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Abstract 

Tissue engineering is one of the most rapidly developing areas in healthcare. A variety of 

different fabrication techniques, types of biomaterials, and their modification approaches 

have been studied lately. Significant progress in the design of artificial matrices has led 

to an evolution from a simple supporting scaffold to a more sophisticated biomaterial 

environment. Bioabsorbable materials can be employed to fabricate such complex 

systems. Ideally, these materials should allow for the prevention of further surgeries in 

order to avoid the removal of scaffolds, as well as allow for the delivery of desired drugs 

or growth factors to accelerate body tissue recovery.  

Polymeric scaffolds as drug delivery carriers play a crucial role in the development of 

tissue engineering. Targeted drug delivery at a specific site with controlled release rates 

can lead to the reduction of the required dosage and thus fewer side effects. Bioabsorbable 

polymers should degrade with the desired rate, eluting the drug at predetermined times, 

and keeping the drug concentration within the therapeutic window in the release medium.  

The design of the controlled release device may vary significantly due to the local 

anatomy and microenvironment. Nevertheless, the microstructure of the scaffolds is 

preferred to be fibrous for better integration in the body. Moreover, the high surface area 

to volume ratio of the fibrous scaffolds allows high drug loading amount per unit mass. 

To gain new knowledge in the field of polymeric drug delivery carriers, this study has 

been divided into two sections. The first direction of the study is the employment of 

mathematical modeling for the purpose of studying drug release kinetics from various 

materials which can be potentially used as drug delivery carriers in tissue engineering. 

The second direction is the investigation of surface modification approaches for 

controlling drug release from polymeric materials. The notion of combining theoretical 

and experimental approaches aimed at the improvement of biomaterial properties is 

believed to be beneficial, since it creates a multi-angle view on such a complex task. In 

other words, this combination enables us to look at the current development level of drug 

delivery systems from different perspectives. 

In this thesis, the fabrication of bioabsorbable polymeric scaffolds by means of 

electrospinning was investigated. Plasma treatment technique was studied from a 
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relatively new perspective as a tool for controlled drug release from polymeric 

biomaterials, and then applied during the fabrication of a model drug delivery system. 

Two novel mathematical models were proposed to analyse the diffusion of drugs from 

variously shaped biomaterials. The evidence from this research suggests that the new 

models can be more accurate in terms of drug diffusion coefficient determination. 

The work obtained within this thesis has significantly contributed to the improved 

understanding of the ability to control drug release from diverse biomaterials by means 

of plasma treatment, and to the refinement of the mathematical modeling tools employed 

to describe the diffusion processes in these systems for further enhancement of the 

biomaterials. Novel biomaterials with controlled drug release can become crucial 

components of the scaffolds for skin, ligament and muscle, liver and kidney, vascular and 

heart, bone and cartilage tissue engineering. 
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CHAPTER 1 – Introduction 

1.1 Background and significance of the research 

Regenerative medicine is a modern alternative to tissue transplantation, aimed to 

stimulate the regeneration capacity of the human body [1, 2]. Knowledge based on 

incorporating and combining of all the major scientific and technological achievements 

in medicine of the last decades has led to the development of tissue engineering [3]. 

Biocompatible materials play a crucial role in the fabrication of devices for tissue 

engineering applications [4]. Tissue engineering is mainly focused on fabricating 

biocompatible materials with functions of the natural extracellular matrix (ECM), a 

crucial structural component in all tissues [5, 6]. Most of the properties of novel 

pharmaceutical products can be adjusted by varying the size, shape and composition of 

the material, and/or the composition of incorporated ingredients. Ideally, the artificial 

matrices should support cell growth and proliferation, mimicking the ECM, as well as 

provide appropriate physicochemical characteristics [5]. One of the directions to improve 

the performance of biomaterials is to use them not only as supporting scaffolds, but as a 

drug delivery carrier [7], which in turn may enhance the capacity of the matrix to support 

cell growth and proliferation. 

Improving quality of life for patients is a challenging task, and the transition from 

systemic to targeted drug delivery can have a significant contribution to this task [8]. 

Systemic drug delivery can lead to high concentrations of the agent in the target tissue 

hence causing toxicity of healthy tissue. Therefore, local release has an advantage since 

the largest portion of a drug is delivered at or near the site of action. Thus, the challenging 

point for delivery systems is to provide the continuous release of the agent locally with 

no negative influence on the healthy tissues. By controlling the dose and the distribution 

of drugs it is possible not only to minimize the toxicity, but to increase the effectiveness 

of a therapeutic agent [9-11]. The most significant advantages of controlled drug delivery 

carriers were formulated by Langer et al. [7, 12]. In such devices, drug administration is 

improved and harmful side effects are reduced by means of drug allocation at the desired 

site, meaning that only the required amount of drug enters the system and its level is 

maintained within the therapeutic range. Drug delivery systems are a favourable 

alternative to frequent injections, especially for patients with chronic diseases or those 
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who are in need of long-term treatment. Enhanced efficiency and safer administration 

potentially guarantee a drop in the cost of post-operation patient care and drug supplies 

[13]. 

The employment of biocompatible polymers as drug delivery carriers is a question of 

great importance. The main requirements for polymeric drug carriers include 

biocompatibility, competent mechanical characteristics, and controlled drug release rate. 

Specifically, control over release kinetics is extremely important for drugs with high 

values of median lethal dose (LD50). Each clinical case scenario implies the use of a 

particular drug delivery system.  

The idea of using bioabsorbable (or biodegradable) polymeric materials as implantable 

scaffolds for the treatment of locally spread diseases is attractive for both clinicians and 

researchers [14-16]. The task of retrieving small-scale scaffolds from tissues is invasive 

and thus difficult to accomplish. Therefore, the employment of bioabsorbable polymers 

which degrade till their by-products are eventually excreted from the body is beneficial 

for the scaffold fabrication [17]. In particular, in each clinical case the degradation process 

should occur over desired period of time. However, the fabrication of implants from 

biodegradable polymers with precise control of all their characteristics remains a serious 

challenge.  

 

1.1.1 Electrospinning 

Over the past two decades electrospinning has been among the most attractive methods 

employed for the production of biomaterials for drug delivery and tissue engineering 

applications because of its versatility and precise control over surface parameters [18]. 

Electrospinning was invented almost a century ago, but brought back to the attention of 

researchers worldwide in the 1990's, and has been gaining popularity ever since [19]. A 

wide range of possible biomedical applications has made the electrospinning technique 

very attractive [19-26]. Sridhar et al. summarized the application range of nanofibrous 

electrospun membranes (Fig. 1) [27].  
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Figure 1. Electrospun biomaterials and their prospective biomedical applications. 

Reproduced with permission from [27]. 

 

Electrospinning technology is employed in the studies of multiple researchers because of 

the ability of produced fibrous materials to mimic the ECM and thus reach the high level 

of proliferation and cell differentiation [28]. The choice of a polymer is a key stage in the 

fabrication of a drug delivery vehicle [29]. Pelipenko et al. presented a table of the most 

frequently used natural and synthetic polymers in electrospinning of nanofibers for 

biomedical applications in their review [30]. The authors also characterised the most 

common solvents used for the fabrication of nanofibers. Furthermore, the authors 

desribed other most commonly used fiber fabrication processes including drawing, 

forcespinning, and phase separation, pointing out their major advantages and 

disadvantages [30].   

Electrospinning is a well-established method and so far the most effective in producing 

fibrous materials of a submicron diameter. The most evident advantages of the method 

are simplicity, efficiency and cost-effectiveness. The versatility of the electrospinning 

14 



 
 

method is emphasized by the use of a wide variety of materials that have been developed 

over the past few decades. Despite a low production rate, electrospinning technology has 

a valuable potential to be scaled up for embedding in industry [31-35]. Over the last three 

decades, the technology of electrospinning has been going through a tremendous 

development, and has already proven its utility in filtration and textile manufacture.   

 

1.1.2 Electrospinning setup and parameters 

The principle of electrospinning is relatively simple and does not require expensive 

equipment to operate, although the process itself can be complicated due to many 

parameters which influence the resulting properties of the fabricated fibrous structures. 

Fig. 2 represents a generalized scheme of an electrospinning setup, where critical 

processing parameters are also depicted. The collector can be stationary or spinning and 

situated vertically or horizontally depending on the electrospinning setup [36]. The 

method is based on using an applied electric potential between a polymer source and a 

grounded collector. In the case of solution electrospinning, a polymer is initially dissolved 

in a solvent to obtain a homogeneous polymer solution with desired properties including 

its conductivity, viscosity and surface tension. Then, the polymer solution is loaded to a 

syringe with a metal injector needle. The solution is fed through the needle by the syringe 

pump, which determines solution flow rate in the setup. A charge induced by the electric 

field from high voltage power supply accumulates on the surface of a polymeric droplet 

at the end of the needle. When the electric voltage exceeds the cohesive force determined 

by the surface tension, the droplet elongates into a so-called Taylor cone. The ratio of the 

surface tension to electrostatic repulsion governs the geometry of the polymeric cone [37]. 

The formation of the cone has been extensively studied both theoretically and 

experimentally [38]. The charged jet of polymer-containing solution is eventually 

sprinkled towards the grounded collector [20, 39]. As the jet travels and stretches due to 

electrostatic interactions between the charges on its adjacent segments, the solvent 

evaporates, generating a solidified fibrous structure [40]. Finally, the randomly oriented 

or aligned fibers of different diameters deposited on the surface of the collector and form 

a mesh [41]. With the optimized parameters of needle diameter, tip-to-collector distance, 
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applied voltage, and flow rate, the result is bead-free, porous, continuous and 

interconnected fibers. 

 

 

Figure 2. Solution electrospinning setup scheme: critical parameters of the process 

appear in red. 

The morphology of electrospun nanofibers can vary significantly and generally depends 

on three milestone parameter sets: solution parameters, spinning parameters and ambient 

parameters [28, 42, 43]. The influence on ambient parameters, such as temperature [44, 

45], pressure, relative humidity [46, 47], and surrounding gas is the least studied, while 

the greatest research focus is on spinning and solution parameters. The characteristics of 

the electrospinning process such as flow rate, tip-to-collector distance, and voltage define 

the spinning parameter set. The solution parameters are conductivity and viscosity, 

determined by the choice and ratio of the polymer, solvent, and the incorporation of 

various additional excipients.  
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1.1.2.1 Solution and spinning parameters 

Tan et al. compiled the dependence of major solution and spinning parameters on the 

resulting properties of electrospun fibers in a so-called processing map to deepen the 

understanding on how all the parameters interplay (Fig. 3) [43]. The authors defined 

polymer molecular weight, polymer concentration in spinning solution and the electrical 

conductivity of solvents as primary parameters since they markedly vary the morphology 

of fibers. The effect of voltage and volume feed rate variation during electrospinning is 

less significant; thus, the latter parameters were defined as secondary [43].  

 

Figure 3. Processing map obtained based on the systematic parameter study: (A) jet 

elongation/an electrical force (affected by electrical conductivity of solvents, applied 

voltage), (B) mass of polymer (affected by polymer concentration, applied voltage, 

volume feed rate). Reproduced with permission from [43]. 
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Polymer concentration in spinning solution together with polymer molecular weight 

defines mass transfer of a polymer through the nozzle and further to the collector. The 

lower molecular weight the more chances the electrospinning jet will break and droplets 

instead of fibers will be obtained (electrospraying) [48]. This occurs because solution 

which contains polymer with low molecular weight does not have required viscosity level 

to be stretched into a uniform jet. Charge density (electrical force) mainly depends on 

solvent conductivity. Higher charge density of electrospinning jet leads to the decrease of 

resulting fiber diameter since the jet becomes more elongated [49].  

The variation of applied voltage was reported to insignificantly alter the diameter of 

produced fibers [50, 51]. Noteworthy, the effect of voltage and volume feed rate variation 

is even less noticeable during spinning a solution with low polymer concentration. 

Electrospinning under minimum voltage required for the formation of the jet without 

clogging when resulting fiber diameter is more uniform. In contrast, higher values of 

applied voltage may cause the formation of multiple jets and the consequent fibers of 

various diameters [43].  

1.1.2.2 Ambient parameters 

Fiber diameter and pore quantity variations are also achievable when such ambient 

parameters as humidity and temperature are changed during the spinning process. De 

Vrieze et al. observed that the increase of humidity can decrease fiber diameter when 

cellulose acetate was electrospun, and the diameter of fibers was increased  when the 

authors produced fibers from poly(vinylpyrrolidone) [46]. Pelipenko et al. showed that 

the decrease of relative humidity from 33% to 4% during processing of poly(vinyl 

alcohol) fibers can double mean fiber diameter [52]. Therefore, the contrary results reveal 

that the influence of relative humidity on fiber diameters depends on the chemical nature 

of the polymer. Casper et al. studied the influence of air humidity within the range of 25-

72 % on the surface of produced electrospun polystyrene fibers [47]. The authors 

increased the humidity by more than 30% which turned smooth surface of the fibers to 

partially porous. It was observed that number and diameter, as well as the distribution of 

pores can be varied by changing the relative humidity.  
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The implementation of heating during the electrospinning process can affect the 

evaporation rate of the solvent, thus changing the viscosity of the solution [44]. In order 

to study the thermal impact on the properties of produced fibers, different electrospinning 

setups can be used [44, 45]. For example, Wang et al. used a jacket-type heat exchanger 

to control the temperature of spinning solutions. The experiments were carried out by 

varying the temperature of polyacrylonitrile/dimethylformamide solution almost up to 

90 °C [45]. The temperature elevation led to a decrease in viscosity and surface tension 

of the studied solutions, and increased solution conductivity. Thus, the increase of the 

solution temperature was shown to allow for the fabrication of thinner fibers.  

 

1.1.3 Fibrous polymeric materials as drug delivery devices 

The unique properties of electrospun scaffolds as drug delivery systems are based on their 

ability to incorporate different types of drugs. The high surface area to volume feature 

makes possible a high loading efficiency (encapsulation efficiency) and effective drug 

release from the scaffolds [53]. Encapsulation efficiency of the fabricated fibrous 

materials can be measured after drug loading. To obtain this information, pre-weighed 

fibrous scaffolds can be dissolved in solvent, and then drug content can be analysed using 

one of analytical methods including UV spectroscopy or high-performance liquid 

chromatography (HPLC) [54, 55]. Moreover, the versatility in fabricating and a 

possibility to choose a desirable material and fiber characteristics, along with the 

interconnecting porous structure makes electrospun scaffolds a great candidate for 

targeted drug delivery. 

Every stage of a drug delivery device fabrication has an influence on release kinetics [56]. 

Release medium, scaffold material and drug properties, which can alter the drug release 

kinetics, are summarized in Table 1. In the case of fiber characteristics it is their thickness 

and construct geometry [57], porosity and diameter [58], composition [59], crystallinity 

degree [60], and swelling [61]. Drug itself can affect the drug release based on a chosen 

drug loading technique [58], drug state [53, 62], and molecular weight [59, 63].  Drug 

solubility in the release medium [61], as well as the interaction between a drug, a polymer 

and a solvent can also have a significant effect on the release kinetics. 
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Table 1. Parameters of drug delivery systems able to alter drug release kinetics. 

Release medium Polymeric scaffold Drug 

• pH 

• Temperature 

• Ionic strength 

• Enzymes 

• Stirring 

• Composition 

• Structure 

• Degradation rate 

• Swelling 

 

• Solubility 

• Stability 

• Charge 

• Interaction with the 

scaffold 

 

1.1.4 Drug loading techniques 

The adjustability of electrospinning setup allows for various approaches of drug loading 

depending on the desired release kinetics [64]. Blend electrospinning (also called co-

electrospinning) represents the most straightforward approach, when a drug is dissolved 

simultaneously with a polymer in one solvent prior to the electrospinning process 

(Fig. 4A). The fact, that HPLC or any other analytical analysis during drug release studies 

demonstrates the presence of incorporated drugs in a release medium, shows that solvents 

generally do not affect drug bioactivity. Furthermore, the encapsulation of drugs into 

electrospun fibers should allow for the decrease or elimination of adverse drug side effects 

when such materials are applied clinically since drug concentration potentially stays 

within therapeutic window [53]. With the blend electrospinning approach, drug elution 

from electrospun fibers is mostly dictated by their interaction with release medium, and 

initial burst release from the polymeric surface can be expected. However, if the drug is 

homogeneously dispersed inside the fibers and the polymer-drug affinity is high, zero 

order release is likely to be observed after the burst stage [58]. 

To alter release kinetics, injector nozzle can be reconfigured to obtain the core-sheath 

structure of the fibers. The most widely known electrospinning modification to obtain 

such structures is coaxial electrospinning (Fig. 4B). Coaxial electrospinning is a method 

successfully used in terms of the controlled drug release, and represents a convenient 

option for generating nanofibers which contain two or more immiscible polymers. The 

interior core polymer in the center of a fiber, with a drug loaded in it, is wrapped by the 

external sheath polymer in a concentric manner [65]. To obtain this structure, the coaxial 
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electrospinning spinneret consists of tubes inserted one into another along the same axis, 

so that the opening for a core polymer is in the center of the aperture which a sheath 

polymer flows through. Furthermore, the possibility of regulating polymer flow rates 

independently of each other, and adjusting an interval between the inner and the annular 

openings located on the tip of a spinneret nozzle, adheres to high performance of this 

method in terms of the production of composite nanofibers [66]. Moreover, the use of the 

coaxial electrospinning method allows the functionalisation of both the inner and the 

outer surfaces of the fibers [67]. An obtained core-shell structure of electrospun fibers 

can lead to biphasic drug release [68].  

Emulsion electrospinning is also effective for generating core-shell nanofibers and 

stabilizing the process of sustained drug release (Fig. 4C) [69]. Although this method 

does not demand any extra equipment compared to classic solution electrospinning, the 

approach to the preparation of the solution varies.  The emulsion electrospinning 

technique implies the use of an emulsification agent which contributes to the preparation 

of water in oil or oil in water emulsions, mixed with a drug [70]. 

Multi-jet and sequential electrospinning are also employed to fabricate fibrous scaffolds 

with modulated drug release. In the first case, two or more spinnerets are used 

simultaneously to produce a composite scaffold, while the second technique implies the 

formation of one fibrous layer after another from different spinneret nozzles to obtain a 

multilayered structure [57]. 
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Figure 4. Schematic displays the spinneret loaded with a bioactive agent for (A) blend, 

(B) coaxial, and (C) emulsion electrospinning. Coaxial electrospinning requires the use 

of a concentric spinneret configuration. (A) Blend electrospinning often yields fibers 

that contain the active agent dispersed throughout the fibers, whereas (B) coaxial and 

(C) emulsion electrospinning lend well to the synthesis of core-shell morphology. The 

cross-section of an individual fiber produced via the three methods is displayed. 

Reproduced with permission from [71]. 

 

To summarize, the adjustability of electrospinning method gives control over a number 

of factors which can be taken into account simultaneously, if the combination of the 

materials (drug, polymer, solvent) is arranged thoroughly. Thus, such control allows for 

the fabrications of complex polymeric systems with desired drug release kinetics. 

 

1.1.5 Surface modification of polymeric materials 

As already mentioned, biodegradable polymers play an important role in tissue 

engineering as three-dimensional porous structures (scaffolds). The use of biodegradable 

polymeric scaffolds may be considered successful when the response they elicit from the 
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surrounding biological environment is positive. The response mostly depends on the 

surface characteristics of the scaffolds. Biodegradable polymers and their copolymers 

have been widely used for tissue engineering scaffolds because of their relatively low 

toxicity, controllable degradability, and ease of fabrication into porous structures. 

However, their biological activity is known to be quite poor in terms of driving or 

stimulating favourable cellular and tissue reactions [72]. A variety of approaches, 

including surface graft polymerization, wet chemical methods and plasma treatment, has 

been developed in order to reach the desired surface properties [41]. The use of non-

thermal plasma for surface modification has become a rapidly growing research field [73-

76].  

Plasma treatment is generally known to be employed as a tool for the variation of polymer 

surface properties to improve an overall material biocompatibility [77-82], but recently 

this technique has been also used for the control of drug release kinetics in various 

polymeric systems [83, 84]. The alteration of drug release kinetics from polymeric 

materials by means of plasma treatment can be achieved differently depending on the 

desired effect [85]. The first approach is to deposit thin films during the plasma irradiation 

process so the film can serve as a barrier layer, resulting in a slower drug release [86-89]. 

For the same purpose, plasma treatment can be applied to induce cross-linking and thus 

produce a cross-linked barrier layer [90-92]. The second approach is to perform plasma 

treatment without sputtering any material in order to activate a polymer surface by 

introducing new functional groups, resulting in improved surface wettability and 

facilitated drug release [93-96].  

 

1.1.6 Release mechanisms  

Each drug delivery system is characterised by the particular release mechanisms involved 

[9, 97, 98]. Over the release time, a combination of mechanisms is generally involved, 

and they dominate over each other at different stages [97, 99]. Incorporated drugs of 

various classes (including antibiotics, nonsteroidal anti-inflammatory drugs, and 

anticancer agents), proteins, polysaccharides, and genes can be released via different 

pathways. Thus, polymer and solvent composition, as well as drug loading method may 
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dictate the release mechanism which is going to be dominating within a particular time 

period. Depending on biomedical application, different release kinetics can be required. 

For example, rapid release of a drug may be desirable for pain relief or sedative agents, 

while a sustained and significantly slower release is necessary for hormone and anticancer 

therapies [100].  

Fredenberg et al. published a very detailed review on the mechanisms of drug release 

including various diffusion pathways, polymer degradation, erosion, and swelling  (Fig. 

5) [101]. The authors called these pathways “true release mechanisms” since these 

pathways define how drugs are released. Diffusion-based release mechanisms include 

diffusion through water-filled pores and diffusion through the polymer. As can be 

expected, there is a strong correlation between the processes of pore formation/closure 

within the structure of a polymer, as well as the initial porosity of the polymer, and these 

diffusion release pathways. In turn, pore formation can occur due to the erosion of the 

polymer [102], which demonstrates overall complexity and interaction of different release 

pathways. In the case when the encapsulated drug is a small hydrophobic molecule 

diffusion through the polymer may be observed, which does not depend on polymer 

porous structure [103]. However, high porosity can provide faster dissolution of the drug 

in a medium consequently increasing its release rate. Changes in the physical state of the 

polymer may also significantly change the diffusion rate of encapsulated drugs [104]. 

Apart from diffusion, water absorption can cause a situation when osmotic pressure 

governs the elution of a drug from a polymer, and this process called osmotic pumping is 

convection-based [101]. Osmotic pumping takes place in non-swelling or minimally 

swelling polymeric systems. The last true release mechanism is erosion which implies 

drug release without its transport. While diffusion generally governs initial drug release, 

erosion caused by polymer degradation often defines the final drug release stage [105]. 

Depending on whether polymer is surface or bulk eroding, the release kinetics is expected 

to be different. This is because surface erosion occurs at a constant rate, while bulk 

erosion is not observed initially after the immersion of the polymer to a release medium, 

but then begins spontaneously [106]. It is noteworthy that during the bulk erosion of 

polymers the diffusion of acidic degradation products from the centre of the polymer to 

its surface may lead to a pH drop inside the polymer. In turn, this pH gradient cause 

autocatalysis, the acceleration of polymer degradation [99]. According to Klose et al., 
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autocatalysis can significantly increase drug molecule mobility which leads to an 

accelerated drug release, and it may also have an effect on drug stability [107]. 

 

Figure 5. True release mechanisms: (A) diffusion through water-filled pores, (B) 

diffusion through the polymer, (C) osmotic pumping and (D) erosion. Reproduced with 

permission from [101]. 

 

The processes, which may alter a drug release rate in a polymeric drug delivery carrier, 

including water absorption, hydrolysis and pore formation were identified by Fredenberg 

et al. as “rate-controlling release mechanisms” [101]. The summary of possible effects 

which may increase or inhibit drug release rate is presented in Table 2. Clearly, the release 

from drug delivery systems may be based on the effects from several simultaneous rate-

controlling processes which dominate over each other during the release. Moreover, the 

same process can lead to contrary effects on the release rate. For example, water 

absorption may allow for faster drug diffusion, but it may also cause polymer swelling 

and the following pore closure, which in turn decreases release rate. Hydrolysis can cause 

polymer erosion which generally increases drug release. Although, hydrolysis can also 

change polymer physical state lowering glass transition temperature and consequently 

rearranging polymer chains and closing pores, which would lead to an opposite effect on 

drug release rate. 
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Table 2.  Processes which may vary the rate of drug release. Reproduced with 

permission from [101].  

Process Possible effect 

Effect on the 

release rate 

Hydrolysis 

Auto-catalysis 

Increase Erosion and pore formation 

Plasticizing effect of oligomers 

Crystallization of oligomers 

Decrease Polymer chain mobility and pore closure 

Drug–drug and polymer–drug interactions 

Erosion 

Pore formation Increase 

Loss of catalytic effect of acidic degradation 

products 
Decrease 

Water 

absorption 

Hydrolysis 
Increase 

Pore formation 

Increased pH 
Decrease 

Polymer chain mobility and pore closure 

Collapse of 

the polymer 

structure 

Cracks and new surfaces Increase 

Decreased porosity Decrease 

 

The majority of studies are focused on the drug release within the short periods of time 

when it is most likely attributed to a diffusion process. Despite the ability of the chosen 

polymer to degrade in the release medium, the drugs incorporated in the non-swelling 

polymer systems will go through a two-step diffusion, where the first one is through the 

solid polymer and only then diffusion to the medium [108]. The kinetics of drug diffusion 

will strongly depend on the water uptake by the polymer. If the polymer is biodegradable, 

the drug diffusion pathway becomes varied depending on the degradation rate since the 

geometry of the material is not constant. In the case of a non-degradable system, its initial 

shape dictates the distance the drug goes through when diffusing. 
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1.1.7 Mathematical modeling of drug release 

Each experimental study is time consuming. Thus, it is critically important to develop 

novel approaches for shortening the research period for biomaterials with improved 

characteristics. This can be facilitated by implementing mathematical modeling of drug 

release kinetics from biomaterials [109]. Mathematical modeling of drug release is a 

valuable tool to better understand the inner structure of fabricated scaffolds and to speed 

up their development as drug delivery carriers [109, 110].  

The principles of controlled drug delivery can be presented in the form of mathematical 

models [111]. The models are used to estimate the barriers to targeted delivery, and to 

pilot the design of devices for optimal local therapies [112]. Mathematical predictions 

allow for estimation of the desired composition, geometry, dimensions, fabrication and 

modification procedures for the biomaterials, as well as the necessary drug dosage. 

Therefore, the number of required experimental studies can be reduced and optimized, 

resulting in saving time and reduction in costs for production of novel biomaterials with 

improved characteristics [113].  

We have earlier discussed the range of drug delivery system properties which can vary 

the release kinetics of a studied drug from a polymeric system. Clearly, considering the 

influence of all the effects within one mathematical model is likely to be unsuccessful 

since too many parameters and processes would need to be taken into account [110]. In 

particular, a high number of parameters would lead to overcomplicating the modeling 

process and making application to experimental data impossible. 

Thus, the initial task in the development of new models is to focus on a very few critical 

parameters. This can be achieved after the determination of a dominant release 

mechanism, which is followed by making assumptions about the spatial geometry of the 

release carrier, as well as formulating appropriate boundary and initial conditions. To 

conclude, the ultimate aim of mathematical modeling is not just to interpret the 

experimental data, but to provide insights, in this case, into the formulation of new 

biomaterial applications with enhanced characteristics. 
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1.2 Research objectives 

The overarching aim of this project was to provide insights into the formulation of new 

biomaterials for tunable drug release and their further employment in various applications 

of tissue engineering. To pursue this aim, the following objectives were determined:  

¾ To justify the employment of mathematical modeling during the development of drug 

delivery systems. 

¾ To formulate new mathematical models which take into account spatial geometry 

and structural heterogeneity of drug delivery systems. 

¾ To approbate the formulated mathematical models on experimental drug release data 

and provide insights into the release mechanisms of incorporated drugs. 

¾ To demonstrate an improved quality of fitting experimental data compared to earlier 

established models which do not take into account the inner structure of drug eluting 

membranes. 

¾ To confirm the necessity of the new formulated models as better tools for drug 

diffusion coefficient estimation  

¾ To review the literature on various polymer surface modification techniques and 

define the knowledge gap. 

¾ To fully investigate the opportunities of plasma treatment employment for the control 

over drug release in polymeric drug delivery systems. 

¾ To approbate findings from the formulated mathematical models and the newly 

determined plasma treatment application on the obtained experimental data. 

