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ABSTRACT 

 

DEVELOPMENT OF POLY(TRIMETHYLENE CARBONATE) BASED 

BIODEGRADABLE MICROPARTICLES 

 

 

 

Şahin, Gözde 

M.Sc., Department of Chemical Engineering 

Supervisor: Asst. Prof. Dr. Erhan Bat 

Co-Supervisor: Assoc. Prof. Dr. Seha Tirkeş 

 

February 2018, 77 pages 

 

Microparticles are promising in many fields of application, such as polymeric 

drugs, drugs and vaccine delivery systems, cell markers because of their 

versatility.  

Since it is important that the particles should have a certain shape and size, 

various fabrication methods have been tried for the production of the particles 

such as bottom-up and top-down methods. One of the most recent and eligible 

method among them is Particle Replication in Non-wetting Templates (PRINT) 

technique. PRINT is a top-down fabrication technique used for the production 

of free particles with a specific shape and size. With this technique, it has been 

tried to produce particles from polymers that are used frequently in biomedical 

applications. Recently, poly(trimethylene carbonate) (PTMC) has become a 

prominent biomaterial due to its unique properties when compared to widely 

used polymers. In this study, PTMC based micro carriers were produced using 

the PRINT technique. Therefore, PTMC oligomers were synthesized by ring 

opening polymerization. The end group of the oligomers were double bonded 

with methacryloyl chloride so that the synthesized oligomers could be fabricated 
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as particles of a certain shape and size. In order to apply the PRINT technique, 

masks with protruded patterns have been prepared with standard lithographic 

methods. With the help of these masks, non-wetting surface PFPE molds with 

indented patterns were created. The synthesized PTMC oligomers were poured 

onto the mold and crosslinked to take the shape of the mold cavities. 

The free particles produced were collected by the non-wetting surface of the 

mold, and their morphological characteristics were examined by scanning 

electron microscope (SEM) imaging technique. According to the results, 

rectangular particles with dimensions of 2 m x 8 m, and cylindrical and cubic 

PTMC based particles ranging from 2-100 m were produced. 

 

 

Keywords: Microparticle, top-down fabrication, poly(trimethylene carbonate), 

PRINT 
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ÖZ 

 

POLİ(TRİMETİLEN KARBONAT) ESASLI BİYOBOZUNUR 

MİKROPARÇACIKLARIN GELİŞTİRİLMESİ 

 

 

 

Şahin, Gözde 

Yüksek Lisans, Kimya Mühendisliği Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Erhan Bat 

Ortak Tez Yöneticisi: Doç. Dr. Seha Tirkeş 

 

Şubat 2018, 77 sayfa 

 

 

Mikroparçacıklar çok yönlü malzemeler olmaları nedeniyle, polimerik ilaç, ilaç 

ve aşı taşıyıcı sistem, hücre işaretleyici gibi birçok uygulama alanlarında gelecek 

vaat ederler. Kullanılan parçacıkların belirli bir şekil ve boyuta sahip olması 

önemli olduğundan parçacık üretimi için aşağıdan yukarı ve yukarıdan aşağı 

olmak üzere farklı fabrikasyon metotları denenmiştir. Bu fabrikasyon teknikleri 

arasında en yeni ve etkili metotlardan biri de Particle Replication in Non-wetting 

Templates (PRINT) tekniğidir. PRINT; belirli bir şekli ve boyutu olan, serbest 

parçacık üretimi için kullanılan yukarıdan aşağıya fabrikasyon tekniğidir. Bu 

teknikle şimdiye kadar biyomedikal uygulamalarda çok sık kullanılan 

polimerlerden parçacık üretilmesi denenmiştir. Ancak, son zamanlarda öne 

çıkan poli(trimetilen karbonat) (PTMC), yaygın olarak kullanılan polimerlerle 

karşılaştırıldığında özgün özellikleri sayesinde öne çıkan bir biyomalzeme 

olmuştur. Bu çalışmada, PRINT tekniği kullanılarak PTMC esaslı 

mikrotaşıyıcılar üretilmiştir. Bunun için, PTMC oligomerleri halka açılma 

polimerizasyonu ile sentezlenmiştir. Sentezlenen oligomerlerin belirli bir şekle 
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ve boyuta sahip parçacıklar olarak üretilebilmesi için uçları metakriloil klorür ile 

çift bağlı hale getirilmiştir. PRINT tekniğinin uygulanabilmesi için, standard 

litografik yöntemlerle, belirli boyutlarda çıkıntılı desenlere sahip maskeler 

hazırlanmıştır. Bu maskeler yardımıyla, girintili desenlere sahip yapışmaz 

yüzeyli PFPE kalıplar oluşturulmuştur. Sentezlenen PTMC oligomerleri kalıp 

içerisine dökülüp çapraz bağlanarak kalıp boşluklarının şeklini alması 

sağlanmıştır. 

Üretilen serbest parçacıkların, kalıbın yapışmaz yüzeyi sayesinde toplandıktan 

sonra taramalı electron mikroskopu (SEM) görüntüleme tekniği ile morfolojik 

özellikleri incelenmiştir. Elde edilen sonuçlara göre, boyutları 2 m x 8 m olan 

dikdörtgen parçacıklar ile 2-100 m arasında değişen silindirik ve kübik PTMC 

esaslı parçacıklar üretilmiştir. 

 

 

Anahtar Kelimeler: Mikroparçacık, yukarıdan-aşağı fabrikasyon, politrimetilen 

karbonat, PRINT 
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CHAPTER 1 

 

 

1. INTRODUCTION 

 

 

 

The developments in today's pharmaceutical industry have an important place 

not only in the treatment of diseases, but also in the control of metabolic 

disorders and the extension of lifespan and quality of life. One of the most 

important advancements in the pharmaceutical industry is the design of drug 

delivery systems. The progress in drug delivery systems has made great 

contributions to the pharmaceutical industry from both economic perspective 

and patients’ point of view. According to the investigations, it costs about $20–

50 million to develop brand new drug delivery systems that will make an existing 

drug more effective, while $500 million is spent to develop a new drug [1]. From 

the perspective of patients, on the other hand, one of the main purposes of 

medication is to reduce or remove the effects of disorders and to counter genetic 

predisposition to certain diseases. The appropriate treatment of metabolic 

disorders of the body with drugs or surgery not only increase the therapeutic 

properties of disease, but also improve the lifespan and quality life experience 

[2]. When taken to the body, the chemical compounds introduced as drugs are 

first placed in the bloodstream and reach the target tissue through blood vessels. 

Therefore, the drug is absorbed into cells in all tissues on the vein pathway and 

processed by cellular mechanisms. In this case, the drug may affect not only the 

target tissue but also interfere with many unwanted mechanisms in accumulation 

and metabolism in non-target tissues. In order to increase the delivery of the drug 

to the target tissue, it is necessary to calculate the drug loss that does not reach 

the target tissue and to give the drug to the patient at a high dose to compansate 

this loss [3]. Therefore, the ideal drug delivery system is defined as “getting the 
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right amount of drug to the right place at the right time.” [4], [5], [6]. However, 

the release of the drug through body may not always be controlled due to the 

presence of unpredictable parameters [6]. It has therefore become a field that 

combines science and engineering to design appropriate transport systems that 

can control the release of drugs and thus improve their therapeutic effects [2], 

[4]. 

Innovations in micro- and nanotechnology have accelerated the development of 

controlled drug delivery systems. The design of portable and implantable devices 

suitable for drug delivery is directly related to the reduction of the size of the 

device, and therefore micro-fabricated devices can fill the deficiency in 

conventional drug delivery systems [7]. Hence, up to now, various 

microfabrication techniques have been investigated and gathered under two 

categories: If atoms are tied together to obtain nano and microstructures, it is 

called bottom-up method. Chemical vapor deposition, sol-gel synthesis and 

molecular self-assembly are some of the examples for bottom-up processes [8]. 

