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                                               Abstract  

 
Microneedle is a promising technique for delivering high molecular weight drugs across skin. 

The microneedles can offer a number of benefits over other drug delivery methods. For 

example, the drugs only diffuse over a short distance before reaching the blood circulation 

which enhances the absorption of drugs by the tissue. However, the drug transport behaviour 

in skin is affected by a complex interplay of many parameters (e.g., microneedle geometries, 

permeability across skin, etc). 

 

In this thesis, many aspects of the microneedle field were examined. A mathematical model 

for drug transport from microneedle systems into skin was developed. Issues such as 

microneedle penetration, surface area of the microneedle arrays, etc. were investigated. This 

work helped us to focus into optimizing the design of microneedles by developing an in-

house algorithm to enhance the performance of transdermal drug delivery using 

microneedles. Following the development of this algorithm, the influence of skin thickness 

with its classification (i.e., age group, race, etc.) on drug permeability across skin was 

studied. Attention was then given to determine the effective permeability (Peff) and the 

effective skin thickness (Heff) for various solid microneedle models. The outcome of this 

research allowed us to study the influence of microneedle dimensions on the drug 

concentration in blood (Cb). Furthermore, the ‘pattern’ (shape) of the microneedles array (i.e., 

square or rectangular) and the ‘distribution’ (arrangement) of the microneedles inside an 

array (i.e., triangular or diamond) were investigated to identify the optimum microneedle 

models. Finally, the effect of skin metabolism on both the patch (without microneedles) and 

the microneedle arrays on drug intake were examined. 
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CHAPTER 1  

Introduction 

 
1.1 The problem definition 

Although transdermal drug delivery has been used for about three decades, the range of 

therapeutics that is administered this way is limited by the barrier function of the stratum 

corneum (the top layer of skin). The skin is the largest and structurally most heterogeneous 

organ of the human body. It acts as a barrier organ against foreign substances, e.g., 

environmentally hazardous chemicals and drugs. The outer layer "stratum corneum" is the 

rate limiting barrier of the skin. Over the past few years, a number of different approaches 

have been proposed to enhance transdermal delivery of high molecular weight drugs, e.g., 

ultrasound, iontophoresis, chemical enhancers, microneedles, etc. The newest technology 

among them is the application microneedles systems - a method borrowed from 

microelectronics industry.  

 

Microneedle arrays can be used to inject drugs directly below the stratum corneum of skin 

and, therefore, they increase the transdermal drug transport (Henry et. al, 1998; McAllister et. 

al, 2000). The first microneedle arrays were fabricated in 1998 by Henry et al. (1998). This 

technique combines hypodermic needles and patches for transdermal drug delivery. Among 

other advantages, the microneedles are envisaged to provide a method for efficient and 

painless drug delivery in skin. Since it was first developed, there has been substantial interests 

in this method with an increasing number of activities aimed at developing various 

microneedle arrays for pharmaceutical applications using different materials e.g., metals, 

glass, polymers, etc. However, the development of the optimal microneedle design for 

transdermal drug delivery in skin requires an understanding of the transport mechanisms for 

the drugs in skin and the relationships of the microneedle design with the drug transport 

behaviour. For example, one of the issues that should be taken into the consideration is to 
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optimise the distribution of the microneedles and their impacts on the drug transport in skin. 

Therefore, many relevant factors should be examined, e.g., the length of the microneedle, the 

radius of the microneedles, the number of the microneedles, etc. The aim of this thesis is to 

analyse the mass transfer of drug delivery process by using microneedles with a view to 

optimise the microneedle system design. 

 

1.2 Objective of the research 

The overall objective of this thesis is to develop a mathematical framework to improve the 

design and performance of the microneedle arrays as a transdermal drug delivery technique 

through a thorough mathematical analysis. In order to achieve this we need to understand the 

transport and kinetics of drug delivery, optimise the design of the microneedle systems, 

quantify the apparent skin permeability to drugs, etc. The core to all these is the mathematical 

model on the drug mass transfer process, which links all the design parameters of the 

microneedle systems, skin properties, drug molecular characteristics, to the drug release 

kinetics. 

 

There are many important factors that should be considered when designing any microneedle. 

The skin-specific factors such as skin thickness have a huge effect in the penetration of these 

microneedles. In addition, optimizing the geometry of the microneedles has so far remained a 

challenge for lack of systematic analyses of the effects of various parameters on the drug 

distribution in skin. To address these issues, the following specific objectives have been 

formulated in this study: 

• To identify the significance of various factors that influence the drug delivery while 

designing microneedle arrays by using various analysis such as parametric and 

scaling. 
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• To optimize the microneedle geometry to obtain their most effective performance 

based on numerical simulations. 

• To determine the effects of different skin parameters, e.g., thickness based on age, 

race, sex or anatomical region, etc, and, hence enhance their applicability to wider 

range of cases. 

• To evaluate the effective permeability and skin thickness for a range of microneedle 

shapes and dimensions in order to identify the most efficient geometry. 

• To compare different patches such as square, rectangular, etc to identify the optimum 

design. 

• To investigate the influence of skin metabolism in order to examine the importance of 

considering skin metabolism during the drug injection using microneedles. 

 

1.3 Thesis outline 

This thesis is composed of eight chapters with additional sections devoted to references. A 

literature review is presented in Chapter 2 to discuss various important issues including the 

structure of the skin along with the transdermal drug delivery methods, the microneedle 

systems, the implications of using different geometries in designing microneedles and 

mathematical modelling of transdermal drug delivery using microneedles. In addition, some 

suggestions on how to develop modelling strategy based on these models to improve the 

process of drug delivery using microneedles are given. 

 

Chapter 3 presents a mathematical model on the drug transport in skin and demonstrates a 

sensitivity study of the hollow microneedle arrays. The outcome of this research provides an 

understanding of the various factors that should be taken into the consideration for designing 

the microneedle arrays. This model developed here is expanded further in Chapter 5. 
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Chapter 4 describes a numerical modelling of drug transport from a microneedle array. The 

geometry effects of various types of solid microneedles are presented. The model can be used 

to evaluate the effective skin thickness and permeability for a variety of needles. Furthermore, 

the influence of the microneedle dimensions of various solid microneedles on drug 

concentration in blood has also been examined. 

 

Chapter 5 provides quantitative evaluations of parameters influencing the drug concentration 

in blood. The parameters considered in this work have been used to generalize their effects 

through the development of scaling relationships. This has been done by carrying out a 

dimensional analysis using Buckingham’s π theorem. 

 

Chapter 6 summarizes an optimization framework for transdermal delivery of high molecular 

weight drug from microneedle. Optimizing these microneedles is envisaged to have a 

significant impact in the fabrication industry involving any new needle systems to achieve the 

desired results in the application of various pharmaceutical studies. An analysis considering 

both the pattern and distribution of different microneedles will help to decide what the best 

microneedle to be used. In practice, knowing the best design among various microneedle 

models will make the use of this microneedle more applicable in the future and more widely 

available. 

 

Chapter 7 explores the importance of considering skin metabolism on drug delivery using 

microneedles. To address this issue, numerical simulations have been carried out for both 

transdermal patch and microneedle arrays. 

 

The conclusions and future research including an overall discussion on the impact of our 

results are given in Chapter 8. 
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CHAPTER 2 

Literature Review 
 
2.1 Drug delivery 

Over the past decade, various routes have been chosen to administer drugs into the body such 

as oral, nasal, transdermal, rectal, pulmonary, etc. Drug delivery via the parenteral route, 

either by intravenous or intramuscular injection is particularly common. Injection by 

hypodermic needle has been the gold standard for drug delivery for over a century (Hallow et 

al., 2008; McAllister et al., 2003), but it has a number of disadvantages associated with it. 

Hypodermic needles often cause pain, transmit pathogens through needle re-use, need   

avoidance of  the same puncture site (i.e., different points along a vein) and require medical 

expertise to complete the injection process (Haq et al., 2009; Stachowiak et al., 2009; Gill and 

Prausnitz, 2007; Diehl et al., 2001). Oral delivery has a disadvantage associated with the 

degradation, first pass metabolism and may be susceptible to poor absorption (Sonaje et al., 

2009; Stoeber and Liepmann, 2000) and hence have a low bioavailability (Nomeir et al., 

2009; Cross and Roberts, 2004). In addition, most of these routes exhibit more enzymatic 

activity (Lee, 1988) as compared to the transdermal route (Tauber, 1987). 

 

On the other hand, transdermal drug delivery is painless, user-friendly and offer an advantage 

by increasing the bioavailability of the drug delivered (Lanke et al., 2009; Amsden and 

Goosen, 1995). The chemical engineers have the potential to develop various techniques of 

drug delivery (Lad, 2007). This is because they have the ability to understand the drug 

transport by performing the basic principles of chemical engineering (Lad, 2007). This 

involves mass transfer, thermodynamics, chemical reaction engineering, chemical kinetics, etc 

(Amsden and Goosen, 1995). In particular, chemical engineers have the knowledge to propose 
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different mathematical models by studying the factors that influence the drug transport to 

improve and hence enhance the drug delivery process (Amsden and Goosen, 1995). 

 

2.1.1 Transdermal drug delivery 

This is an alternative to pills and injections of methods of drug delivery which operates by 

transporting the drug into the human body across the skin. Most of the drugs that cannot be 

taken as pills will use injections (hypodermic needle). As mentioned previously, the problems 

arise in using hypodermic needle and oral delivery lead to inventions and development of new 

transdermal drug delivery methods including use of the patch. The first transdermal patch was 

developed in 1979 as a treatment for motion sickness (Prausnitz et al., 2004; Tojo, 1987). 

Since then, patches have been used in applications such as hormonal therapy, pain relief and 

as aid to smoking cessation (Baksu et al., 2009; Gass et al., 2009; Nicholson, 2009; Prausnitz 

et al., 2004). The transdermal patches have the ability to eliminate the problems associated 

with the oral delivery and hypodermic needle. Furthermore, these transdermal patches offer 

another advantages such as administrating drug at a constant rate for a longer time, avoiding 

first pass metabolism, bypassing gastrointestinal tract, etc. (Farahmand and Maibach, 2009; 

Shufelt and Braunstein, 2009; Sujith and Lane, 2009). These patches usually have a drug 

reservoir that can maintain a steady drug flow up to about one week (Farahmand and 

Maibach, 2009; Wokovich et al., 2009; Prausnitz et al., 2004). Although these patches have 

proven to be very successful, they still depend on the structure of the drug e.g., the size, 

charge and even some physiochemical properties (Coulman et al., 2009; Naik et al., 2000). 

This is due to the barrier function of the skin represented by the outer layer, stratum corneum, 

which generally allows diffusion of only small solutes (<500 Da) with the ability of being oil 

soluble (Farahmand and Maibach, 2009; Vecchia and Bunge, 2003; Schaefer and Redelmeier, 

1996). 
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To solve these problems, methods have been developed to more effectively drive drugs across 

the stratum corneum which includes chemical enhancers (Golla et al., 2009; William and 

Barry, 2004) or physical enhancer techniques such as iontophoresis and ultrasound (Nair et 

al., 2009; Barry, 2001; Mitragotri et al., 2000; Roberts et al., 1997). However, the high cost, 

complexity and the difficulty to deal with these methods at home pose problems for the users 

(Koutsonanos et al., 2009; Power and McCormack, 2008; Howard et al., 1997). A new 

approach that combines the concepts of delivery of the drug by patches and the injections has 

been receiving significant attention in the field of the transdermal drug delivery. Arrays of 

needles of microns in dimensions, called microneedles, have been fabricated for transdermal 

drug transport (Jiang et al., 2009; Prausnitz, 2004; Reed and Lye, 2004; McAllister et al., 

2000). These microneedles have been shown experimentally to increase the drug permeability 

across skin by orders of magnitude in vitro for a range of drugs varying in molecular size 

(Coulman et al., 2009; Park et al., 2008; Chabri et al., 2004; McAllister et al., 2003; Henry et 

al., 1998). The microneedle arrays penetrate the stratum corneum to reach the viable 

epidermis to deliver the drugs (Koutsonanos et al., 2009). A comparison between all the 

transdermal drug delivery approaches has been studied as shown in table 2.1. This shows the 

usefulness of using the microneedles as a promising method for transdermal drug delivery. 

 

Table 2.1- Comparison of approaches used for transdermal drug delivery; √≡limited, 
√√≡moderate and √√√≡good (Prausnitz et. al., 2004). 
 

 

 

 

 

 

 

Delivery method Increased 
transport 

Sustained 
delivery 

No pain/ 
irritation 

Low cost/ 
complexity 

Hypodermic needle √√√ √√ √ √√√ 
Chemical enhancers √ √√√ √√ √√√ 
Iontophoresis √√ √√√ √√√ √  
Electroporation √√ √√√ √√ √ 
Ultrasound √√ √√√ √√√ √ 
Microneedle √√ √√√ √√√ √ 
Jet injection √√√ √ √ √ 
Thermal poration √√ √√√ √√√ √ 
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2.2 Microneedle technique 

The concept behind microneedles was suggested in the 1970’s (Banks et al., 2008) but it was 

not until the 1990’s that their utility was demonstrated experimentally (Roxhed et al., 2007). 

This was mainly thanks to the advances in the microelectronics industry that allowed the 

production of micron-scale structures. The first needles to be reported in literature were 

created by Hashmi et al. (1995) to increase molecular and genetic material uptake in cells. 