 

1.3 Thesis outline 

The thesis consists of 6 chapters: Introduction (Chapter 1), Discussion (Chapter 6) and 

four results chapters (Chapters 2-5). The structure of this thesis complies with the 

requirements at Griffith University for a PhD thesis as a series of published and 

unpublished papers (Appendix 1). Therefore, the results chapters are in the form of 

manuscripts formatted to meet the requirements of the peer reviewed academic journal to 

which they have been submitted. Thus, there is some repetition among results chapters, 
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including the description of material fabrication methods and mathematical modeling 

approaches used, as well as reference lists. The reference list for chapters which do not 

incorporate published or submitted manuscripts can be found after Chapter 6. The 

custom written programs for the models formulated in Chapters 2-3 can be found in 

Appendices 2-3, respectively. There are also detailed literature reviews at the beginning 

of each results chapter in accordance with the requirements of the journals.  

A complete flow chart has been shown in Figure 6 to depict the structure and content of 

the thesis. To gain new knowledge in the field of polymeric drug delivery carriers, this 

study has been divided into two sections. The first direction of the study is the 

employment of mathematical modeling for the purpose of studying drug release kinetics 

from various materials which can be potentially used as drug delivery carriers in tissue 

engineering. The second direction is the investigation of surface modification approaches 

for the purpose of controlling drug release from polymeric materials. The idea of 

combining theoretical and experimental approaches aimed to the improvement of 

biomaterial properties is believed to be beneficial, since it creates a multi-angle view to 

such a comprehensive task. In other words, this combination enables us to look at the 

current development level of drug delivery systems from different perspectives. 

The primary objective of the first section was to develop and apply novel mathematical 

modeling approaches for the study of drug release from variously shaped membranes. 

This section has been divided into two chapters, namely Chapters 2-3. 

Chapter 2 introduces a novel mathematical model in which the heterogeneity of a flat 

membrane serving as a drug release vehicle is considered. In particular, all the tortuous 

pathways solute can diffuse through were hypothesized to be distributed. Two possible 

distributions were studied during the development of the pathway distribution model, and 

then the model was approbated with the release data of solute transport through the 

stratum corneum, the skin barrier layer.  
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Figure 6. Schematic overview of the content and structure of the thesis. 

 

Chapter 3 follows on the development of the first study direction by expanding the idea 

of the pathway distribution model for the case of fibrous biomaterials. In this case, the 

distribution of the fibers within a fibrous polymeric material structure can be evidenced 

Polymer surface 
modification  

as a method for controlled 
drug delivery 

Mathematical modeling  
of drug release from various 

biomaterials 

Fiber distribution model 
for cylindrical 

heterogeneous fibers 
(Chapter 3) 

Experimental approbation 
of plasma treatment for 

drug release control, and 
the fiber distribution 
model (Chapter 5) 

Pathway distribution 
model for flat 

heterogeneous membranes  
(Chapter 2) 

Introduction 

Plasma treatment as a tool  
for controlled drug release 
from polymeric materials 

(Chapter 4) 

Discussion 
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with the use of scanning electron microscopy. Therefore, the distribution of the fibers by 

diameter is considered to have an impact on the release kinetics of incorporated drugs. 

The fiber distribution model was applied to fit the drug release data obtained on 

electrospun scaffolds. The influence of coefficient of variation of a fiber distribution on 

a drug diffusion coefficient determination was studied.  

Chapter 4 describes the work in the second direction of the research. The chapter presents 

a thorough literature review on plasma treatment as the polymeric surface modification 

method for altering drug release kinetics of drugs incorporated into polymeric materials. 

For this purpose, different plasma treatment approaches can be applied to obtain a desired 

drug release rate. The first studied approach was the deposition of thin films during so the 

film can serve as a barrier layer, resulting in impeded drug release. For the same purpose, 

plasma treatment can be applied to induce cross-linking process and thus produce a cross-

linked barrier layer. The second studied approach was plasma treatment without 

sputtering any material in the atmosphere of various gases for polymer surface activation 

by introducing new functional groups, resulting in improved surface wettability and 

facilitated drug release.  

The last results chapter (Chapter 5) investigates the in vitro release from a new 

pharmaceutical formulation produced by means of solution electrospinning with an 

incorporated model drug. With plasma treatment approaches to control drug release from 

polymeric materials discussed in Chapter 4, plasma treatment in air at atmospheric 

pressure was chosen for the functionalisation of the fabricated fibrous scaffold. The 

release of the model drug was studied before and after the plasma treatment, and the 

results were compared and fitted with the earlier developed fiber distribution model. 

The final part of the thesis (Chapter 6) entails an effort to summarize gained knowledge 

in the field of surface modification of polymeric materials for the control of drug release 

kinetics, as well as in the field of mathematical modeling studies.  
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CHAPTER 2 – Pathway Distribution Model for Solute Transport in 

Stratum Corneum 

Journal of pharmaceutical sciences, 104(12), pp.4443-4447. 
https://doi.org/10.1002/jps.24669 

 

The Introduction Chapter 1 explained the importance of mathematical modeling for the 

development of various drug delivery carriers. This first results paper presents a new 

model which takes into account the distribution of effective pathways across a 

heterogeneous membrane for solute transport. The approbation of the model was 

performed with the use of data from experiments on water penetration and desorption 

through the stratum corneum, the outermost layer of the epidermis. This surface skin layer 

functions as a barrier in the human body. Therefore, the investigation of solute transport 

kinetics through the stratum corneum is highly important for transdermal drug delivery.  

 

 

 

 

 

32 



STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER 

This chapter is in the form of a co-authored published paper. The bibliographic details 

of this co-authored paper, including all authors, are: 

Petlin, D.G., Rybachuk, M. and Anissimov, Y.G., 2015. Pathway Distribution Model 

for Solute Transpo1i in Stratum Corneum. Journal of pharmaceutical sciences, 104(12), 

pp.4443-4447. 

Copyright note: Copyright permission from the publisher to reuse this article in this 

thesis is attached in the following page. 

My contribution to the paper involved: 

Literature review 

Manuscript preparation 

Computer programming and analysis of results 

Discussion and preparation of figures 

(Signed) __  (Date) g I ii /n

Danila Petlin 

Corresponding author of paper and Supervisor: Yuri Anissimov 

 

33 



 
 

 

 

 

 

 

  

34 



RESEARCH ARTICLE – Pharmacokinetics, Pharmacodynamics and Drug Transport and Metabolism

Pathway Distribution Model for Solute Transport
in Stratum Corneum

DANILA G. PETLIN,1,2 MAKSYM RYBACHUK,3,4 YURI G. ANISSIMOV1,4

1School of Natural Sciences, Griffith University, Nathan, Queensland 4111, Australia
2Department of Experimental Physics, Tomsk Polytechnic University, Tomsk 634050, Russian Federation
3School of Engineering, Griffith University, Southport, Queensland 4222, Australia
4Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan, Queensland 4111, Australia

Received 27 March 2015; revised 17 August 2015; accepted 14 September 2015

Published online 27 October 2015 in Wiley Online Library (wileyonlinelibrary.com). DOI 10.1002/jps.24669

ABSTRACT: One of the main functions of the skin is to reduce the amount of water evaporating from the surface of a human body with
outermost layer of the epidermis, stratum corneum (SC), forming a barrier, which protects underlying tissue from dehydration. Empirical data
obtained for water penetration in SC are normally analysed using mathematical models, among which the homogeneous membrane (HM)
model is commonly employed to describe transport kinetics in SC. However, the HM model failed to fit simultaneously the experimental
data for water permeation and desorption (Anissimov YG, Roberts MS. 2009. J Pharm Sci 98:772–781), as the model does not account
for a complex structure of SC and irregular distribution of corneocytes. Our previous work (Anissimov YG, Roberts MS. 2009. J Pharm Sci
98:772–781) introduced a slow binding (SB) model that is more aligned with the true biological structure of SC. This report provides an
alternative/additional model to both the HM and SB models and takes into account the distribution of effective pathways across SC for
water transport. C© 2015 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci 104:4443–4447, 2015
Keywords: stratum corneum; water transport; diffusion modelling; skin reservoir effect; pathway distribution; Skin; Transdermal; Percuta-
neous; Diffusion; Mathematical model

INTRODUCTION

Research efforts focused on studies of transdermal processes
are increased annually as a way of developing new transder-
mal drug delivery systems for the pharmaceutical market, im-
proving existing applications and designing new methods with
enhanced capabilities. At present, there is a variety of dif-
ferent mathematical models1–6 used to evaluate experimental
data and predict the diffusion of substances, including water,
through the human skin. Most of these mathematical models
are based on the investigation of the rate-limiting barrier of
the human body, stratum corneum (SC).7 These investigations
involve measurement and systematisation of different charac-
teristics of solute transport in SC and the analysis of experi-
mental data in an attempt to develop understanding about un-
derlying functional processes in SC. At present, there are two
research approaches that are used to investigate solute trans-
port processes in SC. For solute media such as water, these are:
(1) transepidermal water loss and (2) water penetration and
desorption studies in SC.7–10 It was revealed1 that homogeneous
membrane (HM) model showed a poor quality of regression be-
tween the obtained experimental data and the fitting functions
for simultaneous water permeation and desorption processes in
SC; therefore, a model that accounted for heterogeneity of SC
was implemented.

There are also models,11,12 which represent with more de-
tail real physiological structure of SC. Hitherto, in most cases,
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these models have been applied to describe the steady-state
kinetics and thus they are not well suited for time-dependent
data, especially for SC desorption experiments. To our knowl-
edge, such detailed models have never been used for fitting
time-dependent experimental data. In the first instance, such
models have too many parameters12 (e.g., the actual dimen-
sions of corneocytes, corneocytes thickness, and their relative
arrangement partitioning between lipids and corneocytes). The
other reason is that the models mentioned could be too compu-
tationally demanding to be practical in fitting experimental
data.

For these very reasons, less complex and less numerically
demanding models for solute transport are necessary. Com-
monly used HM model and other transient models1,13 are con-
venient for the analysis of a transient solute transport through
SC and have a potential to capture a detailed insight into the
processes occurring in SC as it describes the solute transport
close to the real biological environment. Such knowledge is
important for transdermal drug delivery and other fields of
research.

In previous work,1 we expanded the general understanding
of water transport process through SC and interpreted the ex-
perimental results assuming slow diffusion of the solute into
and out of corneocytes. It is well known that water in SC ex-
ists in both free and bound states.14,15 Also, it was indicated16,17

that extended hydration in SC may contribute to the forma-
tion of large water pools leading to a slow equilibration within
SC. These properties of SC are accounted for in the equilibra-
tion process between the bound and free states in a so-called
slow binding (SB) model.1,18 The SB model, while describing
SC in more detail, is not mathematically demanding and has
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Figure 1. Schematic representation of SC with corneocytes of differ-
ent thickness and of different dimensions and arrangements leading to
variable transcellular and extracellular solute pathway lengths distri-
bution.

only two additional parameters compared with the HM model.
Whereas the SB model approach demonstrated a good fit with
the observed experimental data, it does not indisputably mean
that hypothesis used in the SB model accounts for a single,
exclusive explanation of solute transport processes in SC.
Therefore, it is important to re-evaluate and investigate these
modelling approaches with unbiased scrutiny seeking to ex-
plain the observed experimental results using new paradigms
and with an improved accuracy.

In our investigation, we adapted brick-and-mortar structure
representing SC and its constituent corneocyte layers as shown
schematically in Figure 1. It is well known that the SC bar-
rier is composed of approximately 10–20 layers of corneocytes
covering most parts of the surface of a human body.7 The vari-
ability in the number of corneocyte layers accounts for a non-
uniform thickness of SC within a small sampling area of the
skin harvested for an experimental study (as shown in Fig. 1).
As corneocyte layers are known to be of different thickness,
the intra-layer distances between constituent corneocyte layers
vary as well, which overall adds to the complexity of describing
solute transport pathways in SC with any degree of certainty.
In addition, water is known to diffuse straight through corneo-
cyte layers (transcellular route) as shown by works of Kasting
et al.19; this instance is schematically illustrated in Figure 1.
Therefore, the discussion concerning exact contributions of ex-
tracellular and transcellular solute diffusion pathways in SC
is still open,20 and the possible solutions offered through this
study will further add to the knowledge base regarding trans-
port pathways heterogeneity in SC.

As shown in Figure 1, the solute may proceed straight
through corneocytes (transcellular route) or through lipid
phases (extracellular route). The length of each pathway may
vary because of the number of corneocyte layers solute goes
through, the dimensions of corneocytes and their arrangement.
For this reason, we named the new model the pathway distri-
bution (PD) model. It needs to be stressed that the PD model
applies explicitly for “independent” transcellular pathways of
different lengths; however, extracellular pathways may share
some common paths (see Fig. 1); therefore, the model can only
be implicitly relevant for extracellular pathways.

In addition, the SB and PD models combined together were
analysed. The practical importance of this work stands in im-
proving the understanding about the potential mechanisms as-
sociated with the skin reservoir effect21 by taking into account
various physiological aspects of solute transport which are in-
herently present in SC.

Figure 2. Probability density function m(hi) of solute pathways fol-
lowing (a) the uniform and (b) the normal distribution of solute pathway
lengths, hi, and their respective discretisations.

METHODS AND NUMERICAL ANALYSIS

Experimental Data

The experimental data were adapted from our previous work1

including the type of SC samples used together with desorption
and permeation experiment particulars. Numerical inversions
of Laplace domain solutions and non-linear regressions were
carried out using the program Scientist R© (MicroMath, Saint
Louis, Missouri) and a custom-written program in Python pro-
gramming language. Weighting of 1/yobserved was used for non-
linear regressions.

Model Description

The proposed PD model aims to expand the utility of the sim-
ple the HM model by taking into account that solute diffuses
through SC following pathways of variable lengths. Many fac-
tors define the heterogeneity of SC pathways, such as the vari-
ability of corneocyte layers (i.e., SC thickness), layer dimen-
sions and layer arrangement. Assuming that none of these
multiple factors play a dominant role and based on the cen-
tral limit theorem (i.e., averages of independent random vari-
ables drawn from any distributions are normally distributed)
allow us to adopt the normal distribution for pathway lengths
in SC. The uniform distribution of SC lengths was also selected
as an additional, basic comparative pilot model to assess the
sensitivity of the PD model to the selection of the distribu-
tion. Therefore, solute pathways in SC were considered to have
(1) the uniform or (2) the normal distribution as illustrated in
Figure 2, with hi corresponding to the length of an ith path-
way. The approach is similar to modelling of solute transport in
liver where there is a variety of distribution functions assigned
to various sinusoidal lengths and solute velocities.22,23

The amount of solute penetrated and solute desorbed can be
represented as a sum:

Q(t) =
∑

i

Qi(hi, t) (1)

where hi is the length of an ith pathway and the summation is
performed for all pathways. In order to calculate the sum, we
used the Laplace domain solution:

Q̂(s) =
∑

i

Q̂i(hi, s) (2)

where s is the Laplace variable and ˆ over functions denotes
its Laplace transform. For each of the pathway length, hi, the
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amount of solute penetrated [Q̂p(hi, s)] and the amount of solute
desorbed [Q̂d(hi, s)] can be expressed1 as:

Q̂p(hi, s) = m(hi)
s2tdi

√
stdi

sinh
√

stdi
(3)

Q̂d(hi, s) = m(hi)
s

2 tanh
(

1
2

√
stdi

)
√

stdi
(4)

where m(hi) is the amount of water associated with an ith path-
way after sorption, and tdi (= h2

i

/
D, where D is the diffusion

coefficient, assumed to be the same for all pathways) is the
characteristic time for the given hi. Notably, Eqs. (3) and (4) are
based on employing the HM solutions for each pathway length.

The probability density function, m(hi) defines each hi dis-
tribution. In the PD model, we assume that pathway lengths
can vary within the range of �h as shown in Figure 2. For
the sake of approximating the normal distribution, it was as-
sumed that �h = 6F, where F is the standard deviation. The
value for �h was selected to represent the wide range of the
normal distribution function. Notably, hair follicles and other
skin appendages can potentially contribute to very short path-
way lengths, though the fully hydrated SC skin appendages are
normally closed during in vitro experiments because of the SC
being swollen. To simplify the calculation of the sum, Eq. (2), we
discretise various pathways with close hi values into n groups.
After discretisation (as shown in Fig. 2), m(hi) can be replaced

with m(hi) = m0
n for uniform and m(hi) = ce− (hi−hmed)2

2F2 for normal
PD (m0 is a total amount desorbed), with c as the normalising
coefficient, which depends on discretisation number, n, and on

PD range, �h, giving
n∑

i=1
m(hi) = m0.

In this work, the proposed PD model was compared with the
SB model1 to describe solute transport in SC. We also consid-
ered a combined PD/SB model, which takes into account solute
SB process and PB. For the latter case, Eqs. (3) and (4) need to
be amended as:

Q̂p(hi, s) = mi

s2tdi
f u

√
g(s)tdi

sinh
√

g(s)tdi

(5)

Q̂d(hi, s) = mi

s

[
f u + koff (1 − f u)

s + koff

] 2 tanh
(

1
2

√
g(s)tdi

)
√

g(s)tdi

(6)

where kon and koff are the rate constants for SB, fu =
(1+kon/koff)−1 is an unbound fraction and g(s) given by
g(s) = s + kon − konkoff/ (s + koff ).

RESULTS AND DISCUSSION

The experimental data for the amount of water desorbed from
SC (represented as squares, Fig. 3) and the amount of water
penetrated SC (represented as circles, Fig. 3) as a function of
time is shown in Figure 3. As the experimental data are char-
acteristic of one SC sample harvested from one subject, the
data analysis of desorption and penetration experiments neces-
sitates the application of identical fitting parameters. There-

Figure 3. Experimental data showing water desorption (squares) and
water penetration (circles) profiles in SC and their simultaneous re-
gression profiles for uniform PD model (dashed line) and the normal
PD model (solid line).

fore, simultaneous fitting of desorption and penetration data
was performed using the PD model. The characteristic time,
td(= h2

med

/
D), and the PD standard deviation, F, were chosen as

fitting parameters. The fitted curves to data points in Figure 3
represent the comparison between the uniform and normal
distributions assumed in PD model. Parameter estimates of
td = 327 ± 17 min and F = 0.308 ± 0.002 were obtained for
the normal distribution, td = 220 ± 9 min and F = 0.243 ±
0.009 were obtained for the uniform distribution (with m0 fixed
to 1.55 mg/cm2). Notably, there is only a minor difference ob-
served concerning the quality of regression for two distribu-
tions (see Fig. 3). The value for model selection criterion – the
parameter similar to Akaike information criterion24 – for the
normal distribution was found to be 5.1, whereas the value of
4.7 was obtained for the uniform distribution. The higher value
for model selection criterion served as justification for selecting
the normal distribution for further data analysis employed in
PD model. The other reason to select the normal distribution is
that it approximates many natural phenomena known.25

Figure 4 shows the results of simultaneous fitting of the
experimental data for desorption and penetration processes

Figure 4. Experimental data showing water desorption (squares) and
water penetration (circles) profiles in SC and their simultaneous re-
gression profiles for (a) the HM model (dashed line), (b) the SB model
(dot-dashed line) and (c) the normal PD model (solid line).
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Table 1. The Comparison of Investigated Models

Mean Desorption Model Selection
Model td (min) Time (min) F kon, koff Criterion

Homogeneous membrane 151 ± 12 13 N/A N/A 3.14
Slow binding 69 ± 7 26 N/A 0.052, 0.042 5.69
Normal pathway distribution 327 ± 17 27 0.31 N/A 5.05
Uniform pathway distribution 220 ± 9 18 0.24 N/A 4.70
Combined (normal pathway distribution

and slow binding)
110 ± 9 31 0.27 0.018, 0.026 5.38

28 0.31 0.015, 0.026 5.39

using (1) HM model, (2) SB model, and (3) normal PD model.
Evidently, simultaneous fitting of the experimental data using
the HM model (td = 151 ± 12 min, m0 = 1.37 ± 0.05 mg/cm2) pro-
duce a poor regression quality fit (see dashed line, Fig. 4) with
a non-random distribution of residuals, which indicates that a
more complex fitting model should be used. It is worth noting
that the HM model fits separately the desorption and penetra-
tion data well, but this leads to markedly different values of
td, indicating the limitation of the HM model. The proposed PD
model definitely solves the poor regression characteristics of
the HM model and provides a suitable fit. The results reported
in Figure 4 are obtained for discretisation number, n = 9; how-
ever, the increase of an n number did not afford any significant
improvements of the regression. The PD model shows a slight
deviation as compared with the SB model limited to the time
range from 40 to 120 min. The most significant difference in
fit among the HM, SB, and PD models is observed at 60 min
for the desorption profile. Also, the quality of the SB model fit
at early stage of penetration process (first 20 min) is found to
be closer to experimental data points than the fit of the PD
model. The observed discrepancy suggests that the PD model
is unable to fully explain the transport processes within the SC
during water desorption, and the attributes of the SB model
are required to fully explain the experimental data.

The combined model that included attributes of the PD and
SB models which accounts for SB characteristics of solute in SC
and the normal distribution of solute pathways in SC was ap-
plied to the experimental data. The combined model, however,
did not provide a noticeable improvement in the fit (Table 1).
The fitting of the combined model was performed using stan-
dard deviation value F = 0.308 which was initially fixed to that
obtained in the PD model regression. Another reason why this
value was used is that it appears to correspond to the reported
variation of corneocyte layers in the trunk7 (13 ± 4 corneocyte
layers) assuming that pathway lengths distribution is only be-
cause of the variation of the number of corneocytes layers in SC.
The value for the model selection criterion for the SB model was
5.7, whereas the value of 5.4 was found for the combined model.
The lower value of model selection criterion for combined model
is because of using more parameters for fitting (kon, koff, F, td).

Further analysis of the combined model when both slow equi-
libration mechanisms and the normal PD are taken into con-
sideration demonstrated that binding/unbinding rate constants
for solute in SC change when the standard deviation is varied
(Table 1). The change of kon and koff for the case of combined
model as compared with binding rates for the SB model alone
demonstrates that the SB model parameters are sensitive to
the assumption of the pathway lengths distribution. The com-
parison of td values also demonstrates the strong sensitivity of

the combined model to including the PD parameters (Table 1).
Mean desorption time (MDT),1

MDT = td
12f u

+ 1 − f u

koff
(7)

was introduced in Table 1 as a useful parameter to describe,
gauge and compare desorption kinetics in SC. It demonstrates
that though the parameter td is quite different for the two mod-
els, a more physically relevant MDT value is close for the SB
and PD models.

The main utility of the presented PD model is that it demon-
strates an alternative/additional extension to the HM model
that is based on the SC physiology and can help better inter-
pret parameters of the SB model. Although the SB model fitted
the data for water penetration and desorption very well, it is
not possible to ascertain unambiguously what is the “physio-
logical source” of the SB rate constants. We believe that the
constants are most likely determined by the slow partition-
ing into corneocytes, but some contribution to those rates from
other factors, such as the variable pathways, are possible. Re-
sults presented in Table 1 indeed demonstrate that the SB rate
constants are sensitive to the change of the standard deviation
(F) which describes the pathway length distribution. Further-
more, although for the case of water experimental data the
combined model approach did not demonstrate the statistically
significant regression improvement for solute transport data in
comparison with the SB model, in future the analysis of exper-
imental data for other solutes may demonstrate the utility of
the PD model and especially the combined model.

CONCLUSIONS

In this work, we formulated a new PD model to describe so-
lute transport through SC. The PD model was applied to fit
the experimental data for simultaneous water penetration and
desorption and the fitting results were compared with the previ-
ously published mathematical model that considered the effect
of slow equilibration between bound and unbound water in SC.
The regression of the data obtained using the new PD model
showed a good fit; however, the obtained fitting results did not
exceed quantitatively the results obtained previously using the
SB model. Therefore, we concur that the SB mechanisms for wa-
ter transport associated with the skin reservoir effect explain
the experimental data in a more detailed way. The combina-
tion of slow equilibration and the normal PD approaches was
found to be insufficiently improving the fitting for water trans-
port experimental data in SC. However, the combined model
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approach may be applicable for the analysis of solute transport
in SC for solute media other than water. Notably, the normal
PD model proposed in this work demonstrates a significantly
better fit of the experimental data as compared with HM model
proposed earlier.1 Further experimental investigation of solute
transport in SC is required to determine the extent of pathway
non-uniformity in SC with higher resolution and enhanced pre-
cision.
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The previous results chapter formulated the new pathway distribution model to describe 

solute transport through flat heterogeneous membranes. Chapter 3 follows a model 

development route. In particular, a new mathematical model describing drug release 

kinetics from fibrous polymeric materials was developed. Fibrous scaffolds are highly 

desirable for various biomedical applications. Every fiber within the structure of these 

materials has a cylindrical shape, and the new model takes into account the distribution 

of the fibers based on their diameter. This model allows for a more correct estimation of 

drug diffusion coefficient compared with the homogenous model. Moreover, theoretical 

calculations using the fiber distribution model may allow for forecasted drug release 

kinetics by designing fibrous polymeric materials incorporating the particular fiber 

diameter distribution.  
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A B S T R A C T

Sustained drug release can be achieved by loading a drug into polymer material. The drug release can then be
controlled for potential use in various biomedical applications. A model for drug release from a polymeric
fibrous scaffold, which takes into account the distribution of fiber diameters within its structure, is developed
here. It is demonstrated that the fiber diameter distribution significantly affects the drug release profile from
electrospun scaffolds. The developed model indicates that altering the fiber distribution can be used as an ad-
ditional tool to achieve an appropriate drug release profile. Using published data, it was demonstrated that an
application of the model allows a more precise calculation of the drug diffusion coefficient within the polymer,
which is important for predicting drug release rates from fabricated materials.

1. Introduction

Polymeric materials are often used as drug delivery vehicles which
are capable of controlling the rate of drug release, as well as targeting
the effect of the drug to a specific location [1,2]. Mathematical mod-
eling is required to adequately describe the main mechanisms re-
sponsible for drug release from various polymeric materials. The
modeling should be able to predict the drug release kinetics for dif-
ferent external conditions as well as variations in material structure.
Furthermore, it is potentially possible to define the optimal design of
drug delivery devices in each therapeutic field.

The variation in the polymer composition of a targeted drug de-
livery device and the type of drug loading, as well as its size and shape,
lead to differing drug release kinetics. When a polymeric material is
designed for drug release purposes, there are many mass transport and
chemical reaction processes to be considered such as [3]: drug dis-
solution, diffusion of the drug inside the polymer matrix, polymer de-
gradation, crystallization of polymer degradation products and/or
drugs within the system, pH changes inside the polymer matrix pores
caused by degradation products, osmotic effects, polymer swelling, and
convection processes. All of the effects cannot be taken into account
simultaneously, as the mathematical modeling would be over-
complicated. Thus, it is crucial to identify the most influential pro-
cesses, and use only them in developing a mathematical model.

Mathematical models used for describing drug release kinetics, in
general, can be divided into two categories: empirical/semi-empirical
and mechanistic. Empirical/semi-empirical models are merely

mathematical descriptions, which are not based on any real physical,
biological or chemical processes [1,4]. These models do not allow the
formation of a deeper insight into the factors and mechanisms re-
sponsible for the release of drugs; thus, the model prediction level re-
mains low. On the other hand, mechanistic models are based on real
phenomena and, therefore, can serve as an efficient tool for the un-
derstanding of the processes underlying drug release.

Most mechanistic models which describe drug release are based on
the diffusion equation derived from Fick's second law [4]. The solution
to a diffusion equation for many real physical systems can be obtained
in the form of an infinite sum using the Fourier method (separation of
variables) [5]. The major difficulty in this case is the choice of the
necessary number of terms in the series and the need to solve trans-
cendental equations to determine these terms. For the precise modeling
of experimental data in the early stages of drug release, a large number
of terms is crucial, since this series converges slowly. Moreover, the
solution to a diffusion equation in cylindrical coordinates using infinite
sums contains zeros of Bessel function (I0(qn)=0), and the necessity to
define them makes the calculation process of series sums even more
complicated.

Consequently, the preferred mathematical approach is the Laplace
transform, which is a more simple and practical alternative to the use of
a Fourier series for the numerical solution of a diffusion equation in
cylindrical coordinates [6–8]. Such software as MULTI FILT, MINIM
and SCIENTIST is capable of using nonlinear regression for the analysis
of experimental data by directly implementing the Laplace transform in
the calculation process [9]. Therefore, by using the Laplace transform it
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is possible to avoid the difficulties of solving the diffusion equation with
infinite sums.