On the other hand, if bulk materials are fragmentized to the finer particles, it is 

called top-down approach. Molding, microfluidic synthesis and 

photolithography are the most common top-down fabrication techniques [9]. 

However, with the conventional nano and micro sized particle fabrication 

techniques, shape control was not adequate which is a substantial parameter in 

controlled drug release applications since shape of the particle affects carrier 

transportation and circulation time inside the body [10]. Up to now, several 

studies have been conducted to emphasize the importance of particle shape 

especially in drug delivery. Particularly, spherical particles have been compared 

with disks or elongated particles and it is seen that a macrophage which first met 

the foreign substance entering the body, internalizes the ellipse particle within a 

few hours, while the spherical particle internalizes within minutes [10]. Thus, 

providing definite particle size and shape is critical in drug delivery. DeSimone 

et al. achieved a significant breakthrough in that area by developing the top-

down particle replication method, PRINT [11]. Wide range of particulate 

systems with different shapes and sizes have been produced by means of this 
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soft-lithography based technique but up to now, poly(ethylene glycol) (PEG), 

polylactide (PLA) and their copolymers have been utilized for use in drug 

delivery applications [9], [11]. In fact, polymer-based carriers have outstanding 

features compared to non-polymeric carriers due to their flexible properties in 

terms of physical and chemical diversity, so PLA, PEG, poly(glycolic acid) 

(PGA), poly(lactide-co-glycolide) (PLGA), polycaprolactone (PCL) and their 

copolymers are broadly used and easily accessible synthetic polymers in drug 

delivery [12], [13]. Nevertheless, as different type of polymer, recently 

polycarbonates arouse researchers’ interest in biomedical applications [14]. 

Owing to its superior properties such as slow, unique degradation mechanism 

and non-acidic, non-toxic products after degradation, poly(trimethylene 

carbonate) (PTMC) has recently begun to be preferred [14]. 

In this study, it was aimed to produce PTMC based microparticles which have 

definite shapes and sizes via soft-lithography molding technique for controlled 

release applications. Therefore, primarily, high molecular weight PTMC and low 

molecular weight functionalized PTMC were synthesized. After that, nonwetting 

fluorinated molds with definite patterns were produced and synthesized material 

was moulded. 
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CHAPTER 2 

 

 

2. BACKGROUND AND LITERATURE SURVEY 

 

 

 

2.1. Controlled Drug Delivery 

Controlled drug release has long been one of the most progressive applications 

in the field of healthcare in which chemists and chemical engineers aim to 

contribute by working together [15]. They have tried to develop delivery systems 

that can transport drug to desired part of the body and control the amount of drug 

released, and these systems are aimed at increasing the effect of active reagent 

of drug and decreasing toxicity [16]. To achieve this, the concentration of the 

drug in the plasma must be within the therapeutic range limited by the minimum 

effective concentration (MEC) and the minimum toxic concentration (MTC) 

which is called therapeutic window, as shown in Figure 2.1.1. In the 

conventional delivery systems, generally, when drugs are taken, drug causes to 

spike in blood concentration and after a while it dramatically decreases under 

MEC as illustrated in Figure 2.1.1 (solid curve). For this drug to become 

effective, plasma concentration should be higher than MEC and thus, another 

dose should be taken. In the course of time, the drug approaches the toxic level 

MTC (solid curve followed by dotted lines in Figure 2.1.1) and it becomes a 

poison instead of drug. In order to avoid this toxicity, constant concentration 

with the appropriate dosage should be given to the patient and plasma 

concentration lies between therapeutic range as shown in dot-dash line in Figure 

2.1.1. 
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Figure 2.1.1 The plasma concentration profiles in the therapeutic range [17]. 

In addition to being in the therapeutic window, some of the features that an ideal 

drug delivery system should possess include biodegradability and 

biocompatibility, high drug loading capacity, durability and ease of removal of 

the body [18]. Until now, many drug carrier systems (Figure 2.1.2) have been 

developed using various methodologies. In a matrix system, the drug carrier has 

interconnected pores so that the drug follows a tortuous path. A reservoir system, 

on the other hand, has a semipermeable membrane and the drug passes through 

this membrane. Degradation and erosion systems show similar release since both 

release drugs based on degradation. The main difference is in degradable 

material, pores form during degradation and the drug release is released through 

these pores, whereas in an erodible carrier, drug dispenses as the substance 

dissolves. Unlike these, by means of osmotic pressure, drugs release from one 

pore or many small pores in osmotic pump. Lastly, hydrogels can be used as 

drug carriers. Thanks to their networked structure, they swell in the solvent 

medium and release the drug [6]. 
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Figure 2.1.2 Controlled release systems developed with various strategies [6]. 

The development of micro sized carriers to take advantage of controlled drug 

delivery using these strategies has been preferred particularly in academia and 

become an outstanding research area. 

 

2.2. Microparticles and Fabrication Methods 

Microparticles are preferred in the design of drug delivery systems because they 

provide the possibility of sustained and controlled in vivo release of the drug, 

protect in against enzymatic degradation and provide local delivery [19]. 

Particles with diameters ranging from a few microns are of great interest, such 

that microspheres 1-5 μm in diameter can be used effectively in the passive 

targeting of the antigen [20], those 10-20 μm in diameter targeted to the capillary 

layer of tumor tissues [21], and highly porous particles 5-20 μm in diameter can 

be used effectively in pulmonary drug delivery [16]. In addition, drug carriers 

ranging in diameter from 10 to 100 m are preferred for syringe injections and 

also not to be transported by the phagocytic cells to the injection site [22]. Due 
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to its advantages, many commercialized products have been manufactured up to 

date. Some of these products, which are composed of injectable poly(lactide-co-

glycolide) (PLG) based microspheres, are shown as in Table 2.2.1 [23]. 

 

Table 2.2.1 Commercially used injectable PLG based microparticles [23] 

 

Trade Name Treatment 

Trelstar Prostate cancer 

Lupron  

Sandostatin LAR Acromegaly 

 Carcinoid syndrome 

Risperdal Consta Schizophreni 

 Bipolar I 

Vivitrol Opioid addiction 

 

Although most micro drug carriers that are being developed or approved for use 

in clinical trials have spherical shape, it appeared that this structure could not be 

the most suitable form for drug delivery system since aspect ratio and edges have 

high influences on release kinetics and interactions between cells and particles 

[10], [24]- [25]. Geng et al. for example, have compared the in vivo properties 

of filamentous micelle structures with spherical ones. According to their study, 

nonspherical micelles have been found to be able to stay longer in the body 

compared to the spherical, and the active agent can be more effective when 

released from filamentous structures. Besides experimental data, the importance 

of particle shape has also been investigated by theoretical modelling. In the 

studies, it was proven that spherical and spheroidal particles with 2:1 ratio have 

different interactions with tumor capillaries. Owing to the external forces, it is 

difficult to obtain non-spherical polymeric particles. Still, some of the research 

groups have fabricated such particles by means of different techniques (Figure 

2.2.1) [10]. In Figure 2.2.1a, plug shaped microparticle was fabricated via 

microfluidics. In Figure 2.2.1b, on the other hand, self-assembly method was 

used to fabricate toroidal poly(styrene) (PS) and in Figure 2.2.1c and d, direct 
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replication and microscope projection photolithography methods were used, 

respectively.  

 

   

   
 

Figure 2.2.1 (a) Plug shaped photopolymer microparticle, (b) toroidal PS 

microparticles (scale 500 μm), (c) PS vase shaped particle (scale 1 μm), (d) 

curved PEG microparticle (scale 10 μm) [10]. 