The first study to determine whether microneedles could be used to increase drug 

permeability across skin was conducted by Henry et al. (1998). They found that calcein (a 

model drug) permeability across skin could be increased by over 3 orders of magnitude in 

vitro. Microneedles have been shown to deliver high molecular weight drugs, DNA, proteins 

and vaccine (Lee et al., 2008; Pearton et al., 2007; Reed and Lye, 2004). In addition to this, it 

was found that the use of microneedles is painless (Haq et al., 2009; Shirkhanzadeh, 2005; 

Sivamani et al., 2005; Miyano et al., 2005; Kaushik et al., 2001) and does not damage the 

tissue as the short micro-projections were not long enough to stimulate the nerve endings in 

the deeper tissue of the skin (Jiang et al., 2007; McAllister et al., 2000). Furthermore, 

microneedles have many advantages such as it can be used for some problems arising with the 

oral delivery (e.g., unpleasant odour) (Lad, 2007), easy to use without any expertise 

(Koutsonanos et al., 2009), could be used for blood extraction (Chakraborty and Tsuchiya, 

2008), no need for regular dosage (Lad, 2007), safely to employ without any infection (Arora 

et al., 2008; Widera et al., 2006; Matriano et al., 2002), no possibility of bleeding (Alarcon et 

al., 2007; Dean et al., 2005; Mikszta et al., 2005), enhancing the absorption of drugs (Aziz 

and Majlis 2006; Aggarwal and Johnston, 2004), etc. Since these promising early results, 

developing microneedles suitable for pharmaceutical applications has been an active area of 

research. These microneedles are available as both solid (coated) and hollow microneedles 

made of various materials as discussed below. The microneedles can also vary according to 

their tip shape, e.g., volcano like, micro-hypodermis and snake-fang design (Mukerjee et al., 
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2004) or the overall shape, e.g., pyramidal, spiked, candle-like and spear-shaped structure 

(Davidson et al., 2008; Shikida et al., 2004). Till date, four methods of transdermal delivery 

mediated by microneedles have been attempted (Gill and Prausnitz, 2007): 

 

 (i) Applying an array of microneedles to first permeabilize the skin before using a traditional 

transdermal patch. 

(ii) Coating the microneedles with a drug containing film before inserting into the skin. 

(iii) Creating the microneedles from a polymeric material that contains the drug. The drug is 

then released in a controlled manner after insertion into the skin. 

(iv) Injection through hollow microneedles. 

 

The first three methods utilise solid microneedles and the last method relies on a liquid drug 

formulation being injected through hollow microneedles. Hollow microneedles have generally 

received less attention to date as they are inherently weak structurally and have practical 

problems such as the insertion of microneedle into skin (Wang et al., 2006). 

 

2.2.1 Solid microneedles 

The solid microneedle was first fabricated to increase gene transfection (Hashmi et al., 1995). 

After this work was published, the concept of applying the solid microneedle for the use of 

transdermal drug delivery has also appeared. For example, solid microneedle has been 

successfully used for vaccine injection to prevent influenza (Koutsonanos et al., 2009). Many 

solid microneedles have been developed for a variety of different drugs both in vitro and in 

vivo. These solid microneedles are easier to fabricate, have better mechanical strength and 

sharper tips as compared to hollow microneedles (Roxhed et al., 2008; Jiang, 2006) which 

might result in higher drug transport (Verbaan et al., 2008). Furthermore, coated microneedles 
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with a solid drug may provide an advantage by increasing their long-term stability (Gill and 

Prausnitz, 2007). 

 

2.2.1.1 Silicon microneedles 

When microneedles first began to be used in transdermal drug delivery (Henry et al., 1998), 

they were made out of silicon. Therefore, solid silicon microneedles have been widely used 

for the transdermal drug delivery studies (Donnelly et al., 2009; Haq et al., 2009; Izumi and 

Aoyagi, 2007). However, silicon is expensive and brittle which breaks easily during the 

penetration across skin (Chen et al., 2008). Henry et al. (1998) used the silicon to fabricate the 

microneedles and realized that calcein can be delivered and that permeability across skin was 

increased when using this technique. 

 

 

This image is not available in ORA due to copyright reasons 

 

 

Figure 2.1-Image of solid microneedles used for the transdermal drug delivery (Henry et al., 
1998). 
 

Another study using the same microneedles concluded that permeability across skin was also 

increased when using these microneedles to deliver insulin and bovine serum albumin 

(McAllister, 2000). As shown in Figure 2.1, the microneedles are in a 20 by 20 array and each 

microneedle has a base of 80 µm and a height of 150 µm with a tip radius of 1 µm. 

 

For example, silicon microneedles which were inserted into mice skin for gene delivery have 

a length of 50-200 µm with a square tip as shown in Figure 2.2 (Mikszta et al., 2002). In 

another gene delivery, solid silicon microneedles have been used across human skin in vitro 

(Chabri et al., 2004). 
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Figure 2.2-Solid silicon microneedles array used for gene delivery in mice skin (Mikszta et 
al., 2002). 
 

2.2.1.2 Polymer microneedles 

As mentioned previously, silicon is brittle and this led to the use of other materials. Polymer 

has been developed as an alternative because it is a cheaper and stronger material which could 

reduce tissue damage (Fernandez et al., 2009). In spite of these advantages, polymer increases 

the bluntness of the microneedle tip due to the low modulus and yield strength of polymer 

(Davis, 2003). On the other hand, polymer microneedles have a main limitation with its 

mechanical properties by which could cause needle failure during the penetration across skin 

(Park et al., 2007). This is because microneedle failure force depends on the mechanical 

properties of the polymer (Park et al., 2007; Park et al., 2005). Different kinds of polymer 

microneedles have been designed to increase permeability across skin as discussed below. 

 

2.2.1.2.1 Bevelled microneedles 

Bevelled tip microneedles have been fabricated using biodegradable polymers (Park, 2004). 

Poly-glycolic acid (PGA) was chosen as the main material of this microneedle because it is 

relatively inexpensive and believed to be mechanically strong (Ambrose and Clanto, 2004). 

For example, these microneedles were arranged in an array of 20 needles in each raw with a 

centre-to-centre spacing of 1400 µm by 6 columns with a centre-to-centre spacing of 400 µm. 

In total, there were 120 needles in this array. The array has an area of 9 ×  9mm as shown in 

Figure 2.3. 
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Figure 2.3-Bevelled solid microneedles made of polymer (Park, 2004). 

 

2.2.1.2.2 Tapered microneedles 

Tapered microneedles have been fabricated with Poly-glycolic acid (PGA). For example, Park 

et al. (2005) proposed an array consisted of 200 needles with a height of 1500 µm, base 

diameter of 200 µm and tip diameter of 20 µm as shown in Figure 2.4. 

 
 
 

This image is not available in ORA due to copyright reasons 

 

 

 

Figure 2.4-Tapered solid microneedles made of Poly-glycolic acid (PGA) (Park et al., 2005; 
Park et al., 2004). 
 

In addition, tapered microneedles have been fabricated with biocompatible polycarbonate 

with various microneedle densities (Oh et al., 2008) as shown in Figure 2.5. In another study, 

Park et al. (2006) demonstrated that calcein as a model drug was delivered successfully when 

using both bevelled and tapered microneedles. On the other hand, Park et al. (2007) concluded 

that tapered microneedles could solve the problem that arises with the polymer microneedles 

as discussed previously in section 2.2.1.2. In contrast, Kolli and Banga (2008) demonstrated 

that solid maltose microneedle could be a promising technique to replace the biodegradable 

polymer. This is because maltose microneedles dissolve within minutes as compared to the 

biodegradable polymer which remains in the skin for period of time (Kolli and Banga, 2008). 
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Figure 2.5-Tapered solid microneedles made of biocompatible polycarbonate (Oh et al., 
2008). 
 

2.2.1.3 Metal microneedles 

Metal is the third material which is used to manufacture microneedles. It is mechanically 

strong and relatively cheap to produce. The main components of this type of patches are either 

stainless steel (Bal et al., 2008; Martanto et al., 2004) or titanium (Fernandez et al., 2009; 

Parker et al., 2007).  

 

 
 
 
 

This image is not available in ORA due to copyright reasons 

 
 
 
 
 
 
 
Figure 2.6- Metal microneedles array (Macroflux) (Matriano et al., 2002) on the left, another 
Macroflux patch with different dimensions on the right (Cormier et al., 2004). 
The microinjection arrays (Macroflux) are coated with medical drugs. For example, this array 

consists of 190 needles per cm2 over an area of 1 or 2 cm2 with a length of 330 µm (Matriano 

et al., 2002), while another design of this patch has 321 microneedles per cm2 over 2 cm2 with 

a measured length of 200 µm, a thickness of 35 µm and a width of 170 µm (Cormier et al., 

2004). They are shown in Figure 2.6. 
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2.2.2 Hollow microneedles 

Less attention has been given to hollow microneedles for the drug delivery. This is because 

hollow microneedles are harder to use since they are weaker than solid microneedles requiring 

care in terms of needle design and insertion method (Davis et al., 2004). The main purpose of 

this type was to deliver drugs through the bore at the needle tip. This reduces the sharpness of 

needle tip which affect the penetration of this needle into skin. These issues have been 

resolved recently through development of a new microneedle design and insertion method 

(Roxhed et al., 2008; Roxhed et al., 2007; Wang et al., 2006; Griss and Stemme, 2003). 

However, one of the main advantages of hollow microneedle is that it offers continuous 

infusion through the skin (Roxhed et al., 2008). 

 

2.2.2.1 Silicon microneedles 

Hollow microneedles made of silicon (Matteucci et al., 2009; Shibata et al., 2009) have been 

studied and designed to enhance the transdermal delivery by e.g., increasing permeability 

across skin. Silicon has been generally used in microelectronic industry with wide 

manufacturing experience (Park et al., 2005). Despite this advantage, it is a high-priced, not 

biocompatible and breakable material (Verbaan et al., 2007; Park et al. 2005; Runyan and 

Bean, 1990). The first design of this was a tapered needle in which there were 8 needles in 

each array and with a height of 200 µm and a lumen diameter of 40 µm (Stoeber and 

Liepmann, 2000). Another type was the bevelled needle in which the length was 350 µm, the 

diameter of the tip was 70 µm, while the base was 250μm and the distance from the needle tip 

to the centre of the hole was 40μm (Gardeniers et al., 2003) as shown in Figure 2.7. 
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Figure 2.7- Left: Tapered microneedles to deliver dye into chicken thigh (Stoeber and 
Liepmann, 2000), Right: bevelled microneedles (Gardeniers et al., 2003). 
 

2.2.2.2 Polymer microneedles 

Polymer microneedles have been less widely used (Stupar and Pisano, 2001). Nevertheless, it 

is a cheap and biocompatible material (Park et al., 2005) with a lower melting temperature 

than silicon (Zhou et al., 2009). Furthermore, it may improve the deformation of a material 

substance because of the polymer viscoelasticity (Park et al., 2005; Ratner et al., 1996).  
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Figure 2.8-Hollow polymer microneedles (Moon and Lee, 2003). 
 

The polymer microneedles are fabricated from, SU-8 (Fernandez et al., 2009), PMMA 

(polymethylmethacrylate) (Moon and Lee, 2003), etc. For example, polymer microneedle 

array consists of 120 needles per cm2 with a height of 900 µm and a measured base of 470μm 

and 750 µm centre-to-centre spacing (Moon and Lee, 2003) as shown in Figure 2.8. 

 

2.2.2.3 Metal microneedles 
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As mentioned previously, metal is a cheap, strong and biocompatible material (Verbaan et al., 

2007; Braybrook, 1997). In particular, it has been commonly used in hollow microneedles 

which require structural strength (Park et al., 2005; Davis et al., 2004). However, there has 

been a concern about its safety usage if the needles during the insertion break inside the skin 

(Park et al., 2007). The hollow metal microneedles have been fabricated by using various 

metals such as nickel (Kim and Lee, 2007), nickel-iron metal (McAllister, 2000), etc. 

 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 

Figure 2.9-Hollow metal microneedles on the left (McAllister, 2000), Tapered hollow metal 
microneedles on the right (Davis, 2003). 
 

These microneedles were arranged in a 20 by 20 array, with a height of 150 µm, base of 80 

µm, tip radius of 10 µm with a wall thickness of 3 µm and centre-to-centre spacing of 150 µm 

(McAllister, 2000). The needle bore has a conical shape with an approximate base of 145 µm 

which decreases to reach the top of the tip with an approximate radius of 5 µm. An alternative 

way of fabricating hollow metal microneedles was designed (Davis, 2003). These 

microneedles have a height of 500 µm, tip diameter of 75 µm, base diameter of 300 µm with a 

wall thickness of 10 µm. This array was arranged in 4 by 4 of a total of 16 microneedles with 

a centre-to-centre spacing of 600 µm as shown in Figure 2.9. 

 

2.3      Skin structure 
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The skin is the largest and the most heterogeneous organ of the body. It has an area of almost 

1.73 m2 in average for any human adult (Goyal et al., 2007; Panchagnula, 1997). Skin has 

many functions such as protection against the dangerous rays of sun, prevention of water loss, 

controlling the temperature, etc. (Goyal et al., 2007; Membrino, 2002; Suhonen et al., 1999; 

Holbrook, 1994). The skin (Figure 2.10) consists of three main tissue layers: the epidermis, 

dermis and hypodermis (subcutaneous tissue). 
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Figure 2.10 –The structure of the skin (http://www.pharmpress.com) 

 

2.3.1 Epidermis 

The epidermis is divided into four layers, which are the stratum corneum, stratum 

granulosum, stratum spinosum and stratum basale. The last three layers are mostly called 

viable epidermis with thickness of approximately 20-100 µm (Matteucci et al., 2008; Schaefer 

and Redelmeier, 1996). The first layer, stratum corneum (10-20 µm), is one of the most 

important layers. This layer has been considered for a long time as the main barrier for any 

solute diffusing through the skin (Banks et al., 2008; Kalia and Guy, 2001; Ghanem et al., 

1992; Kim et al., 1992; Bommannan et al., 1990; Michaels et al., 1975; Scheuplein and Blank, 

 

http://www.pharmpress.com/
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1971; Scheuplein, 1967; Scheuplein, 1965; Blank, 1964; Rein, 1924). The structure and the 

relative thickness of each of these layers of the epidermis are shown in Figure 2.11. 
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Figure 2.11-The relative thickness of different layers of the epidermis (Schaefer and 
Redelmeier, 1996). 
 