Electrospinning is a widely used technology for the fabrication of
fibers ranging from nanometres to microns in diameter [10]. Manu-
factured fibers possess a high surface area-to-volume ratio exhibiting
extremely high porosity [11–14]. Their structure mimics the extra-
cellular matrix; thus resulting in the high level of proliferation and cell
differentiation, which is essential for various biomedical purposes [11].
Moreover, the great adjustability of electrospinning parameters makes
it possible to produce polymeric scaffolds which are suitable for a broad
spectrum of applications including wound dressing [15–18], drug de-
livery [12,19–32], tissue engineering [33–35], and enzyme im-
mobilization [36,37].

The structure of polymeric scaffolds produced by electrospinning is
complicated, as it consists of randomly entangled cylindrical fibers of
various diameters. Therefore, the model should be developed with
consideration given to the cylindrical shape of the fibers which form the
structure of these scaffolds. A classic homogeneous model in cylindrical
coordinates can be considered as a tool for predicting drug release ki-
netics from an electrospun system [5]. However, it is uncertain whether
or not a homogeneous model is able to precisely define the diffusion
coefficient of a drug from release data.

It is known from multiple experimental results that the fibers in
electrospun structures are distributed by diameter [30,32,38]. In this
study, the new model, which takes into account the observed fiber ra-
dius distribution within the structure of an electrospun polymeric
scaffold, is introduced. The distribution can be determined by quanti-
tatively measuring the scaffold fiber diameters within the obtained
scanning electron microscopy (SEM) images (Fig. 1). It is hypothesised
in this work that taking into account this distribution will significantly
impact the drug release profile and will influence the determination of
the diffusion coefficient.

Polymers which are usually used for the fabrication of such scaffolds
are biodegradable. However, mass loss through degradation of the
polymer can be, in many cases, assumed to be negligible for early stages
of drug release. Therefore, in our work, diffusion is considered as the
main drug release mechanism, which allows for the calculation of the
intrinsic diffusion coefficient from drug release data. This approach
allows for further use of the obtained values of diffusion coefficients in
other similar polymer-drug systems. This not only makes any additional
experiments potentially more cost effective and less time consuming,
but also provides a significantly increased prediction accuracy. The
obtained diffusion coefficient values can be applied for drugs which are
similar in terms of their molecular weight and/or other physicochem-
ical properties such as octanol-water partition coefficient and melting
point.

2. Methods and numerical analysis

2.1. Fiber distribution measurement

In order to obtain the fiber radius distribution for further use in the
mathematical model for this study, the topography of already experi-
mentally fabricated electrospun materials can be investigated. By
measuring the size of a statistically significant number of fibers on SEM
images, an approximate shape of the fiber radius distribution can be
obtained. Fibers can be measured by using ImageJ software (National
Institutes of Health, MD, USA). The measurement is performed in three
steps. Firstly, the scale bar on a chosen SEM image is measured in order
to be able to determine the actual diameter of fibers. Then, each clearly
visible fiber, which is observed on the SEM image, is measured. In the
end, when the array of fiber diameters is obtained, the diameters are
sorted out by value and then grouped depending on how many columns
in the final fiber distribution histogram are desired to be observed. To
illustrate this point, the topography of the produced polymeric fibrous
scaffold was studied [39], and the fiber diameter distribution histogram
was built (as shown in Fig. 1). It is noteworthy that although the
measurements are presented as diameters, the model is designed for
fiber radii.

2.2. Drug release data extraction

The extracted experimental data was obtained by using Web Plot
Digitizer [40]. The chosen plots, which represented drug release pro-
files in the papers, were imported into the software in order to manually
acquire data points using 2D (X-Y) Plot orientation in the software.

2.3. Model development

Fick's second law in a differential form for one-dimensional diffu-
sion in cylindrical coordinates, assuming axial symmetry, is:

⎜ ⎟

∂
∂

= ⎛
⎝

∂
∂

+ ∂
∂

⎞
⎠

≤ ≤C
t

D C
r r

C
r

r R1 , 0 ,
2

2 (1)

where r is the distance from the axes, R is the fiber radius, D is the
diffusion coefficient which does not depend on concentration changes.
The following derivation is similar to the one given in [41] for the
purpose of calculating of heat transfer. For the functionality of the
model, fibers within the structure of the produced electrospun scaffold
are considered to be ideal infinite cylinders. This assumption is ap-
propriate providing that the lengths of the fibers are significantly
greater than the fiber radii. It is also assumed that at t=0, the con-
centration of the drug in the fiber is uniform and is equal to C0 for

Fig. 1. SEM image of the polymeric electrospun fibrous scaffold (adapted from [39]) and the respective fiber diameter distribution histogram.
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0≤ r≤R:

=C r C( , 0) 0 (2)

To solve Eq. (1) with the initial condition Eq. (2), boundary con-
ditions are required. When diffusion of the drug outside of the fiber
(e.g. aqueous media) is much faster than inside the fiber, the sink
condition can be used. As the diffusion coefficient in most polymers is a
few orders of magnitude lower than that in water, the rapid elimination
of the drug condition (sink condition) is generally satisfied. The
boundary condition describing very fast elimination of the drug outside
the polymeric fiber is:

=C R t( , ) 0 (3)

For cylindrical coordinates, the condition of finite concentration at
r=0 is necessary:

<C t Z(0, ) (4)

where Z is a finite number. By applying the Laplace transform in order
to solve the differential equation (see Appendix A), the total amount of
drug released can be presented as:

 =Q s πhR C
s st

I st
I st

( ) 2 ( )
( )d

d

d

2
0

1

0 (5)

where Q s( ) is the Laplace transform of the amount of drug released
from the fibers, h is the total length of all fibers and td is the char-
acteristic time of diffusion equal to =td

R
D

2
. Further, I0 and I1 are the

modified Bessel functions of the first kind, zero and first order, re-
spectively.

In current mathematical models presented in literature, it is gen-
erally assumed that all the fibers within the fabricated electrospun
structure have an average radius Rmean, which is used for determining
the total drug release from all the fibers, or for fitting experimental
data. As previously mentioned, multiple experiments have revealed that
fibers do not actually have a fixed radius size, but are distributed in
various patterns. The new proposed model is based on the idea that the
contribution of each polymeric fiber into the total amount of drug re-
leased depends on its radius; thus the distribution of fiber radii should
be taken into account. Previously, a similar model was developed for a
thin flat membrane and then applied to the experimental data for water
diffusion in the human stratum corneum [7]. This model showed that a
careful consideration of the distribution leads to major changes in the
model predictions and improves the agreement of the data and mod-
eling results compared to the homogeneous model.

Eq. (5) defines the cumulative drug release from a homogenous
system with cylindrical fibers of a constant radius size. In order to
evaluate the contribution of the fibers within one similar radius group,
it is necessary to introduce the probability density for fiber radii p(Ri)
within each group. Therefore, the amount of drug released from the i-th
group of fibers is determined as:

 =Q s πR h C
s st

I st
I st

( ) 2 ( )
( )i i i

di

di

di

2
0

1

0 (6)

where Ri and hi are the radius and length of i-th group of fibers, re-
spectively. The amount of the drug present originally in this group is:

=M C h πRi i i0
2 (7)

where πRi
2 is the cross-section area. Therefore, the total amount of the

drug in all the fibers is

∑=
=

M C h πRtotal
i

n

i i
1

0
2

(8)

The probability density of an i-th fiber group is defined as the ratio
of fiber lengths hi with a radius Ri to the total length of all fibers

( = ∑
=

h htotal
i

n

i
1

):

=p R h
h

( )i i

total (9)

In order to define the length ratio, the following assumption can be
made:

≈h
h

n R
n

( )i

total

i

total (10)

where n(Ri) represents the number of fibers with a radius (R) contained
within each distribution grouping (Ri≤R≤Ri+1). Once a statistically
significant number of fibers on the SEM image of a studied fibrous
material is examined, the approximate fiber radius distribution on the
surface can be obtained; thus, the approximation (10) is reasonable.
Therefore, the total amount of the drug released can be found:

=M πC h Rtotal total0
2 (11)

where = ∑
=

R R p R( )
i

n

i i
2

1

2 . The amount of drug present in the i-th fibers is:

=M M R
R

p R( )i total
i

i
2

2 (12)

The total released drug amount which takes into account the fiber
distribution is therefore:

 ∑=
=
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where =tdi
R
D
i2 .

When a fibrous polymeric system is considered as a drug delivery
vehicle, an immediate release from the fibrous surface is generally ex-
pected due to the very high surface-to-volume ratio in the material
[30,42]. Thus, it was necessary to add an extra parameter Q0 for both
investigated models, which is responsible for this immediate release of
a drug.

2.4. Numerical analysis

Numerical inversions of the Laplace domain solutions and non-
linear regressions were carried out using a custom-written program in
Python programming language, as well as in MATLAB. The numerical
Laplace transform of Eq. (13) was performed using the Talbot algorithm
[6]. An equal weighting was used for nonlinear regressions.

As an example of fiber distribution, the approximate normal dis-
tribution was considered (as shown in Fig. 2); thus, the density prob-
ability was defined as:

= − −
p R β( ) ei

R R
σ

( )
2

i mean 2
2 (14)

where = ∑
=

− −
β 1 e

i

n

1

Ri Rmean
σ

( )2

2 2 . Note that when n approaches infinity,

=
→∞

β σ πlim 1 2
n

, and the distribution becomes normal.

Fig. 2. Density function for normal fiber radius distribution.
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2.5. The comparison of the models based on simulated data

Quasi-experimental data to compare the new fiber distribution
model to the homogenous model was simulated using Eq. (13). The
simulated data was obtained using the fiber distribution model with 5%
random error added. All the studied distributions had the same Rmean,
but different coefficients of variation, defined as:

=CV s
R

N

mean (15)

where sN is a standard deviation of a discrete random variable. Non-
linear regressions on simulated data were carried out with two models
using the same initial parameter values (td was calculated according to
the assumed diffusion coefficient). The obtained diffusion coefficients
were then compared.

2.6. The comparison of the models based on published experimental data

There are a number of studies describing drug release from various
fibrous polymeric systems, but only a limited number of them provide
the fiber distribution histograms for the investigated materials. As
discussed earlier, the distribution histograms can be obtained from the
analysis of scanning electron microscopy (SEM) images of the in-
vestigated materials, but generally the studies only publish one SEM
image per sample, which is not sufficient for the measurement of the
necessary number of fibers. Thus, even the additional measurements of
the published images, where a histogram is not provided, do not allow
for the estimation of a real fiber distribution in the material. Therefore,
the search of data for the analysis was narrowed down to the papers
where drug release data, as well as fiber distributions, were published
and no significant material degradation was observed.

In order to support the necessity of the new model, two papers with
the most contrasting results in terms of the distribution width were
analyzed. The data on drug release experiments conducted on electro-
spun scaffolds was taken from the studies by Song et al. [43] and Jiang
et al. [30] and then used for fitting. Fiber diameter distribution histo-
grams were provided in both papers, thus the fitting was performed
based on these distributions. The coefficients of variation for the dis-
tributions were calculated based on the distributions as well.

3. Results and discussion

3.1. The comparison of the models based on simulated data

The comparison of drug release parameters and release curves of the
homogeneous model and the fiber distribution model are shown in
Table 1 and Fig. 3, respectively. For the latter model, three fiber dis-
tributions with coefficients of variation equal to 0.38, 0.54 and 0.68
were investigated (as shown in Table 1). For simulations, normal dis-
tribution was taken as the basis, since it is often observed in published
experimental studies when fibrous electrospun materials are analyzed.

In addition, two more fiber distributions were simulated for further
comparison based on the idea that such distributions can be obtained
experimentally. For example, these distributions are relevant when two
nozzles of a different diameter are used in an electrospinning set-up.

The number of fiber radius groups in each chosen distribution (n)
was varied in order to determine the sensitivity of the shape of the
release curve to this parameter. It was found that the minimum value
for n per each peak is 5, and the further increase of n (> 100) changes
the release curve by< 0.1%.

It can be seen that 30% of a drug is released within approximately
the same time period for all the models (Table 1). The time for 90% of
the drug to be released changes substantially from 7.5 h for the
homogeneous model to 21 h for the distribution model (CV=0.68),
which is 180% longer. The time it takes for 30% of a drug to be released
is relatively short and relevant for achieving therapeutic concentration
quickly. In addition, the time for the gradual release of 90% of a drug is
similar to slower drug delivery, allowing for a local concentration to
remain within a therapeutic window for a longer time (Fig. 3). Thus, a
prolonged release can be achieved with an increase in the CV value for
the fiber distribution (Table 1).

Currently, several biomedical fields demand a prolonged and sus-
tained drug release from implanted or applied materials in order to
reduce on-site inflammation, as well as to improve their biocompat-
ibility [29,44,45]. The release can be delayed by using core-shell
electrospinning [27,46,47], or by building a layered structure out of the
produced electrospun scaffolds [23,29,48]. Also for such an effect,
polymeric systems which serve as drug delivery vehicles can degrade at
a slow rate to cause drug release over a prolonged time period [49]. The
proposed model demonstrates that there is another possible approach
for achieving prolonged drug release when designing a polymeric drug
delivery system (Fig. 3). It was earlier found that the fiber radius of
polymeric electrospun materials directly influences the drug release

Table 1
Simulated drug release parameters for various models.

Type of fiber distribution Homogeneous
(no distribution)

Rmean
a

Single peak

Rmean

Double peak
(narrow)

Rmean

Double peak
(wide)

Rmean

CV 0 0.38 0.54 0.68
t30%, h 0.5 0.6 0.8 1.1
t90%, h 7.5 12.8 17.2 21.0

a Rmean = 1.5 μm was assumed for all the studied distributions.

Fig. 3. Simulations for the homogeneous model (solid line) and the fiber distribution
models for single peak (dash-dotted), narrow double peak (dotted), and wide double peak
(dashed) distributions.
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rate [11,13]. Thus, creating an appropriate fiber radius distribution
allows for controlled timely drug release.

In the early stages of drug release, the initial burst drug release
occurs because of the diffusion from the surface of all the fibers, and the
drug concentration is expected to reach a therapeutic range within the
release medium. Once initial burst release is completed, subsequent
drug release is then controlled by the smaller radius fibers, as they have
higher surface to volume ratios. This stage should remain ther-
apeutically relevant. Finally, the residual drug release occurs because of
the contribution provided by the fibers of the largest radius; the drug
concentration in the medium should still continue to be within the
therapeutic window.

Consequently, by using a combination of thick and thin fibers within
the structure of the polymeric scaffold, it is possible to imitate the two
stages of systemic drug delivery which is commonly used in medical
practice. The burst release from the surface of all the fibers and the
further release contribution by the smallest fibers mimics an injection.
Then, subsequent imitation of an infusion system is provided by the
release from the thicker fibers. The discussed comparisons to the in-
jection and infusion should be considered as indirect, since electrospun
materials are designed for local targeted drug release, while injection
and infusion both belong to a systemic type of treatment. Thus, the
duration of each stage can be adjusted by the selection of an appro-
priate fiber radius distribution within the electrospun polymeric ma-
terial. This approach can be further enhanced by more drug release
from degrading fibers at later stages. As a result, a unique approach
with potentially precise control of a drug released into a medium at any
time is achieved. It is also noteworthy, that besides the drug delivery,
fibrous scaffolds should positively interact with the surrounding tissue.
Thus, thin fibers can bring a positive outcome in terms of better cell
adhesion, while thick fibers play a major role in delivering the desired
drug.

It is reasonable to expect that the use of the simplified homogeneous
model to fit an experimental drug release curve from materials which
consist of fibers distributed by diameter will result in diffusion coeffi-
cient determination error. To estimate the error, quasi-experimental
data was generated using the fiber distribution model, adding a 5%
random error to the simulated values. The single peak normal dis-
tribution of fibers with different CV values was used. The diffusion
coefficient, as determined from fitting simulated quasi-experimental
data with the fiber distribution model, was within 3% of the assumed
value (Dassumed=1×10−10 cm2/h was used to generate the quasi-ex-
perimental data) for all CV values. Fitting simulated data with the
homogeneous model resulted in a good quality of regression, similar to
that for the fiber distribution model (data not shown). However, the
estimated diffusion coefficient when fitting simulated data with the
homogeneous model was always below the assumed value, and, as
presented in Fig. 4, the error in determining the diffusion coefficient
appeared to be proportional to the square of CV.

3.2. The comparison of the models based on published experimental data

In order to support the necessity of the new model, the experimental
data of drug release from electrospun materials published by Jiang et al.
[30] and Song et al. [43] was fitted using the fiber distribution and the
homogeneous models. Song et al. studied the release of fluorescein, an
organic compound and dye, from electrospun PLGA scaffolds over a
period of 324 h [43]. The release experiment by Jiang et al., was per-
formed for 12 h on zein nanofibers with ketoprofen, a nonsteroidal anti-
inflammatory drug with analgesic and antipyretic effects, incorporated
[30]. The experimental data points from both studies and the corre-
sponding fitting curves, obtained from the two models, as well as the
fiber diameter distribution histograms, are presented in Fig. 5. As a
result of the fitting, characteristic times td and consequently diffusion
coefficients D were determined for both experimental studies using the
homogeneous model as well as the fiber distribution model.

With regard to the experiments by Jiang et al. [30], the fits of keto-
profen release data, obtained with the two studied models, graphically
overlap each other, since the modeling results are almost identical (Fig. 5A).
The differences between the determined values of the apparent diffusion
coefficient of ketoprofen in zein nanofibers are also insignificant
(Dhom=1.52×10−10 cm2/h and Ddist=1.56×10−10 cm2/h for the
homogeneous and the fiber distribution models, respectively). This proves
our hypothesis that if the fiber diameter variation is low (the fiber dis-
tribution is narrow, CV=0.11), the simple homogenous model can be
applied to fit the experimental data.

In contrast, an analysis of the experiments by Song et al. [43]
showed that the apparent diffusion of fluorescein in PLGA nanofibers
was determined as Dhom=7.2×10−13 cm2/h and
Ddist=9.4×10−13 cm2/h, for the homogeneous and the fiber dis-
tribution models, respectively. This corresponds to a 31% difference in
D, which is consistent with the dependence shown in Fig. 4. At the same
time, it can be seen that the fitting curves for both models are still very
close to each other (Fig. 5B). The presented example demonstrates that
the determination of the diffusion coefficient from experimental data
can be problematic if fiber radius distribution is not taken into account
for CV values higher than 0.3.

In order to investigate the sensitivity of the distribution model to the
shape of fiber distributions, the experimental release data obtained by
Song et al. [43] was fitted one more time with the same Rmean and sN
values, but using an approximate single peak normal distribution with
n=5. The determined apparent diffusion coefficient of fluorescein was
found to be 2% different to the result when the experimental dis-
tribution from the histogram was used for the fitting. Thus, it can be
concluded that the distribution model can be applied to experimental
drug release data from fibrous scaffolds when only Rmean and sN are
reported.

The inbuilt ability of the electrospinning method to be extremely
flexible allows for the implementation of a multi-jet system with noz-
zles of different diameters; thus, various fiber radius distributions can
be obtained. As has been shown mathematically, each fiber radius
group would provide a particular contribution to the final drug release.
Therefore, future experimental work can be focused on producing a
polymeric system, where the fiber radius distribution contributes to a
sustained drug release, subsequently maintaining the drug concentra-
tion within the therapeutic window for longer times.

4. Conclusion

A new mathematical model for evaluating drug release kinetics from
electrospun scaffolds, which takes into account the distribution of the
fibers by their radius, was developed. It was shown, that the fiber radius
distribution significantly influences the release rate. Thus, the model
clearly demonstrates that the variation of the fibers by size can be used
as an additional tool for achieving the desired drug release kinetics.
Additionally, the application of the fiber distribution model to the

Fig. 4. Error in determining diffusion coefficient when using the simplified homogeneous
model versus CV of the fiber distribution: calculated errors (squares) and their extra-
polation using second order polynomial (solid line).
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experimental drug release data allows for a more precise determination
of the diffusion coefficient of the studied drug within the polymer; thus
allowing for a better prediction of drug release kinetics from other si-
milar fabricated materials.
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Appendix A

In order to solve the differential Eq. (1) with the initial condition Eq. (2), the Laplace transform can be applied:
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Eq. (A2) is a modified Bessel equation of the zeroth order. The general solution for this equation is:

 = +φ x s AI x BK x( , ) ( ) ( )0 0 (A3)

where I0 and K0 are the modified Bessel functions of the first and the second kind, respectively, and A and B are constants (with regard to x) to be
determined from the boundary conditions. Returning back to the concentration and r, yields:
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0 , using the finite concentration condition at r=0, requires B=0 in Eq. (A4). Thus, the solution can be rewritten as:
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The use of boundary condition Eq. (3) yields:
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So that the coefficient A can be determined:
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The solution is therefore:

Fig. 5. Results of fitting experimental data (symbols) by A – Jiang et al. [30], B – Song et al. [43]: the homogeneous model (solid line) and the fiber radius distribution model (dash-dotted
line).
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Introducing the characteristic time of diffusion td as:
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the concentration of the drug can be presented as:
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The flux (J) at the boundary of the polymeric fiber is:
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Using Eq. (5) and ′ =I ax aI ax( ) ( )0 1 yields:
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An experimentally measurable parameter is the total amount of drug released from all fibers over time, which can be represented as an integral:
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t

0 (A13)

where J is a drug flux and A is the surface of all the fibers. Taking the Laplace transform of Eq. (A13) yields:
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By using Eq. (A12) for the already defined flux, the total amount of drug released can be defined as:
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which can be further rearranged as:
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The area of a cylinder surface is defined as A=2πRh, where h is the total length of all fibers; therefore:
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As πR2h=V, where V is the total volume of the fibers, therefore πR2hC0=VC0=Mtotal, where Mtotal is the total amount of a drug loaded into the
fibers.
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Chapters 2 and 3 were devoted to the development of new mathematical models for 

describing drug release from biomaterials which have a flat and cylindrical structure, 

respectively. Regardless of a biomaterial shape, its surface properties define the 

interaction with release medium. This chapter describes the assistance of plasma 

treatment approaches to alter drug release kinetics by changing the surface properties of 

polymeric materials to potentially attain a desired medical effect. These approaches 

include thin film deposition and induced cross-linking, which both result in a slower drug 

release from a material. The opposite effect on drug release rate can be expected when 

plasma treatment is performed for the activation of a polymer surface by introducing new 

functional groups, which results in improved surface wettability.  
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A B S T R A C T

One of the most actively developing fields in modern medicine is controlled drug delivery, an ability to keep
optimal concentration of a drug at the desired body location. In particular, the most attention for potential use as
drug delivery vehicles is drawn towards biodegradable polymeric materials. This is due to the versatility of tools
for their fabrication, as well as due to the need to extract them after implantation being eliminated. In order to
enhance polymer characteristics in terms of biocompatibility their surface can be functionalized. Plasma
treatment is a method for the modification of material surface properties, which spans a wide range of appli-
cations in tissue engineering and regenerative medicine. The main advantage of this method is its ability to
modify a polymeric surface without altering the bulk properties of materials, thus preserving original mechanical
characteristics. Moreover, plasma modification is well-known for its speed, excluded need for solvents, and
scalability. Recently, this approach has been gaining popularity for drug delivery applications. The applications
of plasma treatment during the fabrication of drug delivery vehicles include surface activation, enhanced
wettability, the fabrication of hydrophobic barrier layer, induced cross-linking and improved drug loading. This
review covers the variety of approaches, applied to different polymeric biomaterials, including non-woven
meshes, films, microparticles, microneedles and tablets, in order to achieve a controlled drug release. The ap-
plications of drug delivery devices with an implemented plasma treatment modification are also described.

1. Introduction

Plasma is a totally or partially ionized gas which consists of various
charge carriers such as electrons, ions and radicals, and is overall
electrically neutral. Thus, each component within plasma may interact
during plasma irradiation. Plasma treatment (or plasma irradiation) is a
widely used technique for the effective chemical and physical mod-
ification of material surface properties [1–7]. Generally, several
common effects of plasma treatment can be determined: cleaning,
etching, activation, and cross-linking [2,8,9].

Plasma treatment is widely applied for cleaning of the surface of a
studied material of adsorbed contaminants. The cleaning can be

performed as a stand-alone process or as a preliminary step before thin
film deposition by means of plasma irradiation. The topography of
polymeric surface can also be modified by means of plasma irradiation
due to its partial etching or degradation process [10–14]. Moreover,
plasma exposure can activate a polymer surface by creating new polar
functional groups including carbonyl, carboxyl, ether, amine and hy-
droxyl; thus markedly increasing the free polymer surface energy
[10,15–18]. As a result of modified chemical composition, the wetting
characteristics and surface adhesion of polymeric materials can also be
changed [1,6,16,19–26].

The attractiveness of plasma treatment amongst other conventional
surface modification techniques is an ability to alter only surface
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properties, up to several nanometers deep, without affecting the bulk
characteristics of materials [23]. Moreover, short-time plasma irradia-
tion does not overheat materials, so their destruction may be avoided.
The other well-known advantages of plasma treatment, which makes it
a favourable surface modification tool for various biomedical applica-
tions, are speed, the exclusion of the need for solvents, and practical
scalability [2,27,28]. The feasibility of plasma treatment is justified by
an ability to obtain ultra-thin films and precise control during the
treatment process. The stability and repeatability are also significant
advantages of this approach over other surface modification techniques
[28] including wet chemistry [29–32] and graft polymerization
methods [33–36]. Moreover, in contrast to a distinct dependence on the
type of substrate for wet chemistry methods, plasma treatment can be
used for a great variety of polymeric materials in order to fabricate thin
coatings on their surface [37].

The approach of plasma treatment as a tool for varying the surface
properties of synthetic polymeric materials is widely used in tissue
engineering [38,39]. In the last decade, this approach has been gaining
popularity for drug delivery applications as well [1,6,14,22,23,40–42].
Various drug eluting systems with controlled drug release kinetics using
plasma treatment were studied: electrospun mats [43–48], surgical
meshes [49], films [50–57], microparticles [58,59], microneedles
[10,60], tablets [8,14] and ceramic materials [61–64]. Control over
release kinetics in drug delivery devices is governed by the device itself.
Therefore, the external factors including gastrointestinal motility and
absorption rates do not play a major role in the release of an active
agent [65]. The crucial advantages of controlled drug delivery are an
ability to keep optimal drug concentration at the desired location,
which results in more efficient treatment; increased safety due to the
prevention of toxic drug concentrations; a capability to employ drugs
with a narrow therapeutic window and a short half-life; and improved
convenience for the patients [65].

Drug release from polymeric materials generally occurs via diffu-
sion, although the degradation can be a contributing factor for rapidly
biodegradable polymeric systems [23,58]. Plasma treatment can be an
extremely efficient tool during the fabrication of drug delivery devices,
since it provides an ability to modify the wettability of the surface of
polymeric materials. As such, this leads to a modified interaction of the
produced material with the medium. The change in wetting char-
acteristics results in varying the diffusion coefficient of an incorporated
drug in the polymer. The increased material wettability can also ac-
celerate the degradation rate of a polymer, which in turn also modifies
drug release kinetics. However, plasma treatment can be employed for
the fabrication of thin hydrophobic films on the surface of a studied
polymeric material, thus impeding its degradation and the ensuing drug
release [43].

Depending on biomedical application, different release kinetics can
be required. For example, rapid release of a drug may be desirable for
pain relief or sedative agents, while a sustained and significantly slower
release is necessary for hormone and anticancer therapies [58]. Direct
applications of plasma treatment for the purpose of altering drug re-
lease kinetic include surface activation and enhanced wettability
through the introduction of reactive species, and the fabrication of
barrier layer by depositing of thin films or cross-linking of polymer
chains. An improved drug loading can be referred to as an indirect
application of plasma irradiation on controlled drug delivery. There-
fore, the practical importance of this work lies in its ability to analyse
and compare this variety of plasma treatment application in order to
achieve a controlled drug release on different polymeric biomaterials. A
wide spectrum of biomedical applications of these biomaterials was also
thoroughly discussed.

1.1. Critical plasma treatment parameters

The critical parameters for a plasma modification setup are the
following: type of discharge and its power, pressure, treatment time, the

presence of gas in plasma chamber, and the flow rate of the gas and
precursor [9]. Different plasma treatment methods can be applied for
the modification of a material surface [2]. Low temperature short term
plasma irradiation is preferred for the surface modification purposes,
while high intensity plasma treatment is employed for the surface
sterilization and inactivation since it causes cell death.