 

Different methods have been tried to produce micro and nano sized particles for 

use in various types of application areas in desired properties and these methods 

are gathered under two main headings as bottom-up and top-down approach. To 

begin with the bottom-up method, particles are built up to specifications that are 

desired starting at the atomic or molecular level. On the other hand, in top-down 

method, as the name implies, the bulk material is separated into particles at the 

desired scale (Figure 2.2.2) [9]. In Table 2.2.2, few examples are given related 

to these fabrication methods [27]. 
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Figure 2.2.2 Schematic illustration of bottom-up and top-down fabrication 

approaches. 

Comparing the suitability of the bottom-up and top-down approaches for 

developing various drug delivery systems, it can be said that it is very difficult 

to achieve the control of particle shape in bottom-up methods, which is one of 

the parameters that greatly affect the interaction between the target tissue and 

the fabricated material. In this respect, top-down approaches are more precise 

methods for designing properties such as size and shape, since they are based on 

tools rather than surface energy and thermodynamics [28]. However, some of 

the top-down methods may not be suitable for precise shape control and scattered 

particle size distribution with irregular shapes may be obtained (e.g. grinding, 

milling). Template and deposition techniques, stretching, microfluidic and 

photolithographic-like applications are more suitable for creating regular 

particles. 

In hard-template technique (Figure 2.2.3), a conductive sacrificial layer, like 

gold or silver, is placed on one side of the porous template and the materials of 

interest are electrochemically filled into these pores. After that, the template is 

first dissolved to obtain particles on the metal layer. The remaining sacrificial 

metal layer is also dissolved and particles are obtained. Using this method, 

generally nanowires, nanotubes and nanorods are prepared [29], [30]. 

 

Top-down approach Bottom-up approach 
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Figure 2.2.3 General illustration of particle fabrication by the hard-template 

technique [31]. 
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Table 2.2.2 Examples of bottom-up and top-down approaches [27]. 

Bottom-Up Approach Top-Down Approach 

Gas Phase Mechanical Energy 

Chemical vapor deposition (CVD) Cutting 

Atomic layer deposition (ALD) Rolling 

Molecular beam epitaxy (MBE) Milling 

 
Grinding 

Stretching 

Liquid Phase  

Molecular self-assembly Thermal 

Supramolecular chemistry Electrospinning 

Nucleation Extrusion 

Sol-gel process  

Single crystal growth Chemical 

Electrodeposition Chemical etching 

 Anodizing 

  

 Lithographic 

 Photolithography 

 X-ray lithography (XRL) 

 Electron beam lithography (EBL) 

 Microcontact printing methods 

 Nanoimprint lithography (NIL) 

  

 Natural 

 Erosion 

 Hydrolysis 

 

In the mechanical stretching technique (Figure 2.2.4), mainly, PS particles are 

embedded in PVA film. The PS is permitted to flow by bringing it to the 

deformation temperature or by adding solvent. Different particle shapes are 

obtained from the PS which fills the gaps in the film or deforms by hydrogen 

bond attraction. Although twenty types of particle shape are formed by changing 

the parameters such as reducing the temperature of solvent etc., the biggest 

handicap of this method is that material compatibility cannot be achieved and 

therefore it is not suitable for the material diversity [32], [33]. 
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Figure 2.2.4 Schematic illustration of particle fabrication by general stretching 

methods. a) First, particles are liquefied via heat or solvent and then solidified 

by evaporation of solvent or cooling. b) First the film is stretched in air to create 

voids [34]. 

 

Microfluidic devices (Figure 2.2.5) are one of the systems developed to be able 

to provide control over particle shape and size components, which are limited to 

be able to form sphere and cylinder-like particles [35]. More complex structures 

were produced by changing the geometry of the device, the fluid flows and also 

by using photolithography mask [36]. In photolithographic systems, usually the 

particles are cross-linked by rapid exposure to UV light rapidly [37]. In addition, 

systems in which the monomer flow is stopped for a short time during each 

exposure to obtain a higher resolution are also referred to as stop-flow 

lithography (SFL), and much more complex structures can be produced by this 

system [36], [38]. Although various particle shapes such as pyramids, rectangles, 

spheres, and rectangular toroids, etc. can be designed in a controlled way, the 

major disadvantage of microfluidic systems is that they can not only allow 

material diversity because they need to be worked only with polymerizable fluids 

[39]. 

(a) 

(b) 
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Figure 2.2.5 Display of three different microfluidic device geometries [40]. 

 

Another alternative to generate monodispersed particles is photolithography 

based techniques. The suitability for mass production is also the reason for 

preference [41], [42]. By using photolithographic techniques, particles’ surface 

roughness [43], shape diversity [44], adaptability to different materials such as 

organic dyes and iron oxide particles [44] have been studied even in nanometer 

scales. One of the attractive features of this method is to obtain exactly the 

expected particle shape. Nonetheless, continuous lithographic exposure process 

is a financial burden and there may not always be found suitable conditions for 

this process [45]. Therefore, the idea of developing templates which can be used 

repeatedly have been introduced [46]. According to the study conducted by Xia 

et al. in 1998, primarily, original rigid template which includes patterns was 

conceived through conventional photolithographic techniques. Afterwards, by 

way of original template, elastomeric replica molds were produced to use in 

molding and stamping and this technique is called soft-lithography. At the 

beginning of the development of soft-lithography technique, it was strenuous to 

form free particles since after the interested material was molded on crosslinked 
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poly(dimethylsiloxane) (PDMS) elastomeric mold, eventual particles were 

linked to each other. In other words, there was a residue layer so-called flash 

layer [47]. Many studies have been investigated to remove the flash layer and 

obtain free particles directly such as oxygen plasma etching or dissolution the 

residue layer [48]. Both were observed to have an extra step, cause time loss and 

lead to hassle. Surface modifications of the PDMS mold have been tried, such 

as increasing or decreasing the hydrophilic nature of the surface. One of the 

breakthrough innovations in this sense has been the development of Particle 

Replication in Non-wetting Templates, namely PRINT technology. As seen in 

Figure 2.2.6, fluorinated elastomeric mold is used in this technology, which 

differs from traditional lithographic techniques in that it provides a non-wetted 

surface that facilitates the filling of the mold and particle release [9], [11], [25]. 

 

 

Figure 2.2.6 A schematic illustration of the comparison of a) traditional 

lithographic technique, b) PRINT process. Green is fluorinated mold and red is 

pre-particle solution  [11]. 
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2.3. Overview of Particle Replication in Non-Wetting Templates 

(PRINT) Technology 

In soft-lithography based techniques, mostly PDMS has been preferred due to 

the plethora of advantages such as; 

- elastomeric material with low Young’s modulus (750 kPa), 

- smoothly released from the patterned mold due to the low surface energy 

(20 erg/cm2), 

- allowing gas permeability, 

- nontoxic nature [49]. 

Despite its spectacular advantages, PDMS poses a huge problem by swelling in 

commonly used organic solvents like hexane, toluene, acetone, 

dichloromethane, acetonitrile, and ethyl ether. Since this feature restricted the 

use of PDMS, a new system to be used in the soft lithography technique had to 

be developed. Perfluoropolyether (PFPE) based elastomer synthesis was 

considered to be suitable for such an application. Synthesis and curing procedure 

is summarizeed in Figure 2.3.1. 
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Figure 2.3.1 Schematic presentation of chemical structure and synthesis of 

photocurable PFPE. Briefly, fluorinated PFPE diol (a) was functionalized with 

isocyanatoethyl methacrylate (b) to form PFPE dimethacrylate (c). With the 

addition of photoinitiator (d), crosslinked PFPE network was obtained by 

exposed to UV light (365 nm, ~10-15,000 mJ/cm2) [49] 

 

Comparing the obtained PFPE elastomers with PDMS templates used in soft 

lithography, it can be seen that using fluoro-based elastomer has significant 

advantages like; 

- easily removable flash layer due to its low surface of energy (8-10 

erg/cm2) [50], 

- no requirement for an additional step such as etching or plasma [46], 

[51], 

- compatibility with organic solvents particularly that PDMS is not 

suitable (Table 2.3.1) [52], 

- more accurate replications were obtained from the master and it was 

possible to reproduce smaller feature sizes [50]. 