2.3.2 Dermis 

The dermis is a flexible and very elastic layer with a typical thickness of 1.5-3 mm (Lambert 

and Laurent, 2008), while the maximum thickness is on the back with a thickness of ~ 4 mm 

(Rushmer et al., 1966). Blood and lymphatic vessels exist within this layer. This implies that 

the lymphatic flow plays a role for the clearance of large molecules (Cross and Roberts, 

1993). The dermis contains capillaries, sweat glands, hair follicles and nerves (Lambert and 

Laurent, 2008). 

 

 

2.4 Skin thickness 
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Skin thickness has been shown as a critical factor on the absorption process (van de Sandt et 

al., 2004). Therefore, it is very important to consider the variation of skin thickness which 

could affect the natural behaviour of skin barrier and hence influence the drug delivery. There 

are different factors that should be taken into consideration. These factors play important roles 

in the transportation of any solute released from the drug delivery systems, and therefore 

influence the rate of drug delivery through the human skin as discussed below. Skin thickness 

can vary according to age, anatomical region, race and sex (Lee and Hwang, 2002) as 

discussed below. 

 

2.4.1 Age 

The skin structures of infants, children, and adults differ hugely, and this may affect the solute 

diffusion process. Seidenari et al. (2000) investigated the skin thickness of both adults and 

children at various anatomical sites as shown in Table 2.2. This study showed that the skin 

thickness for a given anatomical region is quite different between adults and children. For 

example, the variation of skin thickness between adults (i.e., aged 25-40 years) and children 

(i.e., aged 2-13 years) in forehead has the highest value. The variation of skin thickness can be 

increases when comparing the previous age groups of adults with children aged 2-3 years. 

Moreover, the results show that as the age grows, the skin thickness increases (Seidenari et 

al., 2000). The relationship between skin thickness and age has been more thoroughly studied 

for adulthood. However, skin thickness was found to be inversely proportional with age 

(Whitmore and Sago, 2000) as confirmed with other studies (Whitmore and Levine, 1998; 

Shuster et al., 1975; Shuster and Bottoms, 1963). The same inverse relationship was obtained 

between the body mass index (i.e. weight in Kg divided by height in meter square) and the 

skin thickness. However, Gniadecka and Jemec (1998) found that the relationship between 

skin thickness and age is related to the anatomical site. In particular, there was a proportional 

relationship between skin thickness and age in axial skin (i.e., buttock and forehead). On the 
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other hand, in extremity skin (i.e., ankle, dorsal forearm, ventral forearm), there was an 

inverse relationship between skin thickness and age (Gniadecka and Jemec, 1998). Moreover, 

Diridollou et al. (2001) evaluated skin thickness of both males and females aged between six 

months and ninety years. The result showed that there was a fluctuation in the trend of skin 

thickness for different age groups. For example, the thickness of the skin increases until a 

person reaches the age of 20 which then remains almost constant between the ages 20-60 until 

it subsequently starts to decrease. For women, this is most likely to be in her 50s (Diridollou 

et al., 2001). On the other hand, this observation was different for other authors who believed 

that the thickness decreased when a person reaches the age range of 20-30 years old 

(Gniadecka and Jemec, 1998; Takema et al., 1994; Tan et al., 1982). There is also a strong 

evidence of the change in the function and the structure of the human skin as human age 

(Fenske and Lober, 1986). This can be more clearly seen by comparing the morphological 

differences between the normal (complete) skins in adults with that of a neonate (incomplete) 

skin in infants. There are fears associated with the incompleteness of the development of the 

skin barrier of the neonate. 

Table 2.2- The skin thickness of various age groups in mm (Seidenari et. al., 2000). 
 

 

 

 

 

 

 

2.4.2 Anatomical site 

The structure of the skin varies to some degree over different anatomical locations. Skin 

thickness in terms of anatomical region has been considered to be one of the most important 

factors that influence the percutaneous absorption (Korinth et al., 2005; Poet and McDougal, 

        Age(years) 
  
Location 

25-40 2-13 2-3 4-10 11-13 

Forehead 1.99±0.34 1.43±0.43 1.18±0.22 1.50±0.49 1.56±0.36 
Cheek 1.84±0.27 1.22±0.21 1.15±0.12 1.20±0.22 1.38±0.20 
Upper abdomen 2.01±0.32 1.38±0.27 1.28±0.1.21 1.34±0.32 1.63±0.33 
Interscapular region 2.34±0.26 1.70±0.41 1.48±0.26 1.72±0.73 1.97±0.31 
Volar forearm 1.30±0.24 1.01±0.16 0.98±0.10 0.98±0.17 1.12±0.14 
Dorsal forearm 1.45±0.24 1.21±0.17 1.18±0.12 1.18±0.17 1.34±0.17 
Elbow crease 0.98±0.10 0.89±0.14 0.86±0.10 0.89±0.17 0.95±0.09 
Lower leg 1.49±0.23 1.27±0.20 1.23±0.14 1.23±0.21 1.42±0.18 
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2002; Wilkinson and Williams, 2002; Lundh et al., 1997; Environmental protection agency, 

1992; Ritschel and Hussain, 1988; Scheuplein, 1978; Blank and Scheuplein, 1969; Tregear, 

1966). Some authors have compared skin thickness in different regions of the body on a range 

of ages (Bloom and Fawcett, 1975; Barker, 1951). For example, Artz et al. (1979) proved that 

the ratio of epidermis to dermis varies considerably from one anatomical region to another as 

shown in Table 2.3.  

 
Table 2.3- The average thickness of Epidermis/Dermis in Microns (Artz et al., 1979). 
 

 

 

 

 

 

 

 

 

Lee and Hwang (2002) observed a significant variation in skin thickness between different 

anatomical regions of both epidermis and dermis. The results show that the skin thickness of 

epidermis and dermis ranged from 31 µm to 637 µm and from 469 µm to 1,942 µm, 

respectively. Lee and Hwang (2002) found reasonable differences in skin thickness of both 

epidermis and dermis between proximal and distal parts for a given extremity. The thickness 

of dermis was also investigated and shows a substantial relationship between the age and the 

anatomical site but no general correlation was observed between them (Gniadecka and Jemec, 

1998). This observation agreed with other authors who found an increase in skin thickness in 

the dermis (Gniadecka et al., 1994; Hoffmann et al., 1994; Richard et al., 1994; De Rigal et 

al., 1989). This study shows the importance of the final factor which is the anatomical region 

             Age 
  
Location 

0-5 11-15 16-20 26-30 46-50 66-70 

Medial thigh 35/583 84/576 50/1020 44/1151 48/1006 40/911 
Lateral thigh 35/684 83/638 52/111 70/1084 59/1256 36/851 
Posterior thigh 56/863 86/156 74/1278 61/1151 58/1100 38/1076 
Medial leg 37/695 69/913 53/957 43/1371 55/1029 43/1188 
Lateral leg 55/565 80/913 60/1093 58/1103 64/831 48/812 
Posterior leg 33/519 77/536 70/1404 63/1371 58/1017 36/768 
Anterior abdomen 32/692 51/1020 40/1470 41/1551 40/1457 31/1075 
Anterior thorax 42/698 55/655 44/1362 34/1275 42/1320 32/1363 
Back 32/503 67/1102 58/1876 75/2159 53/1699 44/2242 
Medial arm 41/510 59/558 41/857 45/1275 46/950 32/770 
Lateral arm 33/682 57/806 52/1137 55/1263 41/1004 40/1038 
Back forearm 53/935 N/A 55/1071 N/A 41/920 37/852 
Lateral forearm 36/669 79/551 52/950 52/1012 57/899 42/666 
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for any comparison of skin thickness. Wester and Maibach (1989) examined the permeability 

of different regional skin and concluded that the thickness of the stratum corneum does not 

affect permeability. There was a variation in the absorption of the drug from one site to 

another with similar thickness of the stratum corneum, while in the area with different 

thickness of stratum corneum, the amount of drug absorbed was similar. This implies that the 

permeability of skin is not a function of the stratum corneum thickness for different 

anatomical sites in the human skin. Furthermore, there was some variation of the permeability 

across skin in terms of anatomical location in which the highest values were in forehead, 

while the lowest where in arm (Rougier et al., 1987). In contrast, other researchers have 

observed that the most permeable body site were in the scrotum while, the lowest tissue was 

determined in the foot due to the thickness of the epidermis (Feldmann and Maibach, 1967). 

 

2.4.3 Race 

The variation of skin thickness in terms of ethnicity has been considered as an important issue 

in drug absorption (Johnson, 1997). There is a discussion in the literature on defining the 

meaning of ethnicity and race. According to Rawlings (2006) ethnicity describes a certain 

group having the same culture and languages, whereas, race refers to a group of people that 

have similar genes. A comparison has been done between the thickness of the Korean skin 

with another race (Caucasian) which shows that the thickness of the epidermis is lower in 

Caucasian than in Koreans (Lee and Hwang, 2002) as shown in Table 2.4. 

 

It should be mentioned that in most of studies, scientist consider the Chinese as the Asian race 

and the African American as the Black race (Johnson, 1997). The skin thickness of black 

women has been measured and compared with white women’s skin thickness (Whitmore and 

Sago, 2000). 

 
Table 2.4-Skin thickness of epidermis for various races in microns (Lee and Hwang, 1979). 
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The results show that the skin thickness of white women was approximately higher (i.e., 

doubled) as compared to black women. In contrast, Abrams et al. (1995) notice that the 

absorption of calcium in black girls was higher than in white girls. 

 

2.4.4 Sex 

Thickness of skin based on sex has varied values and is a further factor to be taken into 

account in comparisons. In the literature, different studies compared the skin thickness 

between males and females. Lee and Hwang (2002) found that Korean women have thinner 

skin than Korean men in almost 12 anatomical regions. 

 

These differences were similar to those between Caucasian males and females (Rudolph et al., 

1980; Artz et al., 1979; Southwood, 1955). Although the variations of different anatomical 

sites according to sex are very complex, there are some general rules in the literature to 

illustrate them in a ranked order as shown in Table 2.5 (Lee and Hwang, 2002). The soles and 

penises are shown to have the highest and lowest epidermis thickness, respectively comparing 

to the other tissues when evaluating the skin thickness of males. On the other hand, for the 

measurement of the epidermis thickness in females, the palm and eyelid were the thickest and 

             Race 
  
Location 

Caucasian Korean 

Southwood (1955) Artz et al. (1979) Lee and Hwang (2002) 

Chest 44 39 98 
Back 66 62 76 
Abdomen 41 40 79 
Medial arm 42 44 69 
Lateral arm 50 49 83 
Medial forearm 52 48 74 
Lateral Forearm 55 53 102 
Medial thigh 54 47 87 
Lateral thigh 57 60 94 
Posterior thigh 57 64 102 
Medial leg 55 50 91 
Lateral leg 58 60 109 
Posterior leg 58 63 129 
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thinnest, respectively than the other tissues (Lee and Hwang, 2002). Another study shows that 

the skin thickness of males on the volar forearm is approximately 5.2% higher than in females 

(Diridollou et al., 2001). This observation is similar to those cited in other published studies 

(Seidenari et al., 1994; Escoffier et al., 1980). 

 
 
Table 2.5-Skin thickness of epidermis with respect to sex in microns (Lee and Hwang, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Mathematical models of drug transport 

Mathematical models based on pharmacokinetics or diffusion approaches have been applied 

most widely (Goyal et al., 2007). The pharmacokinetics models are based on one or multi 

compartments (Goyal et al., 2007; McCarley and Bunge, 2001; Reddy et al., 1998; Guy et al., 

     Sex 
  
Rank 

Male Female 

Location thickness location thickness 

1 Sole 792.8 Palm 647.4 
2 Palm 557.3 Sole 478.1 
3 Dorsum of hand 246.8 Dorsum of foot 175.3 
4 Dorsum of foot 180.1 Dorsum of hand 132.2 
5 Buttock 147.8 Buttock 127.5 
6 Posterior leg 124.4 Posterior leg 116.2 
7 Cheek 115.4 Lateral leg 111.1 
8 Lateral forearm 112.7 Chest 101.0 
9 Lateral thigh 110.7 Lateral forearm 97.1 
10 Lateral leg 109.5 Lateral thigh 92.6 
11 Medial thigh 103.7 Neck (anterior) 91.9 
12 Lateral arm 101.2 Forehead 90.4 
13 Medial leg 100.6 Medial thigh 89.3 
14 Forehead 95.9 Posterior thigh 88.1 
15 Posterior thigh 92.4 Cheek 85.0 
16 Neck (anterior) 89.3 Chin 81.5 
17 Chest 88.1 Medial forearm 80.3 
18 Back 88.1 Abdomen 79.9 
19 Axilla 85.8 Medial leg 78.3 
20 Chin 84.4 Lateral arm 72.5 
21 Abdomen 80.4 Inguinal r. 72.1 
22 Supraclavicular r. 76.3 Medial arm 65.5 
23 Inguinal r. 73.7 Postauricular r. 63.5 
24 Medial arm 72.8 Supraclavicular r. 63.1 
25 Postauricular r. 69.3 Back 59.6 
26 Medial forearm 67.8 Axilla 54.6 
27 Eyelid 57.7 Eyelid 49.9 
28 Penis 31.2 Penis n/a 
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1982) which describe the drug concentration profile in the blood (Tojo, 2005). In particular, 

these models have the ability to quantify the pharmacokinetics processes such as absorption, 

distribution, metabolism, etc. On the other hand, the diffusion models which describe the rate 

of drug permeation across the skin (Tojo, 2005) obey Fick’s law of diffusion (Naegel et al., 

2008; Goyal et al., 2007; Barbero and Frasch, 2005; George et al., 2004; Kubota et al., 2002). 