Conventional chemical vapor deposition is not suitable for the
fabrication of thin films for biomedical applications since it is operated
at high temperature. However, it is possible to obtain thin coatings at
lower temperatures by means of plasma-enhanced chemical vapor de-
position (PECVD) [66]. When plasma treatment is used as a tool for thin
film deposition, films of a various density and roughness can be ob-
tained depending on the sputtered precursor, type of gas in a plasma
chamber and their flow rates [67]. Dielectric barrier discharge (DBD)
and glow discharge (GD) are two easily ignited discharges at atmo-
spheric pressure, which are also employed for the surface modification
of various polymeric biomaterials [68–71]. In the case of GD, the ig-
nition of plasma occurs in the space between two electrodes, which is
filled with the process gas. AC voltage power supply is used to generate
DBD, since it requires capacitive coupling. Thus, less energy to form the
reactive species in the gas is required, and a substrate can be kept at a
low temperature. The homogeneity of produced coatings is maintained
owing to a uniform dispersion of nanosecond discharges occurring on
the electrode surface. Moreover, atmospheric pressure plasma treat-
ment in general is easier to be processed, since the need for expensive
equipment such as vacuum pumps is eliminated [67]. Nevertheless, the
majority of researchers use low pressure plasma treatment in their
studies since it allows for the formation of more homogenous coatings
[10,14,44,48,51–53,58,72–75].

The most used frequencies of applied electric field to induce plasma
are radio frequency (RF, generally 13.56 MHz) [43,45,48,51,53,72,74]
and microwave (MW, generally 2.45 GHz) [44,76]. Plasma treatment
can be performed under pulse [49,75,77–79] or continuous wave dis-
charge [45,51,53,80]. The presence of reactive ions and high photon
fluxes in plasma during a continuous-wave mode can cause the de-
gradation of drug molecules. Thus, the choice of a pulsed-wave mode
can be justified by the decreased probability of chemical changes to a
drug which is incorporated in the treated material [77]. In order to
achieve a controlled drug release from biomaterials by means of plasma
treatment, most of the modification studies are performed in air
[44,47], but experiments in the atmosphere of various gases such as
nitrogen [52], oxygen [10] and argon [75] are performed as well.

2. Approaches to control drug release

Several major factors, which influence drug release rate, were ob-
served and analysed including density [74] and thickness of deposited
films [43,64,75], the degree of cross-linking [14,52,53], surface wett-
ability [44] and molecular weight (MW) of incorporated drugs [72].
Fig. 1 demonstrates direct applications of plasma treatment for the
purpose of altering drug release kinetics from various polymeric sys-
tems in a desirable way. The employment of these approaches is dis-
cussed in this chapter. One indirect application, which is not illustrated
in the figure, is an ability to control delivered drug dosage, which is also
crucially important in the process of drug delivery device production.
Therefore, a careful choice of plasma irradiation conditions for each
particular case is necessitated. Table 1 presents the summarized in-
formation of reviewed experimental studies. It highlights major in-
formation of each experimental work including the type of studied
polymeric material and drug loading technique; applied plasma treat-
ment conditions and release study parameters; as well as the achieved
effect of plasma treatment on drug release rate. Potential medical ap-
plication of each studied polymeric system is also provided in Table 1.

In order to provide a more systematic analysis of published ex-
perimental results, times when a certain amount of a drug is released
were determined for the studies where it was applicable. This approach
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was previously used to define two stages of drug release: a more rapid
initial release and an ensuing gradual sustained release [81]. Therefore,
it is possible to quantitatively compare the obtained effect of plasma
treatment on drug release kinetics at a deeper level. A detailed com-
parison of the obtained release curves from published data was per-
formed using Web Plot Digitizer [82]. The chosen plots, which re-
presented drug release profiles in the research papers, were imported to
the software in order to manually acquire data points using 2D (X-Y)
Plot orientation in the software.

2.1. Barrier layer

2.1.1. Thin film deposition
The deposition of thin coatings on the surface of studied drug de-

livery vehicles can perform a key role in tuning drug release kinetics.
During this process, all the technological parameters should be thor-
oughly considered in order to achieve a desired effect. Generally, the
variation of thickness and density of the obtained film layer determines
the diffusion rate of a drug from drug eluting material. In the study by
Yuan et al., the formation of poly-n-butyl methacrylate (PPBMA)
polymer coating on the surface of poly(ethylene-co-vinyl acetate)
(PEVA) films allowed for an in excess of four times delay of paclitaxel
(MW 853) release [74]. This delay was achieved when the plasma ir-
radiation was performed in the presence of oxygen. The presence of
oxygen during plasma treatment allowed for the formation of the
coatings with higher density in comparison to the coatings produced in
air. This occurs due to the reaction of polymer surface with oxygen
radicals, which decreases the rate of film deposition and at the same
time makes the film more dense and smooth [74,83]. The paclitaxel
release was still delayed when the films were irradiated without
oxygen, but the inhibition rate was less significant. In particular, 30% of
the drug was released in 11 and< 5 days from the samples which were
treated with and without oxygen in plasma, respectively. After 35 days
of the study, around 100%, 88% and 55% of the incorporated paclitaxel
was released from untreated samples, samples plasma treated without
oxygen, and samples plasma treated with oxygen, respectively. Thus,
Yuan et al. clearly demonstrated that such parameters as presence of
oxygen during plasma treatment process is crucial, and it determines

the level of control over drug release rate with the obtained barrier
layer [74]. Hagiwara et al. also investigated the effect of gas presence
during plasma treatment on drug release from poly(ethylene-co-vinyl
acetate) (PEVA) films, although the authors did not deposit thin coat-
ings on their surface and a different drug was incorporated into the
films [53] (as further discussed in Section 2.1.2). The least effect in
control over the drug release was obtained with oxygen plasma com-
pared to the use of nitrogen and argon plasma [53].

2.1.1.1. Micro-patterned coatings. Several experimental studies
demonstrated that polymeric films were fabricated and then plasma
treated in order to study the impact of plasma irradiation on drug
release from the films [40–43]. The investigation of release behaviour
of one chosen drug from different polymers allows for a more thorough
analysis of the obtained experimental results. In particular, Enomoto
et al. studied three types of polymers with different levels of
hydrophobicity, which were film-casted [51]. Then the films were
plasma treated to produce micro-patterned diamond-like carbon (DLC)
coatings on the surface of the films (Fig. 2). DLC coatings are promising
materials for several biomedical applications, including orthopaedic
implants and cardiovascular stents, due to their biological inertness and
hardness [70,71]. The DLC coatings with a thickness of 30–100 nm
were deposited employing the radio frequency plasma enhanced
chemical vapor deposition (RF PECVD) method in order to control
the release kinetics of curcumin (MW 368), the antithrombotic drug
[51]. The level of DLC coverage of the films was varied from 0 to 100%,
so that the coverage area would function as a factor for controlling the
drug release. The amount of the incorporated drug was also varied
between 10 wt% and 20 wt%. Initial burst release of the drug into a
release medium (PBS containing 10% ethanol (v/v), pH 7.4, 37 °C) was
observed for all the samples without the DLC coating. According to the
authors [51], it was a logical scenario due to the high drug
concentration in films. The authors also used the Higuchi model to fit
the experimental data in order to analyse drug release results at a
deeper level. The modeling revealed that the dissolution of the drug
significantly depends on the compatibility between the polymer acting
as a reservoir, and the release medium. The high medium uptake by the
hydrophilic polymer can lead to a faster release of the drug. To
illustrate, the most rapid curcumin release was observed in the case
of hydrophilic 2-methacryloyloxyethyl phosphorylcholine (MPC) films.
The patterned DLC coating allowed for around 2.1 and 2.3 times
reduction in the cumulative amount of the released drug in the case of
10 wt% and 20 wt% loaded curcumin, respectively. The full coverage
with the thin DLC coating led to around 3 and 4.3 times decrease for the
aforementioned samples, respectively. The increase of the drug
concentration from 10 to 20 wt% inside the films increased curcumin
release rate for all the studied polymers. The most significant drug
release suppression (almost 19 times) was observed in the case of
hydrophobic poly (ethylene-co-vinyl acetate) (EVA) films with 20 wt%
curcumin, which were fully covered with the plasma deposited DLC
coating. A drug-polymer affinity also plays one of the key roles in the
determination of the drug release kinetics. To illustrate, despite the
higher level of hydrophobicity of the EVA films, curcumin release rate
was higher in the case of polyurethane (PU) samples, when the amount
of the incorporated drug was 20 wt%. Based on the obtained XPS
results, this occurred due to the lack of hydrogen bonding in the EVA
polymer, thus resulting in the limited curcumin binding [51].
Therefore, it was clearly shown that the burst release can be
significantly impeded and the entire drug elution kinetics can be
varied depending on the coverage of the films with the DLC coating.

The approach of micro-patterned DLC coating, which is similar to
discussed in [51], was applied for fibrous materials in the study by Bito
et al. [48]. The grafts were fabricated by means of the electrospinning
method [84,85] using antithrombogenic phospholipid poly(2-metha-
cryloyloxyethyl phosphorylcholine) (MPC) solution with an in-
corporated curcumin. Curcumin was blended in the polymer solution

Fig. 1. Approaches to control drug release using plasma treatment: enhanced wettability
and surface activation can result in the increase of drug release rate (dash-dotted line) as
compared to an untreated sample (solid line), while thin film deposition, the formation of
cross-linked layer and reduced degradation rate can result in delayed drug release (da-
shed line).

D.G. Petlin et al. Journal of Controlled Release 266 (2017) 57–74

59

56 



Ta
bl
e
1

Ex
am

pl
es

of
cu

rr
en

tl
y
em

pl
oy

ed
pl
as
m
a
tr
ea
tm

en
t
ap

pl
ic
at
io
ns

fo
r
va

ri
ou

s
dr
ug

de
liv

er
y
sy
st
em

s.

Ty
pe

of
su
bs
tr
at
e,

us
ed

m
at
er
ia
l

D
ru
g
lo
ad

in
g

te
ch

ni
qu

e
Pl
as
m
a
tr
ea
tm

en
t
pa

ra
m
et
er
s

Eff
ec
t
on

dr
ug

re
le
as
e

ra
te

D
ru
g
(M

W
,g

/m
ol
),

w
t%

to
po

ly
m
er

R
el
ea
se

m
ed

iu
m

an
d

re
le
as
e
st
ud

y
M
ed

ic
al

ap
pl
ic
at
io
n

R
ef

Pl
as
m
a
ty
pe

/
m
et
ho

d
Po

w
er
,

W
Pr
es
su
re
,P

a
G
as
,fl

ow
ra
te
,L

/h
D
ur
at
io
n

Sp
ut
te
re
d

m
at
er
ia
l,
co

at
in
g

th
ic
kn

es
s

B
ar
ri
er

la
ye

r:
th

in
fi
lm

de
po

si
ti
on

D
ou

bl
e-
la
ye

r
fi
lm

,
PE

V
A

D
is
so
lv
ed

in
po

ly
m
er

so
lu
ti
on

pr
io
r
to

fi
lm

ca
st
in
g

R
F

40
20

A
ir

or
O
2

30
m
in

PP
BM

A
>

4
ti
m
es

de
la
y
in

re
le
as
e

Pa
cl
it
ax

el
(8
54

),
10

w
t%

35
da

ys
M
od

el
dr
ug

[7
4]

Fi
lm

,M
PC

,E
V
A

an
d
PU

D
is
so
lv
ed

in
po

ly
m
er

so
lu
ti
on

pr
io
r
to

fi
lm

ca
st
in
g

R
F
PE

C
V
D

20
0

13
A
ce
ty
le
ne

(C
2
H
2
)

45
s

D
LC

,
30

–1
00

nm
(t
he

co
ve

ra
ge

w
as

va
ri
ed

)

C
on

tr
ol

by
th
e

pe
rc
en

t
of

co
ve

ra
ge

ar
ea
:u

p
to

19
ti
m
es

re
du

ct
io
n
in

re
le
as
ed

dr
ug

am
ou

nt
a

C
ur
cu

m
in

(3
68

),
10

–2
0
w
t%

PB
S
co

nt
ai
ni
ng

10
%

et
ha

no
l

(v
/v

),
pH

7.
4,

37
°C
,

16
da

ys

A
nt
it
hr
om

bo
ti
c

co
at
in
g
fo
r
dr
ug

el
ut
in
g
st
en

ts

[5
1]

El
ec
tr
os
pu

n
m
es
h,

M
PC

D
is
so
lv
ed

in
po

ly
m
er

so
lu
ti
on

pr
io
r
to

el
ec
tr
os
pi
nn

in
g

R
F
PE

C
V
D

20
0

13
C
2
H
2

45
s

D
LC

,(
th
e

co
ve

ra
ge

w
as

va
ri
ed

)

C
on

tr
ol

by
th
e

pe
rc
en

t
of

co
ve

ra
ge

ar
ea
:u

p
to

2
ti
m
es

re
du

ct
io
n
in

re
le
as
ed

dr
ug

am
ou

nt
a

C
ur
cu

m
in

(3
68

),
4
w
t%

PB
S,

pH
7.
4,

37
°C

10
da

ys
Pr
ev

en
ti
on

of
en

do
le
ak

s
[4
8]

W
af
er
,s

ta
in
le
ss

st
ee
l

D
ip

co
at
in
g
be

fo
re

pl
as
m
a
tr
ea
tm

en
t

R
F
gl
ow

di
sc
ha

rg
e

83
7

–
10

–3
60

s
TM

C
TS

,m
as
s

fl
ow

ra
te

of
84

sc
cm

;
U
p
to

13
5
nm

C
on

tr
ol

by
co

at
in
g

th
ic
kn

es
s.

El
im

in
at
ed

bu
rs
t
re
le
as
e

(d
el
ay

>
5
ti
m
es
)a

D
au

no
m
yc
in

(5
28

),
ra
pa

m
yc
in

(9
14

),
N
PC

-1
51

99
(3
53

)

PB
S,

pH
7.
4
fo
r

da
un

om
yc
in

an
d

N
PC

-1
51

99
–1

5
m
in
,

po
rc
in
e
se
ru
m

fo
r

ra
pa

m
yc
in

–
36

0
h

Th
ro
m
bo

re
si
st
an

t
co

at
in
g

[7
2]

M
ic
ro
pa

rt
ic
le
s,

Si
V
ac
uu

m
dr
yi
ng

R
F
gl
ow

di
sc
ha

rg
e

25
27

–
4–

60
m
in

PF
O

C
on

tr
ol
le
d

de
gr
ad

at
io
n.

D
el
ay

fr
om

10
0%

re
le
as
ed

in
<

24
h
to

10
%

in
72

h

C
am

ph
ot
he

ci
n

(3
48

),
2
w
t%

PB
S,

pH
7.
4,

37
°C
,

72
h

A
nt
ic
an

ce
r

[5
8]

Po
ro
us

la
ye

r,
A
A
O

Pr
io
r
to

pl
as
m
a

tr
ea
tm

en
t

R
F

20
30

–
50

,1
20

,2
00

s
A
lly

la
m
in
e,

41
,

89
,1

34
nm

C
on

tr
ol

ov
er

po
re

di
am

et
er
.D

el
ay

in
re
le
as
e
fr
om

45
m
in

to
>

3
w
ee
ks

V
an

co
m
yc
in

(1
44

9)
21

da
ys

Tr
ea
tm

en
t
of

po
st
-

im
pl
an

t
in
fe
ct
io
ns

[6
4]

G
la
ss

D
is
pe

rs
io
n
in

be
tw

ee
n
pl
as
m
a

tr
ea
tm

en
t
cy
cl
es

R
F

1,
20

3
A
r,
1.
2–

1.
5

5–
50

m
in

D
EG

M
E,

PC
L-
co
-

PE
G

R
ed

uc
ed

bu
rs
t

re
le
as
e,

90
m
in

de
la
y

fo
r
60

%
to

be
re
le
as
ed

co
m
pa

re
d
to

un
tr
ea
te
d
sa
m
pl
es

C
is
pl
at
in

(3
00

)/
m
et
hy

le
ne

bl
ue

(3
20

),
11

8
μg

m
/

cm
2

PB
S,

24
h

A
nt
ic
an

ce
r

[7
5]

D
ru
g
cr
ys
ta
l,
as
pi
ri
n

–
R
F
PE

C
V
D

25
,5

0,
10

0
21

–
30

an
d

60
m
in
,p

ul
se
d

(o
n/

off
ti
m
es

1/
3
an

d
1/

5
m
s/
m
s)

A
lly

l
al
co

ho
l,

ro
ta
ta
bl
e
or

ro
ta
ti
ng

,
0.
4–

0.
7
nm

U
p
to

8
fo
ld

de
la
y
in

re
le
as
e

A
sp
ir
in

(1
80

)
pH

1
H
C
l
so
lu
ti
on

,
25

°C
,8

h
M
od

el
dr
ug

[7
7]

El
ec
tr
os
pu

n
m
es
h,

PC
L,

PV
P

D
is
so
lv
ed

in
po

ly
m
er

so
lu
ti
on

pr
io
r
to

el
ec
tr
os
pi
nn

in
g

R
F

30
20

–
10

m
in

H
M
D
SO

,7
0
°C

C
on

tr
ol
le
d

de
gr
ad

at
io
n.

D
el
ay

in
re
le
as
e
fr
om

m
in
ut
es

to
al
m
os
t
30

h

Fl
uc

on
az
ol
e
(3
06

),
7
w
t%

PB
S,

pH
7.
4,

37
°C
,

48
h

A
nt
if
un

ga
l
w
ou

nd
dr
es
si
ng

[4
3]

G
la
ss

D
is
pe

rs
io
n
in

be
tw

ee
n
pl
as
m
a

tr
ea
tm

en
t
cy
cl
es

R
F

20
,5

0,
80

1.
3

2,
5,

10
,

20
m
in

A
cr
yl
ic

ac
id

(A
A
c)

Th
e
in
cr
ea
se

of
R
F

po
w
er

of
tr
ea
tm

en
t

ti
m
e
im

pe
de

d
dr
ug

re
le
as
ea

D
ox

or
ub

ic
in

(5
44

)
PB

S
an

d
D
M
SO

D
ru
g
el
ut
in
g
st
en

ts
[4
1]

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

D.G. Petlin et al. Journal of Controlled Release 266 (2017) 57–74

60

57 



Ta
bl
e
1
(c
on

tin
ue
d)

Ty
pe

of
su
bs
tr
at
e,

us
ed

m
at
er
ia
l

D
ru
g
lo
ad

in
g

te
ch

ni
qu

e
Pl
as
m
a
tr
ea
tm

en
t
pa

ra
m
et
er
s

Eff
ec
t
on

dr
ug

re
le
as
e

ra
te

D
ru
g
(M

W
,g

/m
ol
),

w
t%

to
po

ly
m
er

R
el
ea
se

m
ed

iu
m

an
d

re
le
as
e
st
ud

y
M
ed

ic
al

ap
pl
ic
at
io
n

R
ef

Pl
as
m
a
ty
pe

/
m
et
ho

d
Po

w
er
,

W
Pr
es
su
re
,P

a
G
as
,fl

ow
ra
te
,L

/h
D
ur
at
io
n

Sp
ut
te
re
d

m
at
er
ia
l,
co

at
in
g

th
ic
kn

es
s

Fi
lm

sa
nd

w
ic
h,

PD
M
S-
TE

O
S

D
is
so
lv
ed

in
m
et
ha

no
la

nd
th
en

ne
bu

liz
ed

R
F
pl
as
m
a
je
t

sy
st
em

3–
8

A
tm

os
ph

er
e

H
e
an

d
O
2

m
ix
tu
re

PD
M
S

(2
3–

11
8
nm

),
50

μl
/m

in

Pr
ol
on

ge
d
re
le
as
e

fr
om

1
to

6
da

ys
R
if
am

pi
ci
n
(8
23

)
6
da

ys
A
nt
im

ic
ro
bi
al

[6
7]

B
ar
ri
er

la
ye

r:
in
du

ce
d
cr
os

s-
li
nk

in
g

H
yd

ro
ge

l
fi
lm

,
pH

EM
A

an
d
Si

ba
se
d

So
ak

in
g

R
F

10
0,

20
0,

30
0

20
N
2
,1

20
10

–3
5
s

50
–1

00
nm

R
ed

uc
ed

bu
rs
tr
el
ea
se

up
to

2
ti
m
es

15
μg

/m
g

le
vo

fl
ox

ac
in

(3
61

),
11

μg
/m

g
ch

lo
rh
ex
id
in
e
(5
05

)

Sa
lin

e
so
lu
ti
on

(N
aC

L,
2.
6
m
L/

cm
2

of
su
rf
ac
e
ar
ea
),

35
°C
,3

2
h

Pr
ev

en
ti
on

of
oc

ul
ar

in
fe
ct
io
ns

[5
2]

Fi
lm

,P
EV

A
D
is
so
lv
ed

in
po

ly
m
er

so
lu
ti
on

pr
io
r
to

fi
lm

ca
st
in
g

R
F
PE

C
V
D

20
0

13
A
r,
N
2
,
O
2

up
to

45
s

–
R
ed

uc
ed

bu
rs
tr
el
ea
se

up
to

11
ti
m
es

C
ur
cu

m
in

(3
68

),
20

w
t%

PB
S,

pH
7.
4,

37
°C
,

2
w
ee
ks

D
ru
g
el
ut
in
g

va
sc
ul
ar

st
en

ts
ag

ai
ns
t
re
st
en

os
is

[5
3]

Ta
bl
et
,d

ic
lo
fe
na

c
an

d
H
PM

C
A
S

D
ou

bl
e

co
m
pr
es
si
on

of
po

w
de

r

R
F

10
–5

0
67

A
r
an

d
O
2
,

3
5–

20
m
in

–
>

4
ti
m
es

im
pe

de
d

dr
ug

re
le
as
e

D
ic
lo
fe
na

c
(2
96

)
PB

S,
pH

7.
4,

37
°C
,

24
h

M
od

el
dr
ug

fo
r
or
al

de
liv

er
y

[1
4]

In
cr
ea

se
d
w
et
ta
bi
li
ty

El
ec
tr
os
pu

n
m
es
h,

PA
66

Im
m
er
si
on

af
te
r

pl
as
m
a
tr
ea
tm

en
t

M
W

(2
.4
5
G
H
z)

lo
w

te
m
pe

ra
tu
re

G
D

10
0

10
7–

16
0

A
ir
,

30
0–

90
0

1–
5
m
in

–
U
p
to

m
or
e
th
an

tw
o

ti
m
es

in
cr
ea
se
d

re
le
as
e
ra
te

C
aff

ei
ne

(1
94

)
PB

S,
pH

7.
4,

37
°C
,

24
h

C
os
m
et
ic
s

[4
4]

El
ec
tr
os
pu

n
m
es
h,

PC
L

–
R
F

el
ec
tr
od

el
es
s

G
D

30
–

A
ir

5–
60

s
–

in
cr
ea
se
d
bu

rs
t

re
le
as
e
ra
te

(3
0%

re
le
as
ed

in
4
h

in
st
ea
d
of

2
da

ys
)

R
ib
ofl

av
in

(v
it
am

in
B2

,3
76

),
5
w
t%

PB
S,

pH
7.
4,

37
°C
,

48
h

M
at
er
ia
l
fo
r
th
e

tr
ea
tm

en
t
of

co
ni
ca
l

co
rn
ea

[4
6]

Su
rf
ac

e
ac

ti
va

ti
on

Fi
lm

,P
LG

A
s

Pr
io
r
to

fi
lm

ca
st
in
g

R
F

20
–1

80
40

0
A
r
an

d
O
2
,

0.
03

–0
.3

1,
5,

7,
10

m
in

–
In
cr
ea
se
d
cu

m
ul
at
iv
e

dr
ug

re
le
as
e
by

up
to

65
%

Fl
uo

re
sc
ei
n

di
ac
et
at
e
(4
16

),
10

w
t%

,

PB
S/

2%
Tw

ee
n
80

,
37

°C
,2

4
da

ys
Bi
oa

dh
es
iv
e

[8
0]

El
ec
tr
os
pu

n
m
es
h,

PC
L

Im
m
er
si
on

af
te
r

pl
as
m
a
tr
ea
tm

en
t

R
F

30
A
tm

os
ph

er
e

–
5
m
in

–
In
cr
ea
se
d

hy
dr
op

hi
lic

it
y

A
g
na

no
pa

rt
ic
le
s

2
w
ee
ks

A
nt
ib
ac
te
ri
al

w
ou

nd
dr
es
si
ng

s
[4
7]

Im
pr

ov
ed

dr
ug

lo
ad

in
g

El
ec
tr
os
pu

n
m
es
h,

PL
A

Im
m
er
si
on

af
te
r

pl
as
m
a
tr
ea
tm

en
t

Se
lf
-s
us
ta
in
ed

vo
lu
m
e

di
sc
ha

rg
e

–
A
tm

os
ph

er
e

–
5
m
in

(p
ul
se
d,

50
0
H
z)

–
A
llo

w
ed

fo
r
dr
ug

lo
ad

in
ga

H
ya

lu
ro
ni
c
ac
id

(7
77

)
D
ei
on

iz
ed

w
at
er
,

6
da

ys
Ti
ss
ue

en
gi
ne

er
in
g

sc
aff

ol
ds

[7
8]

El
ec
tr
os
pu

n
m
es
h,

po
ly
do

pa
m
in
e-

co
at
ed

PC
L

Im
m
er
si
on

af
te
r

pl
as
m
a
tr
ea
tm

en
t

–
–

–
–

8
m
in

–
Im

pr
ov

ed
dr
ug

lo
ad

in
g

R
ho

da
m
in
e

6G
(4
79

),
do

xo
ru
bi
ci
n
(5
44

)

PB
S,

pH
2–

11
,2

5
°C
,

80
m
in

fo
r
R
6G

an
d

12
h
fo
r
D
O
X

pH
re
sp
on

si
ve

dr
ug

de
liv

er
y
sy
st
em

s
[4
5]

M
ic
ro
ne

ed
le
,P

EE
K

an
d
PC

D
ip
pi
ng

–
–

10
O
2

10
–6

0
m
in

–
Im

pr
ov

ed
dr
ug

lo
ad

in
g
(6

ti
m
es
)

BS
A

(6
90

00
)

PB
S,

pH
7.
4,

37
°C
,

24
h

A
lt
er
na

ti
ve

to
hy

po
de

rm
ic

ne
ed

le
s

[1
0]

Fi
lm

,E
G
D
M
A

an
d

M
A
A

N
eb

ul
iz
ed

du
ri
ng

pl
as
m
a
tr
ea
tm

en
t

A
C
(6

kH
z)

po
w
er
ed

D
BD

12
0

A
tm

os
ph

er
e

H
e,

60
0

–
EG

D
M
A
,M

A
A

an
d

ac
et
am

in
op

he
n

8%
of

in
je
ct
ed

dr
ug

w
as

re
le
as
ed

A
ce
ta
m
in
op

he
n

(1
51

)
D
ei
on

iz
ed

w
at
er
,

20
h

Fa
st

pr
ep

ar
ed

dr
ug

de
liv

er
y
sy
st
em

[6
8]

M
ul
ti
st
ep

tr
ea

tm
en

t
Fi
lm

,P
LA

an
d
PE

U
Pr
io
r
to

fi
lm

ca
st
in
g

D
C
SB

D
30

0
A
tm

os
ph

er
e

A
ir

2,
5,

10
,1

5,
20

s
–

>
6
ti
m
es

de
la
y
in

re
le
as
e
(5
0%

re
le
as
ed

in
11

2
h
in
st
ea
d
of

17
h
–
PL

A
)

Te
m
oz

ol
om

id
e

(1
94

),
2.
5
w
t%

PB
S,

pH
7.
4,

37
°C
,

PE
U

–
7
da

ys
PL

A
–
12

da
ys

M
od

el
dr
ug

[1
14

]

C
C
R
F
di
sc
ha

rg
e

60
0

–
A
r,
0.
6

1,
3,

5,
10

m
in

H
M
D
SO

(c
on

tin
ue
d
on

ne
xt

pa
ge
)

D.G. Petlin et al. Journal of Controlled Release 266 (2017) 57–74

61

58 



prior to the electrospinning process, and then several samples with
various mean fiber diameters were produced. RF PECVD in the atmo-
sphere of acetylene (C2H2) at a pressure of 15 Pa for 45 s with a power
of 200 W was employed for the fabrication of a thin DLC coating on the
surface of MPC scaffolds. The pattern of the coating was achieved by
applying a metal grid mask with 35 × 35 μm holes, which only par-
tially covered the fibrous polymeric surface of the grafts (~47% cov-
erage) (Fig. 2). Only 160 nm fibers were subjected to the drug release
study, since they demonstrated the most antithrombogenic properties.
It is hard to define the initial stage of the release for all the samples,
since the first data point in the presented drug release profiles corre-
sponds to a period of one day. A steady release was observed for all
three groups after the first day of the study, although the amount of the
released drug was decreased in the case of the fully and partially coated
samples. In particular, an approximately 2.4 and 7 fold decrease in the
amount of curcumin released was obtained after the first day from the
micro-patterned and the fully coated samples, respectively, in relation
to the amount of the drug released from the untreated samples. At the
end of the release study, approximately 1.3 and 2 times less of the drug
amount was released from the micro-patterned and the fully coated
samples, respectively. Thus, the curcumin release study over a period of
10 days showed that the release was controlled by the percentage of
fibrous surface covered with the DLC coating, which served as a barrier
layer. Besides the achieved prolonged drug release, it was shown that
the fibrous materials maintained hemocompatibility [48].