 

(a) 
(b) 

(d) 

(c) 
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Table 2.3.1 Swelling behavior comparison of PDMS and PFPE [52]. 

 
PDMS 

(weight % uptake) 

PFPE 

(weight % uptake) 

Water 0.37  0.04 0.39  0.16 

Hexane 109.82  1.41 1.72  0.25 

Tetrahydrofuran 145.46  1.68 6.95  0.08 

Dimethyl sulfoxide 2.36  0.50 1.98  0.17 

Isopropanol 17.65  2.44 2.38  0.06 

Acetone 20.15  1.05 4.81  0.06 

 

The PRINT technique has emerged with the discovery of the superior properties 

of PFPE and its adaptation to the soft-lithography applications. To summarize 

this technique, firstly, patterned silicon wafer used as master is fabricated by 

standard photolithographic techniques (Figure 2.3.2). In this technique, UV light 

is sent through a mask having a desired pattern to silicon wafer coated with a 

thin film layer of photosensitive resist and the pattern is obtained either by 

dissolving or crosslinking [53]. Thereafter, as shown in Figure 2.3.3, elastomeric 

mold is prepared by casting and curing PFPE precursor onto the master mold. 

Now, as the patterned PFPE mold is prepared, the liquid pre-material can be 

filled into the elastomeric mold’s cavities by capillary forces. Since PFPE has 

Teflon-like property, there would not be any liquid material on the mold’s 

surface, in other words, material fills into the wells without wetting the surface 

area. Liquid is solidified to take the shape of the wells and the particles are 

removed from the mold by getting in touch with a harvesting layer. The particles 

can now be easily harvested from the surface of the flat layer [9]. 
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Figure 2.3.2 Standard photolithography technique [54]. 

 

 

 

 

Figure 2.3.3  Schematic illustration of PRINT process [9]. (Gray is rigid silicon 

wafer, green is PFPE elastomeric mold, red is pre-particle substance, black is 

roller, yellow is harvesting film.) 

 

 

 

 



 
20 

Until now, many articles have been published regarding PRINT technique 

varying in both sizes and shapes. Rolland and colleagues in 2005 fabricated 200 

nm trapezoidal poly(D-lactic acid) (PLA) and derivatives poly(lactide-co-

glycolide) (PLGA) (Figure 2.3.4 a), submicron (500 nm) conical PLA (Figure 

2.3.4 b), 200 nm trapezoid poly(pyrrole) (PPy) (Figure 2.3.4 c), 200 nm 

trapezoidal, 200 nm x 800 nm bar, 3 m arrow PEG-diacrylate liquid monomer 

(Figure 2.3.4 d, e, f and g, respectively) and 200 nm trapezoidal triacrylate 

particles  (Figure 2.3.4 h). 

Gratton et al. in 2008 prepared cubic and cylindrical particles with the 

composition of 67 wt % trimethyloyl propane ethoxylate triacrylate, 20 wt % 

poly(ethylene glycol) monomethylether monomethacrylate, 10 wt % 2-

aminoethylmethacrylate hydrochloride, 2 wt % fluorescein o-acrylate, and 1 wt 

% 2,2-diethoxyacetophenone. Scanning electron microscope (SEM) and 

fluorescence images of the fabricated particles are given in Figure 2.3.5  [25]. In 

another manuscript, 3 m PEG based hex nut shape particles were also published 

(Figure 2.3.6). 
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Figure 2.3.4  SEM images of fabricated PLA, PPy and PEG based particles via 

PRINT technique [11]. 
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Figure 2.3.5  (A-C) SEM images of the  cubic particles with diameters equal to 

A) 2 m, B) 3 m and C) 5 m. (D–F) Fluorescence images of the cubic particles 
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with diameters equal to D) 2 m, E) 3 m, and F) 5 m. (G-H) SEM images of 

the cylindrical particles having the height of 1 m, and G) 0.5 m, H) 1 m 

diameters. (I–K) SEM images of the cylindrical nanoparticles with I) 200 nm 

diameter, 200 nm height; J) 100 nm diameter, 300 nm height [25]. 

 

 

Figure 2.3.6 SEM and fluorescence images of (A) 2.5 × 1 μm2 hexnut particles 

with a 1 μm hole, (B) 1.6 × 1.6 × 5 μm3 trapezoidal particles, (C) 6.5 × 0.8 μm2 

disk shaped particles, and (D) 9.6 × 3.4 × 1 μm3 boomerang shaped particles 

[56]. 

 

Although there are many publications so far, only a few types of polymeric 

material have been used to fabricate micro and nano scale drug delivery devices 

via PRINT technology. 

 

 



 
24 

2.4. Synthetic Biodegradable Photocrosslinked Polymer Networks 

Erosion and degradation of polymers are crucial especially for designing 

injectable or implantable treatment systems in tissue engineering applications 

[17], [57], [58]. In cases where the implanted material is desired to be permanent, 

non-degradable polymers are suitable materials [59]. However, in many 

applications it is desired that the polymer entering the body should be 

biodegradable. Hydrolysis, oxidation [60], thermal degradation [61] and 

radiolysis [62] can cause polymer degradation. In order to be a biodegradable 

polymer, hydrolysable bonds (esters, anhydrides, urethanes, amides, carbonates, 

etc.) must be present in the structure because chain cleavage is denominated as 

degradation [57], [63]. On the other hand, dissolution and diffusion of monomers 

or oligomers cause the material loss so called polymer erosion which is divided 

as surface and bulk erosion (Figure 2.4.1). Basically, in surface erosion, as the 

name implies, polymers only lose material from the surface. Thereby, 

dimensions and mass of the polymers decreases proportionally, whereas 

molecular weight remains constant. In bulk erosion, the mass and dimensions of 

the polymers are unchanged while molecular weight decreases and 

consequently, mechanical properties change during the application [57]- [58], 

[64]- [65]. 

 

 

Figure 2.4.1 Schematic representation of a) surface, and b) bulk erosion process 

[65]. 
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While designing a new polymeric material for drug delivery applications, 

biodegradable photo-crosslinked networks come to the forefront since desired 

amount of drug can be loaded handily and efficiently into the polymer matrix 

(Figure 2.4.2) and release profile of drug can be varied by changing crosslink 

density and hydrophilic/hydrophobic properties of the network [66].  

 

 

 

                     Molding 

 

 

 

               UV 

 

 

Figure 2.4.2 General diagram of photo-crosslinked polymer network 

preparation. Macromer solution is prepared and drug particles are mixed with 
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the solution. The viscous material is poured onto the mold and after photo-

crosslinking, solid drug carrier is ready. 

