by swelling of the drug 

carrier matrix with fluid (e.g. water) [27]. Generally, the DDS are mostly designed with 

those releasing mechanisms, however, in novel drug delivery systems, magnetic field or 

ultrasound waves are also used to support drug release mechanisms [28, 29]. 

 

Ideally, it is expected from DDS to deliver the sufficient amount of drug to its target site, 

and then to produce therapeutic response; besides, DDS should function in the long term 

therapeutic range without causing any side effects [30]. According to the change of 

plasma drug level over time, the drug release profiles of DDS can be categorized as 

conventional, sustained and controlled. In conventional releasing systems (e.g. tablets, 

syrups), the drug molecules have rapidly released from systems. Due to this releasing 

profile, plasma drug levels also decrease rapidly, relative to other releasing systems. The 

main disadvantage of conventional releasing systems is that they require the 

administration repeatedly with short time intervals, which may lead to side effects and 

not sustain therapeutic plasma drug level in sufficient time to produce effective 

therapeutic response [31]. In sustained release systems, the drug releasing rate from the 

system is predetermined constant.  Relatively to its conventional counterparts, those 

systems enable the drug molecules to be released slowly in more prolonged time by 

keeping their plasma concentration in the therapeutic range [32]. The controlled release 

systems have the zero order drug release profile, which lead to long term therapeutic 
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effect. These systems are advantageous to increase patient compliance and to avoid side 

effects of the drug [33, 34]. 

 

2.2.2. Routes of Drug Administration 

Drug delivery system can be administered with a wide range of routes (e.g. oral and 

transdermal). The selection of the right route is related to the consideration of 

pharmacokinetics and pharmacodynamic properties of the drug as well as the ease of use 

and the convenience for patient conditions [35, 36]. According to the effect of the drug in 

the body, DDS can be designed to produce systemic or local therapeutic effects in the 

body. The common administration routes of DDSs which produce systemic effect, can be 

divided as parenteral and enteral routes. The main difference between them is that in a 

parenteral route, the drug molecules enter the systemic circulation by bypassing 

gastrointestinal tract. Parenteral routes (e.g. intravenous, transdermal, intramuscular) are 

administered through the skin. In parenteral routes, the drug molecules are not exposed 

to the first pass metabolism which arises through the GI tract and enter systemic 

circulation directly after the administration. Thus, parenteral routes are advantages over 

enteral routes regarding the higher bioavailability of drugs. Parenteral routes are preferred 

for the drug molecules, which are unable to be absorbed through GI tract and/or degrades 

in the harsh conditions of the GI tract (e.g. insulin). In some cases, parenteral routes can 

be used to produce local effects by injecting to organs. As disadvantages, parenteral routes 

may cause infection, pain and fear [35, 37, 38]. In enteral routes (e.g. oral, rectal, buccal 

and sublingual), the drug molecules enter systemic circulation by the absorption through 

the GI tract. The disadvantages of some enteral routes such as oral and rectal, is that drug 

molecules are exposed to the first pass metabolism which decreases bioavailability of the 

drug. Differently from oral and rectal routes, buccal and sublingual routes may be used 

to increase bioavailability, but only certain types of drugs, which have specific 

physicochemical properties such as small size and high solubility, can be administered by 

those routes. Enteral routes have disadvantages as resulting the lower bioavailability as 

well as being employed only for the limited number of drugs due to inefficient drug 

absorption, however, enteral routes as their advantage are considered as self-

administrable, safe, cheap and offering higher patient compliance [35, 38–40]. Apart from 

systemic effects, DDS can be designed to produce local therapeutic effects. Local or 

topical drug administration routes aim to provide the concentration of the drug molecules, 

sufficiently enough to produce local effect at the specific site of the body. Skin and 
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mucous membranes (e.g. eye, mouth and nose) are the target sites of the body for the local 

administration. Local administration has advantages in regard to preventing side effects, 

being simple, non-invasive, and offering high patient compliance. Commonly, the forms 

of DDS such as patches, cream and spray, are used for those local routes [38, 41, 42]. 

 

2.2.3. Advancements in Transdermal Drug Delivery Systems 

Drug delivery systems which benefit from the route of skin for delivery, is called 

transdermal drug delivery systems (TDDSs). Generally, these types of DDS are 

formulated with the adhesive carrier called ‘patch’ which has the ability of dosing in either 

controlled or sustained manner to produce systematic therapeutic effect [43,44]. 

Basically, TDDSs rely on the diffusion of the drug molecules through the epidermal layer 

of skin, and then the entrance to systemic circulation by the absorption from the blood 

vessels located in dermis [45]. 

 

Prausnitz and Langer  [46] classified TDDSs into the three generations according to their 

development process. The first generation TDDSs depend on diffusion of the drug 

molecules through SC to enter systemic circulation. The pioneering products of this 

generation include the topical formulations (e.g. gel, spray and cream) besides 

transdermal patches. These systems are advantageous to improve patient compliance and 

increase bioavailability of the drug due to bypassing the first pass metabolism. However, 

due to rigid lipid structure of SC, only a limited number of drugs which are low molecular 

weight (<600 Da) and lipophilic (1> Log P value > 3), are appropriate for those systems. 

In addition, they are functional in low dosing applications. Second generation TDDSs 

emerged to overcome those deficiencies by employing the enhancement methods with 

TDDSs. Those strategies used with the second generation TDDSs, include chemical 

enhancers (e.g. liposome), iontophoresis and non cavitational ultrasound. Differently 

from previous ones, the enhancement methods in the third generation TDDSs, aim 

directly to SC by creating the conduits within or removing it reversibly without any 

damage in deeper tissue. Microneedles, electroporation sonophoresis, thermal ablation 

and microdermabrasion are example of these strategies. Due to that focus on SC, the third 

generation TDDSs enable more effective drug delivery, compared to other two 

generations of TDDSs [46, 47]. The following part of the thesis addresses the enhancing 

strategies in a detailed manner. 
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Figure 2.2. Transdermal Scōp® appeared as the first commercial product of TDDSs with 

the approval in 1979 by the FDA [46]. 

 

2.3. Enhancement Methods for Transdermal Drug Delivery  

Another classification made on the enhancement methods, divides them into two main 

categories such as active and passive (Figure 2.3). All of these methods aims to increase 

the permeation of the skin for the drug molecules in order to enter the systemic 

circulation. While active enhancement methods benefit from the application of the 

external energy (e.g. heat, ultrasound and mechanical), passive enhancement methods are 

related to the improvements in the drug formulation or the modification of SC by the 

chemicals  [36, 45, 48]. 

 

 

Figure 2.3. Classification of improvement methods used in TDDSs [36]. 
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2.3.2. Passive methods 

Passive methods include the strategies basically aiming to improve drug formulation or 

to increase the permeability of SC by applying chemicals. The penetration of drug 

molecules across SC follows the Fick’law as given below (Equation 2.1). 

 

 𝑑𝑀 𝑑𝑡⁄ = 𝐽 = 𝐷𝐶0𝑃 / h      (2.1)

   

J is flux, the amount of drug passing through the membrane per unit area. D is the 

diffusion coefficient of the drug in SC. CO is the constant initial concentration of a drug. 

P is the partition coefficient of drug between the vehicle and SC. Lastly, h implies the 

thickness of SC [49]. Higuchi [50] reorganized in the form of Equation 2.2 as given 

below; a stands for thermodynamic activity of a drug in the formulation and 𝛾  is the 

effective activity of a drug in the membrane. 

 

                                                       𝑑𝑀 𝑑𝑡⁄ = 𝑎𝐷/𝛾ℎ  (2.2) 

 

Reversible disorganization of rigidly organized lipid structure of SC is one of the common 

strategies to increase diffusion coefficcient. The chemicals including alcohol (e.g. 

ethanol), fatty acids (e.g. oleic acid), sulfoxides (dimethyl sulphoxide), pyrrolidones (e.g. 

n-methyl pyrrolidone), surfactants (e.g. sodium lauryl sulphate) are the well known 

chemical enhancers used due to their ability to interact with structural components of SC, 

such as lipid bilayer and keratinized region. Apart from this role, another beneficial 

impacts are provided such as increasing solubility of the drug in the vehicle and the 

partition coefficient of drug [67, 68]. Increasing hydration level of SC results in the 

extension over the thickness, therefore increasing the permeability of SC [53]. Increasing 

thermal activity of drug is another strategy to increase the drug penetration. To achieve 

higher thermal activity, saturated or supersaturated drug formulation can be prepared by 

increasing the amount of drug or by reducing the solubility of drug in the solution. 

Supersaturated formulations are mostly prepared by co-solvent method, which require the 

addition of poor solvent into saturated drug solution [36, 67, 68]. 

 

Pro-drug approach is based on modifying chemical properties of a drug, generally by the 

addition of pro-moiety, which increases lipophilicity of the parent drug. Pro-drugs are 

inactive compounds but they have the ability of transformation to its parent form (active 
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drug) via chemical reactions in a body. In transdermal delivery, pro-drug approach is used 

to increase partition coefficient of drug, therefore increasing the penetration of active drug 

molecules [68, 70]. Ion pairing is similar with pro-drug approach in terms of modification 

of drug properties. Charged drug molecules do not penetrate SC easily.  Therefore, these 

drugs require neutralizing by the addition of oppositely charged compound to the 

formulation. Differently, ion pairing is not formed by covalent bonds as being as in pro-

drug approach, but electrostatic forces. Ion pairing is used to increase partition of drug in 

SC. After the ion pairing reached to the viable epidermis, the parent drug appears by 

removal of the paired ion [47, 71, 72]. As stated in the ideal solubility theory, lower 

melting point is consistent with good solubility. Eutectic systems can be applied to lower 

the melting point of the formulation, therefore increasing solubility in SC for the 

achievement of higher drug penetration. Simple eutectic systems are composed of two 

solvent which prevent each other to being crystallization, therefore lowering the melting 

point of the formulation [65, 68, 73]. Nanovesicles such as liposomes are used as a carrier 

to improve the penetration of a drug. Liposomes, the specific phospholipid-based 

vesicles, are commonly applied for the encapsulation of both hydrophobic and 

hydrophilic drugs. The purpose of using liposomes is to increase drug partition, solubility 

of drug in the formulation, besides distortion of lipid structure of SC. Liposomes are 

commonly applied in pharmacology due to those multiple beneficial effect for drug 

penetration as well as being biocompatible and biodegradable [46, 74]. 

 

2.3.1. Active Methods  

Microneedle, sonophoresis, electroporation, iontophoresis and jet injector, thermal 

ablation, the well known examples of active methods, are addressed in this part. 

 

Microneedle is a mechanical method. Basically, it is based on the formation of 

microchannels through epidermis by piercing (Figure 2.6a). The drug passes through 

these channels and then absorbed by the blood vessels in dermis [59]. Microneedles are 

made of a wide range of materials (e.g. polymer, metal, ceramic) with different shapes 

(e.g. cone, pyramid) [49, 50]. The length of microneedles varies from 25 to 2000 μm 

[47,61]. Due to their miniature structure, microneedles are considered as a minimally 

invasive and safe method in TDDSs applications. Differently from parental applications 

such as intravenous, microneedles are self administrable and painless, so it does not 

require any trained personnel and known as patient compliance. In addition, it is possible 
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to deliver drug molecules, which are large molecular weight (>600 Da) and hydrophilic 

(Log P value <1), by avoiding the first pass metabolism with microneedle-assisted TDDSs 

[45, 47, 49].  AdminPatch® 1500 microneedle array is one of the commercial products 

used successfully to increase the permeability of the skin for insulin delivery in animal 

experiments (Figure 2.4) [62]. 