More specifically, the prediction of these models are based on knowing the model parameters 

e.g., diffusion and partition coefficients (Naegel et al., 2008; Tojo, 2005). Some researchers 

proposed the diffusion models as one-layer model (mono-layer model) based on the 

assumption that the skin is homogenous (He et al., 2005; Tojo, 2005; Hashida et al., 1988; 

Okamoto et al., 1988; Foreman and Kelly, 1976). However, it is more realistic to consider the 

skin as two-layer model (bi-layer model) (He et al., 2005). Therefore, other researchers 

defined that these two layers represent the stratum corneum and the viable skin (He et al., 

2005; Tojo, 2005; Yamashita et al., 1994; Okamoto et al., 1989; Tojo et al., 1987). 
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Figure 2.12-The pathways of drug transport through the skin: (a) Paracellular, (b) 
Transcellular and (c) transappendageal (Amsden and Goosen, 1995). 
 

As well known, the drug diffuses through the skin via three main routes which are the 

paracellular or intercellular (i.e., through spaces between cells) pathway, transcellular (i.e., 

through cells) pathway and transappendageal (i.e., through hair follicles and sweat glands) 
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pathway as shown in Figure 2.12 (Goyal et al., 2007; Amsden and Goosen, 1995; Williams 

and Barry, 1992). 

 

2.5.1 Mathematical models of transdermal drug delivery  

As discussed previously, different approaches have been developed to enhance the 

transdermal drug delivery process such as iontophoresis, ultrasound. As a result, a variety of 

mathematical models have been proposed to provide a quantitative analysis and hence to 

determine the important parameters affecting the drug transport through the skin. For 

example, a mathematical model has been presented to analyze the iontophoretic transdermal 

drug delivery system using three model drugs with different molecular weights (Fan et al., 

2008). In addition, a general mathematical model has been developed to predict drug transport 

of iontophoretic transdermal delivery (Tojo, 2005). This model has the ability to determine 

the influences of different factors on both the skin permeation and blood concentration profile 

of a given drug if iontophoresis has been applied (Tojo, 2005). Furthermore, a theoretical 

model which describes the transdermal drug delivery using ultrasound has also been 

developed (Joshi and Raje, 2002). This model can predict the drug concentration in blood 

delivered transdermally by using ultrasound. The influence of skin electroporation has been 

investigated by performing a numerical study (Becker and Kuznetsov, 2008; Pavšelj and 

Miklavčič, 2008). 

 

2.5.2 Mathematical models of transdermal delivery by microneedles 

Throughout the literature, several works have been conducted to assessment of safety and 

efficacy of the microneedles. The major purpose of these studies was to predict the bending 

force, evaluate the microneedle strength, calculate the buckling force, etc. 
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2.5.2.1 Mathematical models to determine the mechanical properties of  microneedles 

Aggarwal and Johnston (2004) investigated the influence of various hollow microneedles 

shapes (i.e., square, rectangular and circular) on bending force and buckling force to obtain 

the optimal design. The result shows that the circular microneedle has the maximum bending 

force as compared to both square and rectangular microneedles. Moreover, the bucking force 

reaches its highest value for both circular and rectangular microneedles. Therefore, the 

circular microneedle can withstand more force as compared to both square and rectangular 

microneedle. The effect of the microneedle length has also been studied. However, the 

number of microneedles has not been linked with both the bending force and the buckling 

force. This may change the insertion force needed to penetrate the skin with a large number of 

microneedles (Roxhed, 2007). An optimization approach has been proposed by Vasquez and 

Pelesko (2005) to maximize the buckling force. The result indicates that the buckling force is 

higher as compared with the previous work done by Aggarwal and Johnston (2004). However, 

the permeability across skin has not been linked with the insertion force. Once the 

microneedles are inserted into skin, this will lead to a huge deformation of the skin (Roxhed, 

2007). As a result, this will damage the skin and hence influence (Roxhed et al., 2007) or even 

reduce the permeability across skin (Roxhed, 2007). In another study, a theoretical model has 

been presented by measuring experimentally both the fracture force and penetration 

(insertion) force for solid and hollow microneedles (Davis et al., 2004). The result suggests 

that there is a linear relationship between the penetration force and the full cross sectional area 

of the microneedles, whereas no relationship has been observed between the penetration force 

and the wall thickness. According to Davis et al. (2004), the full cross sectional area of 

microneedles was only a function the microneedle tip radius. This limits the feasibility of 

predicting the insertion force since the centre-to-centre spacing between the microneedles has 

not been considered. On the other hand, the fracture force decreases by decreasing wall 

thickness, wall angle and tip radius. Consequently, the highest safety margin (i.e., the ratio of 
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fracture force to penetration force) occurs when microneedle has small tip radius and large 

wall thickness. However, the experiments were performed on human skin for various ages of 

Caucasian males. As mentioned previously, the skin thickness could vary according to 

different factors such as sex, anatomical sites, etc. and consequently this could influence the 

prediction of the insertion force (Roxhed, 2007). The critical buckling load has been 

theoretically studied and numerically simulated for various microneedles geometries (Lee et 

al., 2008; Park et al., 2007; Parker et al., 2007; Ji et al., 2006; Paik et al., 2004). 

 

2.5.2.2 Mathematical models to determine the microneedle flow rate 

The volumetric flow rate of hollow microneedles has been measured by adopting the Hagen-

Poiseuille equation (Haider et al., 2001). A relationship has been observed between the 

pressure drop, microneedle radius, number of microneedles and flow rate, whereas the flow 

rate does not depend on the microneedle centre-to-centre spacing. Nevertheless, the variation 

of skin thickness (Lee and Hwang, 2002) has not been discussed. In another work, the liquid 

flow rate of hollow microneedle has been determined by applying Bernoulli equation (Stoeber 

and Liepmann, 2005). The experimental results agreed well with the theoretical model which 

shows that Bernoulli equation is a useful model to describe the liquid flow through the 

microneedle lumen (Stoeber and Liepmann, 2005). However, this model has failed to study 

the influence of the number of microneedles on the flow rate. For example, for a larger 

number of microneedles, the delivery rate is lower as compared to smaller number of 

microneedles (Roxhed, 2007). As a consequence the flow rate may affect the flow resistance 

in the bores of microneedles (Griss and Stemme, 2003). 

 

2.5.2.3 Mathematical models to determine the permeability across skin 

It is important to know the factors that affect permeability across skin when applying 

microneedle arrays which could have significant impact on transdermal drug delivery. To 
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date, different methods have been proposed to predict permeability across the stratum 

corneum which are mostly applicable for low molecular weight compounds. Wilschut et al. 

(1995) reviewed these models for predicting permeability across skin of transdermal delivery 

of low molecular weight drugs. In these approaches, the stratum corneum is assumed to be the 

rate limiting layer and the resistance of the drug transport provided by the viable skin is 

ignored (McCarley and Bunge, 2001). In the present context, the resistance of the stratum 

corneum is overcome by insertion of the microneedle and the rate limiting barrier of skin is 

the viable skin. Consequently, most of these approaches are not directly applicable. It must be 

pointed out that a number of attempts have been already made to evaluate permeability across 

skin when using microneedle arrays. Wu et al. (2006) obtained a relationship between the 

number of bores and permeability across skin using macroneedles instead of microneedles. 

They also found a relationship between molecular weight of macromolecules and 

permeability across skin for hairless rat's skin. Another relationship between permeability 

across skin and high molecular weight compounds was observed for hairless rat skin (Wu et 

al., 2007). However, both of these attempts used animal skin and not human skin. Also, these 

approaches did not consider the geometry of microneedles (e.g., number of microneedle, 

microneedle radius, etc) while evaluating permeability across skin. Wu et al. (2006) used 

macroneedles instead of microneedles and obtained a relationship between the number of 

bores and permeability across skin. They also found a relationship between permeability 

across skin and molecular weight of macromolecules across an animal skin. 

 

It is apparent from the above literature that optimizing the dimensions of the microneedle 

arrays is important to enhance the solute diffusion across skin. Recently, there have been 

many investigations on optimizing different parameters for transdermal drug delivery. Wilke 

and Morrissey (2007) optimized mask shape of microneedles for three different shapes. They 

concluded that the square mask shape has is the optimum shape instead of diamond and 
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circular shape. Khumpuang et al. (2007) determined the optimum location for various 

microneedle holes locations. The microneedle tip radius has also been optimized to improve 

the tip sharpness (Teo et al., 2006). With drug delivery methods, it is therefore logical to 

expect the optimum values of drug permeability depending on the dimensions of the 

microneedles. In general, the main aim of drug delivery optimization is to deliver a small 

quantity of a given drug in an effective manner (i.e. microneedles) to avoid any problems such 

as the possibility of damaging the liver or low drug absorption (Perennes et al., 2006). 

However, other questions have appeared recently while using these microneedles, e.g., how to 

reduce the sizes of holes produced by microneedles so that transport of bacteria and other 

foreign particles can be minimized (Meidan and Michniak, 2004). 

 

In addition, Lv et al. (2006) have showed the insulin distribution profiles across skin by 

proposing a theoretical model. They studied both the transient and spatial distribution in the 

skin tissue as well as in the drug solution. However, they have not considered the implications 

of the geometry of various microneedle models. For example, the transdermal drug delivery is 

constrained by the surface area of the microneedles (Gill and Prausnitz, 2007). Teo el al. 

(2005) concluded that the radius of microneedles is a critical parameter when designing 

microneedles. In addition, the performance of the transdermal drug delivery process has been 

improved by increasing the number of microneedles (Stoeber and Liepmann, 2005). A 

theoretical in vitro approach appeared in the literature that describes the permeability of the 

skin when microneedles are inserted and removed (McAllister et al., 2003). The calculations 

of this theoretical model agreed well with their experimental data with an accuracy of 95% 

(McAllister et al., 2003). From the first investigation, one can conclude that the permeability 

across skin increases by decreasing the surface area of the microneedles and increasing both 

the number of microneedles and the microneedle radius. This lead to include another physical 

parameter which is the centre-to-centre spacing in order to increase the permeability across 
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skin and hence obtain the optimum microneedle design for a given range of microneedle 

dimensions. Furthermore, this theoretical model could be improved by considering the 

influence of the skin thickness variation as mentioned previously. Another mathematical 

model has been presented to determine the dosing rate needed for a given transdermal patch 

(Banks et al., 2008). This has been done by computing the surface area of the patch, 

permeability across skin and the solubility of the drug (Banks et al., 2008). However, this 

model has some limitation such as studying the influence of microneedle geometries. For 

example, the thickness of microneedles has been considered as an important parameter since 

it is related to the length of microneedle and hence its strength (Rajaraman and Henderson, 

2005). In addition controlling the depth of penetration has a significant limitation when using 

the microneedles of different geometries (Matriano et al., 2002). In this study, the analytical 

solution has not been explored as explained below. It has been shown that the analytical 

solution can solve simple geometries under certain boundary conditions (Kalia and Guy, 

2001). For example, the analytical solution was not obtained for complex geometries such as 

microneedles and hence, a numerical simulation has been carried out to compare the 

experimental results of transdermal drug delivery using microneedles (Zahn, 2001). On the 

other hand, numerical methods are widely available (O’Riordan and Shishkin et al., 2008) and 

they are powerful tools for modeling complex geometry (e.g., Kalia and Guy, 2001). These 

methods could closely resemble an experimental study (Kalia and Guy, 2001; Crank, 1979) 

and hence, to fit the experimental data for a given situation that is difficult to solve by 

analytical solution (Simon et al., 2006). For example, finite element solutions are capable of 

calculating both the diffusion in 3D (Davis, 2003) and the drug concentration profile in 

combination with microneedle geometry. Altogether, the numerical methods are more broadly 

applicable and have the ability to solve complex geometry as compared to analytical solutions. 
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2.6 Summary 

Oral delivery (e.g. pills) has been considered as the most appropriate method of drug 

administration for decades. Most of the drugs that cannot be taken by oral delivery have 

traditionally used injections by hypodermic needles. However, the hypodermic injections 

have many disadvantages, such as the presence of pain, the appearance of having infections 

and the requirement for medical expertise to complete the injection process (Park et al., 2005). 

These problems have therefore led to inventions and development of new methods of drug 

delivery. Transdermal drug delivery is an alternative route of drug administration to pills and 

injections. This method operates by delivering drugs into the human body across the skin 

using a patch. The transdermal patches have the ability to eliminate the problems mentioned 

above. They usually contain a drug reservoir that can maintain a steady drug flow up to about 

one week (Prausnitz et al., 2004). Although these patches have proven to be very successful, 

they depend on the characteristics of the drug, e.g. the size, charge and even some 

physiochemical properties (Naik et al., 2000). This is due to the barrier function of the skin 

represented by the outer layer, the stratum corneum, which generally allows diffusion of only 

small molecular weight solutes (less than 500 Da) with the ability to allow penetration of 

certain oil-soluble solutes (Shah, 2003). To circumvent this diffusion limitation, methods have 

been developed to more effectively deliver drugs across the stratum corneum, including 

chemical enhancers (Williams and Barry, 2004) or physical enhancer techniques, e.g. 

iontophoresis (Kalia et al., 2004) and ultrasound (Prausnitz et al., 2004). However, the high 

cost, complexity and the difficulty in dealing with these methods at home pose problems for 

potential users. In addition to the methods mentioned previously, the transdermal drug 

delivery can also be enhanced through the use of microneedles (Kim and Lee, 2007). 

Arranged into an array, these are micron-scale projections that penetrate through the stratum 

corneum, creating a superficial pathway through which drugs can reach the deeper levels of 

the skin. They are available as solid or hollow microneedles made of glass (Martanto et al., 
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2006), silicon (Wilke and Morrissey, 2007), polymer (Sammoura et al., 2007; Park et al., 

2007), metal (Kim and Lee, 2007; Parker et al., 2007), etc. 

 

The skin thickness can be a function of age, anatomical site, sex and race (Lee and Hwang, 

2002). If the skin thickness has been changed while maintaining the same length of 

microneedles, then there will be a change the transdermal drug delivery process. This shows 

the necessity of evaluating the influence of skin thickness on drug permeation in skin. 