Polymeric networks are macromolecules formed by permanent attachment of 

unit or monomer to the other unit. This network formation can be derived from 

the formation of covalent or ionic bonding, or physical interactions. Among 

them, covalently crosslinked networks are widely preferred due to the enhanced 

properties such as improved strength, flexibility, and durability. Covalent 

crosslinks can be formed by chemical reactions initiated by heat, pressure, pH 

change or light irradiation [67]. Photo-initiated crosslinking (Figure 2.4.3) is 

used for a number of applications compared to other methods because of its 

properties such as low energy and space requirement, high speed at room 

temperature, environmental advantages, etc. [68]. Basically, after the 

polymerization is initiated by light, a photo-initiator disintegrates and generally 

forms two radicals. These radicals react with -C=C- bonds of macromer to form 

a growing kinetic chain. In order to prepare biodegradable photo-crosslinked 

polymer networks, end functionalized degradable oligomers are often used with 

groups containing double bonds i.e., fumarate, acrylate, and methacrylate, end 

groups (Figure 2.4.4) [69]. Fumaric acid derivatives are attractive compounds 

for end-functionalization since they take place in the citric acid cycle in the body, 

that is, they are not expected to cause to toxicity [70]. However, the reactivity of 

the fumarate-functionalized oligomers is relatively low compared to oligomers 

that are functionalized with acrylate and methacrylate [71]. Thus, methacrylate 

and acrylate derivatives are frequently used in end-functionalization reactions. 
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Figure 2.4.3 Schematic representation of photo-crosslinked network formation 

[67]. 

 

 

 

Figure 2.4.4 Photopolymerizable a) acrylate, b) methacrylate, and c) fumarate 

end groups. 

 

In light of all these information, it can be said that studies on drug delivery 

systems with the help of synthetic biodegradable polymers have taken place in 

the literature, though not yet sold on the market. More broadly, it can be seen 

that various biodegradable polymers are used in many tissue engineering fields, 

not just drug delivery systems. To exemplify, polyesters such as 
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polyparadioxanone (PPDO), PLA, polyglycolic acid (PGA) and their 

copolymers have been improved to be used in bone repair and drug releasing 

systems [72]- [73].  Degradation of the polyester inside the body is the bulk 

eroding process. By hydrolysis, the polymer is converted into lactic acid and 

glycolic acid monomers. The resulting lactic and glycolic acids disrupt the pH 

balance, causing inflammatory foreign body response and bone resorption [74], 

[75], [76]. Unlike the bulk erosion mechanism of synthetic polymers, the release 

rate can be adjusted successfully using surface erosion mechanism. In this sense, 

polycarbonates are prominent biodegradable materials and PTMC is one of the 

best examples [14], [77]- [78]. 

PTMC was originally synthesized and published in 1930 but has not been used 

in medical fields until 1970s [79]. It is synthesized by ring opening 

polymerization of trimethylene carbonate (TMC) monomer (Figure 2.4.5)  [80]- 

[81]. PTMC is a hydrophobic, non-crystalline, in other words, amorphous 

polymer with a glass transition temperature (Tg) of -17 oC [82]- [83]. Due to its 

hydrophobicity, it can be used as hydrophobic part of amphiphilic copolymers 

and due to its flexibility, it is preferred in soft tissue engineering applications. 

Flexible structure can be advantageous as well as disadvantageous. Since there 

is no cross-linking, PTMC may not be able to maintain a stable form, which is 

unfavorable for controlled drug release because alteration of surface area and 

shape means a change in the properties of the designed drug carrier [84], [85]- 

[86]. PTMC is also durable to in vitro non-enzymatic hydrolysis [77], [84], [83], 

[87] and in vivo enzymatic surface erosion mechanism makes PTMC as an 

attractive material in biomedical applications [77], [88]. After degradation of 

PTMC with lipase enzyme, non-acidic products such as 1,3-propanediol, TMC 

monomers and oligomers are formed [77]. 
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Figure 2.4.5 Ring opening polymerization of TMC monomer. 

 

Several studies have been conducted until now to apply TMC-based polymers in 

developing drug delivery systems to utilize superior degradation properties 

compared to commonly used polymers (Table 2.4.1) 

 

Table 2.4.1 Literature summary of PTMC based particles used in biomedical 

applications. (PGlu: Poly(glutamic acid); Pep: Peptide) 

 

Material Fabrication Method Reference 

 

PTMC-b-PGlu 
Self-assembly [89], [90] 

 

PTMC-b-Pep-b-PGA 
Self-assembly [91] 

PEG-co-PTMC 

 

Self-assembly 

 

[92], [93], [94], [95], 

[96], [97] 

Pep-b-PEG-b-PTMC Self-assembly [98] 

 

PEG-PTMC 

PEG-PLA/PTMC 

 

Photo-polymerization 

 

[99] 
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CHAPTER 3 

 

 

3. MATERIALS AND METHODS 

 

 

 

3.1. Materials 

Trimethylene carbonate (1,3-dioxan-2-one, TMC) was used as received from 

Huizhou Foryou Medical Devices Co., China. Methacryloyl chloride (MC) was 

purchased form Alfa Aesar. Trimethylol propane and 1-hydroxycyclohexyl 

phenyl ketone photoinitiator were supplied from Tokyo Chemical Industry Co., 

Ltd. (TCI). Stannous octoate (tin 2-ethylhexanoate, Sn(Oct)2), 1H,1H,2H,2H-

perfluorodecyltriethoxysilane (PFDTS) and 3-(trichlorosilyl)propyl 

methacrylate were obtained from Sigma Aldrich. Sylgard 184 silicon elastomer 

kit were supplied from Dow Corning. Perfluoropolyether (PFPE) urethane 

methacrylate (MD700) was supplied from Acota Limited (UK). Hydroquinone, 

triethylamine (TEA) and all solvents were used as received from Sigma-Aldrich. 

Chromafil Xtra Polytetrafluorethylene-45/25 syringe filters were supplied 

from Macherey-Nagel.  Silicon patterned wafers (< 100 m) were provided by 

METU-MEMS Center. 
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3.2. Preparation of High Molecular Weight PTMC, Functionalized 

PTMC as Crosslinking Agent and PTMC Film 

High molecular weight PTMC was synthesized by ring opening polymerization 

of TMC monomer using 0.02 mol % Sn(Oct)2 catalysis at 130 oC under nitrogen 

for 3 days. Three-armed PTMC oligomers (Figure 3.2.1) were synthesized by 

using trimethylol propane (11 mol %) initiators, respectively in the presence of 

Sn(Oct)2 (0.02 mol %) catalyst under nitrogen at 130 oC for 48 h. To obtain 

functionalized hydroxyl end groups, firstly, oligomers were dissolved in 

dichloromethane (DCM). 30 mol % excess MC were reacted with oligomers in 

the presence of 0.06 wt % hydroquinone and excess amount of TEA at 0 oC 

overnight. The functionalized PTMC macromers were further purified by 

dissolution in acetone and precipitation into water. After freeze drying, degree 

of functionalization of three-armed crosslinking agents (Figure 3.2.2) were 

analyzed by 1H NMR analysis. 

 

Figure 3.2.1 Chemical structures of three-armed PTMC oligomers 
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Figure 3.2.2 Chemical structure of functionalized three-armed crosslinking 

agents 

3.3. Fabrication Procedure of PTMC Based Microparticles 

3.3.1. Mold Fabrication 

Silicon master with desired indentations was produced by standard lithographic 

techniques. To generate elastomeric polydimethylsiloxane (PDMS) stamps, 

silicon master was cleaned with 10-min O2 plasma (Diener Electronic, Zepto 

Plasma Unit) and exposed to PFDTS vapor in a vacuum desiccator for 

approximately 9 hours. Silicon elastomer was mixed with curing agent in a ratio 

of 10:1. After chemical vapor deposition of silane on patterned master, PDMS 

was poured over the master and cured at 80 oC overnight. PDMS mold with 

inverse pattern was stripped from the master and exposed to PFDTS vapor in a 

vacuum desiccator for 9 hours.  In a similar manner, flat PDMS was prepared 

and coated with silane to attain non-wetting surfaces (Figure 3.3.1). 
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Figure 3.3.1 Non-wetting PDMS based mold fabrication process. a) PDMS was 

poured onto Si master, b) having wetted the template surface, PDMS was cured, 

c) Inverse pattern was obtained by peeling fabricated mold from the template, d) 

patterned surface was exposed to PFDTS vapor. 