 

 

 

Figure 2.4. AdminPatch® 1500 microneedle array (AdminMed, Sunnyvale, CA, USA) 

contains 31 microneedles with the length of 1400 µm, made from medical-

grade SS316L stainless steel [63]. In second figure, working principle of 

microneedle is shown with the given histological images of human cadaver 

skin, (A) untreated (B) treated with microneedle [64]. 

 

Sonophoresis is an ultrasound-assisted method (Figure 2.6b). Low frequency ultrasound 

(<100 kHz) is generally used for transdermal applications to increase the permeability of 

the skin due to being more efficient than high frequency [55, 56]. There are three basic 

mechanisms of iontophoresis responsible for increasing the permeation of the skin. The 

first one is based on the generation of microbubbles, which is induced by the pressure 

difference in the field of oscillating low frequency waves. Those generated microbubbles 

disrupt the lipid bilayer conformation of SC, either by causing a shock effect (collapsing 

of microbubbles) or by causing imperfection with stable microbubbles in the media. 

Another mechanism is acoustic streaming. Simply, ultrasound-driven flow of fluid 

increases the drug diffusion. The last mechanism is thermal effect. Absorbed ultrasound 

waves by the skin increase temperature, and this leads to increase in absorption coefficient 

of skin eventually. Thermal effect is limited due to damages in deep tissues [46, 47, 57, 

58].  
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Electroporation is the well known method used in the transfection as well as TTDS. This 

active method relies on the formation of transient micropores on the lipid bilayer of SC, 

which increase the permeability of the layer (Figure 2.5). It involves the application of a 

high voltage electric pulse (5 to 500 V) with a short time interval (microsecond to 

millisecond) on the skin, in order to achieve efficient delivery without the possible 

damage for the deeper tissues [45, 59].  

 

 

 

Figure 2.5. Possible drug diffusion pathways through hair follicles (A), intercellular lipid 

bilayers (B), the sweat ducts (C) are demonstrated, besides the formed 

channels (D) induced by the electroporation method [69].  

 

Iontophoresis is another active method using low intensity electrical current to enhance 

TDDS (Figure 2.6d). Generally, this method requires two electrodes, namely anode and 

cathode, which are placed on the skin. There are three mechanisms present behind 

iontophoresis which are responsible for increasing the permeability of SC. The first 

mechanism is the transport of the charged drug molecules via electrophoresis. The second 

one is electro-osmosis. Simply the bulk flow induces transport for both uncharged and 

charged drug molecules arises from the movement of cationic ions in the media (e.g. 

Na+). The third mechanism is electroporation, the formation of pores in the lipid bilayer 

[46, 60]. 
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Figure 2.6. Comprehensive study includes the application of the four active methods, (a) 

microneedle, (b) sonophoresis (c) dissolving of needles and (d) iontophoresis 

[28]. 

 

Jet injectors are devices capable of generating high pressure streams for drug 

formulations, sufficiently enough to penetrate those into the skin. As a power source, 

spring and compressed gas are commonly used for rapid loading of drug compartments. 

Jet injectors enable it to transport liquid as well as powder formulations into the skin. 

They generally compromise power source, piston and drug comportment. In powder jet 

injectors, differently, drug particles move with compressed gas (e.g. helium) to the skin 

[61, 62]. 

 

Thermal ablation is based on the removal of SC by heating to increase the permeability 

of the skin for diffusion of the drug molecules. For the selective evaporation of SC, the 

heating process can be carried out with two ways: long time heating with moderate 

temperature (<100°C) or short time with high temperature (>100°C). The time interval 

varies between 1 μs and 100 ms. Laser, radiofrequency and chemical-based heating are 

used for thermal ablation [63, 64]. 
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2.4. Microneedles  

Microneedle technology was addressed with respect to historical and classification 

aspects in the following chapters. 

 

2.4.1. History of Microneedles 

In 1926, the term of ‘microneedle’ was used firstly by Ropert Chamber for 

microdissection studies related to insertion of microneedle into nucleus of echinoderm 

egg [75]. However, in 1971 (Application Granted in 1976), the idea of microneedle-based 

drug delivery system was introduced first-time with the patent by Gerstel and Place [76]. 

The first coated microneedle was introduced with the patent in 1974 (Application Granted 

in 1975) by Pistor Michel Louis Paul [77]. In 1998, Henry et al. [78] published first 

microneedle study for the literature, in which microneedles were produced by black 

silicone method. This study was important not only for being the first published 

manuscript but also proof of concept by showing the increase in the permeability of skin 

for calcein within in vitro as well as showing that it is painless method within in vivo. In 

2002, Mikszta et al. [79] used microneedles for the delivery of naked plasmid DNA, 

which was the first report for genetic materials. In 2003, the delivery of macromolecules; 

insulin and albumin as well as nanoparticles; 100 nm sized latex beads were reported 

first-time by solid and hollow microneedles by McAllister et al.[80]. In 2005, sugar-made 

microneedles appeared as the first reported dissolving microneedles by Miyano et al.[81]. 

In 2012, the first hydrogel forming microneedles were reported by Donnelly et al. [82]. 

Different area as sampling from biological fluid (dermal interstitial fluid) by microneedles 

is introduced for glucose monitoring in 2015 by Wang et al. [83]. Also, in the same year, 

microneedle containing roller was used for collagen induction therapy and reported to 

improve skin texture, which became the first cosmetic study in the literature by Fernandes 

[84].   

2.4.2. Classifications of Microneedles 

In literature, microneedles are classifed with different aspects according to the alignment 

of microneedles, materials and drug delivery approaches. 
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2.4.2.1. In-plane and Out-of-plane Microneedles 

One of the common classification is made on the alignment of microneedles on substrate. 

The two types of microneedles are included in this classification; ‘in-plane’ and ‘out-of-

plane’ (Figure 2.7). The difference is that while in-plane microneedles are vertically 

aligned to the substrate, out-of-plane microneedles are parallelly aligned to the substrate 

resembling fork structure [85]. In-plane microneedles have a lack of needle density and 

are fragile relatively to out-of-plane. It is easier to manipulate the length and shape of 

microneedles. In-plane microneedles are produced from metals (e.g. stainless steel and 

titanium) and silicon with etching and laser cutting methods. Out-of-plane microneedles 

have denser, robust, furthermore versatile in materials and production methods according 

to the reports in literature. Generally, since out-of-plane microneedles are denser for 

needles, they are used for drug delivery or fluid. However, it is harder to achieve 

microneedles with high aspect ratio. [85–88]. 

 

 

 

Figure 2.7. Out-of-plane (i) and in-plane microneedles (ii) [85]. 

 

2.4.2.2. Materials in Microneedle Fabrication 

Microneedles can be produced from various materials such as silicon, metal ceramic, 

glass, and polymers. Material selection is one of the important criteria; it should have 

sufficient mechanical properties to penetrate the skin as well as biocompatible, cost-

efficient and less corrosive [89,90]. 

 

Silicon 

Silicon is anisotropic crystalline material, commonly involved in the fabrication of 

microelectromechanical systems due to its various advantages [91]. The Young’s modulus 

of silicon varies between 50 GPa and 180 GPa with respect to orientation of crystalline 

lattice [90, 92]. The first reported microneedle was made of silicon using dry etching by 
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Henry et al. [78]. In this study, 20 by 20 solid microneedle array (the length of 150 μm 

and base diameter of ≅ 80 µm) were produced with deep reactive ion etching on silicon 

substrate. Chromium as masking material was deposited on silicon, then patterned into 

dots by UV-photolithography. Silicon with the patterned chromium was subjected to deep 

reactive ion etching (fluorine/oxygen was used). Microneedles were formed in the areas 

protected by chromium [78]. Dervisevic et al. [93] produced silicon microneedles using 

UV-photolithography and deep reactive etching (≅ 9500 microneedle per cm−2, the lenght 

of ≅ 250 μm and base dimeter of ≅ 50 µm) for glucose monitoring. O'Mahony et al. [94] 

produced hollow silicon microneedles (the length of 500 μm and aspect ratio of ≅ 1.5) 

with the incorporation of wet etching, dry etching and photolithography. In the study, the 

patterning of deposited front and back sides of silicon wafer was achieved by dry etching 

and photolithography methods. Then, wet etching with KOH was applied to front and 

back sides subsequently to achieve convex corner undercut and bore formation inside the 

microneedle. Aluminium was used to stop etching after the bore formation. Lastly, glass 

reservoir has the volume of 1.1 μL, etched in 49% HF acid for the incorporation with 

hollow silicon microneedles (Figure 2.8) [94]. As advantages, silicon has sufficient 

physical properties for penetration; furthermore, the production methods allow to precise 

geometry for microneedles. However, poor biocompability, high-cost and complex 

production process as well as brittleness which may lead to the fracturing of microneedles 

inside the skin, are the primary drawbacks of silicon [90, 95, 96]. 

 

  

 

Figure 2.8. Scanning electron microscope images of a hollow silicon microneedle. Left 

image shows single silicon microneedle whereas right image represents the 

microneedle with its reservoir [94]. 
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Metal 

Metals, are commonly used in hypodermic needles (stainless steel) and medical products 

such as implants (e.g. titanium and its alloys). Up to date, the various kind of metals was 

used to produce microneedles, such as stainless steel, titanium, palladium, nickel, alloys, 

and gold. But, stainless steel and titanium are generally used for metallic microneedles 

[90, 95, 97]. Direct metal laser sintering, laser cutting, laser ablation, etching techniques, 

electrodeposition, hot embossing, metal injection molding are production methods of 

metallic microneedles [98]. Li et al. [99] produced porous titanium microneedles (the 

length of ≅ 500 μm, porosity of 30.1%, average pore diameter of 1.3 µm) using metal 

injection molding (Figure 2.9). Polydimethylsiloxane (PDMS) was used to transfer 

negative mold for titanium slurry which forms master microneedles by filling the mold. 

Finally, titanium microneedles were exposed to metal sintering to achieve porous titanium 

microneedles [99]. Metal has sufficient mechanical properties for skin penetration.  

 

 

 

Figure 2.9. Scanning electron microscope images of titanium microneedles (a-d) and 

porous titanium microneedles (e-h) [99]. 

 

Compared to material of silicon, metals have higher toughness, which make metals less 

likely to be fractured inside the skin.  Besides, some metals offer good biocompatible 

such as stainless steel grade 316L and titanium alloys [95,97]. Corrosion rate is high for 

some metals (e.g. stainless steel) so titanium alloys may be preferred instead of the others. 

In addition, some metals (generally nickel) are allergic for humans, so the selection of the 

type of metal should be evaluated carefully for microneedle fabrication [100]. 
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Ceramic 

Ceramic is also used for the production of microneedles. Alumina (Al2O3) and zirconia 

(ZrO2) as well as novel composite material, Ormocer® (organically modified ceramic) 

are ceramics commonly used for microneedle fabrication. Micromolding and two-photon 

polymerization are the methods used to produce ceramic microneedles [101–103].  