 

Although different mathematical models have been proposed in recent year, their feasibility in 

relating both the permeability across skin and drug concentration have not been thoroughly 

investigated. Recently, there has been an interest to investigate the influence of different 

variables related to the microneedles to reach optimum microneedle design and hence, 

improve the transdermal drug delivery using microneedle arrays. However, the permeability 

across skin while using microneedle arrays has yet to be fully studied. In some cases, 

microneedles which were developed based on certain criteria (e.g., dimensions of the 

microneedles) have to be related to other criteria (e.g., drug permeability in skin, skin 

thickness, etc.). Therefore, in order to determine the optimum design of the microneedle 

arrays, the effect of different factors (e.g., number of microneedles, surface area of the patch, 

etc.) along with permeability across skin and drug concentration in blood by using 

microneedles should be determined accurately. In order to numerically solve these developed 

theoretical models, different numerical techniques have been adopted such as finite difference 

method, finite element method, etc. 

 



 34 
 

 

CHAPTER 3  

Parametric Study of Hollow Microneedles 

 
3.1 Introduction 

Although different microneedle designs have been fabricated, not all of them have paid 

attention to the drug concentration in blood. Different approaches have been proposed to 

evaluate the influences of different parameters on the drug delivery process. For example, Lv 

et al. (2006) proposed a theoretical model to determine the influence of injection velocity, 

blood perfusion rate and tissue porosity on the transdermal drug delivery process by using 

microneedles. Teo et al. (2006) outlined different key parameters (e.g. sharpness, materials of 

microneedles, etc) that may affect the design of microneedles. There have been some 

discussions on how to determine the length of microneedle while designing these microneedle 

arrays. This is because the length is an important factor on determining whether the arrays 

touch the nerve endings and cause pains or not. Shikida et al. (2006) defined the length to be 

longer than 50 µm but shorter than 200 µm. Stoeber and Liepmann (2005) pointed out that the 

length of the microneedle must be longer than 100 µm. These differences of the microneedle 

length show the importance to determine the influence of the length of the microneedle in 

transdermal drug delivery with respect of obtaining the optimum concentration of drugs in 

blood. 

 

In general, a parametric analysis implies a study to observe the effects on a range of 

dependent variables by changing the independent variables. In this thesis, a parametric study 

has been conducted to quantify and examine the effects of various dependent parameters that 

may influence the transdermal drug delivery using microneedles. This is done by identifying 

as many factors as possible that may influence the drug concentration in blood.  The outcomes 
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of this parametric study then allow us to focus on certain important parameters in order to 

optimize them which would enhance the transdermal drug delivery process. 

 

Following the above discussions, the major focus in this chapter is to investigate the 

influences of a variety of variables related to the hollow microneedles and their impacts on the 

drug transport in skin. Many relevant factors have been considered, including the length of the 

microneedle, the duration of application, the size of the patch, etc. Subsequently, we aim to 

determine the influence of microneedles on drug concentration in blood during a drug 

delivery process. For our purpose, a mathematical framework has been developed and 

numerical simulations have been carried out which describe the pharmacokinetics of human 

growth hormone (hGH) penetrated into skin using hollow microneedle array. The study 

presented in this chapter is expected to be useful in identifying the most important parameters 

for the transdermal drug delivery using microneedles. The hollow microneedle has been 

chosen in this study since it does not need any further investigation to determine the effective 

skin thickness (he). This is because the effective skin thickness is simply the distance between 

the tip of microneedle to the blood vessels. However, this is not the case in solid microneedle 

since the effective skin thickness represents the path length from the coated surface area of the 

microneedles to the blood vessels. In addition, the effective skin thickness of solid 

microneedles (Heff) depends on microneedle geometry as discussed in Chapter 4. 

3.2 Modelling strategy 

SKIN-CAD® has been adopted to study the human growth hormone concentration in blood 

and determine its relation to different microneedles and skin tissue parameters. The developed 

mathematical framework represents the phenomena of transdermal human growth hormone 

delivery across skin using hollow microneedles which contain a reservoir of drug on top. As 

shown in Figure 3.1, the resistance of the stratum corneum is overcome by insertion of the 
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microneedle and the rate limiting barrier of skin is the viable skin. The human growth 

hormone concentration at the interface between the skin tissue and needle edge is defined to 

be the same as the human growth hormone concentration in the reservoir (Al-Qallaf et al., 

2007). The back diffusion of the drugs from needle edge towards the stratum corneum is 

ignored because their diffusion coefficient in the stratum corneum is estimated to be too small 

(i.e., 10-17 cm2/s for human growth hormone, MW=22000; Tojo, 2005). The drug 

administered by using hollow microneedles diffuses across skin obeying Fick's second law 

until it reaches blood vessels. This transport behaviour is controlled by different parameters 

such as diffusion coefficient, thickness of viable epidermis, length of microneedle, etc. In our 

case, we want to be able to predict the concentration of human growth hormone in blood (Cb) 

at given time from the time of drug injection. The human growth hormone permeated through 

the skin is absorbed into the bloodstream (blood compartment) and the body 

pharmacokinetics follows one-compartment model which depicts the body as a simple 

homogeneous compartment (Xu and Weisel, 2005). The one-compartment model is used 

because it is assumed that the drugs distribute rapidly between blood and tissue (short 

distribution half-life) (Shiflet and Shiflet, 2006). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1- Schematic diagram for transdermal drug delivery of hollow microneedle array 
where back diffusion of drugs into stratum corneum is ignored. 
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3.3 Governing equation for drug transport 

The human growth hormone movement in skin tissue is expressed by Fick's second law as:  

2

2

x
CD

t
C

∂

∂
=

∂
∂           (3.01) 

Where C is the concentration, D is the diffusion coefficient, t is time and x is the distance in a 

given skin layer. The initial boundary condition for solving equation (3.01) is given by the 

following equation, where the initial human growth hormone concentration in skin is set to 

zero: 

)0t(hxLat0C =<<=         (3.02) 

The assumption of no back diffusion of the human growth hormone is given as: 

0tat0
dx
dC

>=−          (3.03) 

The negative sign indicates that the back diffusion is from the bottom (tip of the microneedle) 

towards the top of the microneedle itself. 

At the tip of the microneedle, the human growth hormone concentration is: 

)tt0(LxatCC as ≤<==        (3.04) 

At the bottom of the skin, the concentration of the human growth hormone is: 

)t0(hxat0C <==         (3.05) 

Where, Cs is the human growth hormone concentration at the tip of microneedle, L is the 

microneedle penetration depth, ta is the duration of application of the microneedles array and 

h is the skin thickness (i.e., distance to blood vessel). At x = h the concentration of the human 

growth hormone is assumed to be zero (sink condition), as the hGH has been up taken by 

dermal circulation (100% absorbed). We imposed a perfect sink condition (i.e., complete 

absorption of drug) at x = h because the concentration gradient is very low and for this reason 

it has been approximated to be zero (Lv et al., 2006). In addition, this assumption is consistent 

with the findings from previous experimental studies. For example, Kiptoo et al. (2006) 
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assumed sink condition during their experiment to enhance the transdermal delivery of 6-β-

naltrexol. The concentration difference between the donor and receiver compartment was 

approximated by the drug concentration in the donor compartment (Kiptoo et al. 2006). This 

agreed well with the assumption presented by Sartorelli (1998), where the permeability across 

skin equal to the flux divided by the concentration difference. The concentration difference 

was also approximated to the concentration applied due to sink condition of the body. In 

another study, sink condition occurs once the drug has been taken up by blood stream when 

drug reaches the epidermis-dermis junction (Kielhorn et al. 2005). The sink condition was 

applied once the molecules of drug reached the capillaries when diffusing across skin 

(Bosman, 1996). In addition, the permeability (Oh et al., 2008) and insulin distribution (Lv et 

al., 2006) across skin for the transdermal drug delivery using microneedles have been 

determined by assuming sink condition at the receptor side. 

 

3.4 Governing equation for hGH concentration in blood 

In our approach, the hGH concentration in blood after imposing the transdermal delivery 

using hollow microneedles is given by one-compartmental pharmacokinetic model (Tojo, 

2005; Al-Qallaf et al., 2007): 

bbea
b

b VCKS
dt
dQ

dt
dC

V −





=        (3.06) 

Where, Ke is the elimination rate constant from the blood compartment, dQ/dt is the 

penetration rate of hGH through the skin, Sa is the surface area of the delivery system (i.e., 

patch of microneedles), Vb is the volume of distribution in the blood, Cb is the hGH 

concentration in the blood. 

 

The rate of hGH permeation and the cumulative amount of hGH permeated per unit area of 

skin are given by equations (3.07) and (3.08), respectively (Al-Qallaf et al., 2007; Tojo, 

2005): 
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3.5 Method of solution 

The governing equations (3.01-3.08) were implemented and solved using the software, SKIN-

CAD® (Biocom Systems, 2006). After penetrating across the skin, the drug molecules diffuse 

into the systemic blood circulation and then take part in the human body pharmacokinetics. 

The in-built pharmacokinetics models within SKIN-CAD® help to determine the transport of 

the drug when it leaves or goes through the body. 

 
3.6 Results and discussions 

We begin our discussion by demonstrating the utility of microneedle systems for transdermal 

drug delivery. For this purpose, we compare this technique with a common drug delivery such 

as a patch, which does not contain any microneedles. 

 

Table 3.1- The values of model parameters used in this work for analysis the blood 
concentration of Fentanyl penetrated through the skin with and without microneedle array 
patch, and hGH penetrated through the skin by the microneedle arrays (Tojo, 2005). 

 
 
 
 

 

 

 

 

 

 

 Drug 
Parameters Fentanyl hGH 
Duration for medication (calculation): tm (hour) 8 8 

Duration of microneedles application: td (hour) 4 4 

Surface area of  microneedles array: Sa (cm2) 2 2 
Thickness of stratum corneum: hsc (cm) 0.002 - 

Distance to blood vessel: h (cm) 0.02 0.0125 

Effective skin thickness: he (cm) 0.012 variable 
Stratum corneum/viable skin partition coefficient: Ksc/vs (-)   
Diffusion Coefficient in stratum corneum: Dsc (cm2/s) 9.75× 10-11 - 

Diffusion Coefficient in viable skin: Dvs (cm2/s) 9.75× 10-8 5× 10-10 

Volume of distribution: Vb(mL) 731000 100 

Elimination rate constant: Ke (s-1) 2.840× 10-5 1.16× 10-3 

Skin surface concentration: Cs (μg/ml) 15800 4000 

Penetration depth: L (cm) 0.01 variable 
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To make a logical comparison, the molecular weight of the candidate drug is chosen to be low 

as this overcomes the problem of the permeability across skin. Fentanyl (MW=336.5) is a 

good candidate for this comparison. The input parameters are shown in Table 3.1. It must be 

pointed out that in case of the transdermal patch, Fentanyl is released on top of stratum 

corneum. Figure 3.2 shows the difference between Fentanyl delivery with and without using 

the microneedle system. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2- Effect of fentanyl delivery in skin with/without microneedle array for the input 
parameters in Table 3.1. 
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amount of drug permeated. On the other hand, microneedles penetrate the stratum corneum to 

reach the viable epidermis which increase the amount of drug permeated. The drug 

concentration in blood decreases after 4 hours because the duration of application is defined 

to be 4 hours. Unless otherwise mentioned, in all our subsequent simulations in this chapter, 
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we use hGH (MW=22000) as a model drug for microneedle systems. Injection of hGH has 

many benefits such as improving kidney function, improving skin quality (e.g., eliminating of 

wrinkles), increasing bone density, etc. (Rudman et al., 1990). Model parameters for our 

simulations are shown in Table 3.1. In Figure 3.3 we show the drug distribution profile of 

hGH across skin. This describes how the drug diffuses from the tip of the microneedle until it 

reaches the blood stream across a given skin thickness. The steady state human growth 

hormone concentration occurs approximately at a period of time between 1 to 4 hours and 

decreases gradually afterward towards the blood/tissue interface. This is because the duration 

of application is defined to be 4 hours. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.3- Transient drug distribution profile in skin for human growth hormone (hGH) (L= 
0.01 cm; all the remaining parameters are as shown in Table 3.1) 
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the other for 1 hour, the permeability was shown to increase by two fold for an hour insertion 

(Henry et al., 1998). This means that the duration of drug application is an important factor to 

be considered while designing microneedle arrays. Figure 3.4 shows the effects of the 

duration of application ranging from 4 to 6 hours for various penetration depths of 

microneedle and patch surface area of 2 cm2. The steady state human growth hormone 

concentration in blood (Cb,ss) does not change that much as there is a constant plateau 

concentration of ≈ 0.023 µg/ml in case penetration depth L=0.011 cm. However, the time 

duration within which the drug is active in skin varies depending on the duration of 

application. As expected, the results indicate that the blood human growth hormone 

concentration increases as the penetration depth increases and the duration of steady state 

blood human growth hormone concentration increases, as the duration of application 

increases. 

 

 

 

 

 

 

 

 

 
 
Figure 3.4-Influence of transdermal delivery of hGH for different penetration depths of 
microneedle and duration of application (ta) for the input parameters in Table 3.1. 
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ending embedded in the dermis. If the microneedles are too long, they contact the nerves 

ending and cause pain. Therefore, the amount of pain is also related to the microneedle 

lengths. The skin thickness chosen in our simulations represents the effective diffusion length 

from the needle tip to dermal circulation when the microneedles system is applied (Figure 

3.1). In other words, it is the distance from the microneedle tip to blood vessels. This has been 

calculated by knowing the difference between the distance from the skin surface to dermal 

circulation and the length of the microneedles. In the results presented in Figure 3.4, the 

penetration depth of the microneedles is 0.01 cm and the distance from skin surface to dermal 

circulation is 0.0125 cm. This means that the effective diffusion length of the drug across the 

skin is 0.0025 cm.  

 

 

 

 

 

 

 

 

 

Figure 3.5-Cumulative amount of hGH permeated into blood per unit area of skin with 
various penetration depths of microneedles for the input parameters in Table 3.1. 
 