 

Besides PDMS stamps, PFPE mold with glass slide backing was produced. 

Vapor of 3-(trichlorosilyl)propyl methacrylate on microscope slide was 

deposited in vacuum desiccator as described above. PFPE was mixed with 

soluble 1-hydroxycyclohexyl phenyl ketone photoinitiator in the ratio of 100:1 

and a drop of solution was poured onto silicon master. The master was contacted 

with microscope slide and exposed to UV light for 30 min. 
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To obtain non-wetting, non-reactive fluoropolymer mold, nitrogen was bubbled 

through PFPE solution for approximately 2 minutes. After the displacement of 

oxygen with nitrogen, the solution was placed under vacuum for 5 minutes to 

remove all the bubbles. Prepared PFPE solution was poured onto silicon wafer 

patterned by standard lithographic techniques and cover the surface of it (Figure 

3.3.2a). After the pattern was completely wetted, PFPE was exposed to UV light 

for 30 min under nitrogen purge (Figure 3.3.2b). The crosslinked PFPE was 

stripped from the wafer and inverse patterned non-wetting mold was obtained 

(Figure 3.3.2c). In a similar manner, flat PFPE surface was created by pouring 

PFPE solution onto a flat wafer. 

 

Figure 3.3.2 PFPE based mold fabrication process. a) PFPE was poured onto 

wafer, b) having wetted the template surface, PFPE was exposed to UV light, c) 

Inverse pattern was obtained by peeling fabricated mold from the template. 

 

3.3.2. High Molecular Weight PTMC Based Microparticle Fabrication 

Since it was desirable for the particles to have cross-linked architecture, high 

molecular weight PTMC (98 mol%), tri-functional PTMC oligomers (2 mol%) 

and photoinitiator were dissolved in chloroform. After obtaining homogenous 

mixture, it was poured into a petri dish and dried under vacuum. The sample was 

then pressed in compression molding at 140 oC, 1 atm and filmed. The film was 

placed between flat and patterned PFPE molds and put on the NIL device (CNI 

v2.0 – Desktop nanoimprint tool), as shown in Figure 3.3.3. The imprint 

UV radiation 
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temperature was increased to 140 °C, allowed to stand for 5 minutes under 5 bar 

pressure and then exposed to UV light for 30 minutes under the same conditions. 

After curing was complete, pressure and temperature brought into ambient 

conditions.  

 

 

 

Figure 3.3.3 Schematic representation of high molecular weight PTMC based 

micro particles fabrication procedure. The film was placed between flat surface 

and patterned mold, the structure was put onto the NIL device, after curing the 

mold and the surface were separated. 

 

3.3.3. Low Molecular Weight PTMC Based Microparticle Fabrication 

Multiple mold filling methods were applied to prevent the formation of the scum 

layer. In all the methods, functionalized three-armed PTMC oligomer and 

hydroxycyclohexyl phenyl ketone photoinitiator were used as the resin in a 

weight ratio of 100:1. The resin was then dissolved in chloroform and 5 % (w/v) 

pre-particle solution was obtained. 

 

patterned mold 

PTMC film 

flat surface 

140oC, 5 bar 

30 min UV radiation 
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3.3.3.1. PTMC Based Microparticle Fabrication by Nanoimprint 

Lithography 

In a similar manner shown in Figure 3.3.3, PTMC resin was casted between flat 

and patterned PDMS surfaces. Flat-PDMS/PTMC/patterned-PDMS sandwich 

structure was then placed in NIL device. After applying 5 bar for 5 minutes at 

ambient temperature, the sandwich structure was exposed to UV light for 30 

minutes under nitrogen purge. Same procedure was repeated with flat-

PFPE/PTMC/patterned-PFPE with glass slide backing and flat-

PFPE/PTMC/patterned-PFPE sandwich structures.  

 

3.3.3.2. PTMC Based Microparticle Fabrication by Coating Patterned 

Mold 

Cavities on PFPE mold were filled using SPS Spin 150 coater. 5 % (w/v) pre-

particle solution was dropped onto the mold and spin coated at 3000 rpm for 10 

minutes. Then, the mold was put under vacuum for approximately 20 minutes to 

evaporate all residual solvent. Removing the solvent, the resin was exposed to 

UV radiation for 30 minutes under nitrogen purge and allowed to take shape of 

the patterns by crosslinking. 

Another approach was coating PFPE mold using #1 Mayer rod which is known 

as a wire-wound rod. Simply, stainless steel is wound with again stainless steel 

wires in different diameters as shown in Figure 3.3.4 [100] - [101] and it can be 

used in numerous coating applications [102] - [103]. Outer diameter of the rod 

is 3 mm and wire diameter is 50 µm for #1 Mayer rod. Here, PTMC resin was 

spread over PFPE mold by the help of Mayer rod and after filling the cavities, 

the mold was exposed to UV light for 30 minutes under nitrogen purge. 

 

 

 

Figure 3.3.4 Drawing of a Mayer rod or wound-wire rod [100] 
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3.3.4. Particle Harvesting 

Particle harvesting was the final step of particle fabrication. Here, three different 

methods have been tried to collect particles properly. Initially, PTMC film was 

placed in contact with PTMC oligomers filling the pattern of the mold, and left 

to UV light for 30 minutes under nitrogen. After curing completed, PTMC film 

was peeled away from the PFPE mold. Second method was particle harvesting 

by means of an adhesive layer. Particles in the mold was covered with an 

adhesive layer which is cyanoacrylate based super glue on a flexible PDMS 

backing. After the glue was dried, PDMS was peeled away from the mold and 

adhesive layer was solved in acetone. Lastly, a simpler method was applied 

which is sonication. The mold with the cured particles was put in DCM and left 

on sonication bath for a one day. After filtration of the solution by Chromafil 

syringe filters, PTMC based particles were harvested on the filter paper. 

 

3.4. Characterization Methods 

Number average molecular weight (M̅n), weight average molecular weight (M̅w) 

and polydispersity index (PDI) of high molecular weight PTMC were 

determined by means of Polymer Laboratories PL-GPC 220 gel permeation 

chromatography (GPC) instrument using chloroform as eluent with the flow rate 

of 1.0 mL/min at room temperature. Determination of repeating unit, conversion 

of TMC monomer, functionalization of two- or three-armed PTMC oligomers 

and molecular weights of these oligomers were carried out with Bruker 

AVANCE III 400 MHz proton nuclear magnetic resonance (1H-NMR) 

spectroscopy by dissolving in deuterated chloroform (CDCl3). Particle 

morphology was imaged by QUANTA 400F Field Emission SEM instrument by 

coating with 5 nm gold-palladium alloy. 
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CHAPTER 4 

 

 

4. RESULTS AND DISCUSSIONS 

 

 

 

4.1. Poly(trimethylene carbonate) Oligomer Synthesis 

The synthesis of methacrylate functionalized PTMC oligomers was shown in 

Figure 4.1.1. TMC was polymerized in the presence of trimethylol propane 

initiator to obtain three-armed PTMC oligomers. The repeating unit of the 

oligomers was planned to be three for each arm, calculated from the molar ratio 

of TMC to trimethylol propane. 