Bystrova et al. [104] produced ceramic microneedles (the lengths of microneedles are 560 

μm in Figure 2.10a-e and 300 μm in Figure 2.10f-i) using micromolding. Simply, the 

silicon master was produced by photolithography and etching processes. 

Polydimethylsiloxane replicate was achieved from silicon master, then used to achieve 

the second PDMS replicate, which was used as negative mold for the casting of ceramic 

slurry. After the sintering process, ceramic microneedles were achieved [104]. Ceramics 

such as alumina and zirconia are biocompatible and corrosion resistant [97, 105, 106]. In 

addition, it is possible to achieve desired shapes of microneedles with the methods 

discussed above. However, alumina microneedles were shown to be brittle under tensile 

stress with manual application [104]. Zirconia has higher fracture toughness relative to 

alumina, so the combination of those ceramics may be used for the production of 

microneedles [101]. 

 

 

Figure 2.10. Scanning electron microscope images of the different shapes of ceramic 

microneedles produced with micromolding method  [104].  
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Glass 

Glass microneedles also present in literature. Generally, pulling pipette is applied to 

produce glass microneedles, which are hollow used for infusion studies. [64,107,108] 

Glass takes advantage of inert, and sufficient mechanical properties as well as easy 

sterilization due to its endurance for high temperature and pressure [96,109]. Silica glass 

is brittle (the value of fracture toughness close to ceramics), so has potential to break off 

into the skin which may result in pain and silica granulomas [90,110]. In addition, pulling 

pipette method is time-consuming and requires intense optimization [96,111]. 

Borosilicate glass may be considered in microneedle studies due to being more elastic 

and biocompatible relatively to silica glass [89,90]. Gupta et al. [107] achieved 

borosilicate microneedles (the lengths of 1000 μm, tip angel of 30°) from borosilicate 

glass pipettes by pulling pipette method using micropipette puller and beveler (Figure 

2.11). These microneedles are used for the delivery of insulin to Type 1 diabetic patients. 

 

 

 

Figure 2.11. Size comparison between Single hollow borosilicate microneedles (top) and 

subcutaneous insulin catheter (9 mm) [107]. 

 

Polymer 

Polymers are drawing interest for microneedle production due to their superior features 

to the materials discussed above. Considering economic and safety aspects, polymers 

have many advantages such as allowing easy and inexpensive large-scale production as 

well as being biocompatible, biodegradable, resistant to corrosion and flexibility [112, 

113]. However, polymeric microneedles suffer from lower mechanical properties which 

may result unsuccessful skin penetration [114]. There are various kinds of polymers used 

in the literature for the production of microneedles such as poly (methyl methacrylate) 
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(PMMA) [115], poly (lactic-co-glycolic acid) (PLGA) [116], poly (vinylpyrrolidone) 

(PVP) [117], poly (lactic acid) (PLA) [118], poly (vinyl alcohol) (PVA) [119] , hyaluronic 

acid (HA) [120], polysaccharides (e.g. maltose and chitosan) [121], silk fibroin [122]. 

Micromolding, droplet-born air blowing, micro-electromechanical systems (MEMS) 

based techniques, additive manufacturing (3D printing) are the methods used to produce 

polymeric microneedles [95]. 

 

Micromolding is a well known method to produce polymeric solid and dissolving besides, 

ceramic microneedles. Conventionally, micromolding requires the negative mold 

(generally made of PDMS) to be filled with the polymer melt or polymer solution (in this 

case method also called solvent casting in literature). Solidification step takes place by 

the evaporation of solvent, polymerization in mold or lowering the temperature [95, 118, 

123–128]. In addition to centrifugation and vacuuming steps, atom spraying and piezo-

based inkjet printing can also be used to fill microcavities inside a mold [129, 130].  

 

 

 

Figure 2.12. Schematic representation of the micromolding process (left) and 

multilayered microneedles fabricated (right) (green and red fluorescence 

represents PLGA and PVP, respectively) [131]. 

 

Kim et al. [131] produced multilayer microneedles with obelisk shape, which consists of 

PVP and PLGA, by micromolding method (Figure 2.12). Master mold was fabricated 

from aluminum by micromilling. First negative PDMS mold was achieved from the 

master and then filled with PLA melt. The PLA master was exposed to dry etching to 
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sharpen tips. Second female mold was achieved from this PLA master. Atomized spray 

technique was applied to fill the second negative mold with a drug containing PVP 

solution and PLGA, respectively. After the incorporation of the backing layer, the 

solidified microneedle array was removed from the second negative mold [131]. 

Micromolding takes advantageous of being simple and cost-efficient method for the large 

scale production [102, 132]. As disadvantages, drug loss during molding and time-

consuming multi-step can be given [133].   

 

Droplet-born air blowing (DAB) is a drawing-based lithography method, first introduced 

by Kim et al. [134] This method basically relies on the drawing of the polymer droplet 

upward by physical contact of the moveable probe, air blowing step for solidification of 

shaped polymer droplet and separation from the neck side of the two attached 

microneedles, respectively. As advantages, DAB prevents drug loss resulting from 

micromolding and offers the platform to produce the microneedles fastly in gentle 

conditions [95,134]. Kim et al. [134] produced insulin containing dissolving 

microneedles from the polymers of PVP, carboxymethyl chitosan (CMC) and hyaluronic 

acid (HA) within less than 10 min with the condition of 4–25°C. Comparison of 

mechanical properties for materials addressed in the section, was given in Figure 2.13. 

 

 

 

Figure 2.13. Mechanical properties of different types of materials used for microneedle 

fabrication [135]. 
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MEMS based techniques including the following steps of deposition, patterning and 

etching are used to produce microneedles. Deposition is the thin film formation on 

substrate carried out via chemical or physical vapor- based deposition as well as spin 

coating. Patterning is carried out with photolithography (UV exposure). Etching is a 

development step using dry or chemical etching. MEMS based fabrication enables the 

production of hollow and solid microneedles with high precision in geometry, but it is an 

expensive method and requires clean room facility. Polymeric microneedles made of SU-

8 are produced with MEMS based techniques [90, 95, 97]. 

 

2.4.2.3. Drug Delivery Approaches 

Another classification is made on drug delivery approaches which require five different 

types of microneedles (Figure 2.14), each of which was addressed in this section by 

highlighting polymeric microneedles. 

 

 

 

Figure 2.14. Microneedle drug delivery approaches (it is created in Biorender.com). 

 

Solid 

Solid microneedles function in a way of poke and patch approach which aims to create 

micro-channels through the SC by piercing to get the skin ready for the topically 

application of the drug-loaded patches or creams. Not surprisingly, first microneedle 

studies of transdermal delivery was carried out with solid microneedles due to the 

simplicity of this approach [78, 96, 102]. Li et al. [118] produced PLA made conical solid 

microneedles (the length of 600, 700 and 800 μm) by micromolding method. 
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Polydimethylsiloxane negative mold was created by laser drilling. Melt casting of PLA 

pellets was carried out by heating and vacumming (200°C, -85 kPa) [118]. 

 

Dissolving 

These types of microneedles are produced from biodegradable or water-soluble polymers. 

They function in a poke and dissolve approach in which microneedles dissolve inside the 

skin after their penetration. Drug molecules are encapsulated in the polymer which forms 

the microneedles, so drug molecules are released as long as microneedles dissolve. That 

is why, drug delivery profile depends on the rate of dissolution or degradation of 

microneedles. Generally, the micromolding method is used to produce dissolving 

microneedles [102].  

 

Coated Microneedles 

Coated microneedles have a drug containing layer on the surface of microneedles.  These 

types of microneedles function in a way of coat and poke approach in which solid 

microneedles are coated, and then, penetrated to the skin. Coating layer dissolves and 

releases drug molecules [102].  

 

Hydrogel-forming 

Hydrogel-forming microneedles rely on a poke and release approach. Microneedles are 

made of cross-linked polymer. After the penetration, microneedles swell due to the intake 

of interstitial fluid. Swelling forms the conduits inside the polymer, which enables drug 

molecules to pass through and released [102]. 

 

Hollow  

Hollow microneedles are the miniature form of hypodermic needles. These types of 

microneedles using poke and flow approach, have a lumen inside the shaft together with 

tip or side opening holes, which enable the passage of drug molecules into the skin. 

Actuator (e.g. micropump and injector) is commonly used with hollow microneedles for 

the infusion. Delivery of the large amount of drug is possible with hollow microneedles. 

However, due to relatively more complex structure than other type of microneedles, 

hollow microneedles are generally produced with MEMs based techniques, which require 

expensive and multi-step fabrication [102].  
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Table 2.1. The list of different types of polimeric microneedles with their production 

methods. 

Authors 

and year 

Material Type Method The use of 

purpose 

References 

Ju et al. 

2020 

 

 

PMMA Hollow-

Coated  

Micromolding 

(Casting 

polymerization) 

Blood glucose 

level 

monitoring 

 

[115] 

 

 

 

Pawley 

et al. 

2021 

PLGA Solid, 

Dissolving 

and 

Coated 

Micromolding 

(Solvent 

Casting) 

Intracochlear 

delivery of 

dexamethasone 

[116] 

Ramadon 

et al. 

2023 

Kim et 

al. 2013 

PVP Dissolving 

 

 

Dissolving 

Micromolding 

(Solvent 

Casting) 

Droplet-born 

air blowing 

The delivery of 

lidocaine 

hydrochloride 

The delivery of 

insulin 

[117] 

 

 

[134] 

Li et al. 

2017 

PLA Solid Micromolding 

(Melt casting) 

Pretreatment 

for insulin 

delivery 

[118] 

Oh et al. 

2022 

PVA Hydrogel-

forming 

Micromolding Microneedle 

Patch 

[119] 

Castilla 

et al. 

2021 

Chitosan Dissolving Micromolding  The delivery of 

meloxicam for 

cattle 

[121] 

Wang et 

al. 2019 

Silk 

fibroin 

Hydrogel-

forming 

Micromolding 

(Solvent 

Casting) 

The delivery of 

insulin 

[122] 

 

2.5.3. Poly Lactic Acid (PLA)  

Poly lactic acid is a biodegradable aliphatic polyester obtained from natural feedstocks 

(e.g. corn and sugarcane) or by the process of recycling (Figure 2.15). In 1970, PLA was 

approved by the US Food and Drug Administration (FDA) to be used in the applications 
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involving its interaction with body fluid. It has two isomers as L-lactide and D-lactide 

[136]. Isomeric compounds of PLA have their own distinct properties which is given in 

Table 2.2. It is biocompatible and has attractive mechanical properties (efficient Young’s 

modulus and high toughness), which lead to be used in microneedle production [118].  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. The cyle of PLA in nature and its isomers [136]. 

 

Table 2.2. Physicochemical properties of PLA. 

Properties Poly(L-lactide) 

(PLLA) 

Poly(D-lactide)  Poly(D-L-lactide) 

 

Solubility All of these are soluble in benzene, chloroform, tetrahydrofuran 

etc. but insoluble in ethanol, methanol as well as aliphatic 

hydrocarbons. 