2.1.1.2. Thickness variation. Osaki et al. studied the influence of plasma
irradiation and drug molecular weight on the release kinetics of various
drugs [72]. Flat wafer surfaces made of surgical stainless steel were
used as substrates. Several types of drugs with a different molecular
weight were employed for the release studies: anticancer drug
daunomycin (MW 528), rapamycin (MW 914) which is used to
prevent organ transplant rejection, and anti-inflammatory drug N-(9-
fluorenylmethoxy-carbonyl)-leucine (NPC-15199, MW 353). The
studied drugs were deposited onto the wafer surface by dipping the
samples into the drug solutions and subsequent air drying. In this study,
thin tetramethylcyclo-tetrasiloxane (TMCTS) membranes were formed
on the surface of studied samples by means of GD plasma treatment to
serve as a barrier layer for drug diffusion. The membranes also provided
thromboresistance and gas permeability. The treatment time was varied
within a range of 10–360 s. On average, the coating thickness increased
linearly relative to longer plasma treatment times. As such, the coatings
obtained after the irradiation for 40 s and 360 s had a thickness of
approximately 11 and 135 nm, respectively. The burst release of
daunomycin from the non-treated samples was observed, while a
significantly inhibited release rate was achieved from the samples
which were plasma-treated for 40 s and 240 s. Particularly, at the end of
the 15 min release study, approximately 28% and 7% of the drug was
eluted from the 40 s and 240 s plasma-treated samples, respectively, in
relation to the amount of the drug released from the untreated samples.
Instead of providing the release curves, the dependence of the time for
the 50% of a drug to be released (t50) on the TMCTS coating thickness
was demonstrated for the NPC-15199 and rapamycin release studies.
Overall, the release time increased with the coating thickness. The
TMCTS barrier layer with a thickness of 40 nm allowed for five timesTa
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Fig. 2. Deposition of micro-patterned DLC by micro pore mesh [51].
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the amount of inhibition of the NPC-15199 release when compared to
the release results with 10 nm layer. In the case of the rapamycin
release study, a gradual increase of t50 was observed for the samples
with a TMCTS thickness of 15–90 nm, while a more pronounced delay
in release time was found for the samples with 120 and 150 nm
coatings. Noticeably, the barrier thickness increase by 10 times
allowed for a 30-fold t50 increase during the rapamycin release study.
Overall, markedly longer release times were observed during the latter
study. For example, t50 for the samples with an incorporated rapamycin
and the 40 nm barrier was found to be 42 h, whereas t50 was only
2.5 min in the case of the NPC-15199 release from the samples with the
same coating thickness. Based on these results, the authors
hypothesized that release rate was also dependent on the molecular
weight of the drugs owing to an almost 3 times higher molecular weight
of rapamycin [72]. Thus, the drug with a higher molecular weight
should be generally expected to be released at a slower rate.

Teflon-like coatings were deposited on microparticles to vary the
rate of drug elution from the microparticles [58]. Porous silicon mi-
croparticles can be applicable for various aspects of biomedicine in-
cluding biosensors [86], drug delivery vehicles [87] and tissue en-
gineering scaffolds [88]. McInnes et al. fabricated biodegradable porous
silicon microparticles with an incorporated drug camptothecin (MW
348) [58]. These microparticles degrade upon contact with aqueous
solutions, and the drug is burst-released into the medium, which can be
undesirable for some applications. Therefore, the authors decided to
produce Teflon-like coatings on the surface of the microparticles by
means of plasma treatment in order to impede the drug release. The
formation of a homogenous coating is generally problematic for mi-
croparticles since not all of them are exposed to plasma. The authors
used vibrations from acoustic waves to agitate the microparticles lo-
cated in the plasma chamber and thus obtain the uniform coatings. It is
noteworthy that a better agitation was achieved when the waves of
random frequencies and amplitudes were used. The agitation through
the use of acoustic waves was utilised simultaneously with the plasma
polymerization process under a pressure of 27 Pa at 25 W. The treat-
ment time ranged from 4 to 60 min. It was again demonstrated that the
release of the drug can be tuned by the thickness of the produced
coating, which in turn is regulated by the plasma treatment time
[58,72]. Briefly, the silicon microparticles were produced using a
multistep etching process and then sized during sonication. Micro-
particles within a diameter range of 25–53 μm were used for drug
loading and release experiments. Camptothecin was loaded into the
microparticles by vacuum drying from a dimethylformamide (DMF)

solution for 2 h, so that 2 wt% was achieved. The release was studied
for 72 h in PBS (pH 7.4, 37 °C). As a result, the Teflon-like layer pro-
duced a delay in drug release owing to its hydrophobic properties. Even
the 4 min coatings not only covered the pores on the surface of the
microparticles, but slowed down their degradation rate more than three
times (0.48%/day for the coated particles against 1.85%/day for the
uncoated particles, respectively). The authors reported that with the
longer plasma polymerization time more pores in the microparticles
became clogged; thus the drug release was impeded [58]. The longest
60 min treatment time led to a release of only 10% of the drug in a 72 h
period. A four-day in vitro human neuroblastoma cell viability assay
showed results, which correlated well with the release study. The mi-
croparticles coated for 15, 30 and 60 min demonstrated a desired de-
layed cytotoxic effect of the drug. Thus, this work clearly demonstrated
that the release kinetics can be tuned and a sustained release achieved.
Moreover, the fabrication of this layer did not decrease the volume of
the pores on the surface of microparticles; thus drug loading was not
diminished. The authors chose to study microparticles over nano-
particles due to the tendency of the latter to agglomerate during plasma
treatment. This tendency is a serious issue since it impedes the forma-
tion of a homogenous coating on all the particles. The shaking of the
microparticles from acoustic vibrations during this treatment may assist
the formation of the homogenous Teflon-like coating on all the parti-
cles. To verify the necessity of agitation, the microparticles which were
coated without the shaking were studied by means of scanning electron
microscopy, and non-uniform coatings were observed [58].

Simovic et al. studied electrochemically produced porous ceramic
anodic alumina oxide (AAO) materials, which can be potentially em-
ployed as drug delivery systems for bone, dental and coronary stent
implants [64]. Their porosity can be controlled during fabrication, thus
diffusion based drug release from the material can be varied. However,
the reduced pore diameter would mean a more limited amount of
loaded drug. Therefore, the authors employed a method, whereby a
drug is firstly loaded into the pores, which is followed by the fabrication
of thin polymer films on the material surface by means of plasma
treatment in order to further control drug elution (Fig. 3). The release of
vancomycin (MW 1449), the hydrophilic drug applicable for post-im-
plant infection treatment, was studied from AAO material with a pore
diameter of 80–90 nm and a depth of 20 μm [64]. In the case of AAO
samples without a thin polymer film on their surface, a complete burst
vancomycin release was observed within 45 min. To avoid the burst
release, the simplest stable unsaturated amine allylamine was plasma
deposited for 50, 120 and 200 s on AAO surface, and thin films with a

Fig. 3. Plasma modification of a porous platform for con-
trolled drug release. (a) anodic alumina oxide porous layer
fabricated by electrochemical anodization, (b) drug loading
(vancomycin) inside of pores, (c) the deposition of the
plasma polymer layer (allyamine) on the top of the pores
and finally (d) the release of drug from the pores into so-
lution [64].
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thickness of 41, 89 and 134 nm were produced, respectively. As a re-
sult, a gradual decrease in the drug release rate was observed with an
increase in the film thickness. It is noteworthy that the films steadily
grew around the pores thus reducing their surface diameter. It was
shown by means of scanning electron microscopy that the 200 s plasma
treatment allowed for a four times decrease of pore diameter [64].
Accordingly, the 50 s and 120 s plasma treatment allowed for the in-
hibition of the drug release leading to only around 60% and 40% of
vancomycin burst released within the first hour, respectively. Overall,
the latter treatment prolonged vancomycin release up to 200 and 500 h,
respectively, while the film obtained during the 200 s plasma treatment
led to< 20% of the drug being released within the first hour and only a
half of vancomycin released after 500 h.

Multilayered polymeric systems can also be fabricated with the as-
sistance of plasma treatment in order to vary drug release kinetics in a
more controlled manner and also to increase drug loading capacity of
the material [75]. Low pressure RF plasma was employed to control the
release of cisplatin (MW 300) from poly (ε-caprolactone)-poly (ethylene
glycole) copolymer (PCL-co-PEG) materials. Methylene blue (MW 320),
as a model drug, was used instead of cisplatin for the particular drug
release study due to their similarity in molecular weight. Four-step
plasma deposition was used, which combined 1 W pulse wave plasma
discharge, as well as 20 W plasma in a continuous mode. Mild 1 W
5 min pulse mode plasma treatment was employed for the initial sur-
face modification, then after drug loading, and also for the final coating
fabrication to produce the surface functionalized layer for further in-
teraction with cells. Cisplatin was loaded after the first treatment cycle
by dispersing its solution on the coating surface; thus, the drug was
covered under soft plasma conditions. The time of treatment with the
use of 20 W continuous wave plasma for the fabrication of barrier layer
was varied within a 5–50 min range in order to produce coatings of a
different thickness and further control the release kinetics. The me-
thylene blue release study showed that the samples without the barrier
layer, as well as the samples with the barrier, which was obtained
during up to 20 min plasma treatment, experienced 60% of the drug
burst released within 30 min. However, the 50 min barrier layer al-
lowed for an extra 1.5 h delay in the release of the same drug amount.
At the end of 24 h release study, the delay in the drug release for the
50 min plasma treated samples was still observed [75].

Susut et al. studied acetylsalicylic acid (aspirin, MW 180) particles
covered by thin polymeric coatings, which were obtained using RF
PECVD in a pulsed mode [77]. Pulsed plasma treatment is known for a
rapid film formation during the periods between plasma pulses. More-
over, the treatment in a pulsed mode reduces the effect of highly re-
active species (i.e. ion radicals) between the pulses. Indeed, thin layer
chromatography revealed that a negligible amount of drug degraded
during the plasma treatment, thus proving its mild conditions [77]. The
hydrophilic coatings on the drug crystals were obtained by sputtering
allyl alcohol precursor at a flow rate of 0.1 L/h under a pressure of
21 Pa. The uniformity of the coatings on the drug microparticles was
achieved by using a 360° rotatable plasma reactor. For the release
study, the authors used pH 1 HCl solution in order to simulate gastric
fluid environment. 90% of the drug was burst released in 20 min, while
the entire incorporated drug released in< 50 min from the samples,
which were not plasma treated. A 25 W plasma treatment in 1/5 ms on/
off duty cycle (1 ms – pulse duration, 5 ms – between pulses) for 30 min
led to the insignificant change of the drug release profile with the entire
aspirin amount release in approximately 1 h. In contrast, only ap-
proximately 30% and 45% of the drug was released in the first hour
from the samples treated under a power of 50 W and 100 W, respec-
tively. Moreover, it took> 3 h and 6 h for 100% of aspirin to be re-
leased from the latter samples. It was concluded, that the increase of
plasma discharge power resulted in the fabrication of more dense
coatings owing to the enhanced polymer cross-linking degree, thus
leading to a more delayed drug release [77]. The treatment time was
also varied (30 and 60 min), and almost linear dependence between the

treatment duration and the coating thickness was obtained. As a result,
a more delayed release was observed from the samples which were
plasma treated for longer time. In particular, a gradual release with a
more than two times delay was evidenced for the microparticles, which
were plasma treated for 60 min at a power of 25 W in 1 ms on/5 ms off
duty cycle, compared to the 30 min samples treated under the same
conditions. An interesting observation was made when the duty cycle
was changed from 1 ms on/5 ms off to 1 ms on/3 ms off while having
the other parameters equal. Although the obtained allyl alcohol film
was almost two times thinner in the case of the 1 ms on/3 ms off duty
cycle compared to the 1 ms on/5 ms off duty cycle film, aspirin was
released approximately 1.4 times faster from the latter samples. This
could be observed due to a higher degree of cross-linking of the sam-
ples, which had shorter relaxation time between pulses [89]. Overall,
three different approaches to impede the drug release rate, when pulsed
plasma discharge is employed, were shown, such as an increase of the
treatment power, deposition time and shortening of the time between
pulses [77].

2.1.1.3. Control over polymer degradation. The impregnation of various
drugs into cyclodextrins can effectively protect the drugs from
photodegradation, thermal instability and oxidation [73]. Poly(N-
vinylpyrrolidone) (PVP) and poly-(ε-caprolactone) (PCL) electrospun
mats with incorporated fluconazole (MW 306) were studied by Costoya
et al. [43]. Fluconazole has a limited solubility, which can be improved
when it forms inclusion complexes with poly-cyclodextrin [43,90]. In
this work, inclusion complexes of fluconazole with poly-cyclodextrin
were prepared using a co-evaporation method and then added to the
polymer solutions prior to the electrospinning process [43]. PVP and
PCL mats with the incorporated drug, but without poly-cyclodextrin,
were used as control samples. In order to overcome fluconazole burst
release, the mats were coated with a thin hydrophobic
hexamethyldisiloxane (HMDSO) barrier layer using plasma treatment
[43]. HMDSO is biocompatible, possesses hydrophobic behaviour, and
can be deposited at higher rates compared to other organo-silicon
monomers [56,91]. Another practical aspect of HMDSO is its low cost.
Moreover, it was earlier shown that this organo-silicon monomer may
impede bacterial adhesion to the surface of materials [92]. Plasma
treatment was performed under mild conditions by means of low-
pressure RF plasma equipment at 30 W for 10 min under a pressure of
20 Pa, and HMDSO monomer vapor was injected into a plasma reactor
during the process. It is worth noting that the precise control over input
power during plasma treatment is essential in order to avoid reduced
carbon content, which in turn can make the produced layer less
hydrophobic [43,93]. The fabrication of the HMDSO barrier layer on
the surface of the studied electrospun mats allowed for a significantly
prolonged release of fluconazole compared to the burst release from the
non-treated mats [43]. The release of the drug was studied for all the
groups of fabricated mats. The burst release from PVP-based non-
treated mats was caused by a rapid disintegration of the fibers upon
contact with a release medium (PBS, pH 7.4, 37 °C). Moreover, the
fluconazole in the fibers was in the amorphous state, which also
simplified drug dissolution. In contrast, PCL-based non-treated
electrospun mats did not degrade rapidly, but still, 85% of the
incorporated drug was released within the first 15 min. PCL mats
without the inclusion of poly-cyclodextrin demonstrated a 10% slower
burst release, which proves that poly-cyclodextrin provides an
increased wetting of the material. The release from plasma treated
polymeric electrospun mats was significantly slowed down from merely
minutes to almost 30 h [43]. The main reason for that is the delayed
degradation of the mats because of their limited interaction with the
medium due to the existence of the HMDSO barrier layer. If the
degradation delay needs to be prolonged, the thicker barrier layer
fabrication is theoretically achievable with longer plasma treatment
times. However, caution should be exercised because of the potential
damage of fiber structure and drug properties when the duration of
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plasma irradiation is increased.

2.1.2. Induced cross-linking
Plasma treatment is well known for an ability to form a cross-linked

layer on the surface of polymers, which in turn can act as a barrier for
incorporated drugs [94]. The cross-linking process generates a network
in this layer, which restricts the molecular chain mobility, and thus
drug release may be impeded. It is known that the interaction of inert
gases with polymer surface [53,95,96] can induce cross-linking, and
this process is known as CASING (Cross-linking by Activated Species of
Inert Gases) [97].

Paradiso et al. investigated the effect of plasma treatment on hy-
drogels with loaded drugs for the control over their release [52]. Ni-
trogen plasma treatment was considered for the potential enhancement
of contact lens properties by organizing the sterilization, as well as the
surface modification. Poly-hydroxyethylmethacrylate (pHEMA) based
hydrogel films with an incorporated levofloxacin (MW 361) and sili-
cone-based hydrogel films with chlorhexidine (MW 505) were studied.
Levofloxacin is a broad spectrum antibiotic, which is used for the
treatment of ocular infections, and chlorhexidine is known for its an-
tibacterial and disinfectant properties. The produced polymer films
were soaked in drug solutions for 14 h, and then drug release was
studied for 32 h at 35 °C in a saline solution. The plasma treatment of
the samples was performed for 10–35 s under a pressure of 20 Pa with
the nitrogen flow rate of 120 L/h. Different power regimes
(100–300 W) of the plasma irradiation were investigated as well. The
treatment of pHEMA based hydrogel samples for 10 s under a power of
100 W did not provide a significant effect on the levofloxacin release.
However, the treatment for the same time period under a power of
200 W, in which a thin (50–100 nm) cross-linked layer was produced,
allowed for an almost two time slow-down of a drug release rate. A
300 W power regime for 10 s led to the formation of a non-uniform
cross-linked layer; thus the desired control was not achieved. The
longer treatment time (35 s) at a power of 200 W disrupted the cross-
linked barrier layer as well. Very similar results were obtained for the
silicone-based samples loaded with chlorhexidine. Overall, it was con-
cluded that the release time was more dependent on the irradiation
power rather than the time, and 10 s plasma treatment under a power of
200 W was found to be optimal for both studied hydrogels to decrease
the drug burst release without reducing its activity [52].

Anti-proliferative drugs are able to inhibit the proliferation of
smooth muscle cells inside arteries (the inner layer of a stent).
Moreover, the sustained release of the drug should occur in order to
reduce the chance of restenosis. In order to overcome the existing
problem of burst drug release and create a system with a desired pro-
longed release, poly(ethylene-co-vinyl acetate) (PEVA) films were
plasma irradiated for the fabrication of thin barrier layer by means of
CASING [53]. This hydrophobic biomedical polymer was chosen as a
material for a drug eluting stent, and plasma treatment was used to
trigger the formation of the insoluble cross-linked layer which can
control drug release. Plasma treatment was chosen in order to avoid the
damage of polymer properties on a bulk level. Curcumin was loaded
into polymer solution prior to film-casting, and the final thickness of the
fabricated film was found to be about 200 μm. RF PECVD was used at a
power of 200 W and a pressure of 13 Pa for up to 45 s. The plasma
treatment was performed in the atmosphere of three different gases
(argon, oxygen, and nitrogen) in order to compare the influence of each
gas on the surface of PEVA films. Water contact angle measurements
showed that even 5 s plasma treatment in the atmosphere of any of the
studied gases was enough to cause the film surface to become hydro-
philic. The plasma treatment led to the presence of new polar functional
groups and the substitution of ethyl groups with oxygen on the polymer
surface. These results were also verified by the XPS study. It is note-
worthy that the longer plasma irradiation (> 5 s) barely altered the
oxygen/carbon (O/C) ratio, which demonstrated that surface oxidation
has a limit. The curcumin release study, performed for two weeks,

revealed that the longer plasma treatment time guaranteed a slower
release. Amongst the three gases, the argon plasma treatment led to the
most effective results on suppressing the burst release and the overall
control on the amount of the released drug. Even 5 s Ar plasma treat-
ment allowed for almost twice the inhibition of curcumin release
compared to the release from the untreated samples; while 45 s Ar
treatment decreased the amount of drug released in two weeks by> 9
times. Compared to the Ar plasma treatment, 5 s treatment in the pre-
sence of N2 was not that efficient, although 45 s N2 plasma treatment
suppressed the cumulative released curcumin amount by 11 times. In
addition, the treatment in O2 plasma for up to 15 s did not produce a
significant change in the release kinetics and total amount of curcumin
released. The marked difference in curcumin release kinetics in the case
of using O2 plasma was obtained only during 30 s and 45 s treatment,
when it was impeded by 1.6–2.1 times, respectively. It was also shown
that the most efficient cross-linking was induced by argon plasma,
which correlates with curcumin release results. Thus, it was assumed by
the authors that the degree of cross-linking had a control over drug
release kinetics. The authors therefore concluded that argon and ni-
trogen plasma irradiation allowed for a higher control over curcumin
release rate owing to the cross-linking on the polymer surface by free
radicals through CASING, while oxygen plasma treatment of the studied
films led to oxygen cross-linking between molecular chains [53].

Yamauchi et al. used a two-step plasma irradiation in the atmo-
sphere of different gases for the formation of pores on the surface layer
of diclofenac (MW 296) tablets in order to vary diclofenac release [14].
Diclofenac was chosen as a model drug for the tablets, which can be
potentially applied for oral delivery and further controlled release in
the gastrointestinal tract. The samples were prepared through a double
compression procedure. Briefly, diclofenac sodium tablets were pro-
duced and then they were covered by hydroxypropyl methylcellulose
acetate succinate (HPMCAS) from both sides. It was previously shown
that, besides a partial degradation of cellulose derivatives after the
argon plasma treatment, a cross-linked layer on their surface can be
produced [98]. The authors demonstrated that the produced cross-
linked layer slows down material degradation and prevents its de-
composition during oxygen plasma treatment [14]. Thus, the approach
was to make a powder HPMCAS layer as a selectively porous membrane
by firstly treating it with Ar plasma to produce a cross-linked barrier
surface, and then treating it with O2 plasma to partially etch it and
consequently obtain pores. The pores were determined to be in a dia-
meter range of 2–10 μm. The control tablets, which were not plasma
treated, quickly disintegrated in PBS (pH 7.4, 37 °C), thus the drug was
burst released in 4 h. The treatment under a power of 50 W for 5 min in
oxygen plasma without the pretreatment in argon plasma led to a 4
times reduced diclofenac release, and the 10 min O2 plasma treatment
had a very similar effect. Argon plasma pretreatment (10–20 W,
10 min) and the further treatment in the presence of oxygen allowed for
a further slowdown of diclofenac release. Only 65% and 84% of the
drug were released after a 16 h period from the samples, which were
pretreated under a power of 10 W and 20 W, respectively [14].

2.2. Increased wettability

The crucial factor which determines the rate of drug release is hy-
drophilicity level of the material [99]. The increased wettability of
polymer surface can be caused either by the introduction of new
functional groups [47,80,100] or surface roughening [10,101,102].
Labay et al. evaluated the effect of low temperature glow plasma on the
incorporation and the release of caffeine (MW 194) from polyamide 6.6
fibrous fabrics [44]. Plasma treatment was conducted at a power of
100 W in air under a pressure of 100 Pa, and the air flow rate was
varied within a range of 5–15 L/min. The treatment duration effect was
also studied within 1–5 min. The drug impregnation into the samples
was performed in 3 steps immediately after the treatment in an attempt
to avoid aging [103] of the samples. Firstly, plasma treated samples
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were immersed in an aqueous 1% caffeine solution for 3 min, then they
were squeezed through mechanical rolls and dried for 24 h afterwards.
The amount of incorporated caffeine was determined by weighing the
samples after the impregnation procedure. Judging from the very si-
milar shapes of the release curves, the authors concluded that the
plasma treatment did not change the mechanism of the drug release
from the polymeric fabrics [44]. At the same time, the plasma treatment
indeed facilitated the release rate of caffeine for all the studied values of
air flow rate and treatment times. The surface layer of the fabrics was
bombarded by low temperature plasma particles, which caused a par-
tial etching of the surface of the studied fabrics and also its functio-
nalization with oxygen containing moieties. Therefore, the surface
wettability was improved, and consequently the release rate of the in-
corporated drug was increased. XPS analysis revealed that an increase
in gas flow rate provides a better functionalization of the studied fi-
brous surface. This was evidenced by a more rapid caffeine release from
the fabrics treated under the higher air flow rate conditions. To illus-
trate, during a 24 h period approximately 40% of caffeine was released
from the untreated fabrics compared to an approximately 60%, 85%
and 90% release from the 3 min plasma treated fabrics under a 5, 10
and 15 L/min air flow rate, respectively.

Sridhar et al. studied the release of riboflavin (B2, MW 376) from
PCL nanofibers for further use in the cross-linking process [46]. The
cross-linking generates free radicals, which trigger the polymerization
of collagen fibrils and reinforce the corneal tissue [104]. Riboflavin,
released from the fibers and serving as a polymerization photoinitiator,
together with long-length UV irradiation facilitates protein cross-
linking [46]. This new perspective protein cross-linking protocol was
developed in order to replace the existing protocol in which cytotoxic
glutaraldehyde is used. Air plasma treatment was performed for dif-
ferent time intervals (5–60 s) with RF power of 30 W using an elec-
trodeless GD plasma cleaner. It was shown that the longer the plasma
treatment was carried out, the more hydrophilic the PCL fibers became,
and thus, a greater initial riboflavin burst release was occurring. For
instance, only 30% of the vitamin release was observed after 2 days
from the untreated samples, while the samples treated for 20 s ex-
hibited a burst release of almost the same vitamin amount in 4 h. The
reason for a more rapid release of water soluble riboflavin is the higher
water uptake by plasma treated samples. The authors have shown the
use of riboflavin release as a part of their protocol for protein cross-
linking, where the plasma treatment was employed for the control of
the vitamin release kinetics. As such, the authors emphasize the im-
portance of the new cross-linking protocol owing to its lower toxicity
and higher commercial feasibility [46].

2.3. Surface activation

The surface of polymers can be functionalized by means of plasma
activation in order to generate reactive species which provide a safe
environment for blood and cells [105–110]. Mogal et al. studied

hydrophobic polyester films as a potential bioadhesive material, and
drug-like molecule fluorescein diacetate (MW 416) was chosen as a
model drug to simulate the release behaviour of paclitaxel [80]. Poly
(lactic-co-glycolic acid) (PLGA) was chosen from a variety of biode-
gradable polymers due to the possibility to control its degradation rate
and bulk properties in a more precise manner by changing the lactic
acid/glycolic acid ratio [111]. Plasma treatment was employed to ac-
tivate the surface of the studied PLGA films, since the formation of free
radicals allows for an enhanced bioadhesion. A 24 day release study
was conducted, and only approximately 10% of fluorescein diacetate
was released from the control untreated films predominantly in a linear
manner. According to the obtained release curves, the plasma treatment
did not alter the release mechanism, and fluorescein diacetate eluted
linearly. However, approximately 9%, 33%, 65% and 65% increase in
cumulative drug release was observed for the films which were plasma
treated for 1, 5, 7 and 10 min, respectively. Similar changes occurred in
the impact on drug release by varying power (60–180 W) or argon/
oxygen ratio. According to the authors [80], such similarities demon-
strate that the films experienced more or less the same modification in
terms of the formation of the cross-linked layer on their surface, and
their partial degradation.

Hydrophobic PCL membranes, fabricated by means of electrospin-
ning, were air plasma treated under 30 W of RF power for 5 min in
order to activate their surface for enhancing further coating with chit-
osan-silver (CsAg) nanoparticles [47] (Fig. 4). Interestingly, the dia-
meter of the fibers reduced to half of the original size of the as-spun
fibers after the plasma treatment, but their porous structure remained
almost intact. After the plasma treatment, the CsAg coating was ob-
tained by immersing electrospun PCL membranes into the CsAg solu-
tion, which was produced by mixing 5 mL of 1% acetic acid and 0.1 g of
CsAg powder. The immersion was repeated three times for one hour
each; rinsing in distilled water and drying in vacuum oven at 40 °C was
performed in between. The Ag release kinetics was studied over a
period of two weeks by means of atomic absorption spectrometry. The
burst release of Ag ions was observed within the first 12 h without
further release for the next 400 h. According to the authors, it happened
due to the oxidized state of the Ag nanoparticles [47].