The duration of application is either 4 or 6 hours and the surface area of the patch is 2 cm2. By 

increasing the penetration depth of the microneedles from 0.01 cm to 0.011 cm, the effective 

diffusion length of human growth hormone is reduced to 0.0015 cm which enhances the drug 

concentration in blood. On the other hand, decreasing the penetration depth of the 

microneedles to 0.009 cm, the effective diffusion length is increased to 0.0035 cm which 
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drops the blood human growth hormone concentration. In the cases we considered, the steady 

state blood hGH concentration varies between 0.005-0.023 µg/ml. Figure 3.5 shows the 

cumulative amount permeated per unit area of skin for hGH with different microneedle 

penetration depths, which represents equation (3.08). As expected, the cumulative amount 

permeated of hGH increases as the penetration depth increases. This is because the effective 

diffusion length is decreased by increasing the penetration depth of microneedles. 

 
 
3.6.2 Effects of patch surface area of microneedle 

Since the first fabrication of the microneedles for drug delivery, there have been many 

different sizes of the microneedles surface areas. Some of them are relatively small with a 

surface area of 0.09 cm2 (Kaushik et al., 2001) while others have larger area up to of 0.56 cm2 

(Wu et al., 2007). For the purpose of this chapter, we have carried out simulations to 

synthesise the effects of the size of the patch on drug delivery, as shown in Figure 3.6. The 

surface area represents the perpendicular area of the direction of the drug diffusion for a patch 

with a uniform area. Therefore, (dQ/dt)Sa in equation (3.08) represents the drug penetration 

rate into blood that passes an area inclined perpendicularly to the direction of diffusion per 

unit time. 

 

 

 

 

 

 

 

 

Figure 3.6-Influence of transdermal delivery of hGH for various sizes of patch for the input 
parameters in Table 3.1. 
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In Figure 3.6, the duration of application is 4 hours while the size of the patch varies from 

0.09 cm2 to 4 cm2. We can see that the steady state blood hGH concentration (Cb,ss)  varies 

between 0.0006 and 0.027 µg/ml and there is a steady-state concentration (the plateau) after 

certain duration of application. 

 

By increasing the size of the patch, the hGH concentration in blood is increased. This implies 

that there is a proportional relationship between the size of the array (Sa) and the blood hGH 

concentration. This relationship must be taken into consideration while designing microneedle 

array systems in practice. However, no differences have been observed for the cumulative 

amount permeated per unit area of skin for insulin with different patch size (data not shown). 

This is because the effective skin thickness of hollow microneedle (he) has not been changed 

in all cases. 

 

3.6.3 Effects of skin thickness 

The distance from the skin surface to dermal circulation represents the skin thickness. This 

can be a function of age, anatomical region, race and sex (Lee and Hwang, 2002). If we 

change the skin thickness while maintaining the same penetration depth of the microneedles, 

then there will be a change in effective diffusion length and hence, hGH concentration in 

blood. The implications of changing skin thickness while keeping a constant penetration depth 

of the microneedle are shown in Figure 3.7. By reducing the skin thickness, the effective skin 

thickness is also reduced which enhances the hGH concentration in blood. The difference in 

hGH concentration in blood shows the necessity of considering the variation of skin thickness 

when applying microneedle arrays into human skin for drug delivery. This means that the 

diffusion of drugs across human skin through the use of microneedles is also related to the 

skin thickness (h). 
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Figure 3.7-Influence of transdermal delivery of hGH for various skin thicknesses for the 
input parameters in Table 3.1. 
 

3.6.4 Effects of pharmacokinetics variables 

To evaluate the effects of both the elimination rate constant (Ke) and the volume of 

distribution (Vb) on the blood drug concentration, different values were chosen as shown in 

Figure 3.8. These reflect the influences of different pharmacokinetic of Ke and Vb variables on 

blood fentanyl concentration after applying microneedle arrays. We chose fentanyl as a model 

drug, as experimental values of Vb and Ke are available (Gupta et al., 1992). As expected, the 

fentanyl concentration in blood varies for different cases depending on the given input 

parameters. In all cases, the fentanyl concentration in blood decreases after 24 hours because 

the duration of application is defined to be 24 hours. The slow decrease of fentanyl 

concentration in blood following the removal of the microneedle systems is mainly due to the 

drug molecules dissolved in the skin at 24 hours (Tojo, 2005). Although these profiles have 

different distribution, it shows that pharmacokinetic variables have an effect on delivery using 

microneedles. As a result, the pharmacokinetic variables are important on defining the drug 

concentration in blood. This simulation is useful to predict the quantitative influence of 

pharmacokinetic variables on blood drug concentration. 
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Figure 3.8-Effect of different pharmacokinetics parameters (Gupta et al., 1992) on fentanyl 
concentration in blood using hollow microneedles for condition (1-8) as shown above (total 
calculation length (tm) = 72 hours, duration of application (ta) = 24 hours, and all the 
remaining parameters are the same as shown in Table 3.1. 
 
 
3.7 Summary 

A parametric analysis for transdermal delivery of high molecular weight drug (i.e., human 

growth hormone) from hollow microneedles has been presented. The simulations have 

allowed us to identify the significance of various factors that influence the drug delivery while 

designing microneedle arrays. It has been found that there are different parameters that must 

be considered in designing and hence, optimizing any microneedle systems. These may 

include, e.g., the penetration depth of the microneedle, duration of the application, surface 

area of the array system, etc. These suggest that for the design of a microneedle system, 

evaluating various transport parameters as well as physical dimensions of the system 

enhances the efficiency of transdermal drug delivery techniques. 
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Subject Vb [ml] Ke [s-1] 
1 731000 2.84 ×10-05 
2 330400 6.93 ×10-05 
3 268800 3.35 ×10-05 
4 198100 6.20 ×10-05 
5 285400 4.07 ×10-05 
6 377200 1.60 ×10-05 

7 549600  2.16 ×10-05 

8 446700 1.89 ×10-05 
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CHAPTER 4 

Effects of Various Parameters Defining Different Geometries of Microneedles on 

Effective Skin Thickness and Drug Permeability 

             
4.1 Introduction 

Motivated by the previous results in Chapter 3, the effective skin thickness for solid 

microneedles has been determined in this chapter. Recently, there has been an interest to 

investigate the influences of a variety of variables related to the microneedles to reach the 

optimum microneedle design and hence, improve the transdermal drug delivery when using 

microneedle arrays. Many relevant factors have been considered to formulate an optimized 

microneedle array, including the mask shape of the microneedle (Wilke and Morrissey, 2007), 

location of the microneedle hole (Khumpuang et al., 2007), the microneedle tip radius (Teo et 

al., 2006), etc. However, most of these studies made their decision based on different criteria 

such as microneedle insertion, but not permeability across skin, although permeability has 

been considered as a key factor that determines the efficiency of transdermal drug delivery 

process (Wilke et al., 2006). In addition, the radius of the microneedle and the centre-to-

centre spacing between the microneedles are important parameters in designing any patch and 

hence, they need to be considered in the simulations. In the following simulations, the driving 

force for drug transport is the concentration gradient as they move from locations of higher 

concentration towards the locations of lower concentration. In each layer inside the skin it is 

assumed that the permeation through these layers occurs by Fickian diffusion, and then the 

steady-state flux for a given compound is assumed (Park et al., 2005; Tregear, 1966). 

 

Since drugs are limited by the barrier function of the skin, a certain time is needed to reach the 

steady state. At short time duration when the transport behaviour is not steady state, Fick's 

second law can be used. This means that the rate of change in concentration with respect to 
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time for any compound diffusing at a point is proportional to the rate of change in 

concentration gradient at this point. The permeation profile of a drug diffusing across the skin 

that describes the change of state from the non steady-state to the steady-state is shown in 

Figure 4.1. 

 

 

 

 

 

 

 

 

 
Figure 4.1-Permeation profile of drug following Fick's Law across skin (Amsden and 
Goosen, 1995). 
 

Applying these fundamental concepts, it should be possible to determine the concentration 

distribution of a drug inside the skin for microneedle array system provided the required 

parameters are available. This will help us to know the best design of any microneedles array. 

For example, the tip radius of the microneedles should match the centre-to-centre spacing. If 

the tip radius is too big and the centre-to-centre spacing is too small then the concentration 

could be overdosing and that might lead to some side effect for the patient. On the other hand, 

if the tip radius is too small and the spacing centre is too far, then this will make the 

concentration too low and will not reach the desired dose for the proposed cure. This is why 

the design of the microneedle must be very accurate, having the qualification and the ability 

to deliver the drug across the skin in the appropriate way with the optimum design. 
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This chapter aims to quantify the influence of various geometrical parameters (e.g., 

microneedle thickness, coating depth, etc) associated with different microneedle shapes of 

coated drugs on the effective permeability across skin with a view to identify the most 

effective geometry of the microneedles. The ratio (RP) of drug permeability with 

microneedles to the permeability of normal skin (i.e., without microneedle arrays) has also 

been determined. This has been done to obtain more information for designing microneedle 

arrays since that little quantitative research has been presented for determining permeability 

across skin using microneedles (Wu et al., 2006). This ratio helps to assess the ability of 

increasing permeability across skin using microneedles. This parameters seems to be useful to 

compare various microneedles models, and hence, to achieve the optimum geometry. 

 

4.2 Modelling strategy 

For the purpose of this study, a commercial package (i.e., FEMLAB®) has been used to study 

the drug transport of solid microneedles. This study has been focused on the so-called “coat 

and poke” approach (Prausnitz, 2004) as shown in Figure 4.2. 

 

 

 

 

 

 

 

 

 

Figure 4.2- Schematic of coated microneedles for transdermal drug delivery: (a) side view, 
(b) top view. Lu is the uncoated microneedle length, L is the microneedle penetration depth, h 
is the skin thickness and H is the thickness of the skin after microneedles have been inserted, 
i.e., the distance between micro-needle tip and the blood micro-circulation. 
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4.2.1 Model assumptions 

For the purpose of this chapter, the following assumptions are made (Davidson et al. 2008): 

(1) The concentration of the drug (C) in the blood remains low throughout, and so the 

blood is considered to act as a sink, i.e. C = 0 for all time (t). 

(2) Skin binding is assumed to be negligible in the viable skin. 

(3) Drug metabolism is assumed to be negligible in the viable skin. 

(4) All drug molecules that diffuse through the viable skin are taken up by the blood 

circulation. 

(5) The diffusion is occurring in an isotropic media. 

(6) The rate limiting step is diffusion through the viable skin. 

The first assumption can be considered to be realistic as drugs coating are generally many 

orders of magnitude greater than the drug plasma concentration. Skin binding involves drug 

molecules becoming bound to active sites on macromolecules, which can cause a reduction of 

the diffusion coefficient to an ‘effective value’ that is a function of drug concentration (Tojo, 

2005). Drug binding tends to be prevalent in the stratum corneum rather than the viable skin, 

so ignoring it is a reasonable approximation. 

 

Metabolism by the living cells in the viable skin however can lead to an appreciable decrease 

in the systemic delivery of the drug (Tojo, 2005). To our best knowledge, there is no data to 

quantify the effect of skin metabolism on various drugs, particularly for those drugs that have 

not typically been used in transdermal delivery before. For simplicity, the metabolism of 

drugs in the viable skin is ignored. 

 

The fourth assumption defines that 100% of the drug molecules that diffuse into the area of 

skin occupied by the blood circulation (taken to be 200 µm deep) are absorbed into the blood.  

This is a common assumption and is considered realistic (see, e.g., Tojo, 1987). 
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The diffusion is defined to occur in an isotropic media in consistence with previous work on 

transdermal drug delivery using microneedles (Lv et al., 2006; Davis, 2003; McAllister et al., 

2003). 

 

The final assumption defines that the rate at which the drug dissolves into the tissue fluids and 

the rate at which it is absorbed by the blood is rapid compared to the rate at which it diffuses 

through the viable skin. This is a fair approximation, as the coating should be a mainly dry-

film and will quickly dissolve into the skin’s tissues (i.e., within 20 seconds) according to Gill 

and Prausnitz (2007). Drug molecules should also be quickly absorbed into the blood, 

especially in vivo (Tojo, 1987). 

 

4.2.2 Governing equations for drug transport in skin 

For solid microneedles coated by a dry-film of drug molecules, the rate-limiting step is the 

transport of drugs through the viable epidermis. Drug molecules dissolve in the interstitial 

fluids of the skin and diffuse towards the blood circulation in the dermis. It is assumed that 

absorption by the blood is rapid compared to permeation through the skin (Tojo, 1987).  

 

In order to determine the effective permeability across skin, and hence, the effective skin 

thickness, Fick’s first law has been adopted: 

dx
dCDJ −=           (4.01) 

Where J is the flux of drug through the skin, D is the diffusion coefficient of drugs in skin, C 

is the concentration of diffusing drug and 
dx
dC  is the concentration gradient. The negative sign 

means that the flux is toward the direction of decreasing concentration. 
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At steady state (i.e. 0
dt
dC

= ) it can be defined that,   

=
dx
dC constant

H
CC 12 −=          (4.02) 

Here, H is the thickness of the skin after microneedles have been inserted, C2 is drug 

concentration at the bottom of epidermis layer and C1 is drug concentration at the tip of 

microneedles. Now, combining Fick’s first law (equation 4.01) with equation (4.02), we 

obtain an expression for steady state diffusive flux Jss as follows: 

( )12ss CC
H
DJ −−=          (4.03) 

( )12ss CCPJ −−=          (4.04) 

Where P is the drug permeability in skin. When C2 is defined to be zero (i.e., sink condition) 

Jss is given by: 

1ss PCJ =           (4.05) 

For coated microneedles, the drug permeability is increased by bypassing the stratum 

corneum. This leaves the drug to diffuse across the viable skin (which consists of the viable 

epidermis and dermis) into the blood circulation. Assuming steady state transport across skin 

(Park et al., 2005), the effective permeability Peff of the skin when coated microneedles are 

being used is calculated by: 

eff

vs
eff H

D
P =           (4.06) 

Where Dvs is the diffusion coefficient of the drug in the viable skin which is assumed to be 

constant (i.e., the diffusion coefficients in the viable epidermis and dermis are of the same 

magnitude) (Tojo, 1987) and Heff is the effective thickness of the skin after microneedles have 

been inserted. Therefore, Heff is a function of purely of microneedle geometry. It must be 

pointed out that the effective skin thickness of solid microneedles (Heff) is different that the 

effective skin thickness of hollow microneedles (he). As mentioned in Chapter 3, the effective 

 



 54 
 
skin thickness of hollow microneedles is simply the distance between the microneedle tip to 

blood circulation. However, this is not the case in solid microneedle where the effective skin 

thickness is the distance between the coated areas of microneedle to blood circulation which 

consequently depends on the microneedle geometry as shown in this chapter. 