Crystaline 

Structure 

Semi-crsytalline Crystaline Amorphous 

Melting Point, Tm 

(°C) 

170~180 170~180 No melting 

Glass Transition 

point, Tg (°C) 

50-60 55-60 50-60 

% Fracture strain 20-30 20-30 Variable 
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2.6. Micropump Systems 

Micropumps, the miniature devices, are capable of pumping fluid or liquid in small 

volumes ranging from microscale to nanoscale. Micropumps are used with a wide range 

of applications such as drug delivery, micro analysing, and the propulsion of space crafts.  

 

2.6.1. Classification 

Micropumps are divided into two primary groups as mechanical (displacement) and non-

mechanical micropumps (Figure 2.16). Mechanical pumps have a moving part such as an 

oscillating diaphragm or rotor, which exerts pressure on the fluid for pumping. Non-

mechanical pumps benefit from electrical or magnetic induction of fluid as well as 

chemical processes and ultrasonic driven flow. 

 

 

 

Figure 2.16. Classification of micropumps [137]. 

 

According to the action of moving parts, mechanical micropumps are divided into two 

sub-categories: rotating and reciprocating. In rotary types, the pumping of fluid occurs by 

the circulation of the rotor. In reciprocating types, there is a diaphragm or piston that 

makes the action of oscillation for pumping [137].  
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2.6.2. Diaphragm/ Membrane- Based Micropumps 

In this part, micropumps using diaphragm/ membrane were addressed in the scope of their 

mechanism and properties. 

 

2.6.2.2. Piezoelectric Micropumps 

Piezoelectric materials have the ability of converting electrical energy to mechanical 

strain and conversely. This property, called ‘Piezoelectric effect’, makes these materials 

to be used in micropump systems.  In these systems, piezoelectric material is sandwiched 

between two flexible material (e.g. PDMS) to form diaphragms. Oscillation of diaphragm 

occurs by application of electrical energy. Piezoelectric micropumps enable fast response 

and large actuation, but deflection is low and requires high voltage [137,138]. The 

transduction effectiveness of these piezoelectric actuators can be expressed by the 

piezoelectric coupling factor which is the ratio of the converted energy to the supplied 

energy is given below (Equation 2.3). 

 

                                                      𝑘2 =
𝑈𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑

𝑈𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
          (2.3) 

 

where, 𝑘2 is piezoelectric coupling factor. 

 

2.6.2.3. Electrostatic Micropumps 

Electrostatic micropumps are another type of diaphragm/ membrane-based pumping 

systems. The principle of these micropumps is based on the electrostatic attraction forces 

(also known Coulomb attraction force). In these systems, there are two electrode plates: 

one is attached on a flexible diaphragm and the other one is located parallel to the first 

one. There is an air gap between them. Applying electrical potential leads to the attraction 

of the plates and then the deflection of diaphragm as a result. Electrostatic micropumps 

take the advantage of requiring low energy and fast response to operate. However, the 

deflection is low in these systems [137, 138].  

 

The attraction force between two plates, can be expressed by Equation 2.4 given below. 

 

                                                  𝐹 =  
𝑑𝑊

𝑑𝑋
=

1

2
(𝜅𝐴

𝑉2

𝑋2)         (2.4) 
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Where, F is attraction force (N), W is the stored energy (J), X is the distance between two 

plates (m), κ is relative permittivity, A is area of the plates (m2), V is the applied voltage 

(V). 

 

2.6.2.4. Thermopneumatic and Phase Change Type 

The operating principle of thermopneumatic micropumps is based on thermal expansion 

of air, which imparts the pressure on the diaphragm. The heater is used to cause thermal 

expansion of air. Similarly to thermopneumatic systems, phase-change type micropumps 

rely on the gas pressure, but firstly phase-change of liquid to gas is required. For these 

systems, in some cases, the body may serve as an actuator itself.  For example, methyl 

perfluoropropyl ether passes to the gas phase in the temperature of the skin.  These two 

systems enable the high deflection on the diaphragm with the low applied voltage. 

However, they are slow response systems, which reduce the frequency of pumping [137]. 

 

2.6.2.5. Electro Active Polymers 

Electro active polymers have the ability to change their shape under the electrical field. 

During the change of their shape, the volume of the liquid reservoir is reduced, so 

pumping the liquid out. Ion conductive polymer film and dielectric elastomers are electro 

active polymers, which are used in micropump systems. Electrode plates were used for 

the actuation. Ion conductive polymer film operates in low voltage (2-5V) and fast 

response is possible, but the production of these polymers is difficult. Dielectric 

elastomers require a high voltage to operate (3-4500 V). Commonly, fast response and 

high deflection are the advantages of the electro active polymers[137, 139]. 

 

2.6.2.1. Electromagnetic Micropumps 

In this part, micropumps systems using electromagnetic actuation for drug delivery were 

highlighted. Electromagnetic actuation relies on the oscillation of diaphragm or 

membrane by magnetic forces (also known as Lorent forces) which are created by 

electromagnetic induction. The relation between the exerted magnetic field and force by 

electromagnet is given with Equation 2.5 below. 

                                                      �⃗� = 𝐼𝐿 𝑥 �⃗⃗�          (2.5) 

 

where, F is force (N), I is current (A), L is lenght of coil (m) and B is magnetic field (T). 
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These devices commoly include diaphragm, liquid reservoir (chamber) and actuator. The 

number of diaphragm and reservoir could vary according to the design of process. For 

diaphragm, permanent magnet is embedded into flexible material (e.g. PDMS) or 

magnetic composite can be used. Electromagnetic micropumps have such advantages as 

high force/deflection and fast response. However, requiring high voltage is the main 

disadvantage [137–139]. 

 

Jayaneththi et al. [140] produced a micropump device which has one diaphragm (made 

of iron-PDMS composite) and two chambers (the reservoir volume of 0.5 mL). The 

device includes a stainless steel microneedle with a length of 1000 μm for pumping out 

water. Commercial magnetic pulser was used as an actuator. In that study, zero-order 

delivery was achieved at 108 ± 2.6 μL/min and 9.07 ± 0.28 μL/min. 

 

2.6. Dexamethasone for COVID-19 treatment 

Dexamethasone is a corticosteroid drug used in the treatment of COVID-19 due to its 

anti-inflammatory and immunosuppressive effects [141]. It is recommended by the World 

Health Organization (WHO) for the treatment of COVID 19. Dexamethasone can be 

taken by tablets or intravenous injection. Six mg of dexamethasone is recommended 

intravenously for adult COVID 19 patients once a day. 
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3. MATERIALS AND METHODS 

 

In this thesis, it was aimed to develop a micropump based microneedle array for the 

benefit of COVID-19 patients. In this direction, a hollow polymeric microneedle array 

was fabricated from PLLA by solvent casting method. For actuation of the micropump, a 

thin magnetic membrane was fabricated from PDMS / Fe3O4 particles with a hand-made 

spin coater. Fluid reservoir was 3D printed from ABS polymer. Before the assembly of 

these 3 components (microneedle array, membrane and reservoir), characterization 

studies were conducted for each component. After the assembly of all components, dosing 

performance of a micropump system was investigated. The main experimental steps in 

this thesis were schematically summarized in Figure 3.1. 

 

 

Figure 3.1. Schematic illustration of the main experimental steps in this thesis. 

 

3.1. Materials  

Poly-L-lactic acid (PLLA) (Mw = 217−225 kDa) was gifted from Corbion (Netherlands), 

poly(dimethyl siloxane) (PDMS; Sylgard-184) from Dow Corning (USA), polyvinyl 

alcohol (PVA) ) (Mw= 31,000-50,000, 98-99% degree of hydrolysis) was obtained from 

Sigma-Aldrich (Germany). Other chemicals were iron (II) chloride tetrahydrate 

(FeCl2.4H2O), iron (III) chloride hexahydrate (FeCl3.6H2O), chloroform, 
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dichloromethane, acetone, hydrochloric acid (HCl) and sodium hydroxide (NaOH) and 

Parafilm M® (Brand Bermis, Wertheim, Germany) was purchased from Sigma-Aldrich 

(Germany). Dexamethasone 21 phosphate DEKORT 8 mg/2 mL I.M./I.V was obtained 

from Deva (Turkey). 

 

3.2. Fabrication Process 

Fabrication processes were mainly divided into three parts; i) microneedle array, ii) 

magnetic membrane and iii) fluid reservoir.   

 

3.2.1. Fabrication of Microneedles 

Hollow microneedle array was produced from PLLA using solvent casting method. 

Positive mold, which enables single and cost efficient fabrication, was designed to be 

used in solvent casting process. Solvent casting method relys on wetting of positive mold, 

and then, microneedle formation by the removal of solvent. 

 

3.2.1.1. Preperation of Positive Mold 

Before casting of polymer solution, a hand-made reservoir was prepared to serve as a 

mold. The components of the reservoirs are shown in Figure 3.2. A commercial 

Dermapen cartridge has 9 needles made of stainless steel with the length of 2.7 mm. Three 

needles of cartridge located in the middle were removed in order to ensure that each 

needle has equal distance away from the metal ring (diameter = 20 mm) served as a 

boundary. The mold reservoir, which is composed of the modified Dermapen cartridge, 

nickel ring and 3d printed PLA spacer, was prepared for solvent casting. Aluminum foil 

and teflon tape were used to prevent the contact of chloroform with the plastic parts of 

the cartridge and PLA spacer. Binder clips were used to fix components as well as to 

prevent leakage of polymer solution away from the reservoir. The final appearance of the 

mold is shown in Figure 3.2b. 
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Figure 3.2. (a) Side view of Dermapen cartridge and (b) the assembly of positive mold.  

 

3.2.1.2. Solvent Casting Process 

Polymer pellets were dissolved in chloroform at 80 rpm at room temperature to obtain 

15% (mass/vol %; m/v%) solution. Then, 0.5 mL of polymer solution was poured into 

the reservoir carefully without the coating of Dermapen microneedles, and then, left to 

dry in room temperature for 3 days (Figure 3.3a). Drying process leads to both solvent 

removal (solidification) as well as microneedle formation (Figure 3.3b). To prevent any 

deformation and achieve easy separation, microneedles were kept at -20°C for 30 min.   

 

            

 

Figure 3.3. (a) Dried polymer present on the surface of stainless steel microneedles after 

solvent casting, (b) microneedle array removed from the positive mold. 

 

3.2.2. Polymer Coating of Hollow Microneedle Array 

In this thesis, dip coating method was applied for the coating of the surface of 

microneedles. In coating formulations shown in Table 3.1, PVA was used as a viscosity 

enhancer to be deposited on the microneedles. Tween 20 is a surfactant added into 

(b) (a) 

(a) (b) 
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formulation to decrease surface tension of aqueous PVA solution. Methylene blue is for 

a staining agent to better visualise the surface coating.  

 

Table 3.1. Formulations used for the preparation of the coating solution. 

 

 Viscosity 

Enhancer 

Surfactant Visualizing 

Agent 

Sample no. PVA, (w/v %)  Tween 20, (v/v 

%)  

Methylene Blue, 

(w/v %)  

1 10  

0.1 

 

0.1 2 15 

3 20 

 

For the immersion, the microneedles were fixed with double-sided tape on the movable 

probe of the Texture Analyzer (Stable Micro Systems, UK). The probe was then lowered 

to the reservoir containing the coating solution. The microneedles were kept in this 

solution for 15 s and then pulled upwards at a speed of 20 mm/s. After coating, the 

microneedles were left to dry at room temperature overnight.  