2.4. Improved drug loading

Drug loading is the crucial stage in the fabrication of drug delivery
systems since it allows for control over delivered drug dosage. Plasma
treatment can serve as an effective tool for increasing the amount of
loaded drug [10]. As such, polymeric materials are firstly plasma irra-
diated and then immersed in a drug-containing solution for pre-
determined times. The enhanced drug loading after the plasma treat-
ment is achieved owing to the increased wettability of polymer surface.
If the chosen plasma treatment leads to complete wetting of the
polymer surface, hypothetically, the possible loaded drug amount is
proportional to the surface of the polymeric system, as well as the

Fig. 4. Schematic diagram of preparation of electrospun
PCL membranes with incorporated chitosan-silver nano-
particles for wound dressing [47].
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soaking time.
Nair et al. performed drug release experiments from micro-injection

moulded microneedles and studied the influence of plasma treatment
on the surface properties of the microneedles and the drug release rate
of bovine serum albumin (BSA, MW 69000) [10]. The microneedles
were investigated as an alternative to hypodermic needles for the de-
livery of macromolecular agents. They were manufactured from poly-
ether ether ketone (PEEK) and polycarbonate (PC), and then plasma
irradiated. The manufactured microneedles were treated with 40 kHz
plasma in the atmosphere of oxygen under a pressure of 10 Pa in a time
range of 10–60 min. Oxygen plasma treatment had a significant effect
on the wettability and surface energy of the samples. Surface wett-
ability has a direct relationship with the morphology; particularly, it
increases with surface roughness [9]. According to the liquid contact
angle measurement, the significant increase of wettability was achieved
in 30 min of the plasma treatment, and the longer plasma exposure was
already etching the polymer surface [10]. Such results correlated well
with the increased surface roughness which was observed on atomic
force microscopy images after plasma irradiation for 30 min. There-
after, BSA loading was performed by dipping the microneedles into the
protein solution for 1 h. The plasma treatment allowed for an enhanced
BSA loading (almost six times) and the larger corresponding amount of
the released protein in the first 15 min of delivery from the micro-
needles to dermatomed abdominal neonatal porcine skin [10]. Fur-
thermore, the sustained release study also demonstrated a higher do-
sage of the protein delivered during the 24 h period from the plasma
treated microneedles.

Kudryavtseva et al. used self-sustained volume discharge plasma
treatment of electrospun PLA scaffolds to increase surface wettability
and allow for further immobilization of hyaluronic acid (HA) (MW 777)
[78]. The scaffolds were treated in atmospheric pressure on ambient air
for 5 min. It is noteworthy, that the plasma irradiation was performed
in a pulsed mode with a frequency of 500 Hz. As a result, the plasma
treatment allowed for the loading of hyaluronic acid into the scaffolds
through immersion in an aqueous solution for 30 min.

Jiang et al. fabricated PCL electrospun fibers as a potential pH-re-
sponsive drug delivery system [45]. The fibers were plasma treated in
air for 8 min and then coated with polydopamine. Thus, the further
control over drug release kinetics was dependent either on the thickness
of polydopamine coating or on pH level of the release medium (PBS,
25 °C). The authors have chosen such coating material because of the
earlier results which showed that charged molecules can permeate se-
lectively through a polydopamine coating depending on the sur-
rounding pH level [112]. The polydopamine coating was obtained by
the immersion of the PCL fibers into a dopamine ∙HCl aqueous solution
for predetermined times at different pH levels. It is noteworthy, that
drug loading and release results for each studied case (different drugs
and thickness of coatings) were obtained at the same pH levels. The
plasma treatment was applied to the fibrous materials in order to en-
hance the wettability characteristics of their polymer surface. The au-
thors assumed that air plasma treatment could improve the drug
loading capacity of the fibers. The treatment can thus be potentially
used if a higher dosage of a drug is required to be delivered. It was also
stated that dopamine polymerization on the fiber surface and the con-
sequent promotion of the even polydopamine coating formation was
enhanced owing to the fiber surface activation during the plasma
treatment [45,113]. The drug release tailored by pH response was de-
monstrated on obtained experimental data for two studied drugs rho-
damine 6G hydrochloride (R6G, MW 479) and doxorubicin hydro-
chloride (DOX, MW 544). To illustrate, almost 100% of R6G was
released from the membranes without the polydopamine coating within
the first 20 min at pH 2. The release of R6G was successfully impeded
by increasing the pH level of the medium, as well as by increasing the
thickness of the polydopamine coating. Only approximately 50% and
13% of the drug was released at pH 9 from the uncoated membranes
and the membranes with the thickest coating, respectively. The release

of DOX was studied only from the coated PCL membranes. > 70% and
40% of DOX was burst released within the first hour at pH 2 and 5,
respectively, while< 10% of the drug was released from the same
membranes at the same time at pH 7–9. To conclude, burst release was
observed when the fibers were studied in an acidic medium (pH 2–5),
while a significantly slower and gradual release within the same in-
cubation time was obtained for the fibers immersed in neutral or al-
kaline environments (pH 7–11). Thus, based on pH variability response,
it was concluded that polydopamine coated electrospun fibers can serve
as site-specific drug delivery systems [45].

Amorosi et al. suggested an interesting approach when polymeric
film deposition by means of plasma treatment and a small molecule
drug loading occur simultaneously [68]. In particular, acetaminophen
(MW 151) was nebulized with methacrylic acid (MAA) and ethylene
glycol dimethacrylate (EGDMA) monomer mixture during plasma
treatment. Noticeably, the chosen atmospheric pressure plasma DBD
did not lead to a full drug fragmentation due to its mild conditions. It
was determined that approximately 8% of acetaminophen was released
in regards to the amount injected during the plasma irradiation. The
authors hypothesized this could occur because of partial destruction of
acetaminophen molecules, their incomplete incorporation into the films
and also due to a strong drug affinity to the films [68]. Nevertheless, the
proposed one step method for the incorporation of small molecule drugs
into polymeric films directly during plasma treatment was demon-
strated as viable.

2.5. Multistep treatment

Stloukal et al. attempted to control the release of temozolomide
(MW 194), an oral chemotherapy drug, which was incorporated into
polylactic acid (PLA) and polyester urethane (PEU) films prior to their
casting [114]. In order to achieve a desired control over the drug re-
lease kinetics, two-step plasma treatment was performed. Firstly, dif-
fuse coplanar surface barrier discharge (DCSBD) in air was employed in
order to increase the wettability of the films. This was followed by
capacitively coupled RF (CCRF) discharge plasma treatment in Ar at-
mosphere with HMDSO as a monomer in order to coat the films with a
hydrophobic barrier layer [114]. The wettability of both studied poly-
meric films was increased even after 2 s DCSBD treatment due to the
grafting of oxygen moieties on their surface. In the case of the PEU films
the same level of hydrophilization was observed for all treatment times
(2, 5, 10, 15, 20 s). The maximum wettability of the PLA films was
obtained after the 10 s plasma treatment, while the further increase of
the plasma treatment duration up to 20 s reduced it, possibly owing to
the cross-linking of polymer chains [114]. Thereafter, the barrier layer
was deposited by means of CCRF plasma treatment for 1, 3, 5 and
10 min to control temozolomide release. An expected gradual decrease
in the drug release rate from both studied polymeric materials was
observed with the increase of plasma treatment duration due to the
growth of a thin HMDSO layer. By using water contact angle mea-
surements, the authors concluded that the 5 min CCRF plasma treat-
ment is optimal for the hydrophobization of the surface of PLA as well
as PEU films [114]. The release of temozolomide was studied in PBS
(pH 7.4, 37 °C) over a period of 7 and 12 days for PEU and PLA films,
respectively. In the case of the untreated PLA films, a rapid release
of> 50% of temozolomide was observed in the first 24 h, which was
followed by a slower gradual release for the next 11 days until the drug
was fully released. Despite the increased wettability of the PLA films
after the air DCSBD plasma treatment, only 24% of the drug released in
the first 24 h, and then an almost linear steady release of> 70% of the
drug was observed in the first 100 h. The authors hypothesized, this
could occur due to a partial cross-linking of the polymer and therefore
the produced barrier for the drug, as well as due to a partial destruction
of the drug after the plasma irradiation [114]. Then, the release con-
tinued more gradually with approximately 94% of the drug released
after a 12 day period. Furthermore, a markedly delayed release was
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obtained for the PLA samples after the two-step plasma treatment,
when approximately 7% and 18% of temozolomide released in the first
24 h and 72 h, respectively. After 3 days, the release was accelerated
with approximately 90% of the drug released after a 12 day period. In
the case of the untreated PEU films, the drug was initially burst re-
leased, and approximately 80% of temozolomide released in the first
24 h. A considerably faster release of the drug from the PEU films in
comparison to the PLA samples could occur since the obtained PEU
films were approximately 35% thinner. Moreover, the PEU films were
disintegrating more rapidly during the conducted hydrolysis study
[114]. Further, the effect of the air plasma treatment led to insignificant
changes in the release kinetics of temozolomide from the PEU films. In
comparison to the untreated and the air plasma treated PEU films, a
slowed down release was observed during the first 3 days from the PEU
films which went through the two-step plasma treatment.< 50% of the
drug released in the first 24 h from the latter films; eventually, after a
3 day period the release achieved saturation with approximately 90% of
the drug released, which is very similar to the untreated PEU films.
Overall, the authors concluded that accelerated release after the first
achieved delayed drug elution could be observed since the obtained
barrier was deteriorating [114]. Thus, by using two-step plasma treat-
ment drug release kinetics can be precisely adjusted and a delayed re-
lease can be achieved.

Labay et al. studied the properties of polypropylene (PP) surgical
meshes with incorporated ampicillin (MW 349) for their potential use
during hernia repairs [49]. Ampicillin was chosen as a model antibiotic
drug which can assist with the prevention of postoperative infection at
the site of surgery [115]. The drug was loaded into the meshes by
soaking in 4% ampicillin solution for 24 h, which allowed for ap-
proximately 21% of ampicillin to be impregnated in their structure.
75% of the loaded ampicillin was burst released into PBS (pH 7.4,
37 °C) in 4 h. The authors employed two types of plasma treatment for
functionalisation and polymerization of the PP meshes (Fig. 5). Firstly,
short term (3.5 s) corona plasma discharge at atmospheric pressure in
air was used to activate the mesh surface with polar oxygen groups
[49]. This resulted in improved hydrophilicity of the PP meshes, which
consequently allowed for 3 times higher drug loading of ampicillin up
to approximately 60% using the same soaking technique. The increase
of the air plasma treatment time to 7 s did not further improve the drug
loading. Compared to the untreated samples, 3.5 s air plasma treatment
allowed for a 10% increase in the cumulative amount of released am-
picillin, but the same release kinetics was observed. The following low-

pressure radio-frequency plasma treatment was performed after the
drug loading procedure. PEG-coatings, which can be obtained by de-
positing tetraethylene glycol dimethyl ether (tetraglyme) using plasma
treatment, can confer polymeric surfaces with antifouling properties
[116,117]. In particular, the coatings allow for the elimination of un-
desired adsorbed proteins from material surfaces, thus improving cell
adhesion. The process was performed in a pulsed mode (20 μs – pulse
duration, 20 ms – between pulses) in the atmosphere of argon at a
power 200 W for 120 min under a pressure of 40 Pa using tetraglyme as
monomer. The introduction of tetraglyme to the plasma chamber led to
the fabrication of thin polyethylene glycol (PEG) coatings, which made
the surface of the studied meshes superhydrophilic. The highest amount
of the cumulative drug released (approximately 87%) after 4 h was
observed for the samples firstly treated in air for 3.5 s, which was fol-
lowed by the treatment in argon plasma [49].

Deng et al. employed a multistep method for the incorporation of
silver nanoparticles in polyethylene terephthalate (PET) fabrics [118], a
widely used material with high mechanical strength and chemical sta-
bility [119] (Fig. 6). Silver nanoparticles (20nm) were chosen to be
incorporated into the fabrics owing their antibacterial properties
[120–122]. The need for their immobilization is justified by their cy-
totoxic and genotoxic activity when applied directly to human cells
[123]. Plasma treatment is essential for nanoparticle immobilization,
since it provides a strong bonding between the organic polymeric fab-
rics and the inorganic silver nanoparticles. The nanoparticles were in-
corporated into produced organosilicon films. In particular, tetra-
methyldisiloxane (TMDSO) monomer was bubbled by N2 at a flow rate
of 420 L/h and then plasma deposited on the surface of the fabrics. First
plasma treatment was employed in order to immobilize the nano-
particles, as well as to provide their adhesion to the fabrics, while the
second treatment was conducted for the formation of a barrier layer to

Fig. 5. Summary of the effects of the different plasma
treatments performed on polypropylene meshes on the
adsorption of drug and on the cell adhesion and mor-
phology [49].

Fig. 6. Scheme of the fabrication process. (1) original sample of non-woven PET fabric,
(2) plasma jet system for thin film deposition, (3) first step: plasma deposition of the
reservation layer for silver nanoparticles immobilization and to control the silver nano-
particles adhesion to the PET fibers, (4) prepared dispersion of silver nanoparticles, (5)
second step: adhesion of the nanoparticles on the surface of the samples by immersing
into dispersion, (6) third step: plasma deposition of the barrier layer [118].
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prolong the release of silver nanoparticles. The loading of the nano-
particles was performed after the first treatment using the dipping-pad-
drying method [122]. XPS analysis was performed for the fabric surface
from both sides in order to determine the effect of the plasma treatment
in a more detailed way. The obtained results revealed that the fabrics
were plasma treated not only on the surface. In fact, almost identical
effect of plasma irradiation was observed on the side of the sample
holder owing the effective transport of active plasma components with
the injected gas during the treatment [118]. Although the authors did
not conduct a release study in a conventional way, their conclusions on
the applicability of the proposed method were based on antimicrobial
activity tests of the fabrics. Moreover, in order to study the effect of the
obtained organosilicon barrier layer on the release of the incorporated
nanoparticles, a washing test (1, 3, 5 and 10 cycles) was performed.
Each washing cycle in deionized water was 40 min long with the en-
suing vacuum drying of the samples. The washing test revealed the
fluctuation of Ag concentration with the increase of cycle number,
whereas the fabrics with 10 nm and 50 nm barrier layers allowed for
the prevention of Ag release even after 10 washing cycles [118].

3. Applications

3.1. Antibacterial

When an implant is inserted into the body, there is a high risk of
causing a microbial infection. Plasma treatment is one of the steriliza-
tion techniques, which can be applied to the materials in order to avoid
the potential of infection at the implantation site [124]. The surface of a
polymeric material can be sterilized by the interaction with reactive
species of various gases [125–129] or in air at atmospheric pressure
[130,131]. Plasma functionalization can be applied for disinfection and
sterilization purposes on biomedical materials which can be damaged
by other harsh chemical or temperature conditions [132]. For example,
low pressure argon plasma treatment was employed for dental cleaning
[133], and cold atmospheric plasma polymerization was used against
skin tuberculosis [134].

Dowling et al. investigated the release of rifampicin (MW 823), a
broad spectrum antibiotic [67]. Rifampicin was chosen as a model
small molecule drug to test the studied drug delivery polymeric system
which can be used as a material for coronary or urethral catheters. Deng
et al. studied antimicrobial properties of polyethylene terephthalate
(PET) fabrics with incorporated silver nanoparticles [118]. Plasma
treatment was employed in a multistep manner (as discussed in Section
2.5). Briefly, the first treatment cycle allowed for the incorporation of
the nanoparticles into deposited organosilicon films, which was fol-
lowed by the second treatment for the fabrication of a barrier layer for
controlling the release of the nanoparticles. A fungus (Candida albicans),
a gram-positive (Pseudomonas aeruginosa) and a gram-negative (Sta-
phylococcus aureus) bacteria were used for testing of antimicrobial
properties of the obtained fabrics with the incorporated silver nano-
particles. All the antimicrobial activity tests corresponded well with the
XPS elemental analysis. As such, the highest antimicrobial activity was
observed for the fabrics without the barrier layer, and the deposition of
the 50 nm barrier layer resulted in the lowest antibacterial activity of
the samples.

Plasma treatment can also be a crucial intermediate step in the
process of fabricating drug delivery systems. Choi et al. employed 2 min
oxygen plasma treatment in order to obtain a negatively charged sur-
face of silicon wafers, which were consequently used for the fabrication
of collagen hydrogels with layer-by-layer (LbL) self-assembled films
[135]. Doxorubicin was incorporated into the films through soaking in
an aqueous drug-containing solution. Eventually, the authors produced
multifunctional materials with an antibacterial effect and enhanced
mechanical stability due to the incorporated tannic acid/lignin. More-
over, the control over doxorubicin release was also shown by varying
the LbL structure of the films.

3.2. Anticancer

Bhatt et al. fabricated multilayered PCL-co-PEG coatings with an
incorporated cisplatin, in which the surface layer possesses antifouling
behaviour and controls cell adhesion, while the bottom layer contains
the drug and controls its release [75] (as discussed in Section 2.1.1).
Human ovarian carcinoma cells (NIH:OVCAR-3) were used for 48 h
WST-1 cell adhesion and proliferation assay on the surface of the stu-
died PCL-co-PEG coatings. It was shown that cell interaction with the
produced coatings can be tailored without varying drug release ki-
netics.

Plasma treatment itself can also be used to induce cancer cell death
[136–140]. For example, Partecke et al. demonstrated the potential
employment of non-thermal atmospheric plasma in anticancer therapy
in vitro, as well as in vivo [141]. The authors hypothesized that this
approach can be potentially applied to increase the apoptosis of re-
sidual cancer cells after the resection of malignant tumours.

Plasma treatment was also found to be beneficial during the fabri-
cation of stimuli responsive systems. Stimuli responsive systems can be
based on the variance of pH level around healthy tissue and cancerous
environments, or simply around different body parts [142,143]. Jiang
et al. used air plasma treatment to increase the wettability of PCL pH-
responsive scaffolds and consequently improve drug loading [45].
Thus, the plasma treatment was used only as an assisting technique for
the fabrication of polydopamine layer which in turn served as a re-
servoir for loaded drugs (as discussed in Section 2.4).

3.3. Antithrombogenic

The adhesion of microbial or thrombotic agents, after the interac-
tion of biomedical devices with the environment, leads to contamina-
tion of their surface [144]. Therefore, the need for devices which can
efficiently deliver antimicrobial and antithrombotic drugs is justified.
Osaki et al. fabricated TMCTS membranes using plasma treatment in
order to control the release of three different types of drugs [72]. Be-
sides the control on drug release rate, TMCTS films, obtained by means
of plasma treatment, can also serve as a thromboresistant barrier [72].
The cytotoxicity assay results demonstrated that the TMCTS coatings
met biocompatibility requirements and can be applicable as drug de-
livery vehicles.

Enomoto et al. studied the release of curcumin from MPC, EVA and
PU films [51]. The drug was chosen owing to its antithrombogenic,
antioxidant, and anti-inflammatory properties. The study was devoted
to the problem of drug eluting stents for patients with obstructive
coronary artery disease. The stents can induce late thrombosis which
can be potentially overcome by improving their biocompatibility with
an antithrombogenic coating. Thus, the authors fabricated the system
when antithrombotic behaviour could be stimulated by both the drug
release and the interaction with the obtained coating. Curcumin release
from electrospun MPC scaffolds, which were considered as a potential
coating for stent-grafts, was also studied [48]. The application of such
graft may be feasible for the prevention of endoleaks (the blood lea-
kages which can occur during endovascular repair). The control over
curcumin release was achieved by producing a micro-patterned DLC
coating on the surface of the electrospun scaffolds. MPC solutions of
different concentration were prepared in order to produce fibers of a
varied diameter in a range of 0.16–1.3 μm. The results of platelet ad-
hesion and activation demonstrated that the fibers with a smaller dia-
meter were more antithrombogenic. According to the authors [48], the
reason for such effect was a decreased roughness of the surface with
thinner fibers, which was making the attachment of platelets more
difficult.

Choudhury et al. investigated the effect of low temperature plasma
irradiation on natural polymeric materials [145]. Antheraea assama silk
fibroin (AASF) yarns with grafted chitosan (Cs) were treated in oxygen
plasma and then soaked in penicillin (PEN) solution. The improvement

D.G. Petlin et al. Journal of Controlled Release 266 (2017) 57–74

69

66 



of antibacterial properties was achieved due to polycationic nature of
chitosan and β-lactam ring of a PEN molecule. Moreover, the plasma
treated yarns were found to be more antithrombogenic compared to the
control AASF yarns. In particular, during a 60 min blood clotting
period, a significant reduction in the percentage of thrombus formation
(almost 20%) was observed.

3.4. Heart

The use of drug eluting vascular stents can be considered as the most
effective approach for the treatment of coronary artery disease [146].
The chance of restenosis, the narrowing of blood vessels which restricts
blood flow, can be decreased to< 13% when a drug eluting stent is
implanted [53], and such systems have been used in clinical practice
and surgery for the prevention of neointimal proliferation for> 15
years [147,148]. The serious problem of the drug eluting stents is the
burst release of most drugs [148], and this issue can be resolved by the
modification of the polymer surface with plasma treatment (as dis-
cussed in Section 2.1). For example, plasma-irradiated cross-linked
layer on the polymer surface can impede the mobility of molecular
chains, thus acting as a barrier layer for the drug incorporated within a
polymeric film [53].

3.5. Eyes

3.5.1. Antibacterial
Plasma treatment can be used in order to decrease bacterial adhe-

sion and improve the wettability of contact lenses, thus providing an
enhanced patient comfort [149–152]. This can be achieved either by
increasing contact lens surface hydrophilicity with plasma oxidation or
by depositing a thin film layer on their surface [151]. Paradiso et al.
studied pHEMA and silicone-based hydrogel films as materials for
contact lenses [52]. The authors discovered an aging effect of the
plasma treatment by repeating water contact angle measurements on
the polymeric surface several times: before the treatment, one day after
the treatment and then one week after the treatment. It was found that
increased hydrophilicity of the polymeric surface is partially reversible.
The authors assumed that rehydrophobization occurred over time due
to the contact of newly formed polar groups with air and their re-
arrangement to a more stable state. At the same time, the detailed study
of the influence of the plasma treatment on the refractive index of the
polymer surface revealed that an increased value of the refractive index
after the treatment stays unchanged after several weeks from the
treatment.

3.5.2. Treatment of conical cornea
Corneal collagen cross-linking is a well-established approach for the

treatment of conical cornea [153,154]. Sridhar employed the release of
riboflavin, which was significantly accelerated by means of air plasma
treatment, together with UV irradiation in order to induce collagen
cross-linking [46]. The achieved continuous riboflavin release from PCL
nanofibers by means of the plasma treatment allows for the further
cross-linking of any fibrous protein tissue (i.e. ocular, skin or cardiac).

3.6. Skin

3.6.1. Antifungal dressings
PVP and PCL electrospun mats were studied as a potential candidate

for antifungal dressings, and so the drug fluconazole, which acts against
Candida species, was incorporated into their structure [155]. Antifungal
performance results for all the studied mats have revealed that the drug
was delivered in the active form and at an adequate rate. The authors
have suggested that owing to the maintained integrity of PCL-based
mats for at least several days, they can be utilised as one-day disposable
bandages. In contrast, PVP-based mats broke up more quickly even
after plasma treatment; thus their use may be feasible as patches which

are required to remain at the site for shorter times, or where their re-
moval is complicated.

3.6.2. Antibacterial wound dressings
Nhi et al. studied electrospun PCL membranes for their potential

application as an antibacterial wound dressing, and air plasma treat-
ment was employed for membrane surface activation [47]. A MTT test
after 7 days from seeding revealed that the coated membranes had the
highest number of cells on their surface compared to the control as-spun
PCL fibers and plasma treated membranes. It was shown earlier that
silver containing membranes have an improved cell proliferation rate
[156]. The effect of the membranes as antibacterial wound dressings
was also tested on mice, and it was shown that the use of the fabricated
membranes with the chitosan/Ag coating facilitated faster wound
healing compared to the control group, in which no membrane was
applied onto the wounds [47].

3.6.3. Cosmetics
Labay et al. studied electrospun polyamide fibers for the potential

application of treating skin pathologies [44]. The choice of polymer was
based on its employment in the production of elastic-compressive sa-
nitary materials. The study was performed on the fabrics industrially
finished with the PDMS softener in order for results to be potentially
more easily applied in a manufacturing cycle. The possible enhance-
ment of the therapeutic effect of the studied materials was attempted to
be enabled by incorporating active drugs in the structure of the
polymer. Caffeine, the incorporated drug, was chosen because of its use
in cosmetics as a topical component in patches, creams and gels [157].

3.6.4. Microneedles
PEEK and PC microneedles, fabricated by means of micro-injection

moulding, were studied as an alternative to hypodermic needles for the
delivery of BSA, a water soluble protein with MW 69 KDa [10].
Transdermal patches were not considered as a candidate for BSA de-
livery since the outermost skin layer only allows for the permeation of
the drugs with MW< 500 g/mol [10]. It was shown that applied
oxygen plasma treatment improved BSA adsorption into the micro-
needles, as well as increasing the amount of the released protein. In
vitro experiments were performed on dermatomed abdominal neonatal
porcine skin. Overall, the authors concluded that plasma treatment can
be implemented for the delivery of various macromolecular agents
using microneedles [10].

3.7. Tissue engineering scaffolds

The characteristics of surgical meshes can be enhanced by in-
corporating antibiotics within their structure for the local treatment of
possible postoperative infections [115]. With such approach, patient
comfort can be improved by eliminating systemic drug administration,
as well as the required drug dosage can be reduced thus decreasing the
possible drug side effects. Polypropylene (PP) surgical meshes can be
applied for surgical repair of pathologies, and in particular for hernia
repairs [49]. Two plasma irradiation techniques were employed by
Labay et al. in order to improve drug loading capacity of the meshes, as
well as to maintain their antibacterial activity [49]. The first air plasma
treatment, which allowed for a 3 times increase in the amount of in-
corporate ampicillin, decreased fibroblast adhesion. Therefore, the
consecutive low pressure plasma treatment in the atmosphere of argon
in the presence of tetraglyme allowed for the recovery of chemotactic
migration response and cell adhesion to the level of the untreated
meshes. Overall, drug loading capacity of the PP surgical meshes was
achieved and initial good biocompatibility of the untreated PP meshes
was maintained.

Electospun PLA scaffolds with incorporated hyaluronic acid (HA)
were studied for the potential application as tissue engineering scaf-
folds with immunomodulatory properties [78]. Self-sustained volume
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discharge plasma treatment was applied in order to make the surface of
the scaffolds hydrophilic and thus allow for HA loading. Three types of
the scaffolds with different HA concentrations were produced
(0.1–0.3 wt%). According to an in vitro test on macrophage reaction,
the fabricated scaffolds stimulate pro-angiogenic activity; the best im-
munological response was observed for the scaffolds with 0.1 wt% HA
content.

Tian et al. studied coaxially electrospun Poly(Lactic Acid)/Silk
Fibroin scaffolds with loaded nerve growth factor (NGF) [158]. With
such approach, the bioactivity of the protein drug can be preserved due
to its incorporation into the core of the fibers. Air plasma treatment (RF
30 W, 60–180 s) was used to enhance the hydrophilicity of the studied
fibrous scaffolds. It was demonstrated that neuronal stem cells (PC 12)
attached and differentiated on the surface of the fabricated scaffolds
[158]. The authors suggested that the studied materials can be em-
ployed for the treatment of peripheral nerve injuries.

Bioadhesives are applied for the local delivery of various drugs in
order to maintain a drug activity at the administration site for longer
times [80]. Mogal et al. not only tried to tune fluorescein diacetate
release from the produced PLGA films, but studied their bioadhesion
properties [80]. Bioadhesion of the produced plasma treated films, the
ability of a fabricated material to adhere to biological surfaces [159],
was studied by measuring shear adhesion to swine aorta tissue. Briefly,
the films were pressed with the porcine tissue by a paper clamp for
2 min, and the shear tensile strength test was performed at a speed of
3 mm/min using a 10 N load cell. The two and six times shear tensile
strength increase was achieved when the films were plasma treated for
1 and 5 min under a power of 100 W, respectively, compared to the
results obtained with the control untreated films. The authors per-
formed an additional shear adhesion test to determine whether the
main mechanism, which improves film bioadhesion during plasma
treatment, is an increased surface roughness or the formation of free
radicals. The films were immersed for 24 h in water to quench all the
free radicals, and then the test was repeated. After the immersion,
bioadhesion force of the 5 min plasma treated films significantly de-
creased to a value of 26 mN/cm2 initially obtained for the control
samples. Thus, the authors concluded that free radical cross-linking is a
dominant mechanism which allowed for the enhanced film bioadhesion
[80].

4. Current challenges and future perspectives

Plasma treatment as a surface modification tool for polymeric drug
delivery devices is an emerging approach which has a potential. The
body of work in this field is still limited. However, several challenges of
this approach can be already emphasized including aging effect, accu-
racy of loaded drug amount, as well as drug stability.

Aging process, a partial or full reversibility of enhanced surface
wettability, remains an issue during the employment of plasma treat-
ment [160,161]. Aging process is caused by a system transitioning to a
state with minimal energy. Crosslinking implies the formation of new
covalent bonds, and breaking of such bonds is not energetically bene-
ficial; thus, this does not occur spontaneously. Therefore, this process of
cross-linked barrier layer formation is irreversible, as is the thin film
deposition. Therefore, the aging issue is only present in the case of
plasma treatment employment for the purpose of increased polymer
surface wettability by means of surface activation. When plasma
treatment is employed to increase drug loading capacity of a polymeric
material, one of the possible solutions to the aging issue is to shorten a
time period between plasma treatment and the subsequent drug loading
through immersion into drug-containing solution [44]. Besides short-
ening the time period between the steps during the modification of
materials, one more possible solution could be the vacuum sealed
preservation of materials to avoid any contact with environment and
consequently keep the surface activated.