After synthesis, the molecular weight of the oligomers was calculated from the 

1H-NMR spectra, assuming that each hydroxyl group of the trimethylol propane 

starts polymerization of TMC. An example of the spectrum was shown in Figure 

4.1.2. The integral of peak near 0.90 ppm belongs to –CH3 group at initiator 

(indicated as (a) in Figure 4.1.2), whereas the integral of peak close to 4.20 ppm 

belongs to –CH2 group at the repeating unit (indicated as (b) in Figure 4.1.2). 

Triplet close to 2.10 ppm also represents –CH2 group at the repeating unit 

(indicated as (c) in Figure 4.1.2). According to the ratio between repeating unit 

and initiator, repeating units of three-armed PTMC oligomers were calculated 

between 2.5-2.7. After synthesizing hydroxyl-terminated PTMC oligomers, they 

were functionalized with excess methacryloyl chloride to obtain crosslinking 

agent (Figure 4.1.1b). The methacrylate groups were observed around 6.10 ppm 

(-CH-), 5.50 ppm (-CH-) ((d) in Figure 4.1.3) and close to 2.00 ppm (-CH3) ((e) 

in Figure 4.1.3). Degree of functionalization was calculated above 85% by 
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comparing the area of the methacrylate peak at 6.10 ppm and PTMC oligomer 

peak at 4.20 ppm ((b) in Figure 4.1.2.). 

 

Figure 4.1.1 Schematic diagram showing a) synthesis of three-armed hydroxyl 
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terminated PTMC oligomers by using trimethylol propane initiator, b) 

functionalization of three-armed PTMC oligomers with methacryloyl chloride 

 
Figure 4.1.2 Characteristic 1H NMR spectrum of three-armed PTMC oligomers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Figure 4.1.3 Characteristic 1H NMR spectrum of functionalized three-armed 

PTMC oligomers 

 

4.2. Elastomeric Network Preparation 

High molecular weight PTMC was synthesized by ring opening polymerization 

of the TMC monomer in the presence of stannous octoate catalyst at 130 °C for 

three days under nitrogen (Figure 4.2.1). M̅n and M̅w values are found as 183,656 

and 343,363 g/mol, respectively and PDI was calculated as 1.87.  

 

Figure 4.2.1 Linear high molecular weight PTMC synthesis by ring opening 

polymerization of TMC monomer 
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High molecular weight PTMC was homogenously mixed with PTMC oligomer 

and photoinitiator to obtain PTMC based film.  

4.3. Perfluoropolyether Micropatterned Mold Fabrication 

To obtain particles with precise shape and size without formation of scum layer, 

photocurable PFPE based elastomeric mold fabrication was done. PFPE is a 

viscous fluoropolymer with  –(CF2CF2O)m–(CF2O)n– repeating unit [49]. It has 

low surface energy, low toxicity, high durability and extremely resistant to 

organic solvents [49], [104], [105]. Thanks to its high spreading coefficient, 

PFPE can totally cover the surface of patterned wafer (Figure 4.3.1a) and after 

photocuring, replica PFPE mold was obtained (Figure 4.3.1b-c). One of the most 

attractive feature of fluoro-based polymers in soft-lithography applications are 

pattern fidelity and high resolution without any deformation on the patterns 

[105]. Under favor of these properties, inverse pattern without any damage can 

be observed on the replica mold as shown in Figure 4.3.1b. 
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Figure 4.3.1 a) SEM images of 2 x 8 µm2 rectangle protrusions produced on 

silicon wafer by lithographic techniques, b) SEM images of replicated PFPE 

mold (2 x 8 µm2 rectangle indentation with 2 µm depth), and c) digital 

photography of a PFPE mold with patterned surface.  

It is possible to obtain molds containing indentations in different patterns and 

sizes depending on the mask obtained by lithographic methods. In this study, in 

addition to rectangle, circles and square patterns with diameters ranging from 2 

to 100 µm were fabricated (Figure 4.3.2). 

 

 

 

 

 

 

a) b) 

c) 
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Figure 4.3.2 Optical microscope images of PFPE molds with dimensions of a) 

100 m circle, b) 50 m square, c) 2 m circle 

4.4. Poly(trimethylene carbonate) Based Microparticle Fabrication 

In a typical PRINT process to obtain free particles, roll to roll system was used 

[9], [106]. In this system, once the pre-particle material is filled into the wells, a 

roller passes by applying pressure on the non-wetting mold and wipe the excess 

material out on the surface of the mold to prevent scum layer formation. Here, 

however, without using such a system, various methods have been tried to obtain 

isolated particles. 

Primarily, high molecular weight PTMC based isolated particles were tried to 

fabricate via NIL device. The prepared PTMC film was placed between flat 

PFPE surface and mold. By increasing temperature and applying higher 

pressure, molten polymer filled into patterns. However, even when the amount 

of polymer was insufficient to fill all the indentations, free-standing particles 

a) b) 

c) 
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could not be obtained with this method and as seen from Figure 4.4.1, patterned 

film was fabricated. The reason may be due to contact problem between mold 

and flat surfaces. It may be useful to produce finer molds so that the surfaces 

will sit more tightly together. As an alternative approach, closer pattern gaps 

may be preferred as they can assist in splitting the film layer. 

 

Figure 4.4.1 SEM image of NIL printed 100 µm cubic pillars on PTMC film 

Once it was realized that free particles could not be produced using PTMC film, 

instead, viscous PTMC resin was used. After placing flat-

PDMS/PTMC/patterned-PDMS sandwich structure in NIL device and curing, 

PTMC drops were observed onto flat PDMS surface (Figure 4.4.2).  

 

 

Figure 4.4.2 PTMC drops formation onto flat PDMS surface after curing in NIL 

device 

In Figure 4.4.2, the appearance of droplets instead of free-standing PTMC 

particles on a flat surface indicates that the sandwich structure placed on the NIL 

device was not uniformly pressurized by the device. Therefore, the mold cavities 

were not properly filled and the oligomer could not get the desired particle shape. 
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Same procedure was repeated with flat-PFPE/PTMC/patterned-PFPE with glass 

slide backing. Although the glass was coated with chemical vapor decomposition 

of methacrylate, the reverse patterned PFPE film was stripped from the glass 

surface and could not be used, as it would be cleaned with an organic solvent 

such as ethanol. So, flat-PFPE/PTMC/patterned-PFPE sandwich structure was 

tested in NIL device to obtain isolated PTMC particles. Although oligomers 

could easily flow through cavities due to their viscosities and by the help of 

pressure applied, still film layer formation was observed after crosslinking 

(Figure 4.4.3). The reason may be again due to the fact that the mold and the 

surface placed on the NIL device were not in good contact. Even high pressure 

was applied, the resin was not distributed uniformly and excess material could 

not move on the mold edges.  

 

   

 
 

Figure 4.4.3 SEM images of PTMC based micro particles on the film layer 

fabricated using NIL. a) 2 x 8 µm2 rectangle, b) 5 µm cube and c) 2 µm cylinder. 

a) 

b) 

c) 



 
48 

 

According to the experiments conducted using imprint device, it was understood 

that excess material on patterned mold surface should be swept after filling mold 

cavities to prevent formation of film layer.  

The patterned surface of the PFPE mold was swept with a flat PFPE surface once 

filling the mold with pre-particle material. Here, instead of obtaining isolated 

particles, even a uniform shape could not be observed. Moving smooth fluoro-

based surface on the mold interconnected the material inside the cavities by 

forming a layer on it as presented in Figure 4.4.4. 

 

  

Figure 4.4.4 SEM images of a) 2 x 8 µm2 rectangle, b) 5 µm cylinder particles 

with scum layer 

 

Alternatively, the treatment was repeated using a sharp blade. After the material 

was covered the surface of patterned mold, flat side of a sharp edge blade was 

gently moved along it. Among the other methods, the formation of residue was 

totally prevented. Nevertheless, since it was a manual application and the depth 

of the blade movement could not be controlled, some of the pre-particle resin 

was taken inside the indentations and after photocrosslinking, holes were 

observed in the particles as shown in Figure 4.4.5. 