 

 

Figure 3.4. Dip coating process for PLLA microneedle array (it is created in 

Biorender.com). 
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3.2.3. Fabrication of Magnetic Membrane 

This part includes the fabrication process of magnetic membrane. 

 

3.2.3.1. Synthesis of Fe3O4 particles 

Iron oxide particles are synthesized by co-precipitation method [142]. The solution of 5 

g iron (II) chloride tetrahydrate (FeCl2·4H2O) in 10 mL HCl (2 M) and 11 g iron (III) 

chloride hexahydrate (FeCl3.6H2O) in 40 mL HCl (2 mL) were prepared and then mixed 

with each other in the glass volumetric flask to achieve the mass ratio of Fe (II) / Fe (III) 

as 1:2. After complete dissolution, 50 mL of NaOH (5M) were added to the iron solution 

slowly for the precipitation process. At the end of the process, the color of solution was 

turned into black. The iron oxide nanoparticles (Fe3O4) were then precipitated at the 

bottom of the glass balloon with a magnet. The precipitate were washed with deionized 

water (20 mL, 3x), ethanol (20 mL, 3x) and water (20 mL, 3x) after centrifugation at 5000 

rpm for 5 min, respectively. Finally, Fe3O4 particles were dried and crushed with mortar 

to obtain powders. 

 

 

Figure 3.5. (a) Set up of the spin coater: a laser tachometer, potentiometer and fan, (b) 

thin magnetic membrane obtained after curing process. 

 

3.2.3.2. Fabrication of Fe3O4-PDMS composite membrane 

Polydimethylsiloxane was preferred as membrane material due to its high elasticity and 

easy molding. Iron oxide powders and base elastomer were dispersed with a high speed 

homogenizer (Ultra-turrax T18, IKA, Germany), at scale 3 (~ 11.500 rpm) in an ice bath 

for 30 min. Then, the curing agent was added to the dispersion and mixed with a spatula 

for 15 min to achieve 10, 20, 30% w/w Fe3O4/membrane nanocomposite. Liquid 

(a) (b) 
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composite is then degassed. Dynamic spin coating method was applied to produce thin 

magnetic membrane. For the coating surface, 30x20 mm glass covered with aluminum 

foil was used. Aluminum foil helps for the easy removal of the membrane without any 

deformation. 

 

While a hand-made spin coater rotates at 500 rpm, 1 mL of nanocomposite dispersion 

was poured on the surface of the glass and held at that speed for 20 s to achieve complete 

coating. The coating was cured at 90ºC for 3 h in the oven. After curing, the membrane 

was removed from the coating surface easily (Figure 3.5). 

 

3.2.4. Fabrication of Fluid Reservoir and Assembly of its Components 

Two different models were prepared as the drug reservoir of the micropump. In model 1, 

ABS mold was printed by 3D printer. Then, to achieve PDMS reservoir, 5:1 base/curing 

agent of PDMS was vacuumed to remove air bubbles and then poured into ABS mold for 

curing at 90ºC for 3 hours. Once the curing process was completed, ABS mold was 

removed from PDMS by dissolving it in the acetone bath for 2 days. Magnetic membrane 

was attached to the PDMS reservoir with the partial curing method. Thin PDMS (10:1 

base/curing agent) interface on the bonding area, was partially cured at 60ºC for 35 min. 

Then, the magnetic membrane was kept contacting to this partially cured area and left 

curing together overnight at 60ºC (Figure 3.6). Microneedle array, which is attached to 

the PLA ring by solvent bonding, was interlocked with the PDMS reservoir.  

 

 

Figure 3.6. (a) The 3D model of ABS mold, (b) and (c) the final assembly of the PDMS 

reservoir with magnetic membrane.  

 

b ca(a) (b) (c) 
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In model 2, 3D printed ABS mold was directly used as a fluid reservoir. Before the 

assembly, the reservoir was kept in the acetone bath for 30 s for smoothing the filaments 

which make the reservoir water-proof to prevent any pressure loss.  

  

 

Figure 3.7. (a) The 3D model of ABS reservoir, (b), (c) and (d) the images of 3D printed 

ABS reservoir from different angles. 

 

For the assembly of magnetic membrane to ABS reservoir, the hollow side of the reservoir 

(Figure 3.7b and d) was filled with degassed PDMS. Then, partial curing (30 min at 65oC) 

was applied to PDMS. Magnetic membrane was attached to partially cured areas without 

the stretching of the membrane, and then all these parts left overnight at 65oC to achieve 

complete curing. Microneedle array was attached to fluid reservoir by solvent bonding. 

The assembly of all components is shown in Figure 3.8. 

 

(a) (b) 

(c) (d) 
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Figure 3.8. Images of the micropump based microneedle array from different angles. 

 

Due to PDMS’ low elastic modulus, Model 1 is more susceptible to the deformation 

which could arise from the pressure exerted when the micropump system was pressed 

into skin. This scenario may result in accidental dosing. However, ABS is more rigid and 

resistant to deformation. That is why, Model 2 was chosen for the final assembly. 

 

 

Figure 3.9. Filling (a) and draining (b) of a liquid from drug reservoir. 

 

Simplicity of filling and draining process is important criteria for easy use. Model 2 was 

designed with the opening large enough to be filled with hypodermic needle easily. Also, 

Model 2 allows to drain a liquid out of the reservoir in a fast and simple way (Figure 3.9). 

In Model 1, the filling process would be performed with an injection through the PDMS 

reservoir, but filling would be harder than Model 2 because of high pressure inside the 

reservoir. In Model 1, draining would be more problematic. Removing of interlocked ring 

would be required to drain a liquid. 

(a) (b) (c) 

(a) (b) 
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3.3. Characterization Studies 

Characterization was conducted for the microneedle array, magnetic membrane and the 

final assembly, respectively. 

 

3.3.1. Microneedle Array 

Morphological analysis was conducted to define the shape of the microneedle array. In 

mechanical analysis, failure force and % height reduction, were characterized. For 

penetration studies, a microneedle array was inserted into Parafilm®. Leakage test was 

conducted with a syringe adaptor to detect any liquid leakage from the array. 

 

3.3.1.1. Differential Scanning Calorimetry 

In order to characterize the physical properties of PLLA, differential scanning calorimetry 

(DSC, Perkin Elmer, USA) was used. The percent crystallinity (Xc%), melting 

temperature (Tm), glass transition temperature (Tg) of the samples were analyzed from 

PLLA pellets and fabricated microneedle array. Samples were heated from 30 to 200°C 

with a rate of 10°C min−1 under nitrogen gas. Equation 3.1 used for the calculation of Xc 

% was given below  

 

                                                   Xc (%) =
ΔH

ΔHm0
 ×  100          (3.1) 

 

ΔHm (J/g) represents the area under the thermogram between 65 and 200°C, ΔH0
m 

represents the enthalpy of melting of a fully crystallized PLLA sample (93.1 J/g) [143]. 

 

3.3.1.2. Morphological Analysis  

The morphology of PLLA microneedles was examined by digital microscope and 

scanning electron microscope (SEM) (GAIA3, TESCAN, Czechia). Geometric 

parameters were measured with a digital microscope for multi-repetitive examination. 

Only the difference between tip outer diameter and inner diameter was measured from 

SEM images due to higher precision. The length of coating were visualized and measured 

from the SEM images using ImageJ software (NIH, USA). 
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3.3.1.3. Mechanical Analysis 

Mechanical analysis was conducted with Texture Analyzer (Stable Micro Systems, UK) 

to determine the maximum axial force that microneedle can withstand before the failure. 

According to force-displacement curve, failure force or ‘buckling force’ is determined 

with the point at which the resistance force starts to reduce or reach to saturation due to 

buckling [144]. Three single microneedles were taken from the same array. In total of 9 

microneedles were tested with the arrays fabricated from different batches. 

 

Each single microneedle was placed on metal block on the ground with double-sided 

adhesive tape. The cylindrical moving probe (10 mm in diamater) made of Delrin® was 

lowered to microneedle with the test speed of 0.1 mm/s. Trigger force was 0.003 N, pre 

and post test was 1 mm/s. In one of the study, 32 N was found as the the maximum average 

force applied by human volunteers for 30 s [145]. Therefore, once the exerted force has 

reached to 32 N, it was hold for 30 s. Height reduction (%) of the microneedles was also 

examined with the same method and parameters (n=3). Height reduction (%) was 

calculated with Equation 3.2 given below.  

 

                                    Height reduction (%)  =
HB−HA

HB
 × 100        (3.2) 

 

HB represents the height before the compression whereas HA represents the height after 

the compression. 

 

3.3.1.4. Insertion Studies on Parafilm®  

Parafilm M® (Brand Bermis, Wertheim, Germany) has the thickness of 127 μm and was 

used as an artificial skin [145]. Polystyrene foam was used to mimic soft tissue under the 

skin [146]. Eight layers of Parafilm® were placed on the polystyrene foam. Microneedle 

array was placed on the metal moving probe of the Texture analyzer with double-sided 

adhesive tape. The moving probe was lowered to Parafilm® layers. All parameters of 

Texture analyzer were the same with the mechanical analysis (target force = 32 N for 30 

s, test speed = 0.1 mm/s, trigger force = 0.003 N). Percentage of holes created by 

microneedle penetration for each layer of Parafilm® were then analyzed. In addition, 

microneedles were viewed after insertion to detect any deformation present on 

microneedles.  
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3.3.1.5. Leakage Test 

Leakage test was carried out to be sure that there is no leaking liquid from the 

microneedles or its base, instead of the lumen. Appropriate syringe adapter was designed 

with Autocad and printed with a 3D printer from PLA filament (Figure 3.10). In order to 

smooth the PLA surface, the syringe adaptor was kept in an acetone bath for 3 min.  The 

microneedle array was solvent bonded to a syringe adaptor with dichloromethane. This 

technique is advantageous in that it allows strong bonding and does not require any 

adhesive. Aqueous solution of methylene blue was pumped through the adapter using a 

syringe pump with a flow rate of 20 mL/min for better visual investigation.  

 

 

Figure 3.10. (a) The 3D model of the syringe adaptor and (b) its 3D printed image. 

 

3.3.2. Magnetic Membrane 

Characterization of magnetic membrane via magnetic properties and thicknesses was 

explained in this part. 

 

3.3.2.1. Vibrating Sample Magnetometer (VSM) 

Magnetic field dependent magnetization of iron oxide particles and magnetic membranes 

were measured with a quantum design vibrating sample magnetometer (VSM; QD-

PPMS, USA) at room temperature within ±2 T magnetic field strength. 

 

a 

 
(b) (a) 
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3.3.2.2. Membrane Thickness 

To analyze the thickness of the magnetic membranes, they were placed between two 

microscope slides. A digital microscope and ImageJ software were applied as tools for 

the measurement. 

 

3.3.2.3. Leakage Test 

Leakage test was conducted before the assembly of microneedle array to reservoir to be 

sure that any leakages take place from the membrane side. Dry reservoir with a magnetic 

membrane was filled with 2.5 mL distilled water and then followed carefully every hour 

for a total of 5 hours to detect any leakage (Figure 3.11). 

 

 

Figure 3.11. Leakage test applied to the reservoir. 