Unfortunately, very few authors hitherto investigated a real initial

drug amount which was incorporated into a polymeric system, as well
as possible drug degradation due to plasma treatment [68]. Even
though short-time non-thermal plasma treatment can be considered as a
surface modification technique with mild conditions, it is hard to ac-
curately comment on the influence of plasma irradiation on drug in-
tegrity and properties. However, if the drug is loaded into a polymeric
system after plasma treatment, drug stability is not an issue since the
drug is not affected by plasma irradiation. Moreover, it is easier to
measure the amount of a loaded drug. The information regarding
chosen drug loading techniques in each analysed research paper is
specified in Section 2 as well as in Table 1. It can be clearly seen that in
the majority of experimental studies a drug was loaded prior to plasma
treatment. Thus, a more thorough investigation of drug properties is
necessitated, since it is crucial for further implementation of plasma
treatment approach as a step in the fabrication of drug delivery ve-
hicles.

Tissue engineering and regenerative medicine products in general
have multiple regulatory issues mostly due to various biological risks
[162–164]. Plasma treatment, as a possible intermediate surface mod-
ification step in the fabrication of drug delivery devices, should be re-
latively easy to be incorporated into a production cycle compared to an
effort to implement a new material with predetermined drug release
properties. On the other side, concerns regarding the identification of
real amount of loaded drug and its stability in the case when a drug is
loaded prior to the plasma treatment are more pressing. Most of the
ideas, published in the research papers and described in Section 2, are
still at the stage of proof of concept and only preliminary in vitro study
results were obtained. Thus, more systematic and comprehensive cel-
lular and animal studies for each potential drug delivery system are
required to investigate all the regulatory issuers.

First attempts to implement plasma treatment as a surface mod-
ification technique to control drug release from polymeric materials
were demonstrated. Gained knowledge from biomedical applications of
plasma treatment and drug delivery system development should con-
tinue to be combined in order to fabricate highly efficient drug delivery
vehicles with precisely controlled drug release rate. Therefore, the full
potential of this surface modification approach as a technique to control
drug release from various polymeric systems is to be steadily learned.

5. Conclusions

Plasma treatment is a method for the enhancement of surface
properties of various polymeric biomaterials, which is already well-
known for the last several decades. In this review, the ability of plasma
modification techniques employed for different polymeric biomaterials,
including non-woven meshes, films, microparticles, microneedles and
tablets, in order to achieve a controlled drug release, was reviewed. The
literature on the applications of plasma treatment during the fabrica-
tion of drug delivery vehicles including surface activation, enhanced
wettability, the fabrication of hydrophobic barrier layer, induced cross-
linking and improved drug loading, was thoroughly analysed. The
choice of plasma treatment technique is dictated by an application of a
polymeric material. Plasma enhanced chemical vapor deposition and
glow discharge plasma treatment are predominantly operated at low
pressure and employed for the formation of thin barrier layers either by
depositing a sputtered material or by producing a cross-linked layer.
Therefore, the produced barrier layer slows down drug release. Surface
activation can be performed using atmospheric pressure plasma treat-
ment based on dielectric barrier discharge in air without a need to use
expensive equipment. This approach speeds up drug release and allows
for an improved drug loading capacity due to increased surface wett-
ability of a plasma treated polymeric material. A wide variety of ap-
plications from cosmetics to anticancer therapy, where plasma mod-
ification is a tool for control over drug release, was also discussed. The
literature analysis demonstrated that the efficiency of different plasma
modification techniques as versatile tools for the control over drug
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release kinetics is significant.
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CHAPTER 5 – Atmospheric pressure plasma treatment for controlled 

drug release from electrospun PLA scaffolds 

Submitted  

 

Chapter 4 described currently applied approaches to controlling drug release from various 

polymeric systems by means of plasma treatment. This chapter aims to sum up the 

knowledge accumulated in Chapter 4, and the employment of the fiber distribution model 

which was described in Chapter 3. Chapter 5 investigates the employment of electrospun 

polymeric materials as drug delivery carriers with their surface modified using plasma 

treatment. The polymer surface was functionalized in air by means of dielectric barrier 

discharge under atmospheric pressure to achieve altered drug release kinetics. In 

particular, a significantly higher amount of the released drug was attained after the chosen 

plasma treatment was performed. Moreover, the application of the fiber distribution 

model for fitting the experimental data from the release experiment allowed for the 

determination of the drug diffusion coefficient which turned out not to be affected by the 

plasma treatment. 
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Abstract 

The study was focused on the investigation of chloramphenicol-loaded electrospun fibrous 

scaffolds with high drug content. The sustained release of the model drug over a period of 

three months was demonstrated. Dielectric barrier discharge plasma treatment at atmospheric 

pressure in a pulsed mode was employed to increase polymer surface energy and 

subsequently modify the release kinetics of chloramphenicol. The treatment allowed for an 

increased drug amount to be delivered in a shorter time period compared to the released drug 

amount from the untreated samples. The fiber distribution model was employed to fit the 

experimental chloramphenicol release data and determine the drug diffusion coefficient 

inside the fibers. Based on the results of the mathematical modeling, the plasma treatment 

was shown not to have affected the drug diffusion coefficient. The influence of the drug 

incorporation on the fiber diameter distribution was also demonstrated.  

 

Key words: plasma treatment, surface modification, polylactic acid, dielectric barrier 

discharge, electrospinning, controlled drug release 
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Graphical Abstract 

 

 

 

Highlights 

- PLA fibrous scaffolds were treated by dielectric barrier discharge. 

- The suggested treatment increased hydrophilicity of the fibrous scaffolds. 

- Higher drug dosage was delivered by means of using plasma treatment. 

- Chloramphenicol diffusion coefficient was determined. 

- Plasma treatment did not change drug diffusion coefficient. 
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1 Introduction 

Bioabsorbable (or biodegradable) polymers are considered highly suitable candidates as 

materials for the fabrication of targeted drug delivery devices [1]. The fine-tuning of the 

amount of a drug in the human body delivered to a specific site is possible by varying the 

size, thickness and shape of the device. Moreover, physicochemical properties of polymeric 

materials can be also altered with the employment of various surface modification techniques 

in order to achieve the desired dosage and release rate of a drug [2-4]. 

Polymeric materials are normally fabricated by mixing and subsequently shaping a polymer, 

a drug, and additional components, depending on the manufacturing method, into films [5-7], 

microparticles [8, 9], non-woven meshes [10-12], and microneedles [13-15]. Fibrous 

scaffolds are found to be of particular interest since they possess high surface area-to-volume 

ratio, which is crucial for materials applied for tissue engineering purposes [16]. The variety 

of possible methods for the production of fibrous drug-loaded scaffolds is presented by 

solution electrospinning, melt electrospinning, coaxial electrospinning, emulsion 

electrospinning, solution blowing, and melt blowing, each of which has its strengths and 

weaknesses. Electrospinning is a mature technology for the fabrication of fibers within a wide 

diameter range, which is not easily obtained by using other fiber fabrication methods [17, 

18]. The solution electrospinning technique is considered the most controllable and common 

for use. A number of in-vitro studies have already been conducted describing drug release 

from polymeric electrospun fibrous scaffolds [19-42]. However, given a large variety of 

drugs and polymers, more studies are necessary to facilitate the development of drug delivery 

devices. 

The method of solution electrospinning is based on using a high electric potential between a 

polymer source and collector. A charge, which is induced by an electric field, accumulates on 

the surface of a polymeric droplet at the end of a metal injector needle. When the electric 

voltage exceeds the cohesive force determined by the surface tension, the droplet elongates 

into a so-called Taylor cone. A charged jet of polymer-containing solution is eventually 

sprinkled towards the grounded collector [43, 44]. As the jet travels and stretches as a result 

of electrostatic interactions between charges on its adjacent segments, the solvent evaporates, 

and a solidified fibrous structure is obtained [45]. Finally, the randomly oriented or aligned 

fibers of different diameters are deposited on the surface of the collector forming a fibrous 

mesh. 
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Poly-L-lactic acid (PLA) is a promising bioabsorbable polymer due to its biocompatibility, 

the ease of fabrication of materials for biomedical applications, and appropriate mechanical 

properties. PLLA gradually degrades to non-toxic products in the human body and is then 

eventually excreted or exhaled. For these reasons, polylactic acid is widely used in the 

manufacture of absorbable sutures, clips, plates, screws, and drug delivery devices [20, 21, 

27, 32, 46].  

Chloramphenicol (MW 323 g/mol, logP 1.14) is an antibiotic used for the treatment of 

bacterial infections. Several studies where the drug was incorporated into the structure of 

electrospun scaffolds have been published [47-49]. The materials were studied as potential 

candidates for wound dressings, and their antibacterial properties were demonstrated. 

Plasma treatment is considered to be a promising technique which allows the surface 

properties of aliphatic polyesters to be altered while their bulk properties remain unaffected 

[50-52]. However, the application of plasma treatment for the modification of bioabsorbable 

polymeric scaffolds has a limitation, due to the high thermal impact on treated samples which 

can potentially destroy their three-dimensional non-woven structure and chemically change 

the structure of incorporated drugs [53]. In order to avoid the possible overheating issue, 

plasma treatment can be operated under pulsed discharge [54, 55] instead of more 

conventional continuous wave discharge. Moreover, plasma treatment can be performed at 

atmospheric pressure to eliminate the necessity of using expensive equipment [56]. 

Particularly, one of the common plasma treatment applications is the activating a polymer 

surface by introducing new functional groups, which could result in improved surface 

wettability and facilitated drug release [57-60].  

Mathematical modeling of drug release from polymeric materials can be applied for an 

adequate description of the release mechanisms [61]. Over the years, various mechanistic 

mathematical models which describe different release mechanisms, including degradation 

[62, 63], swelling [64-67] and diffusion [68-70], have been developed. Diffusion-based 

mathematical models can be used for the description of drug diffusion (a critical mechanism 

for controlled drug delivery systems [71]), even from bioabsorbable polymeric systems in the 

early time periods, to determine apparent drug diffusion coefficient. The obtained value of 

the diffusion coefficient can then serve as a reference point for further experimental work 

with drugs which have similar physicochemical properties. Moreover, this work can be 

considered an additional step in the development of a more general mathematical model for 

predicting drug diffusion coefficients in polymers. 
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This paper reports the results of a study on non-woven bioabsorbable scaffolds which were 

fabricated from polylactic acid with incorporated chloramphenicol, a model drug in this case, 

and then plasma treated for the sake of increasing polymer free surface energy and 

consequently accelerating the drug release. Hence, the effect of the dielectric barrier 

discharge treatment on the surface topography and chemical composition of the scaffolds was 

studied by means of scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS), respectively. The plasma treatment effect on the drug release kinetics 

was investigated by means of High Performance Liquid Chromatography (HPLC), and the 

obtained release data was analyzed with the use of the fiber distribution model [68].  

 

2 Experimental 

2.1 Materials 

Polylactic acid (PLA) (MW 38 kDa) was purchased from Purac (Netherlands). 

Hexafluoroisopropanol (HFIP) and chloramphenicol were obtained from Ekos-1 (Russia) and 

Pharmstandard (Russia), respectively. All the materials were used without further 

purification. 

2.2 Scaffold fabrication 

PLA scaffolds were produced by electrospinning a 3% (wt/wt) PLA solution in HFIP using a 

NANON-01A machine (MECC Co., Japan). For the drug release study, chloramphenicol was 

added to PLA solution prior to the electrospinning process, and the ratio of the drug to PLA 

was 1:2 (wt/wt). The solutions were dissolved in a sealed glass reactor at a temperature of 

25 °C with constant stirring until a homogeneous transparent solution was obtained. The 

control scaffolds, as well as the scaffolds with incorporated chloramphenicol were collected 

on a drum collector, rotating at a speed of 50 rpm, at a distance of 130 mm from the syringe 

tip. A voltage of 20 kV was applied to the collector from a high voltage power supply, and 

the flow rate of the solution was 3 mL/h. The scaffolds were dried in a vacuum under a 

pressure of 5×10
-3

 Pa for 24 h at room temperature to remove the remaining solvent. 

2.3 Plasma treatment 

The produced scaffolds were treated on a custom-made device with non-thermal plasma 

which was generated by dielectric barrier discharge in atmospheric pressure air in a pulsed 

mode [55, 72]. The scaffolds were placed on an anode and plasma treated for 5 min under a 
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pulse voltage of 20 kV with a pulse frequency of 500 Hz. Each pulse duration and energy was 

100 ns and 0.3 J, respectively.  

2.4 Scanning Electron Microscopy 

The microscopic structure of the scaffolds was studied using SEM on Quanta 400 FEG (FEI, 

USA) equipment. The surface of the samples was coated with a thin gold layer prior to the 

study using a SC7640 magnetron-sputtering system (Quorum Technologies Ltd., UK). The 

mean fiber diameter and fiber diameter distribution was obtained by measuring the size of not 

less than 100 of fibers on the SEM images using Image J software (National Institutes of 

Health, MD, USA). 

2.5 X-Ray Photoelectron Spectroscopy 

The XPS analysis was carried out using an Escalab 250Xi instrument (Thermo Fisher 

Scientific Inc., USA) equipped with monochromatic AlKα radiation (photon energy 1486.6 

eV). The total energy resolution was about 0.55 eV. Spectra were recorded in the constant 

pass energy mode at 100 eV for survey spectrum and 50 eV for element core level spectrum, 

using XPS spot size of 650 μm. Investigations were carried out at room temperature in UHV 

with pressure of the order of 1×10
-7

 Pa (in the case of the use of the electron-ion 

compensation system, Ar partial pressure was 1×10
-5

 Pa). The library of the reference XPS 

spectra, including the atomic registration sensitivity factors, was provided by the instrument 

manufacturer within the Avantage Data System. The peak deconvolution was made using the 

Avantage software (Thermo Fisher Scientific Inc., USA) which was set to Shirley 

background subtraction followed by peak fitting to Voigt functions having 80% Gaussian and 

20% Lorentzian character. 

2.6 Drug release 

Untreated and plasma treated electrospun PLA scaffolds, both with the incorporated drug, 

were immersed in Phosphate Buffer Saline (PBS, pH 7.4) at 25 ºC with three replicates for 

each scaffold. Preliminary experiments with the untreated samples were run in a 35 ml PBS 

volume, and the medium was continuously stirred. Then, the experiments were repeated in 2 

ml of PBS without stirring, and the drug release results were found to be within one standard 

deviation to each other. Thus, the final drug release study of the untreated, as well as the 

plasma treated scaffolds was performed in the smaller volume for simplification purposes. At 

predetermined time points, a 1 mL aliquot was withdrawn for further analysis and replaced 
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with an identical volume of the fresh medium. The amount of released chloramphenicol was 

determined using high performance liquid chromatography (HPLC). Chloramphenicol 

concentration was determined by HPLC (Milichrom A-02, Russia), using a C18 column 

(2×75 mm, 3.5 µm, Milichrom, Russia) with Water/Acetonitrile 7:3 v/v as the mobile phase. 

The retention time of chloramphenicol was found to be 3.5 min, at a flow rate of 0.2 µL/min 

at 35 °C. The drug was detected at λ=278 nm using an injection volume of 20 µL. The 

amount of the released chloramphenicol was converted to the weight using a calibration 

curve and then plotted as a cumulative amount of the drug released against time. 

2.7 Drug release modeling  

The experimental drug release results and fiber diameter distributions were used during 

fitting as the input data in the fiber distribution model [68]. Briefly, the model is based on the 

drug release model from a cylindrical fiber (hereafter referred to as the homogenous model) 

[73], but it takes into account the observed fiber diameter distribution in order to more 

accurately determine an apparent drug diffusion coefficient. For each studied type of sample, 

mean fiber diameter was calculated. The total released drug amount, which takes into account 

the fiber distribution, was determined as: 
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where ˆ ( )totalQ s  is the Laplace transform of the amount of a drug released from the fibers, 0Q  

is the amount of immediately released drug, Mtotal is the total amount of a drug loaded into the 

fibers, iR  is the radius of i-th group of fibers (i is the column number in the fiber 

distribution), and ( )ip R  is the probability density of an i -th fiber group (the height of i-th 

column in the fiber distribution). Further, 2 2
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  is the characteristic 

time of diffusion, and 0I  and 1I  are the modified Bessel functions of the first kind, zero and 

first order, respectively. Numerical inversions of the Laplace domain solutions and non-linear 

regressions were carried out using the custom-written program in Python programming 

language already used in [68]. An equal weighting was used for nonlinear regressions.  
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3 Results and discussion 

3.1 Effect of plasma treatment on surface characteristics 

Fig.1 demonstrates the results of scanning electron microscopy study of the samples. As can 

be seen, all the fibers are randomly oriented and have a smooth surface. The fiber diameter 

distributions are also provided in Fig. 1. As expected [74, 75], the encapsulation of the drug 

led to the increase in mean fiber diameter from 0.81±0.35 µm to 1.11±0.21 µm, as well as to 

the narrowing of the fiber distribution (Fig. 1). The fiber diameter increase could have 

occurred due to an increased polymer solution viscosity [76], since a significant amount of 

chloramphenicol was incorporated. The plasma treatment did not have a significant effect on 

the mean fiber diameter (Table 2).  

 

 

Figure 1. SEM images of the fabricated electrospun scaffolds and the corresponding fiber 

distributions: A – control; B – with the incorporated drug before plasma treatment; C – with 

the incorporated drug after plasma treatment. 

 

The elemental surface composition of the produced PLA scaffolds was studied by XPS, and 

these results are shown in Table 1. The control samples before drug immobilization are 

composed of 60% carbon and 40% oxygen. The XPS survey spectra of the control PLA 

scaffolds and chloramphenicol-loaded PLA scaffolds, as well as the N1s/Cl1s core level 

spectra of PLA are presented in Fig. 2.  
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Table 1. Surface atomic composition of the studied scaffolds. 

Sample Chemical composition, at.% 

C1s O1s N1s Cl1s 

Conrol PLA  60 40 - - 

Drug loaded before the plasma treatment 67 28 3 2 

Drug loaded after the plasma treatment 58 35 4 3 

 

On the survey spectra of the chloramphenicol-loaded PLA scaffolds, peaks corresponding to 

N1s and Cl1s can be found (Fig. 2). These peaks refer to nitrogen and chlorine in 

chloramphenicol. The peaks were also observed after the etching of the sample surface with 

argon ions; thus, the inclusion of nitrogen and chlorine verifies the drug incorporation on the 

PLA surface. The plasma treatment led to increased oxygen content on the surface of the 

PLA scaffolds (Table 1), which is related to the formation of hydrophilic functional groups. 

  

 

Figure 2. XPS survey spectra of the control PLA samples (top left) and drug loaded samples 

(top right), N1s and Cl1s core level spectra of the drug loaded samples (bottom).  
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Deconvolution analysis of the high-resolution C1s peak was performed to study the changes 

in carbon functional groups. The C1s core-level spectra with the curve-fittings for C–C/C–H 

(~285 eV), C–O (~287 eV) and C=O (~289 eV) bonds of the control, untreated and plasma 

treated PLA scaffolds are shown in Fig. 3. The shape of the C1s peak changed after the 

plasma treatment. For the untreated sample, the C–C peak was very high, indicating sample 

contamination; thus, the first effect of the plasma treatment was a surface cleaning. The 

increased intensity of C=O component (from 16% to 29%)  after the plasma treatment 

demonstrates scaffold surface functionalization by carbonyl groups [57]. Thus, polymer 

surface hydrophilicity increase can be expected owing to the surface activation with oxygen 

species [77, 78].   

 

Figure 3. C1s core-level spectra of the control PLA samples (top), untreated drug loaded PLA 

samples (bottom left), and plasma treated drug loaded PLA samples (bottom right). 
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3.2 Effect of plasma treatment on the drug release kinetics 

Fig. 4 shows in vitro release profiles of chloramphenicol from the untreated and plasma 

treated PLA samples. Approximately 40% of the incorporated drug was released from the 

untreated scaffolds in the first 24 h of the experiment, while the same amount of 

chloramphenicol took only 5 min to be burst released from the plasma treated scaffolds. The 

hydrophobicity of the PLA scaffold surface impedes the release medium permeation into the 

PLA fibers. Therefore, a relatively slow drug release from the untreated samples is 

hypothesized to be due to the gradual wetting of the fibrous scaffold surface, the ensuing 

permeation of the medium into the fibers and the consequent release of the drug from them. 

In contrast, a marked drug release from the plasma treated scaffolds is directly related to an 

increased surface wettability of the PLA scaffold surface after the plasma irradiation. Over 9 

days, approximately 1.8 times more of the drug amount was released from the plasma treated 

scaffolds compared to the amount released from the untreated samples. 

 

 

Figure 4. Chloramphenicol release profile for a period of 9 days (left) and first 2 h (right). 

Solid lines on the right graph refer to the fits obtained with the fiber distribution model. 

 

In order to investigate the possibility of sustained release from the scaffolds, untreated 

samples with the incorporated drug were kept in the medium for a period of 90 days. As a 

result, 67±7% of chloramphenicol was released, which demonstrates its gradual elution 

according to 47±4% and 57±4% released after 9 days and 50 days, respectively. It is 
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noteworthy that the amount of released drug from the untreated scaffolds after 90 days did 

not exceed the amount released from the plasma treated samples during the 9 day period. 

Despite the ability of polylactide to degrade in the release medium, the degradation impact on 

drug release in the early time periods is negligible. Hence, we hypothesized that the release is 

initially attributed only to a diffusion of the drug from the fibers into the medium. Therefore, 

diffusion coefficient of chloramphenicol was determined based on the fitting of the 

experimental data obtained within the first two hours of the release study.  

Table 2 shows the differences in scaffold mean diameter (Dmean) and coefficient of variation (

N

mean

s
CV

R
 , where Ns is a standard deviation of a discrete random variable and meanR  is a 

mean fiber radius) before and after plasma treatment. As a result of experimental data fitting 

with the fiber distribution model, the apparent diffusion coefficient of the drug was found to 

be D=3.4×10
-13

 cm
2
/s for the case of chloramphenicol release from the untreated PLA 

samples. The values of the apparent drug diffusion coefficient, which were obtained after the 

fitting of the release curves of untreated and plasma treated samples, differ by <2% (Table 2). 

This result confirms that the release mechanism of chloramphenicol from the PLA scaffold 

was not modified during the plasma treatment. The amount of instantly released drug, Q0, 

was used as an additional fitting parameter (Table 2), leading to a significant improvement of 

regression quality. Before the irradiation, the ability of the chloramphenicol to be eluted is 

restricted by a hydrophobic polymer surface. In contrast, the plasma treatment allowed for an 

instant availability of approximately 25% of the drug. This is most likely the amount of the 

drug located on the surface of the electrospun fibers. 

 

Table 2. PLA scaffold properties and modeling results. 

Sample Dmean, µm CV Q0, % D (×10
-13

), cm
2
/s 

Drug loaded before the plasma treatment 1.11 0.19 1 3.38 

Drug loaded after the plasma treatment 1.10 0.24 25 3.43 

 

The fitting of the obtained release curves was also performed by using the homogenous 

model. The diffusion coefficient was found to be 12% and 14% less in comparison to the 

results received from the fiber distribution model for the untreated and plasma treated 

scaffolds, respectively. This result correlates well with our previous findings, where it was 
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shown that an apparent drug diffusion coefficient value obtained with the use of the 

homogenous model is always below the value obtained with the use of the fiber distribution 

model [68]. Moreover, the determination error increases with the CV increase, in particular it 

is proportional to the square of CV.  

In the example of a chosen model drug, increased surface wettability of the scaffolds after the 

treatment with dielectric barrier discharge in a pulsed mode at atmospheric pressure was 

demonstrated to allow for an increased delivered drug dosage within a short time period. 

Moreover, based on the results of the mathematical modeling, the drug diffusion coefficient 

was not changed during the plasma treatment. Thus, the drug release mechanism was not 

altered. 

 

Conclusion 

In this paper, the possibility of producing a non-woven polymeric system with high drug 

loading (2:1 wt/wt polymer to drug) by means of simple single-nozzle electrospinning setup 

was demonstrated. The sustained release of chloramphenicol was observed over a period of 

90 days. The drug diffusion coefficient was determined using the fiber distribution model. 

Atmospheric dielectric barrier discharge plasma treatment was employed for polymer surface 

activation to enhance drug release from the scaffolds. Thus, the release of chloramphenicol 

was significantly sped up due to the increased surface wettability of the produced electrospun 

scaffolds. The results of mathematical modeling showed that plasma treatment did not change 

the drug diffusion coefficient. Thus, plasma treatment can be used to deliver a higher drug 

dosage within shorter time periods without affecting the drug release mechanism. 
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CHAPTER 6 – Conclusion 

6.1 Future research directions 

We believe this work can serve as one small, but important step in the development of 

augmented biomaterials for tunable drug release. The findings of the current research 

project can lead to a number of possible future studies. Several directions for future 

research are formulated in this section of the thesis. 

Electrospinning is known to be a highly flexible technique so that every stage of drug 

delivery device fabrication by this method could be controlled. The control ability begins 

with the preparation of a polymeric solution when such parameters as its viscosity and 

conductivity can be altered. The fibrous structure allows for high drug encapsulation 

efficiency; thus, the required amount of drug can be guaranteed to be delivered. A wide 

range of available synthetic and natural polymers provides an opportunity to design a 

proper drug-polymer system for any required release kinetics profile. Moreover, multiple 

modification opportunities of electrospinning setup, including the multi-jet approach and 

the possibility of producing core-shell nanofibers, widen the potential applicability 

spectrum of electrospun materials, and allow for the fabrication of desirable drug delivery 

carriers.  

Regarding the use of the fiber distribution model, we demonstrated that the variation of 

fiber diameter distribution within a fibrous scaffold structure allows for the alteration of 

a drug release profile. Thus, the model can become an essential step in the development 

of complex composite drug delivery vehicles by forecasting drug release kinetics based 

on the fiber diameter distribution within the vehicle. Future work could focus on the 

refinement of mathematical modeling in order to provide information about the necessary 

material combination as well as other fabrication parameters such as mean fiber diameter, 

fiber distribution, and polymer polydispersity index, to produce drug delivery devices 

with desired characteristics for diverse biomedical applications.  

The design of novel drug delivery systems can also be streamlined and simplified if 

diffusion coefficient of a drug incorporated in a polymer is predicted. This would be 

possible if meta-analysis of the release data from various drug-polymer combination 

systems was performed. Based on this, quantitative structure–activity relationship models 
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(QSAR) could be formulated. Unfortunately, the research studies of diverse drug delivery 

systems do not always determine drug diffusion coefficient, which complicates the 

formation of predictor database for the formulation of QSAR models. 

Implantable electrospun scaffolds have already been produced on an industrial scale by 

several companies including vascular grafts by Nicast Ltd and biodegradable meshes by 

MEDPRIN BIOTECH [114]. This clearly demonstrates the stable and ongoing 

development of the electrospinning technique [31-35]. Our choice of focusing the 

research on electrospun materials was determined by the popularity of the technique and 

wide variety of experimental drug release data from electrospun scaffolds available for 

further analysis. However, worthy of note is the fact that approaches to producing 

submicron fibers different to electrospinning exist; one of the rapidly developing 

techniques to produce fibrous membranes is solution blow spinning [115, 116]. However, 

a significant amount of experimental data on drug release from the membranes 

manufactured by solution blow spinning is yet to be accumulated. Therefore, one of the 

possible directions for future research is a systematic comparison study of the properties 

of fibrous polymeric membranes serving as drug delivery vehicles that are similar in terms 

of composition and functionality, but produced using different techniques.  

The development of a new drug delivery device involves conducting a series of in vitro 

experiments as an initial stage for the optimization of the device characteristics. Once the 

outcomes of in vitro studies are considered as encouraging, the further research work is 

logically focused on in vivo experiments. However, in vivo research is much more 

challenging since multiple factors such as physiological conditions are outside of the 

control of an experimenter. As an example, one of the most evident issues faced by 

researchers is the formation of a protein corona on the surface of an implanted biomaterial 

after the contact with a biological fluid [117, 118]. This field of research is relatively new, 

and it is still hard to accurately predict the extent of masking effect of the protein corona 

on in vivo drug release rate from drug loaded materials. Therefore, in vivo results during 

drug delivery device development are an order of magnitude harder to be interpreted in 

comparison with in vitro experiments [97]. Thus, the main goal is perhaps to define the 

approaches to conduct in vitro experiments in a way that better represent in vivo release 
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data [119]. For this direction of research to progress, a better understanding and taking 

into account of these physiological conditions needs to be developed. 