 

4.2.3 Skin permeability (without microneedle arrays) 

In order to understand the utility of microneedles, the permeability across skin without 

microneedles has been calculated. Therefore, the effective permeability of a drug due to 

microneedles has been compared with its permeability through normal skin that has its 

stratum corneum intact. By considering the skin to act as a bilayer membrane (Tojo, 1987), 

the permeability of intact skin is found by reciprocal addition of the permeability of the two 

layers, the stratum corneum and viable skin as follows: 

vsscskin
s P

1
P
1

P
1R +==         (4.07) 

scvsvssc

vssc
hDhD

DD
P

×+×
×

=         (4.08) 

Where Rs is the skin resistance, P is permeability across skin, Dsc and Dvs are diffusion 

coefficients of stratum corneum and viable skin, respectively while hsc and hvs are thicknesses 

of stratum corneum and viable skin, respectively. The resistance implies the inverse of 

permeability. 

 

The ratio (RP) of permeability with microneedles to the permeability of normal skin is given 

by dividing equation (4.06) by equation (4.08) as follows: 

eff

scDvs
p H

hRh
R

×+
=         (4.09) 

Where, RD is the ratio of diffusion coefficients in the viable skin and stratum corneum. This 

value is typically 500 – 10,000 (Tojo, 1987). 
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(a) (b) 

(c) 

 

4.3 Method of solution 

Drug diffusion from coated microneedles is modelled in 3D using FEMLAB®, a piece of 

scientific modelling software from Comsol (Comsol, 2005). It allows equation-based 

multiphysics modelling in an interactive environment. Free-form partial differential equations 

can be set up or particular physics applications can be chosen, in this case diffusion. 3D 

geometry of the microneedles can then be drawn and the diffusion of drug molecules analysed 

in transient or steady state. This is done by performing finite element analysis on the domain 

of interest. The domain is discretised into a mesh of small 3D elements, usually tetrahedrons. 

Our results show that the mesh is accurate enough, so that refining it did not significantly 

change the results. Boundary conditions and subdomains parameters are set and the PDE’s 

that characterise the physics of the domain are discretised and solved in FEMLAB®.  

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.3- A schematic model for modelling diffusion from a microneedle through the skin: 
(a) 3D view, (b) side view and (c) top view. CD is the coating depth of drug on the 
microneedle and S is the width and length of the square element of skin. 
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In order to model the diffusion process from the coated microneedles into the skin, the 

diffusion model was used in FEMLAB® along with their dimension for microneedle model A 

as shown in Figure 4.3. CD is the coating depth of drug on the microneedle (i.e., the distance 

from the tip that is coated by the drug film). As an example, this is 100 µm, as seen in 

literature (Widera et al. 2006). S is the width and length of the square element of skin. It also 

represents the centre-to-centre spacing of the microneedles, assuming they are in a square 

pattern. As an example, this distance was 100 µm. The distance to the blood circulation from 

the skin surface has been reported as 200 µm (Tojo, 1987) and so that is used here. 

 

The skin is modelled as a single subdomain with an isotropic diffusion coefficient (D). It was 

found that having a layer to represent the stratum corneum did not significantly affect the 

results and so it is not included in the model for simplicity. The blood is assumed to act as a 

sink for the drug and so this boundary condition is set (concentration is set to zero on this 

boundary). 

 

The boundary conditions for the drug concentration at the surface of the coated microneedle 

are, 

0tforLzLatCC ua ><<=      (4.10) 

On the other hand, the boundary condition for the drug concentration at the bottom of the 

epidermis layer is,  

0tforhzat0C >==       (4.11) 

Where aC is the drug concentration at the surface of the coated drug, uL is the uncoated 

microneedle length, L is the microneedle penetration depth, h is the skin thickness (i.e. equal 

to 200 µm), z is the distance in a given skin layer and t is time. 
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We calculate the steady state diffusive flux of drug through the blood interface assuming the 

concentration of drug on the needle is constant. It allows the calculation of effective skin 

thickness Heff, which is purely dependent on microneedle geometry. In our approach, Heff is 

calculated using the following method. The flux term determined from the simulations is 

integrated over the blood circulation boundary and then divided by the boundary area to give 

an average steady state flux, Jss. By rearranging the steady state of Fick’s first law, the 

following expression is found: 

ss

avs
eff J

CD
H

×
=         (4.12) 

Where aC is the drug concentration at the surface area of the coated drug and Heff can then be 

used to calculate the effective permeability across skin Peff in equation (4.06). It is assumed 

that the drug concentration at the surface area of the coated drug is 1% (w/v), which is 1 g/100 

ml. This is a typical value from the work by Gill and Prausnitz (2007). This value was kept 

the same in all cases. 

 

4.4 Microneedles types 

For the purpose of this work, six microneedle shapes have been chosen, as shown in Table 4.1 

and Figures 4.4-4.8. The shapes have been chosen according to what have been seen in 

literature, although the exact dimensions are not necessarily the same. 

 
Table 4.1. The design parameters of each microneedle type (Davidson et al., 2008). 
 

 

 

 

 

 

Type 

  

Penetration  

depth (µm) 

Diameter or 

Width (µm) 

Microneedle 

 thickness (µm) 

 Center-to-center  

spacing (µm) 

Coating  

depth (µm) 

A 140 50 N/A 100 100 

B 140 50(at base) N/A 100 100 

C 140 50 N/A 100 100 

D 140 50 35 100 100 

E 140 30(shaft) and 60(tip) 35 100 100 

F 140 50 35 100 100 
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This image is not available in ORA due to copyright reasons 

 

 

 

 

Figure 4.4- Microneedle type: (A) was fabricated by Xie et al. (2005) and (B) was fabricated 
by Henry et al. (1998). 
 

Microneedle type A consists of a cylindrical shaft with a cone tip. Needles of this form have 

been constructed by Xie et al. (2005). The design dimensions are shown in Figure 4.4(A). 

Whenever the dimensions are varied, the tip angle is maintained at 45°. Microneedle type B is 

a cone shape. An example of this type of needle can be seen in Figure 4.4(B), fabricated by 

Henry et al. (1998). As the geometry is varied, the tip angle is maintained at 79.9°. 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 
 
Figure 4.5- Microneedle type (C) was proposed by McAllister et al. (2003). 
 

Microneedle type C is a cylinder with a bevelled tip. An example of such a microneedle is 

shown in Figure 4.5, fabricated by McAllister et al. (2003). The design dimensions are also 

shown. As the geometry is varied, the bevel angle of 45° is maintained. 
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This image is not available in ORA due to copyright reasons 

 

 

 

 

 

Figure 4.6- Microneedle type (D) was fabricated by Gill and Prausnitz (2007). 

 

Microneedle type D is shown in Figure 4.6 with its design dimensions, along with an example 

of this type of needle from Gill and Prausnitz (2007). The tip angle is maintained at 45°. 

 

 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 

Figure 4.7- Microneedle type (E) was fabricated by Gill and Prausnitz (2007). 

 

Microneedle type E is an ‘arrow-head’ type needle manufactured by Gill and Prausnitz (2007) 

as shown in Figure 4.7. The arrow-head length and tip angle of 53.1° is maintained as the 

microneedle geometry is varied.  
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This image is not available in ORA due to copyright reasons 

 

 

 

 

 

Figure 4.8- Microneedle type (F) was fabricated by Martanto et al. (2004). 

 

Microneedle type F is a triangular type microneedle proposed by Martanto et al. (2004) as 

shown in Figure 4.8. The tip angle is maintained at 79.9° as the geometry is varied. 

 
4.5 Results and discussions 

In the present chapter, the following geometrical parameters of the microneedles were varied: 

depth of penetration, diameter (microneedle types A and C), thickness (microneedle types D 

and E), coating depth, centre-to-centre spacing. In addition, hexagonal symmetrical elements 

were designed for microneedle types A and B to compare with the case of square elements. 

Skin is wrinkled and has various surface features such as hairs. In addition to the visco-

elasticity of the skin, this means that microneedles will not penetrate to their full length 

(McAllister et al., 2003). In general, microneedles longer than 100 µm should be used to 

ensure that they penetrate beyond the stratum corneum (Stoeber and Liepmann, 2005). As the 

blood circulation is located ~200 µm beneath the skin’s surface in general, the microneedles 

should be shorter than this to prevent any chance of bleeding. For these reasons, the 

microneedles in the model are varied between 100-180 µm. The microneedle diameter ranges 

from 30-70 µm and the thicknesses between 25-75 µm. The diameter of microneedle model B 

 



 61 
 
was not varied as the tip angle of 79.9° must be maintained and a change in diameter would 

not be possible without a change in penetration depth. Coating depth ranges between 40-120 

µm and centre-to-centre spacing ranges between 75 – 200 µm. These ranges have been chosen 

based upon typical values seen in literature. 

 

4.5.1 Effects of  microneedle density 

Microneedle density (i.e., number of needles per unit area) has been shown to be an important 

parameter that should be taken into account (Matteucci et al., 2008; Shikida et al., 2006). The 

needle density varies from one design to another. Some researchers have used a low needle 

density, e.g., 144 needle/cm2 (Wilke and Morrissey, 2007). Others have used a high needle 

density, e.g., 640 needle/cm2 (Stoeber and Liepmann, 2005). In general, the number of 

microneedles are related to the surface area of the array either per 1 or 2 cm2 (Cormier et al., 

2004; Matriano, et al., 2002). Morrissey et al. (2005) demonstrated that the insertion force 

depends on the needle density. Widera et al. (2006) investigated the influence of needle 

density on the immune response for both low (i.e., 140 needle/cm2) and high (657 needle/cm2) 

needle densities. The results show that the immune response does not depend on the density 

of microneedles. Verbaan et al. (2008) revealed no significant differences between various 

needle densities (i.e., 16,36 and 81 needle/cm2). This finding agreed well with another study 

conducted by Wu et al. (2006). However, the drug permeation rate has been increased by 

increasing the density of microneedles (Donnelly et al., 2009; Li et al., 2009; Oh et al., 2008). 

 

Following the above discussion, we have addressed the implication of changing the needle 

density of microneedles. As an example, we present the results for microneedle type D 

(Figure 4.6). By symmetry, it is possible to model a whole array of microneedles by 

modelling only a single microneedle. For instance, it can be shown that the permeability 

across skin of drug from one microneedle is represented by a given number of microneedles 
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in the array provided that the microneedle geometries are the same in both cases. For 

example, an array of twenty five microneedles can be represented by the modelling a single 

microneedle, due to symmetry as shown in Figure 4.9. This is convenient as the geometry of 

the problem becomes considerably simpler. 3D modelling of complex geometry requires 

greater computer processing power and takes longer simulation time. 

 

 

 

 

 

 

 

 
 
Figure 4.9- A top view of an array of 25 microneedles which can be represented by the 
modelling of a single microneedle due to symmetry. 
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Figure 4.10- A schematic diffusion model of microneedle type D with 25 needles: (a) side 
view, (b) top view and (c) 3D view. 
 

In order to validate this claim, we have simulated microneedle type D by considering twenty 

five needles as shown in Figure 4.10 and compared it with one needle.  

 

 

 

 

 

 

 

 

 

 
 
Figure 4.11- Influence of the changing numbers of microneedles for microneedles type D, 
coated with insulin, on effective skin thickness Heff (blank markers) and effective 
permeability across skin Peff (solid markers). 
 

As shown in Figure 4.11, the effective permeability across skin (Peff) is the same for both one 

needle and twenty five needles. The similarity of the effective skin thickness in both cases is 

due to the symmetry in the diffusion model. In other words, in both cases the microneedle 

geometries are identical. Therefore, this supports our claim that modelling one microneedle 

could represent a given number of microneedles (i.e., 25 needles) and hence the simulations in 

the following sections have been done by modelling one microneedle for various microneedle 

types. 
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During the injection of microneedles, the drug molecules are assumed to move through an 

isotropic media which is consistent with many previous works (e.g., Davis, 2003). However, 

the molecules could potentially diffuse around the spacing among microneedles and 

surrounding skin (McAllister et al., 2003). Haider et al. (2001) concluded that the flow 

performance of hollow microneedles was independent of the centre-to-centre spacing, 

implying that any effects of the interactions of the microneedles are insignificant. In all the 

simulations carried out in this research, the centre-to-centre spacing was large enough to 

possibly avoid any microneedle interaction (i.e., ranged between 75 to 200 µm). This agreed 

well with the theoretical model presented by McAllister et al. (2003) where the permeability 

across the skin has been predicted as a function of both the surface area of microneedle arrays 

and number of microneedles. This theoretical model agreed well with their experimental study.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12- A schematic diffusion model in 3D of microneedle: (a) type A with 1 
microneedle, (b) type A with 25 microneedles, (c) type D with 1 microneedle, (d) type D with 
25 microneedles. 
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Figure 4.12 shows the effects of microneedles interactions for microneedle types A and D for 

one microneedle and twenty five microneedles in 3D. This has been done to observe 

microneedles interactions for a given number of microneedles (i.e., 25 microneedles) in 3D 

and to explore how these interactions affect the drug permeability behaviour. To further 

examine the influence of microneedles interaction, the effective skin thickness and the insulin 

concentration in blood have been determined for all microneedle types for both one 

microneedle and twenty five microneedles as shown in Figures 4.13 and 4.14, respectively.  