 

3.3.3. Electromagnetic Characterization  

Magnetic characterization of electromagnet and deflection of magnetic membranes under 

applied voltage was described in this part. 

 

3.3.3.1. Actuator 

A power supply is provided (Digital DC Power Supply, OWON, China) for the actuation 

of electromagnet, which can apply voltage in the range of 0 – 60 V and current in the 

range of 0 – 3 A.  The variation of magnetic flux density created at the level of 

electromagnet (d = 0) with applied voltages was investigated by the Gaussmeter. In the 

following studies, magnetic flux densities as a function of distance from the 

electromagnet surface were investigated at different voltage values applied to the 

Filled with distilled water 
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electromagnet. The voltages of 5 to 60 V and distance of 0 to 5 cm were investigated. The 

setup used for the magnetic characterization of the electromagnet is shown in Figure 3.12. 

 

 

Figure 3.12. The setup used to determine magnetic flux density of the actuator. 

 

3.3.3.2. Deflection of Magnetic Membrane 

Before the assembly of the system, displacement of magnetic membranes fabricated with 

different amounts of Fe3O4 particles (10, 20 and 30% by mass) was investigated under 

the voltage of 20, 40, 60 V. To do this, each magnetic membrane is attached to a metal 

ring, which has the same diameter with the pumping area of Model 2 (20 mm), by double-

sided band. The membrane, which showed higher deflection, was chosen for the pumping 

studies of fluid. The measurements of deflection was performed with a time interval of 3 

s. The setup used for the deflection measurements of magnetic membranes is shown in 

Figure 3.13.  

 

Power Supply 

Tesla Meter 

Ruler 

Electromagnet 

Probe 
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Figure 3.13. The setup used to determine membrane deflection.  

 

 

Figure 3.14. Polystyrene foam placed on the center of the membrane; level before (a) and   

after magnetic deflection (b).  

 

To determine deflection and response time (deflection time plus return time of the 

membrane), a piece of polystyrene foam which weighs less than 0.01 mg, was placed on 

the center of the magnetic membrane to be used as a marker (Figure 3.14). Response time 

(deflection plus return time) was measured from the recorded videos during the voltage 

application. 

Power Supply 
Digital Microscope Ruler 

Electromagnet 

h1 

h0 

(a) (b) 
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3.3.4. Dosing Performance of Micropump System 

To determine the dosing ability of micropump based microneedle array, aqueous solution 

of Dexamethasone 21 phosphate was used.  To achieve the stock solution, Dekort®, 

8mg/2ml was diluted to 0.2 mg/mL with distilled water. Measured density of stock 

solution was 1.8 g/mL.  Fluid reservoir was filled with 2 ml solution by a syringe. Dosing 

performance of membrane was analyzed with different voltages (30,40,50 and 60 V) with 

constant current (2 A).  

 

In another study, a cylinder neodymium magnet (10x1.5 and 1.3 g) was placed on the 

middle of the membrane, and then, dosing ability was characterized. Since magnet attracts 

electromagnet, distance at which magnetic flux density of magnet is zero, was measured 

with tesla meter. This value of distance was used as a total space between magnet and 

electromagnet in order to avoid unintented dosing of magnet due to attraction to 

electromagnet. Also, the actuation process was followed up with a USB microscope to be 

sure that dosing/pumping was stopped after power was cut-off.  

 

 

Figure 3.15. The setup for multible dosing is shown above.  

 

The working principle of micropump relies on the oscillation of the magnetic membrane, 

which increases the fluidic pressure inside the reservoir (Figure 3.16). Fluid reservoir was 

filled with 1.3 ml solution, instead of 2 ml because the weight of magnet imparts pressure 

on liquid, so it results in accidential flow. Dosing performance with programmed single 

and multiple actuations was separately analyzed by weighting the solution, which is 

pumped into a open container. Power supply which was programmed according to 

response time, which was achieved from the deflection study in section 3.3.3.2. 

Parameters of programmed power supply were created after the approximate response 

time of the membrane was determined in deflection studies.  
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In micropump systems, membrane actuation is defined as periodic reciprocating 

movement of membrane. Thus, Equation 3.3 was used to calculate flow rate as given 

below. 

 

Flow rate (
µL

𝑠
) =

Pumped Volume(µL)

Pumping Time (s)
     (Equation 3.3) 

 

Graphs of flow rate and accumulated drug release over time were provided. Besides, % 

dead volume was calculated as Equation 3.4 given below.  

 

% Dead volume =
Initial Volume(µL) −Pumped Volume(µL)

Initial Volume(µL)
  × 100     (Equation 3.4) 

 

According to these data, the dosing ability and pumping efficiency of the system were 

evaluated. 
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4. RESULT AND DISCUSSION 

 

In this thesis, PLLA hollow microneedles were successfully fabricated by a one-step 

solvent casting method. Subsequently, a drug reservoir was developed with a novel design 

using a 3D printer and a magnetic membrane supported by a cylindrical magnet, which 

acts as a micropump in this system, was successfully combined with the reservoir. The 

pumping capacity of the developed micropump based microneedle array was investigated 

at different voltages and it was shown that it could perform a successful pumping process. 

The results obtained within the scope of the thesis are given here in four sections with 

detailed characterizations as: i) microneedle array, ii) magnetic membranes, iii) 

electromagnetic characterization and iv) micropump system. 

 

4.1. Microneedle Array 

4.1.1. Fabrication of Microneedles 

In the literature, hollow microneedles, which are produced by solvent casting, requires 

additional processes such as tip-opening procedures to make microneedles suitable for 

the poke and flow approach [147,148]. As such additional processes make the overall 

process, laborious, time-consuming and costlyIn this thesis, hollow microneedles are 

produced from positive mold, which enabled the single step-production of hollow 

polymeric microneedles without any additional process on microneedles. PLLA is chosen 

as a material for the production of microneedles since it is biocompatible, biodegradable 

and has sufficient mechanical properties for the penetration [118]. In addition, PLA is 

approved by FDA in the studies, which requires its contact with body fluid.  

 

4.1.2. Differential Scanning Calorimetry 

Differential scanning calorimetry thermogram is presented in Figure 4.1. According to 

the thermogram, no glass transition or cold crystallization temperature was detected for 

PLLA microneedle array. However, the melting temperature was detected as 179°C 

indicating that the material is semi-crystalline.  This result is compatible with the related 

literature (170~180°C)  [147].  The enthalpy of melting was measured as 35.4 J/g for 

PLLA microneedle array and 77.8 J/g for PLLA pellets. Percent crystallinity of the PLLA 

microneedle array was calculated as 38 %, which is almost half of the PLLA pellets. This 

results are also summarized in Table 4.1. 
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Figure 4.1. Thermograms of PLLA pellet and microneedle array. 

 

Table 4.1. The summary of the DSC results. 

 

4.1.3. Morphological Analysis  

Morphological analysis was conducted with SEM and USB digital microscope. As seen 

in Figure 4.2, there are 6 microneedles present in the array as expected. Microneedles are 

truncated-cone-shaped with a cavity inside the shaft and the openings are located at the 

tip and base. The summary of the results belonging to the geometric results is given in 

Table 4.2. The length, width and tip diameter (OD) of the microneedles were measured 

as 1.4 ± 0.2, 0.9 ± 0.1 and 0.20 ±0.03 mm, respectively. These parameters are compatible 

with the reported studies in literature [149–151].  The PLLA microneedles have a flat tip 

with interfacial area of approximately 1,600 µm2, which is lower than solid microneedle 

with a tip diameter of 50 µm. Tip inner diameter and the area of array are appropriate 

with components of the reservoir (metal microneedle and the ring). Due to wetting of 

 Tm (°C) Xc (%) ΔHm (J/g) Tg (°C) 

PLLA-pellet 189.0 84 77.8 - 

%15 PLLA 179.0 38 35.4 - 
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solution, polymer deposition on the surface of stainless steel increased the interspace of 

base and tip as well as tip area compared to metal microneedle. 

 

 

 

 

 

 

 

 

 

Figure 4.2. Digital microscope images of PLLA microneedles. Geometric parameters of 

microneedles (a): A: Length, B: Width, C: Interspace of Tip, D: Interspace 

of Base, and the top view (b). 

 

Table 4.2. Geometric parameters of PLLA microneedles (n=14). The results are given as 

mean ± standard deviation. 

 

 

 

 

 

 

 

*OD: Tip Outer Diameter, ID: Tip Inner diameter. 

 

The length of PLLA microneedles are smaller than the skin thickness (epidermis and 

dermis) of tight, waist, suprascapular and deltoid sites of the human body [152]. 

Therefore, PLLA microneedle array developed in this thesis is a suitable candidate for 

use at these anatomical sites for the purpose of intradermal delivery of dexamethasone. 

 

Pain is strongly related with the length of microneedles because of the excitement in the 

increased number of sensory nerves in the skin. Gill et al.[153] reported that the length of 

Length 

(mm) 

Width 

(mm) 

Interspace of 

Base (mm) 

Interspace of 

Tip (mm) 

1.4 ± 0.2 0.9 ± 0.1 1.8 ± 0.1 2.4 ± 0.1 

OD (mm) Wall thickness 

(µm) 

Aspect Ratio Density (needle 

per mm²) 

0.20 ± 0.03 2.4 ± 0.1 1.5 ± 0.2 0.019 

(a) (b) 
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microneedle between 450 to 1450 μm can reduce the pain score between 20 to 3-fold 

compared to 26 G needle. According to this, it may be expected that PLLA microneedle 

array is going to cause less pain in patients compared to 26 G needle. 

 

Laurent et al. [154] assessed the performance of BD Soluvia™ injection system, which 

contains one 30-gauge microneedle with the length of 1.5 mm. According to that study, 

some adverse effects such as small drops of blood, itching and redness were reported for 

humans but they noted that all these effects were reversed in 20- 30 min. Considering this 

information and the length of PLLA microneedles fabricated, similar adverse effects may 

be expected for PLLA microneedles, too. Even these reported adverse effects, as 

indicated in the same study, PLLA microneedle array is expected to be advantages over 

standard intradermal administration, called ‘Mantoux technique’, with respect to being 

safe, painless and self administrable. 

 

‘A bed of nail’ is the distribution of force on microneedles, which results insufficient 

force to break elasticity of skin. This phenomenon has adverse effects on the penetration 

of microneedle arrays [155]. To avoid a bed of nail effect, microneedle array can be 

designed. Olatunji et al. [156] analyzed the insertion forces of each microneedle array 

with different interspaces of base. It was reported that a bed of nail effect is observed on 

microneedle arrays, which has interspace of base with a range of 30-150 μm. When 

considering the interspace of PLLA microneeedle arrays fabricated here as 1.8 ± 0.1 mm, 

this value is more than 10-times greater than 150 μm, so a bed of nail effect is not expected 

for the PLLA microneedle array. 

 

Figure 4.3 shows the SEM images of the PLLA microneedle array. As seen in these 

images, PLLA array with 6 needles were successfully fabricated. Moreover, the channels 

with ID of 0.2 mm (wall thickness = 2.4 µm) were very distinct and it can be said that 

aqueous drug solutions can easily flow throughout these channels. Besides, no porosity 

was observed on the surface of PLLA microneedles, so it is interpreted that microneedles 

are resistant to the liquid leakage or infusion of any clogging agent through the surface.  
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Figure 4.3. Scanning electron microscobe images; (a) general view of the PLLA 

microneedle array with 45° angle, (b) top view of the array showing the 

channels, and (c), (d), (e) and (f) shows the close-up images related to single 

or two microneedles. 