The formulated pathway distribution model, as well the fiber distribution model do not 

put a limitation on the type of biomaterial fabrication method. This is because they only 

rely on the spatial geometry parameters of drug delivery carriers. Therefore, these models 

can be applied for the analysis of drug release data from diverse biomaterials which serve 

as drug delivery systems. This could also be considered as one of the possible future 

research directions.  

This research also provides a framework for the further exploration of diffusion based 

release kinetics. The next logical step could be the implementation of the pathway 

distribution approach to one more spatial geometry case of existing drug delivery carriers, 

microparticles. This is important, as microparticles are common as sole drug delivery 

vehicles, as well as combined with other structures including fibrous membranes.  

Another area of future research would be the development of mechanistic mathematical 

models for release mechanisms other than diffusion. Future investigation needs to include 

the modeling of swelling, osmotic pumping, and degradation processes. The ultimate 

success in the development of drug delivery devices could occur when the model, which 

includes all underlying release mechanisms and predicts their individual contributions, is 

formulated. As a result, an accurate prediction of drug release kinetics can be attained. 

The full capacity of polymeric surface modification techniques, including plasma 

treatment thoroughly discussed in Chapter 4, for controlled drug delivery is yet to be 

realised. However, the advantages of these techniques are already evident since 

purposeful modification of polymeric membranes clearly enables the achievement of a 

certain drug elution rate from drug delivery carriers. The further implementation of 

diverse surface modification techniques for these purposes is possible. However, relevant 

experimental data with a wide range of treatment parameter combinations should be 

accumulated. The meta-analysis of such data may then allow for the formulation of QSAR 

models to elucidate plasma treatment approaches beneficial to specific controlled drug 

delivery systems. 
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6.2 Summary and conclusions 

In this thesis, results chapters were structured in the form of manuscripts, with their own 

introduction, discussion, conclusions, and references. Thus, the focus of this final chapter 

is directed to summarising all the key findings from each results chapter. Overall, this 

research makes an original contribution to the existing knowledge of release mechanisms 

in various drug delivery systems by assessing them from a mathematical modeling 

standpoint, as well as by investigating the surface modification techniques for the control 

over drug release from these systems. 

The first part of the work was the formulation and further implementation of mathematical 

models for understanding and predicting drug release from various biomaterials. Two 

mathematical models were formulated and applied to the experimental data. The results 

of this research strengthened the necessity of implementing mathematical modeling tools 

for the interpretation and analysis of release mechanisms in developed polymeric drug 

delivery systems and their further enhancement. In particular, two new mathematical 

models for biomaterials, which have flat membrane or cylindrical structure, were 

formulated and applied to the published experimental data. The general idea of the models 

was to take a closer look into the structure of biomaterials and implement these insights 

into the modeling process. In particular, the general heterogeneity of a membrane 

structure was considered as a significant factor which can influence drug release kinetics.  

The pathway distribution model formulated first was implemented for the analysis of the 

experimental data of solute transport through the stratum corneum. The stratum corneum, 

the skin barrier layer, can be considered similar to natural polymeric membranes. The 

variety of drug diffusion pathways by length across the membrane was assumed to be 

distributed, and two possible distributions, uniform and normal, were considered. Based 

on the comparison with the modeling results using the classic homogeneous model, 

significantly improved results of fitting the experimental data using the new formulated 

model were demonstrated, which validated the importance of the new model. Besides the 

graphical comparison of the fitting results, the model selection criterion, the parameter 

similar to the Akaike information criterion, was employed to quantitatively assess the 

quality of fitting. The highest value of this parameter, which would reflect the best fitting 

result, was obtained when the normal distribution of the pathway lengths was 
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implemented in the model. These findings confirmed the necessity of the pathway 

distribution model as a tool for better estimation and analysis of drug release from flat 

heterogeneous membranes. 

The second formulated model which represents a logical continuation of the pathway 

distribution model development. The new fiber distribution model is based on the same 

principle of taking into account the heterogeneity of a drug delivery vehicle structure. 

However, the model was specifically designed for the modeling of drug release from 

fibrous biomaterials. In the case of fibrous scaffolds, the extent of fiber heterogeneity in 

terms of their diameter can signal the necessity of employing a more complex fiber 

distribution model instead of the classic homogenous model. Coefficient of variation was 

used as a parameter which can define the degree of fiber heterogeneity. The model was 

approbated on the drug release data published by Song et al. [120] and Jiang et al. [68]. 

The evidence from this research suggested that the new fiber distribution model could be 

more accurate in terms of drug diffusion coefficient determination as compared to the 

homogenous model, especially for high values of coefficient of variation. We also 

justified the need to include in the model an additional parameter Q0, which reflects the 

amount of instantly released drug. This parameter should be employed during fitting, even 

if the homogeneous model is used in order to increase the accuracy of the obtained results. 

Determined after the application of the mathematical model, drug diffusion coefficient 

value can be further used for the estimation of the release rate of a different drug. In this 

case, the level of estimated precision is defined by the similarity of drugs in regard to 

their molecular weight, affinity to carrier polymer, and/or physicochemical properties, 

including melting point and octanol-water partition coefficient. As an additional finding, 

the analysis of drug release kinetics with the fiber distribution model provided insights 

into the possibilities of adjusting electrospinning setup for the fabrication of drug delivery 

systems, with specific fiber diameter distributions to facilitate sustained drug release. 

The second part of the thesis described the ability of surface modification techniques to 

enhance the properties of polymeric material properties for tissue engineering and drug 

delivery purposes. In particular, the use of plasma treatment to improve polymer 

biocompatibility characteristics, as well as to control drug release from polymeric systems 

was investigated. Plasma treatment was demonstrated to be an efficient emerging 
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technique which makes it possible to achieve control over drug release from diverse 

polymeric biomaterials, including non-woven meshes [88, 93-95, 121, 122], films [86, 

91, 92, 123-127], microparticles [100, 128], and microneedles [129, 130]. Different 

treatment conditions and discharges were discussed. Several approaches to altering drug 

release kinetics such as surface activation, thin film deposition, and induced cross-linking 

were analysed. Moreover, plasma irradiation was shown to be an effective tool for 

producing drug delivery vehicles with enhanced drug loading capacities. We also 

discussed a significant number of different biomedical applications, where these 

functions of plasma irradiation can be applied to justify the significance of this 

modification method.  

The experimental drug release study confirmed the earlier research findings regarding the 

efficiency of plasma treatment as a tool to alter drug release kinetics. We studied the 

effect of atmospheric pulsed barrier discharge in air on the release of a small molecule 

model drug from electrospun polymeric scaffolds, and then applied the earlier formulated 

fiber distribution model to fit the release data and to determine the drug diffusion 

coefficient. During fitting, an interesting and valuable finding was discovered. The 

plasma treatment was found only to speed up the drug elution from the scaffolds due to 

the improved polymer surface wettability which increased the permeation of the buffer 

solution inside the polymer without altering the drug diffusion coefficient. 

To conclude, several classes of biomaterials were examined throughout this research, and 

their fabrication and modification techniques were discussed. This thesis markedly 

highlighted the necessity of mathematical modeling of drug release processes for further 

enhancement of polymeric drug delivery systems. The research also drew attention to, 

and provided an in-depth understanding of, the possibilities of controlled drug delivery 

for diverse biomaterials by means of plasma treatment. This approach can deliver 

biomaterials with controlled drug release for further use as tissue engineering scaffolds 

in the clinical setting.  
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Appendices 

Appendix 1 

Inclusion of papers within the thesis  

Griffith university policy for the submission of PhD theses as a series of published and 

unpublished papers is available via the following link: 

https://www.griffith.edu.au/higher-degrees-research/current-research-

students/thesis/preparation/inclusion-of-papers-within-the-thesis.  

The copy of the policy from the website is attached in the following pages. 

98 



10/30/2017

https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparation/inclusion-of-papers-within-the-thesis 1/3

Home > Griffith Graduate Research School > Current research candidates > Thesis > Preparation > Inclusion of papers within the thesis

Inclusion of papers within the thesis
Overview

This information is not relevant to those candidates enrolled in the PhD by Prior Publication program, 6002 or 6024. PhD by Prior Publication candidates
should refer to the program specific thesis formatting information (https://www.griffith.edu.au/higher-degrees-research/current-research-students/candidature/require

ments/publishing) .

HDR candidates may include one or more papers within the body of their thesis where such papers have been produced under supervision and during the
period of candidature; and where the quality of such papers is appropriate to Doctoral or Masters (Research) level research.  A thesis prepared in this way
is a different thesis format, it is not a different degree. There are several advantages to organising a thesis in this way:

Preparing papers for publication saves time when preparing the thesis for examination as papers may make up one, or several, chapters within the
thesis.

It is to your advantage to publish work from your thesis as a means of disseminating your research, and developing your writing skills.
It may improve the quality of your thesis as part of your thesis has already been subjected to peer review.
Examiners may have more confidence in your thesis if they can see that you have already published your research. In addition, you will have

already met one of the criteria of examination, with the thesis suitable for publication.

As a candidature requirement, all doctoral candidates are expected to have at least one peer reviewed output accepted for publication during candidature
(https://www.griffith.edu.au/higher-degrees-research/current-research-students/candidature/requirements/publishing) . Whilst not compulsory, candidates are
encouraged to include this publication in the body of the thesis due to the advantages as outlined above.

Requirements for inclusion of papers within the thesis

Higher degree by research is a program of independent supervised study that produces significant and original research outcomes, culminating in a thesis,
exegesis or equivalent (refer to Higher Degree by Research Thesis (https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparatio

n/definition) ). Inclusion of papers within a thesis is not a suitable thesis format for all research projects, for example: collaborative projects where there may
be several co-authors for each paper which may make it difficult for the examiner to establish the independence of the candidates work; where primary
data is not collected, or results obtained, until late in the candidature; or where the research will not produce a logical sequence of papers that are able to
be presented as an integrated whole. Candidates should also take into account whether this thesis format is an accepted practice within their discipline and
likely to be received well by the thesis examiners (refer also to the examination requirements below). Candidates are required to consult with their
supervisor(s) early in their candidature to determine if this thesis format is appropriate. It is expected that candidates will identify as part of the confirmation
of candidature milestone (https://www.griffith.edu.au/higher-degrees-research/current-research-students/candidature/requirements/confirmation) if their thesis is to be
prepared in this format. 

Candidates should consult their Group specific guidelines in addition to the requirements detailed below. 

Candidates are also encouraged to attend the workshop (https://www.griffith.edu.au/higher-degrees-research/news-events/training-events/workshops) : ‘Inclusion of
papers within a thesis’ offered by the Griffith Graduate Research School.

Refer also to the Griffith University Code for the Responsible Conduct of Research (http://policies.griffith.edu.au/search/Pages/results.aspx?k=responsible%20cond

uct%20of%20research) , specifically the sections pertaining to publication ethics and the dissemination of research findings, and authorship.

Status of papers 
A thesis may include papers that have been submitted, accepted for publication, or published. 
Some disciplines may specify a variation to the status of papers requirement, refer to your Group specific guidelines. 

Type of papers 
For the purpose of this requirement, papers are defined as a journal article, conference publication, book or book chapter. Papers which have been
rejected by a publisher must not be included unless they have been substantially rewritten to address the reviewers’ comments, or have since been
accepted for publication. Some disciplines may specify a variation to the type of papers requirement, refer to your Group specific guidelines.

Number of papers 
A thesis may be entirely or partly comprised of papers. A paper maybe included as a single chapter if the paper contributes to the argument of the thesis,
or several papers may form the core chapters of the theses where they present a cohesive argument.  Where a thesis is entirely comprised of papers,
there is no minimum requirement for the number of papers that must be included (except as noted below) and is a matter of professional judgment for the
supervisor and the candidate. Overall, the material presented for examination needs to reflect the research thesis standard required for the award of the
degree. For example, PhD candidates, on the basis of a program of independent supervised study, must produce a thesis that makes a significant and
original contribution to knowledge and understanding in the relevant field of study. This remains a matter of professional judgment for the supervisor and
the candidate.

Where a thesis is entirely comprised of papers, some disciplines may specify a minimum number of papers to be included, refer to your Group specific
guidelines.

Authorship 
The candidate should normally be principal author (that is, responsible for the intellectual content and the majority of writing of the text) of any work
included in the body of the thesis. Where a paper has been co-authored, the candidate is required to have made a substantial contribution to the
intellectual content and writing of the text, Co-authored work in which the candidate was a minor author can only be used and referenced in the way
common to any other research publication cited in the thesis. A signature from the corresponding author is required in order to include co- authored
material in the body of the thesis, refer to the declarations section below.

For co-authored papers, the attribution of authorship must be in accordance with the Griffith University Code for the Responsible Conduct of Research (htt
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substantial contributions in one or more of: 

conception and design of the research project  
analysis and interpretation of research data
drafting or making significant parts of the creative or scholarly work or critically revising it so as to contribute significantly to the final output’.

Some disciplines may specify a variation to the authorship requirement, refer to your Group specific guidelines. 

Quality of papers 
Candidates should endeavour to publish their research in high quality peer reviewed publications. Papers to be included in the body of the thesis should be
published (or submitted for publication) in reputable outlets that are held in higher regard in the relevant field of research. Candidates should consult their
supervisor(s) for advice on suitable publications specific to their research discipline. Some disciplines may specify quality standards that must be met for
papers to be included, refer to your Group specific guidelines.

The library also provides support and advice to candidates on choosing a journal. Candidates are advised to note in particular advice in order to avoid
‘predatory’ publishers.

Research Guide: Higher degree research candidates - Get Published (http://libraryguides.griffith.edu.au/c.php?g=28682&p=176859)

Publishing in Open Access journals (https://www.griffith.edu.au/library/research-publishing/open-scholarship/publishing-open-articles-and-books)  

Copyright 
As copyright in an article is normally assigned to a publisher, the publisher must give permission to reproduce the work in the thesis and put a digital copy
on the institutional repository.  Information on how to seek permission is available at: Copyright and Articles in thesis (https://intranet.secure.griffith.edu.au/copyr

ight-matters/copyright-guide/hdr-candidates/articles-in-thesis) . 

If permission cannot be obtained, students may still include the publication in the body of the thesis, however following examination the relevant chapter(s)
will be redacted from the digital copy to be held by the Griffith University Library so that the copyright material is not made publicly available in the
institutional repository.  Students are required to advise the copyright status of each publication included in the thesis via a declaration to be inserted in the
thesis, as detailed below. 

Students requiring further advice regarding copyright issues can contact the Information Policy Officer (https://app.secure.griffith.edu.au/phonebook/phone-detail

s.php?id=1672398&string=Antony) on (07) 3735 5695 or copyright@griffith.edu.au.

Group and discipline requirements 

Some Groups or Elements may specify additional requirements for including papers within a thesis, refer below:

Arts, Education and Law
Griffith Business School (PDF 214k) (https://www.griffith.edu.au/__data/assets/pdf_file/0004/840433/GBS-Group-Publication-Requirements-3.pdf)  
Griffith Health
Griffith Sciences (PDF 271k) (https://www.griffith.edu.au/__data/assets/pdf_file/0008/995174/Griffith-Sciences-inclusion-of-papers-within-thesis.pdf)  

Format of thesis

General 
Consult the thesis preparation and formatting guidelines (https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparation) for
general information about the requirements for formatting the thesis. Some disciplines may specify a variation to the thesis format requirements below,
refer to your Group specific guidelines. 

Structure of Thesis and linking Chapters 
The structure of the thesis will vary depending on whether the thesis is partly or entirely comprised of papers. Whatever the format, the thesis must present
as a coherent and integrated body of work in which the research objectives, relationship to other scholarly work, methodology and strategies employed,
and the results obtained are identified, analysed and evaluated.

In general every thesis should include a general introduction and general discussion to frame the internal chapters. The introduction should outline the
scope of the research covered by the thesis and include an explanation of the organisation and structure of the thesis. The general discussion should draw
together the main findings of the thesis and establish the significance of the work as a whole, and should not just restate the discussion points of each
paper.

It is important that candidates explicitly argue the coherence of the work and establish links between the various papers/chapters throughout the thesis.
Linking text should be added to introduce each new paper or chapter, with a foreword which introduces the research and establishes its links to previous
papers/chapters.  

Depending on the content of the paper(s) and nature of research, a research methods chapter may also be necessary to ensure that any work that is not
included in the paper(s), but is integral to the research, is appropriately covered. Any data omitted from a paper may also be included as an addendum to
the thesis.

For further information on the thesis structure, refer to the following examples of acceptable ways to format the thesis when including papers.

See Examples of Table of Contents (https://www.griffith.edu.au/__data/assets/pdf_file/0007/807226/Examples-of-Table-of-Contents.pdf)

Format of papers 
The papers may be rewritten for the thesis according to the general formatting guidelines; or they can be inserted in their published format, subject to
copyright approval as detailed above. 

Pagination 
Candidates may repaginate the papers to be consistent with the thesis. However, this is at the discretion of the candidate.

Declarations 
All theses that include papers must include declarations (https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparation/formatting)

which specify the publication status of the paper(s), your contribution to the paper(s), and the copyright status of the paper(s). The declarations must be
signed by the corresponding author (where applicable). If you are the sole author, this still needs to be specified. The declaration will need to be inserted at
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the beginning of the thesis, and for any co-authored papers, additional declarations will need to be inserted at the beginning of each relevant chapter. You
may wish to consult the declaration requirements for inclusion of papers (https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/prepa

ration/formatting) diagram to ensure that you insert the correct declaration(s) within the thesis. Please note that completion of the declaration(s) does not
negate the need to comply with any other University requirement relating to co-authored works as outlined in the Griffith University Code for the Responsibl
e Conduct of Research (https://www.griffith.edu.au/higher-degrees-research/current-research-students/candidature/requirements/publishing) . 

Examination Requirements

Assessment by Examiners 
Candidates who wish to include papers within their thesis, and who have determined that this thesis format is appropriate to the research project, should
also consider whether this thesis format will be well received by the thesis examiners. The inclusion of papers may negatively impact on the thesis upon
assessment by the examiners where: the thesis format is not a common or accepted practice within the candidates discipline area; where the inclusion of
co-authored papers makes it difficult for the examiner to establish the independence and originality of the candidates work; where the thesis does not
present to the examiner as an integrated whole; or where there is too much repetition in the thesis which an examiner may view as a weakness.

Theses that include papers are subject to the same examination criteria as theses submitted in the traditional format. It should also be noted that the
inclusion of published papers within the thesis does not prevent an examiner from requesting amendments to that material.

Candidates should discuss the suitability of this thesis format for examination with their supervisor(s).

Nomination of examiners 
It is the responsibility of the principal supervisor to nominate thesis examiners (https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/

submission/nominating-appointing-examiners) , and the process dictates that the principal supervisor must approach all nominees to determine their willingness
to examine. Where a candidate’s thesis is formatted to include papers, the principal supervisor must also ensure that the examiners are familiar with and/or
accepting of, this thesis format.

Upon dispatch of a candidate’s thesis to an examiner, the examiner will be reminded that the thesis has been formatted to include papers. The examiner
will also be provided with the relevant information and regulations regarding this thesis format. 
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Appendix 2  

Custom-written program in Python for the pathway distribution model 

# to fit water penetration and desorption data from wpd.txt (t,Qp,Qd) with Laplace 
function defined in Ql 
#this model is based on Ai/A0=pi, not mi/m0=pi 
import matplotlib.pyplot as plt 
from scipy.optimize import leastsq 
from numpy import array, transpose, any, sqrt,pi,sinh,tanh, sin, tan, exp 
 
n=9 # digitation in the probability sum 
# calculate probability terms: 
alpha=6. #delta h/sigma 
ii=array(range(n))/(n-1.)-0.5 # variable for defining hi values 
p=exp(-ii**2/2.*alpha**2) 
p=p/sum(p) 
 
# Laplace function: Ql(s) [penetration, desorption] to be defined below 
def Qli(s,td, delt): 
hih0= 1.+ii*delt # hi/h0 values 
tdi=td*hih0**2 #produce n tdi values based on hi 
sr=sqrt(s*tdi) 
return array([sr/(sinh(sr)*s**2*hih0), 2*sr*tanh(sr/2.)/(s**2*hih0)])*m0/td 
# taking h distribution into account: 
def Ql(s,td, delt): #delt=deltda h/h0 should be < 2 (so that all hi>0) 
tm=Qli(s,td, delt)*p #weighted laplace function based on p  
return array([sum(tm[0]), sum(tm[1])]) 
 
# function in time domain Q(t)  
def QpQd(t,td,delt): 
#These constants are dependent on the function and might be different if func changes 
shift=0.1 
#0.01 originally  
N = 24  
if any(t == 0.): 
print "ERROR: Inverse transform cannot be calculated for t=0" 
return ("Error"); 
# Initiate the stepsize 
h = 2*pi/N 
ans = 0.0 
# parameters from 
# T. Schmelzer, L.N. Trefethen, SIAM J. Numer. Anal. 45 (2007) 558-571 
c1 = 0.5017 
c2 = 0.6407 
c3 = 0.6122 
c4 = 0+0.2645j 
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# The for loop is evaluating the Laplace inversion at each point theta i 
# which is based on the trapezoidal rule 
for k in range(N): 
theta = -pi + (k+0.5)*h 
z = shift + N/t*(c1*theta/tan(c2*theta) - c3 + c4*theta) 
dz = N/t * (-c1*c2*theta/sin(c2*theta)**2 + c1/tan(c2*theta)+c4) 
ans += exp(z*t)*Ql(z,td,delt)*dz 
return ((h/(2j*pi))*ans).real  
 
def residuals(p, y, x):  
err = y-peval(x,p);  
tm=[] 
for i in range(len(x)): 
if y[i][0]>-0.1: tm.append(err[i][0]) #excludes Qp missed data (-1) converts err to 1D  
if y[i][1]>-0.1: tm.append(err[i][1]) #excludes Qd missed data (-1) converts err to 1D 
return array(tm) 
 
def peval(x, p): 
tm=[] 
for i in range(len(x)): 
# 18h is the time of the data collection for concentration 
tm.append(QpQd(x[i],p[0],p[1])) 
return array(tm)  
x1=[] 
y1=[] 
y2=[] 
f=open('C:\wpd.txt','r') 
for line in f: 
x1.append(float(line.split('\t')[0])) 
y1.append(float(line.split('\t')[1])) 
y2.append(float(line.split('\t')[2])) 
f.close() 
#next turns lists to arrays 
x=array(x1) # t values 
y=transpose(array([y1,y2])) #and corresponding Qp and Qd values 
td_0=300 
delta_0=1.97 
m0=1.54814395 # total amount in skin from the desorption experimental data 
pname = (['td','delta']) 
p0 = array([td_0 , delta_0]) #values for original guess 
plsq = leastsq(residuals, p0, args=(y, x), maxfev=2000) 
plt.plot(x,y,'bo',x,peval(x,plsq[0])) 
plt.xlabel('Time') 
plt.ylabel('Amount ug/cm^2') 
plt.show() 
print "Final parameters" 
for i in range(len(pname)): 
print "%s = %.4f " % (pname[i], plsq[0][i])  
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Appendix 3 

Custom-written program in Python for the fiber distribution model 

# to fit desorption from cylindrical fibers data from file.txt (t,Qd) with Laplace function 
defined in Qdl  
import matplotlib.pyplot as plt 
from scipy.special import iv 
# iv is I_v - Bessel function 
from scipy.optimize import leastsq 
# from scipy import array 
from numpy import array, any, sqrt,pi, sin, tan, exp, linspace 
 
# Laplace function: Qdi(s) (amount desorbed for a single radius fibre) to be defined 
below 
def Qdi(s,tdi): 
sr=sqrt(s*tdi) 
return 2*iv(1,sr)/(iv(0,sr)*s*sr) 
 
# taking r distribution into account (summing all fibers with different radiuses): 
def Qdl(s,td,m0,q0):  
tm2=ri_rm**2 # = (r[i]/rm)^2 
tdi=td*tm2 #produce n tdi values based on ri ( tdi[i]=(r[i]/rm)^2*rm^2/D = 
td*(r[i]/rm)^2) 
pr2w=tm2*p 
pr2w=pr2w/sum(pr2w) # pr2w=tm2*p/sum(tm2*p) 
tm=Qdi(s,tdi)*pr2w # weighted laplace function based on p(ri)*(ri/rw)^2=pr2w(ri); 
rw^2=sum(ri^2*p(ri))  
return sum(tm)*m0 
 
# function in time domain Q(t); Numerical Laplace transform  
def Qd(t,td,m0,q0): 
#These constants are dependent on the function and might be different if func changes 
shift=0.01 
N = 24 
if any(t == 0.): 
print "ERROR: Inverse transform cannot be calculated for t=0" 
return ("Error"); 
# Initiate the stepsize 
h = 2*pi/N 
ans = 0.0 
# parameters from 
# T. Schmelzer, L.N. Trefethen, SIAM J. Numer. Anal. 45 (2007) 558-571 
c1 = 0.5017 
c2 = 0.6407 
c3 = 0.6122 
c4 = 0+0.2645j 
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# The for loop is evaluating the Laplace inversion at each point theta i 
# which is based on the trapezoidal rule 
for k in range(N): 
theta = -pi + (k+0.5)*h 
z = shift + N/t*(c1*theta/tan(c2*theta) - c3 + c4*theta) 
dz = N/t * (-c1*c2*theta/sin(c2*theta)**2 + c1/tan(c2*theta)+c4) 
ans += exp(z*t)*Qdl(z,td,m0,q0)*dz 
return ((h/(2j*pi))*ans).real+q0 
 
 
def residuals(par, y, x):  
err = y-peval(x,par);  
return array(err) 
 
def peval(x, par): 
tm=[] 
for i in range(len(x)): tm.append(Qd(x[i],par[0],par[1],par[2])) 
return array(tm)  
 
x1=[] 
y1=[] 
# choose experimental data 
 
f=open('experimental_data.txt','r') 
for line in f: 
x1.append(float(line.split('\t')[0])) 
y1.append(float(line.split('\t')[1])) 
f.close() 
#next turns lists to arrays 
x=array(x1) # t values 
y=array(y1) #and corresponding Qd values  
 
#Define global parameters 
ri=[] 
p=[] 
 
n=5 # digitation in the probability sum 
# calculate probability terms: 
sigma=0.054 
rm=0.1638 
cvar=sigma/rm # coefficient of variation cvar = sigma/rm ; sigma - dispersion; rm - 
mean radius of fibers  
alpha=6. # =delta r/sigma; delta r = rm*delt = r[0] - r[n-1]; alpha=4 provides that r[0] 
and r[n-1] are 2*cvar*rm from rm 
ii=array(range(n))/(n-1.)-0.5 # variable for defining ri values, ri=rm*(1+ii*delt), where 
ro is mean radius 
ri=rm*(1.+ii*cvar*alpha) 
p=exp(-ii**2/2.*alpha**2) # p[i] values for normal-like descrete distribution 
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p=array(p) # probabilities from data 
p=p/sum(p) 
ri=array(ri) # Ri from data  
ri_rm=ri/rm 
 
cv=[] #coefficient of variation cv=sn/rm 
sn=[] #the standard deviation of a random variable 
 
sn=sqrt(sum(p*(ri-rm)**2)) 
cv=100*sn/rm 
 
print "Rmean = %.4f " % (rm) 
print "Standard deviation of a random variable = %.4f " % (sn) 
print "Coefficient of variation = %.4f " % (cv) 
 
### DEFINE STARTING VALUES  
 
td_0=300. 
m0_0=88. # total amount in the fibers 
q0_0=10. # amount of a drug on the surface of the fibers 
 
pname = (['td','m0','q0']) 
par0 = array([td_0 , m0_0, q0_0]) #values for original guess 
plsq = leastsq(residuals, par0, args=(y, x), maxfev=2000) # Perform fitting  
 
tt=linspace(0.01,330.,200) 
 
#exporting fittting function data points to file  
 
fres=open('Qd_distr_fit.txt','w') 
for i in range(len(tt)): 
fres.write(str(Qd(tt[i],plsq[0][0],plsq[0][1],plsq[0][2]))) 
fres.write("\n") 
fres.close() 
 
plt.plot(x,y,'bo',tt,peval(tt,plsq[0])) 
 
plt.xlabel('Time') 
plt.ylabel('Amount ug') 
plt.show() 
plt.savefig('result.png') 
 
print "Final parameters" 
for i in range(len(pname)): 
print "%s = %.4f " % (pname[i], plsq[0][i]) 
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