 

a) b) 
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Figure 4.4.5 Perforated free PTMC particles with precise shape and size. a) 25 

µm cylinder, c) 8 µm cube 

Since successful results cannot be achieved from different sweeping methods, a 

completely different path was followed. The patterned mold was coated with 

dilute resin by spinning. Here, it was aimed that the cavities would be completely 

filled with PTMC resin and since the surface outside the cavities have a non-

wetting nature, the residue would not be observed. As expected, all the cavities 

were filled properly. Figure 4.4.6 demonstrates the most successful examples of 

this method.  Although not much observed in particles of 100 µm and 50 µm in 

size, some of the particles with diameters of 25 µm and below were found to 

have residual material due to spinning. In Figure 4.4.6a, lateral dimension of the 

bottom part of cylinder was approximately 25 µm, whereas top of it was 

approximately 44 µm. Hence, the particle appeared like mushroom instead of 

cylindrical. In Figure 4.4.6b, as another example, free 25 µm cubic particle was 

obtained with a layer on the bottom. With smaller patterns, possibility of residual 

layer formation increased. Consequently, free particles were noticed with scum 

layer (Figure 4.4.6c). Besides, 2 µm particle diameters could not be obtained 

using spin coater because of film formation. 

Among all the methods applied, Mayer rod gave the best results by spreading 

the resin evenly. Whilst rolling the rod, the cavities were filled since each turn 

of wire was directly in contact with contiguous turn. The contact between them 

formed the groove, which was involved in filling the cavities. Thus, PTMC based 

micro particles in various shape and diameter were produced (Figure 4.4.7). 

a) b) 
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To obtain free-standing particles, they had to be separated from the mold and 

collected in solvent as an eventual step of particle fabrication. Therefore, PTMC 

film was placed in contact with PTMC oligomers filling the pattern of the mold, 

and left to UV light. Cured particles prefer to stick to the PTMC film instead of 

staying on the PFPE surface. However, separation of cured particles from PTMC 

film was the main problem. As an alternative method, the mold was covered with 

a cyanoacrylate based adhesive layer. After the adhesive layer was peeled away 

from the mold, it was solved in acetone. Since crosslinked PTMC particles was 

not soluble into acetone, free standing particles were collected. Nevertheless, 

this method was abandoned due to the possibility that polymer particles may still 

have cyanoacrylate residues which can cause the formation of toxic 

formaldehyde by degradation [107]. Thus, a simpler method was applied which 

is sonication. The mold with the cured particles was put in DCM and left on 

sonication bath for a whole day. After filtration of the solution, PTMC based 

particles were harvested on filter paper. Even if the separation of PTMC based 

particles using sonication was the easiest method, it was highly time-consuming 

process. Moreover, it was not effective enough to remove all the particles from 

the mold cavities (Figure 4.4.8). Hence, after filtration, limited number of 

particles were dispersed on the surface of the filter paper and a group of free 

particle formation was not easily detected in the SEM images. Another drawback 

of this method was using filter paper again due to the limited number of particles. 

After evaporation of solvent, dried particles fell from smooth surfaces like 

aluminum foil. However, the filter paper did not allow the particles to be poured 

out because the dry particles could easily hold on the filter paper. On account of 

the filter paper, there was no clear background in SEM images. 
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Figure 4.4.6 SEM images o PTMC particles with scum layer fabricated by spin 

coating. a) 25 µm cylindrical particle seem like mushroom, b) 25 µm cube with 

residual layer, c) 8 µm cubic free particle and particles with scum layer 

 

 

 

 

 

 

 

 

 

a) b) 

c) 
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a) b) 

c) d) 

e) f) 

g) h) 
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Figure 4.4.7 SEM images of isolated PTMC particles harvested on filter paper 

after fabricated by Mayer rod coater. (a-b) 100 m cube, (c-d) 100 m cylinder, 

(e-f) 50 m cube, (g-h) 50 m cylinder, (i-j) 25 µm cube, (k-l) 25 µm cylinder, 

r) 

s) t) 

u) v) 

w

) 

x) 

7.35 µm 

5.80 µm 

5.63 µm 

4.01 µm 

2.23 µm 
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(m-n) 8 x 2 µm2 rectangle, (o-p) 8 µm cube, (q-r) 8 µm cylinder, (s-t) 5 µm cube, 

(u-v) 5 µm cylinder, w) 2 µm cube and x) 2 µm cylinder.  

 

Figure 4.4.8 SEM image of used rectangle PFPE mold. After sonication, a major 

part of the mold cavities was still full with PTMC particles. 

After improving especially the harvesting method drawbacks, biocompatible 

PTMC based particles can be used in drug delivery applications as micro 

carriers. Moreover, PTMC based micro carriers with various size and shape can 

be fabricated by preparing silicon mask contains different size and patterns by 

lithographic techniques. 
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CHAPTER 5 

 

 

5. CONCLUSIONS 

 

 

 

PTMC based microparticle fabrication by using PRINT technique have been 

demonstrated. Using lithographic methods, silicon wafer with protrusions in 

certain sizes and shapes were obtained. Non-wetting replica of this mask with 

indented patterns was produced. Meanwhile, three-armed viscous PTMC 

oligomers were synthesized and end groups were functionalized to achive a 

networked structure after photocuring. Several techniques have been tried to fill 

the cavities with viscous oligomers without formation any scum layer. Even if 

the viscous material under certain pressure was allowed to fill all the cavities 

using NIL device, a film layer on the surface was observed. Flat PFPE surface 

was swept through the surface of the mold to clean excess material but still 

completely isolated particles could not be obtained and scum layer was observed. 

Besides, the flat side of a sharp blade was gently moved over the mold surface, 

yet holes were observed in the middle of the particles. Among them, the best 

results were obtained from spin coater and #1 Mayer rod. Isolated particles with 

100, 50 and 25 m diameter were procured both using spin coater and Mayer 

rod but particles with smaller diameter such as 8, 5 and 2 m were fabricated 

much more precisely using Mayer rod. Harvesting method of particles was 

another key point to gather whole isolated particles. Overlaid PFPE mold with 

PTMC based film and crosslinked together, all free-standing particles was 

preferred to stick film instead of mold but particles were not successfully 

separated from the surface of the film. An adhesive layer was used and again 

particles were totally collected. However, it was in doubt that adhesive layer was 

totally removed from the particle surface. So, a simpler method was preferred 
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and isolated particles were took out from the mold by sonication. Eventually, 

PTMC based particles in cube and cylinder shape with ranging diameters 

between 2 – 100 m and 2 x 8 m rectangle were fabricated by using PRINT 

technique to use in controlled drug delivery applications. 
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CHAPTER 6 

 

 

RECOMMENDATIONS 

 

 

 

According to the studies conducted, a few suggestions are presented for the 

future work. Instead of using thick PFPE mold, fluorocur can be spread over a 

backing sheet which should have high surface energy to enable smooth adhesion. 

Thereby, contact problems using NIL may be overcome. Sub-micron sized, 

sharp edge patterns such as asterisk, diamond, triangle can be designed and 

PTMC oligomers with different shape and size can be produced using NIL. 

Another recommendation is about harvesting method. Instead of the sonication, 

it can be collected with the aid of an adhesive layer that does not create any toxic 

effects or purification from adhesive layer residue may be improved. Thus, the 

number of free particles will be increased and fabricated PTMC based particles 

may become appropriate for controlled drug release applications.  
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