(a) (b) 

(c) (d) 

(e) (f) 
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4.1.4. Mechanical Analysis 

A relationship between the force applied on a microneedle and the probe displacement is 

shown in Figure 4.4a. Once the probe touched the tip of the microneedle, the force started 

to increase up to some point at which failure occurs (Figure 4.4b). At this point, the force 

decreased to some extent and then increased again until 32 N force achieved. This 

represents the typical stress-displacement relationship seen in microneedles. As 

calculated from force-displacement curves, failure or fracture force was found as 2.9 ± 

0.4 N for a single microneedle. Percent height reduction (%) was calculated as 58 ± 4 %. 

Moreover, failure occurred by buckling as expected. 

 

 

Figure 4.4. (a) Force-displacement curve of the PLLA microneedle from different 

batches, (b) representative scale-extended force-displacement curve 

showing the point where failure occurs.  

(a) 

(b) 
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To ensure penetration into skin, microneedles should have higher failure force than the 

insertion force. Margin of safety, the ratio of failure force to insertion force, is a useful 

index to consider the suitability of microneedles for biological applications. The 

interfacial area of microneedle tip has significant impact on its insertion force while other 

parameters are less significant [157]. Ye et al. [151] produced polymethyl methacrylate 

hollow microneedles which has a tip diameter of 0.2 mm (similar value with PLLA 

microneedles) and reported the insertion force per needle as 0.025 N in rabbit skin. 

Fracture force of PLLA microneedle here is approximately 100-fold of this insertion 

force. 

 

In another study, Kochhar et al. [158] reported that insertion force of 2 N per a needle 

which has tip diameter of 0.276 mm and spacing of 1.6 mm. Fracture force of PLLA 

microneedle fabricated in this thesis is approximately 1.5-fold than this insertion force. 

When considering these reported insertion forces, it is interpreted that PLLA 

microneedles should have sufficient failure force for successful penetration into human 

skin.  

 

Cárcamo-Martínez et al. [159] produced 5x5 microneedle array from the aqueous mixture 

of 25 % Gantrezs S-97 and 10% PEG. Then, the compression test was conducted on the 

the array with the same target force applied in this thesis (32 N).  Height reduction (%) 

for the array was reported as 25%. This value is slightly higher than 2-fold of PLLA array. 

Considering the force per needle, while each microneedle from 5x5 array was subjected 

to 1.3 N, PLLA microneedle was subjected to 5.3 N, which is 4-fold higher than the 

reported values in the literature. 

 

To ensure penetration into skin, microneedles should have higher failure force than the 

insertion force. Margin of safety, the ratio of failure force to insertion force, is a useful 

index to consider the suitability of microneedles for biological applications. The 

interfacial area of microneedle tip has significant impact on its insertion force while other 

parameters are less significant [157]. Ye et al. [151] produced polymethyl methacrylate 

hollow microneedles which has a tip diameter of 0.2 mm (similar value with PLLA 

microneedles) and reported the insertion force per needle as 0.025 N in rabbit skin. 

Fracture force of PLLA microneedle is approximately 100-fold of this insertion force. 
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In another study, Kochhar et al. [158] reported that insertion force of 2 N per a needle 

which has tip diameter of 0.276 mm and spacing of 1.6 mm. Fracture force of PLLA 

microneedle is approximately 1.5-fold than this insertion force. When considering these 

reported insertion forces, it is interpreted that PLLA microneedles should have sufficient 

failure force for successful penetration into human skin.  

  

 

Figure 4.5. (a) Comparison of the height of microneedles before and after compression, 

and (b) and (c) shows their corresponding digital images.  

 

Cárcamo-Martínez et al. [159] produced 5x 5 microneedle array from the aqueus mixture 

of 25 % Gantrezs S-97 and 10% PEG. In study, the compression test was conducted on 

the the array with the same target force (32N).  Height reduction (%) for the array was 

reported as 25%. This value is slightly higher than 2-fold of PLLA array. Considering the 

force per needle, while each microneedle from 5x5 array was subjected to 1.3 N, PLLA 

microneedle was subjected to 5.3 N, which is 4-fold higher than the reported values in 

the literature. 

 

4.1.5. Insertion Study on Parafilm®  

In insertion test, PLLA microneedle array was compressed on an 8-fold Parafilm® layer. 

The percentage of created holes for each layer is given in Figure 4.6. Larrañeta et al. [145] 

regarded the effective penetration for the percentage which is higher than %20. According 

to this, PLLA microneedle arrays provide effective penetration up to the 7th layer (~ 900 

µm). After the insertion, no deformation was detected on the microneedle array (Figure 

4.7). While the holes up to 5th layer were large enough to detect easily, a close 

a

 
(a) (b) 

(c) 
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examination was required to 6, 7 and 8th layers with a digital microscope due to small 

holes and elastic properties of parafilm. Digital images of all 8 parafilm® layers are given 

in Figure 4.7. 

 

Figure 4.6. The percentage of holes created in each layer of Parafilm® after the PLLA 

microneedle array insertion. 

 

 

Figure 4.7. The image on top left shows the morphology of the microneedles after 

insertion. No any deformation was observed. The other images represent the  

holes created in each Parafilm® layer after the PLLA microneedle array 

insertion. 
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Figure 4.8 represent the mechanical analysis results of Parafilm® insertion test with the 

zones present at different states of force-displacement curve. In zone 1, microneedle array 

on the moving probe does not touch the Parafilm®. The resistance force, therefore, is not 

observed. In zone 2, microneedles penetrate into Parafilm® and travel through the lenght 

of microneedle (~1.5 mm). In zone 3, the base of microneedle array touches the 

Parafilm® layers. Thus, all compression force acts on the area of the base.  

 

 

Figure 4.8. (a) Force-displacement curve of the Parafilm®  insertion study, (b) zones 

present at different states of force-displacement curve. 

 

4.1.6. Leakage Test  

Since the drug will be released via the poke and flow approach, it is important to be sure 

that there is not any leakage during the application. Thus, the flow study was conducted 
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with a syringe adaptor to ensure that only flow occurs from the tip openings. During the 

study, possible leakage from the PLLA microneedle array and the syringe was followed. 

As seen in Figure 4.8, it was not detected any leakage from the array and syringe with a 

flow rate of 20 mL/min. Only flow was observed from the microneedle tips as requested. 

According to this, it is concluded that PLLA microneedle array is convenient for dosing 

via micropump. 

 

 

Figure 4.9. PLLA microneedle array with syringe adaptor (a, b), during (c) and after (d) 

the flow. 

(b) (a) 

(c) (d) 
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4.1.7. Polymer Coating 

In the beginning, the purpose of coating of the PLLA microneedles was to close the tip 

openings for minimizing the risk of clogging. As seen in Figure 4.9, coating solution was 

succesfully deposited on microneedles for each concentration. However, polymer 

deposition did not close the tip opennings completely for each coating formulation. Thus, 

the planned experiments for the drug delivery over the polymer coating layer was not 

conducted.  

 

 

Figure 4.10. The side view of the coating solution (a), general view of the coated array 

(b), digital microscope and SEM images of PVA coated microneedles with 

the different concentrations: 10 % (c, f), 15 % (d, g), 20% (e, h) PVA. 

 

The length of coating at different positions of the microneedle shaft is summarized in 

Table 4.3. Inward-facing surface was slightly higher than outward. The reason of this was 

that the solution is not flat but convex on the center (Figure 4.10a). As seen in Figure 

(a) (b) 

(c) (d) (e) 

(g) (f) (h) 
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4.10f, g and h, in the highest concentration (20% PVA; w/v), the coating is thicker than 

the lower concentrations due to higher polymer deposition. 

 

Table 4.3. The lenght of coating on inward and outward surface of the microneedle shaft 

(n=18).  

Average coating 

length 

10 % PVA 15 % PVA 20% PVA 

Inward-facing surface 
(mm) 

0.65 ± 0.1 0.65 ± 0.14 0.62 ± 0.15 

Outward-facing 

surface 
(mm) 

0.51 ± 0.06 0.55 ± 0.09 0.55 ± 0.19 

 

4.2. Magnetic Membranes 

4.2.1. Vibrating Sample Magnetometer (VSM) 

The saturation magnetization of the iron oxide particles was found as 62.5 emu/g. This 

magnetization value is compatible with the related literature [160]. Magnetization of 

PDMS membranes decreased to lower values as expected (Figure 4.11). Saturation 

magnetization of the magnetic membranes with highest Fe3O4 content was found as 15.3 

emu/g. This value decreased to 10.7 emu/g for PDMS-20% Fe3O4 and 5.5 emu/g for 

PDMS-10% Fe3O4 (Table 4.4). Higher iron oxide content in membranes results in higher 

magnetization as expected [161]. The remanence and coercivity of all samples are zero, 

which indicates that magnetic membrane have superparamagnetic properties.  

 

Table 4.4. The saturation magnetization values of the iron oxide particles and magnetic 

membranes. 

 

 

 

Sample Name Saturation Magnetization (emu/g) 

Bare 62.5 

PDMS-30% Fe3O4 15.3 

PDMS-20% Fe3O4 10.7 

PDMS-10% Fe3O4 5.5 
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Figure 4.11. Hysteresis curves of Fe3O4 particles and magnetic membranes. 

 

4.2.2. Membrane Thickness 

The thickness of the spin-coated magnetic membranes is shown in Figure 4.11. It can be 

seen from Figure 4.11b that PDMS-30% Fe3O4 was the thickest and PDMS-10% Fe3O4 

was the thinnest one. The reason is that the increased concentration of Fe3O4 in the 

membrane results in higher viscosity of fluid composite. That is why, higher 

concentration has more resistance against the movement and membrance became thick. 

In other words, centrifugal forces, which are acting during the spinning, have less impact 

on spreading of composite. The range of thickness varied from 0.74 to 0.44 mm. 
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Figure 4.12. (a) Magnetic membrane thicknesses for different Fe3O4 concentration and 

(b) their corresponding digital images - from the top to the bottom belong to 

the PDMS-10% Fe3O4, PDMS-20% Fe3O4, and PDMS-30% Fe3O4, 

respectively. 

 

4.2.3. Leakage Test  

After 5 h of observation, no liquid leakage from either the membrane or reservoir was 

detected (Figure 4.13). This result was important to expand the studies through the dosing. 

, 

Figure 4.13. Leakage test applied to the reservoir. 

 

Generally in the literature, attaching PDMS to ABS requires complex preocedures such 

(a) (b) 

Filled with distilled water 
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as oxgen plasma and silanization [162]. In our design, PDMS was assembled to ABS 

reservoir by using another PDMS layer. This technique was interpreted as effective and 

easy for the assembly of micropump components.  

 

ABS is a well known material which is resistant to water. But, leakage of water may occur 

through filaments. Smoothing of filaments was interpreted as an effective and simple 

process for micropump fabrication. 

 

4.3. Electromagnetic Characterization 

4.3.1. Actuator 

Magnetic flux density of the electromagnet was measured as a function of distance 

between 5 – 60 V to determine the supplied magnetic field. Magnetic flux density is the 

function of applied voltage and distance, which can be formulated as Equation 4.1 derived 

from Ampere's Law for constant current. 

 

                                                           𝐵 =
µ0 V

2πrR
          (4.1) 

 

Where, B is magnetic flux density (T),  is permeability of free space, V is applied 

voltage (V), r is distance from the wire (m), R is resistance (Ω). Even though, this is the 

formula given for single wire, it provides the framework to interpret the results. Formula 

indicates that while the strength of magnetic field is proportional to applied voltage, it is 

inversely proportional to the distance away from the source. As seen in Figure 4.14a, 

applied voltage and magnetic flux density are linearly proportional.  
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Figure 4.14. (a) Measured magnetic flux density of the electromagnet surface (d= 0) at 

different voltages applied, (b) Measured magnetic flux density of the 

electromagnet at different distances under 5 – 60 V applied. 

 

Higher applied voltage results in higher magnetic flux density. In addition, Figure 4.14b 

shows that as the probe moves away from the source, the strength of magnetic flux density 

decreases. These results are convenient with Ampere's law. According to graphs, it is seen 

that electromagnet has capacity of creating magnetic flux density up to ~ 235 mT. 

However, considering the length of micropump (L = 7 mm) as well as microneedle array 

between electromagnet and magnetic membrane, the strength of magnetic flux is expected 

to be lesser than 235 mT.  

 

4.3.2. Membrane Deflection 

During deflection study, it is seen that the membrane has the ability of returning to its 

initial position for all iron oxide concentrations when the power supply is turned off 

(Figure 4.15a, e). As expected, the increase in voltage resulted in higher magnetic field, 

consequently higher deflection. The range of deflection varied from 0.17 ± 0.01 to 1.13 

± 0.1. As seen in Figure 4.16, PDMS-20% Fe3O4 showed the higher deflection for each 

applied voltage. The increase in the composition of iron oxide from 10 % to 20 wt% 

caused the higher deflection. However, deflection was decreased when the concentration 

was increased to 30 wt%. The reason for this might be the decrease in the elasticity of the 

membrane. Similar results were also reported in the literature. Paknahada et al. [161] 

produced PDMS-Fe3O4 composite and reported that deflection of membrane was 

proportional to concentrations (up to 5 wt%), but inversely proportional for higher 

(a) (b) 
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concentration due to decreasing elasticity of membrane. As a result, the PDMS-20% 

Fe3O4 membrane was chosen for the dosing studies due to its highest deflection. 

 

 

Figure 4.15. The deflection of membrane of 30 % wt Fe3O4 under different voltage: (a)  

V= 0, (b) 20 V, (c) 40 V, (d) 60 V, (e) V=0. 

 

 

Figure 4.16. Deflection of different membranes were given under certain applied voltage.  

h1 

h2 h3 

h0 

h0 

(a) (b) 

(c) (d) 

(e) 
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Deflection profile was achieved for the all concentrations following the order of h3 > h2 

> h1 (Figure 4.15). When analyzing the recorded videos of the membrane, it was seen 

that the membrane reaches the maximum deflection and returns to its initial position in 

less than 2 s. Thus, the response time (return time plus deflection) was interpreted as less 

than 4 s. Paknahada et al. [161] reported the response time as 10 s for 5 wt% Fe3O4/PDMS 

magnetic membrane. In this work, response time was less than 10 s for all magnetic 

membranes. The reason of this may be higher Fe3o4 concentration lead to stronger 

magntic forces. Laser displacement meters may be used for further studies to determine 

the response time and deflection more precisely.  

 

4.4. Micropump System  

Dosing performance of micropump based microneedle array and its general properties 

was reported in this section. Firstly, the results of magnetic membrane were presented 

Then, a membrane with neodymium magnet was reported. 

 

4.4.1. Dosing performance 

Magnetic membrane itself (PDMS-20% Fe3O4) was unable to pump the liquid out of the 

reservoir. Even at 60 V, pressure exerted by membrane was not sufficient. Considering 

the similar studies in the literature, Jayaneththi et al. [140] used magnetic membrane (30 

% wt) for pneumatic actuation to achieve flow through one microneedle (outer and bore 

diameter as 235, 108, the length of 1000 μm). In their study, flow rates were reported as 

9.07 to 108 μL/min according to different actuations.  

 

In another study, Wang et al [163] fabricated magnetic iron oxide-PDMS membrane (50 

% wt) with dimension of 1.1 x 1.1 mm for electromagnetic actuation. The aperture with 

the diameter of 0.2 mm was used to exit the flow. They reported the pumped volume of 

drug solution as 0.05 μL, 0.1 μL and 0.27 μL for the magnetic fields of 70, 109 and 181 

mT, respectively. 

 

To compare our design paremeters with the literature mentioned above, Darcy–Weisbach 

equation (Equation 4.2) may provide an insight about pressure loss. In our study, there 

are 6 microneedles with the bore diameter of 200 μm and length of 1400 μm. According 

to the equation, more microneedles and their higher length may result in higher pressure 
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loss, and therefore unable to pump-out. In addition to pressure loss, the height of the 

reservoir plus the length of the microneedle, represents the total distance (~ 10 mm) 

between electromagnet and membrane which reduce the magnetic field (Figure 4.14b).  

Also, considering electromagnetic absorption of PLA and ABS, the effective magnetic 

field was less than 100 mT (60V) as seen in Figure 4.14b. 

 

                                                        ℎ𝑓 = 𝑓𝑑
𝐿×𝑣2

𝐷×2𝑔
           (4.2) 

 

Where ℎ𝑓  is pressure loss (m), 𝑓𝑑  is darcy friction factor, 𝐿  is length of pipe (m), 𝐷 

hydrodynamic diameter of pipe (m), 𝑣 is velocity of fluid (m/s), 𝑔 is acceleration due to 

gravity (m/s2). 

 

Design of the system can be improved to enable dosing with the membrane itself. For 

example, distance between membranes and power source may be reduced to impart 

higher pressure and the number of microneedles in the array may be decreased to lessen 

the resistance to flow. To benefit higher magnetic fields, instead of positive pressure, 

negative pressure can be used by addition of a second fluid reservoir. 

 

 

Figure 4.17. (a) Magnetic flux density of the micropump system according to the applied 

voltage, (b) the flow rate received with respect to the magnetic field for 

single actuation. 

 

Magnetic membrane with neodymium magnet was successfully managed to pump liquid 

(a) (b) 
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at different voltages. In single actuation study, system was able to pump the liquid out of 

the reservoir with flow rates of 87 to 230 μL/actuation (43 ± 17 and 115 ± 8 μL/s) at 30-

60 V.  As expected, maximum flow rate was achieved for the highest applied voltage (60 

V). System was not functional at 20 V, so 30 V was prefered as a start point of actuation. 

Flow rate profile was linear over the magnetic field as seen Figure 4.17. 

 

Said et al [164] incorporated magnetic particles with PDMS to fabricate a thin 6 % 

NdFeB/PDMS composite for single actuation. The flow rate of 6.523 nL/min was 

reported for 0.63 mT. Gidde et al [165] placed a magnet on the bare PDMS membrane 

for actuation. Their system was composed of three chamber such as inlet, pumping and 

outlet. Working design relied on negative pressure for pumping. Maximum flow rate was 

reported as 441 μL/min (30 μL/s) for 5.3 Vrsm. This value is slightly higher than the 

minimum reported flow rate (22 μL/s) in this study for single actuation. 

 

 

Figure 4.18. (a) The parameters of programmed actuation (voltage over time) together 

with measured magnetic fields, (b) the cumulative dexamethasone release 

and cumulative flow volume over time. 

 

In  a repeated actuation study, the micropump system managed adjustable dosing over 

time as seen in Figure 4.18. Dosing profile over time was linear. Total pumped volume 

was measured as 0.28 ± 0.09 mL. Final dead volume (%) was calculated as 78 ± 7.5. 

System has the ability of delivering about 62 μg dexamethasone in 16 seconds. Dosing 

was achived by gradual increase in voltage. Adjustable flow rate was varied between 32 

Recover

Actuatio

(a) (b) 



 

 69 

± 12 and 142 ± 45 µL/s. Distinctly, the micropump system does not require any check 

valve or another reservoir to balance pressure after its actuation. As such, system takes 

advantageous of simple and portable (a total weight of system is  4.6 g).  

 

Percent dead volume of 78 ± 7.5 is high, but it is an expected scenario for a single 

micropump system. To decrease dead volume, the height of the reservoir can be reduced 

to the distance at which the membrane touches the base of the reservoir due to deflection. 

Besides, the system can be converted to pneumatic design to balance pressure inside the 

reservoir by using a check valve. 

 

 

Figure 4.19. (a) cumulative flow rate with respect to actuation, (b) the change of dead 

volume (%) over time. 

 

Table 4.5. The general properties of the micropump developed in this thesis. 

Type of Actuation Design of 

Working 

Type of 

Displacement 

The number 

of Chamber 

Volume of 

Reservoir 

(mL) 

Electromagnetic Unidirectional Positive One 2 

Membrane Flow Rate (μL/s) Response 

Time(s) 

Weight of 

System (g) 

Adjustable 

Dosing 

Nd magnet+ 20 % 32 ± 12 and 142 ± 

45 µL/s 

< 4 4.6 Yes 

 

(a) (b) 
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In summary (Table 4.5), an electromagnetically actuated micropump can deliver an 

aqueous drug solution through PLLA hollow microneedles with flow rates between 43 ± 

17 and 115 ± 8 μL/s for single dosing or 32 ± 12 and 142 ± 45 µL/s for programmed 

actuation at 30 – 60 V range. It is overall 4.6 g with a response time less than 4 s.  
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5. CONCLUSION 

 

In literature, hollow microneedles fabricated by solvent casting methods require 

additional steps to make them suitable for infusion. Besides, MEMs fabrication methods 

are also used but process steps are expensive and complex.  In this thesis, a positive mold 

was developed for direct fabrication of hollow microneedles. Microneedles fabricated by 

this technique have the ability of skin penetration. Moreover, the proposed microneedle 

fabrication method is simple and cost efficient, so it appeals to industry as a feasible 

process for the large-scale fabrication of hollow polymeric microneedles. Not only PLLA 

but also other polymers can be used with this technique to fabricate microneedle arrays.  

As a disadvantage of this method, the differences in the length of microneedles may be 

problematic. While longer microneedles damage the deeper tissues, smaller microneedles 

are unable to reach the dermis. Therefore, the fabrication process can be improved to 

achieve more homogenous and repeatable microneedles.  

 

The fabricated micropump system provides adjustable dosing over time. Single or 

repeated dosing are possible with the system. It is not only for dexamethasone but also 

other therapeutics can be used with the micropump for dosing. Since the micropump 

includes simple and low-cost fabricated components, design criterias can be easily 

improved to increase its efficiency or to adapt for other applications.  

 

In the future, this micropump assisted microneedle array may be a promising device since 

it benefits from advantages of microneedles and micropumps. It is expected in the near 

future that a number of commercial microneedle and micropump products will be 

presented to the market. That is why, the development of novel and feasible fabrication 

methods is crucial to make these products easily reachable. 
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