 

 

 

 

 

 

 

 

 
Figure 4.13- Influence of the changing the number of microneedles for various microneedle 
types coated with insulin on effective skin thickness Heff. 
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Figure 4.14- Influence of the changing the number of microneedles for various microneedle 
types on insulin concentration in blood Cb. 
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The result shows the interaction between microneedles without any differences in the values 

of both the effective skin thickness and insulin concentration in blood. The procedures for 

calculating insulin concentration are discussed in Chapter 5 and are outside the scope of 

discussion in this chapter. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15- Influence of the changing the number of microneedles for various microneedle 
types on steady state insulin concentration in blood Cb,ss. 
 
 

Moreover, Figure 4.15 shows the influence of microneedles interaction for all microneedle 
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microneedle types for both cases were similar. 
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of skin. As expected, the effective skin thickness and steady state insulin concentration have a 

similar value in a given centre-to-centre spacing for both one microneedle and twenty five 

microneedles. Altogether, the simulations show that the microneedles interaction has been 

taken into our consideration with no differences in both the one microneedle model and 

twenty five microneedles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16- Influence of the changing the number of microneedles for various centre-to-
centre spacing of microneedle type D coated with insulin on effective skin thickness Heff. 
 

 

 

 

 

 

 

 

 

 
 
Figure 4.17- Influence of the changing the number of microneedles for various centre-to-
centre spacing of microneedle type D on steady state insulin concentration in blood Cb,ss. 
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4.5.3 Effects of  depth of penetration 

The ability of controlling the depth of penetration has a significant limitation when using the 

microneedles of different geometries (Matriano et al., 2002). It is therefore important to relate 

microneedle dimensions to the penetration depth which then influence the performance of the 

microneedles for drug delivery process (Teo et al., 2005). Widera et al. (2006) showed that 

coated microneedles with different drug doses did not decrease the penetration depth for a 

given microneedle length. However, the depth of penetration decreased with increased 

microneedles length for a given dose (Widera et al., 2006). In contrast, Cormier et al. (2004) 

compared the penetration depth for both coated and uncoated microneedles. In their study, 

they found a significant reduction in penetration depth for coated microneedles. 

 

To address this issue in a systematic manner, the depth of microneedle penetration was varied 

for all types of microneedle to calculate the effective skin thickness Heff and effective 

permeability across skin Peff of insulin as a model drug (Dvs= s/m101 210−× ; Lv et al., 2006).  

 

 

 

 

 

 

 

 

 

 
Figure 4.18- Influence of the changing penetration depth of various microneedles types, 
coated with insulin, on effective skin thickness Heff (solid markers) and effective permeability 
across skin Peff (blank markers). 
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Microneedle length in our model represents the depth to which the microneedle penetrates the 

skin, and as such, does not directly represent the physical length of the microneedle. Besides 

depth of penetration, the design dimensions in Table 4.1 are used in all of the microneedle 

types and the results are shown in Figure 4.18. 

 

There is an obvious linear relationship between Heff and microneedle penetration depth for all 

the models. The data points for both microneedles types A and C are indistinguishable due to 

the similarity in their geometry. For this reason, the data for microneedle type C is not plotted. 

The linear result is a consequence of the fact that the average diffusion path length becomes 

shorter in proportion to the depth of penetration. For a given length, the effective permeability 

across skin is maximum for microneedle type D and minimum for microneedle type B. The 

geometry of microneedle type D is such that its tip has a relatively large surface area and thus 

presents a larger amount of drug closer to the blood circulation. This reduces the effective 

skin thickness and increases the effective permeability across skin. Altogether, the result 

indicates that by increasing the penetration depth of microneedle, the effective skin thickness 

decreases and the effective permeability across skin increases. 

 

4.5.4 Effects of  microneedle diameter 

Rajaraman and Henderson (2005) argued that the microneedle diameter depends on the 

materials used for fabrication. The experimental results conducted by Stoeber and Liepmann 

(2005) illustrated that microneedle diameter depends on the maximum microneedle density 

(i.e., number of microneedles per unit area). The force needed to cause microneedle failure 

during piercing through skin increases by increasing microneedle diameter (Park et al., 2007). 

These results were consistent with the simulations presented by Haider et al. (2001) where the 

insertion force requirements increased with increasing microneedle diameter. Teo et al. (2005) 

demonstrated that increasing microneedle diameter improved transdermal drug transport. 
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Microneedles tend to buckle for a given diameter by increasing microneedles length but of the 

same diameter at pressure less than that needed to penetrate the stratum corneum (Mukerjee et 

al., 2004). Microneedles with larger diameter provide higher mechanical stability than that 

with a smaller diameter (Ovsianikov and Chichkov, 2007). Khumpuang et al. (2005) 

fabricated microneedle arrays with a microneedle diameter of 40 µm to prevent any problems 

of blood clogging due to the diameter of white blood cells (i.e., approximately more than 20 

µm). 

 

Following the above discussions, we investigated the influence of various microneedle 

diameters on both the effective skin thickness and effective permeability across skin for 

various geometries. Figure 4.19 was obtained when the diameters of microneedles type A and 

type C were varied. Besides diameter, the other dimensions are design values (penetration 

depth = 140 µm, coating depth = 100 µm, microneedle spacing = 100 µm). 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.19- Influence of the microneedle diameter of insulin coated microneedles types on 
the effective skin thickness Heff (solid markers) and effective permeability across skin Peff 
(blank markers). 
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It can be seen in Figure 4.19 that by increasing the diameter, the effective skin thickness is 

decreased, increasing the effective permeability across skin. However, over the range of 

diameters tested, the effective skin thickness only changed by less than 10%, indicating the 

effective skin thickness is not a strong function of the diameter. As the diameter is increased, 

the diffusion paths from the microneedle to the corners of the blood circulation interface are 

reduced. This is responsible for decreasing effective skin thickness and increasing effective 

permeability across skin. Diameter may be more important in increasing the available surface 

area for drug coating on the microneedle. Effective permeability across skin appears to tend to 

a constant value as diameter is increased. For a given diameter, there is little difference in the 

effective permeability across skin when either microneedle is considered. This is presumably 

due to the similarity of geometry in the two models. However, the effective permeability 

across skin is maximum for microneedle type A and minimum for microneedle type C. To 

sum up, changing the microneedle diameter has a lower influence on both the effective skin 

thickness and permeability as compared to changing the penetration depth of microneedle. 

 

4.5.5 Effects of  microneedle thickness 

The thickness of microneedle has been considered as an important parameter, since it is 

related to the length of microneedles and hence its strength (Rajaraman and Henderson, 

2005). Davis et al. (2004) found that the force of microneedle fracture depends on the 

microneedle thickness. They noticed that the margin of safety (i.e., ratio between microneedle 

fracture and skin insertion force) reached its highest value with large microneedle thickness. 

 
 
To determine the effects of this parameter, the thickness of microneedle types D-F was varied 

and the results are shown in Figure 4.20. Design dimensions were used in Table 4.1. The 

results indicate that by increasing the thickness of these microneedles, effective skin thickness 

will decrease and permeability will increase. For a given microneedle thickness, the effective 
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permeability across skin is maximum for microneedle type D and minimum for microneedle 

type F. The range of effective skin thickness is quite small for each microneedle (13-15%) 

when compared to the range that was obtained by varying length (>60%). 

 

 

 

 

 

 

 

 

 

 

Figure 4.20- Influence of microneedle thickness of insulin coated microneedles types on 
effective skin thickness Heff (solid markers) and effective permeability across skin Peff (blank 
markers). 
 

This indicates effective skin thickness is a relatively weak function of thickness, like 

diameter. Unlike in the case of diameter though, effective permeability across skin appears to 

be a linear function of thickness. The mechanism by which permeability is increased is 

probably due to the shortening of diffusion paths from the microneedle to the corners of the 

blood circulation interface in the skin diffusion model. Overall, changing the microneedle 

thickness has a lower influence on both the effective skin thickness and permeability across 

skin as compared to changing the penetration depth of microneedle but has a higher influence 

as compared to changing the microneedle diameter. In all cases of microneedle thickness, the 

range of both the effective skin thickness and permeability is quite small. 
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4.5.6 Effects of microneedle drug coating depth 

Gill and Prausnitz (2007) examined the ability of controlling the microneedle length by 

varying the coverage coating percentage of the microneedle length. However, they did not 

study the influence of this variation on permeability across skin. Widera et al. (2006) studied 

the effect of changing the coating dose for four microneedle array designs. They found that 

both the length and density of microneedles did not influence the total amount of drug 

delivered into the skin. The amount delivered of ovalbumin as a model protein increased as a 

result of increasing the coating concentration of ovalbumin (Matriano et al., 2002). However, 

decreasing the coating dose would improve the drug delivery efficiency (Cormier et al., 

2004). 

 

 

 

 

 

 

 

 

 

 
Figure 4.21- Influence of microneedle coating depth of insulin for various microneedles types 
on effective skin thickness Heff (solid markers) and effective permeability across skin Peff 
(blank markers). 
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microneedle type B, effective skin thickness and permeability across skin are very weak 

functions of the coating depth of the drug film on the microneedle. As mentioned before, 

microneedle type A and microneedle type C were found to be indistinguishable so 

microneedle type C is not plotted. Beyond 60-80 µm it seems that effective skin thickness and 

effective permeability across skin become independent of coating depth. It is difficult to 

explain why coating depth appears to be more important in determining effective permeability 

across skin for microneedle B than the other types. In general, the results show that coating 

depth has the lowest influence on both the effective skin thickness and permeability as 

compared to previous parameters. 

 

4.5.7 Effects of  microneedle spacing 

As expected, the centre-to-centre distance between two adjacent microneedles is an important 

factor for fabricating microneedles (Choi et al., 2006). The insertion force of microneedles 

depends on microneedles spacing (Parker et al., 2007). This accords well where the insertion 

force of microneedles depends on microneedles spacing as well as microneedle length (Davis 

et al., 2004). They suggest that the insertion force depends also on the number of 

microneedles as long as the spacing is wide enough. Increasing the centre-to-centre spacing 

improves the transdermal drug delivery efficiency of coated microneedles (Gill and Prausnitz, 

2007). Haider et al. (2001) also demonstrated this by increasing microneedle spacing which 

reduced penetration force. While the previous studies attempted to determine effects of 

microneedle spacing on the force of insertion, it is not clear how the spacing influences the 

effective permeability across skin and thickness. 

 

To address this issue in this work, the centre-to-centre spacing was varied between 75-200 µm 

for all the microneedle types (with design dimensions). From Figure 4.22, it appears that an 

exponential relationship exists between microneedle spacing and both effective skin thickness 
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and effective permeability across skin. When each series of data is fitted to an exponential 

trend line, the R2 value is greater than 0.99, indicating a strong agreement.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22- Influence of insulin coated microneedle spacing on the effective skin thickness 
Heff (solid markers) and effective permeability across skin Peff (blank markers). 
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was obtained by varying all the previous parameters except the penetration depth. This 

indicates effective skin thickness is a relatively strong function of centre-to-centre spacing. 
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4.5.8 Square or hexagonal microneedle array pattern 

Since the first fabrication of microneedles, different microneedles array patterns have been 

proposed such as square (Hsu et al., 2007), hexagonal (Widera et al., 2006), etc. However, the 

shape of the pattern does not represent the shape of microneedle cross section (Rodriguez et 

al., 2005). In this work, it was determined whether arranging the microneedles into a 

hexagonal pattern affected the effective permeability of skin. This was done by using 

hexagonal shaped elements in the skin diffusion model instead of square ones. Therefore, the 

demonstration has been done for microneedle types A and D. Figure 4.23 indicates that for a 

given centre-to-centre spacing, effective permeability across skin is slightly greater (2-5%) 

when a hexagonal array pattern is used over a square pattern. 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 4.23- Comparison of the effects of insulin coated microneedle spacing for types A and 
D for square and hexagonal microneedle patterns on effective skin thickness Heff (solid 
markers) and effective permeability across skin Peff (blank markers). 
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longer which results in a greater effective skin thickness. Overall, there is not much difference 

between the performance of the square and hexagonal patterns since the square pattern has 

almost the same influence as the hexagonal pattern. 

 

4.5.9 Effects of increase in skin permeability relative to untreated skin 

Microneedle arrays have been considered as an intelligent drug delivery devices (Tao and 

Desai, 2003). Over the past few years, a variety of methods have been proposed to determine 

the skin permeation of drugs caused by microneedles. Wu et al. (2006) used macroneedles 

instead of microneedles and determined permeability through treated skin by macroneedles. 

Wu et al. (2007) compared permeability of high molecular compounds through treated skin by 

microneedle before and after applying the iontophoresis. This has been done by evaluating 

permeability factor (i.e., ratio of flux through fresh intact skin over flux post-iontophoresis). 

However, as far as the authors know, no theoretical effort had ever been done for evaluating 

the relative permeability across skin to quantify the changes before and after applying the 

microneedles across skin. For that reason, we determine the ratio of permeability with 

microneedles and permeability of normal skin (RP) which is a function of Heff, the effective 

skin thickness and RD, the ratio of diffusion coefficients in the viable skin and stratum 

corneum. As mentioned previously, the value of RD varies between 500 -10,000 (Tojo, 1987). 

The thickness of stratum corneum and viable skin were assumed to be 20 µm and 180 µm, 

respectively. This has been assumed since that the distance to the blood circulation from the 

skin surface has been reported as 200 µm (Tojo, 1987). 

 

Figure 4.24 shows how RP varies as a function of Heff for particular values of RD. The range 

of Heff corresponds to the range calculated in the previous section. The permeability of skin is 

increased by around 3 orders of magnitude compared to normal untreated skin (i.e., Rp ranges 

from 63 – 6673). This result is consistent with literature, which states that microneedles can 
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improve permeability across skin by over 1000 times when left in place (Henry et al., 1998). 

For a given effective skin thickness, the relative permeability is maximum for RD = 10000 and 

minimum for RD = 500. The result shows clearly that the microneedle arrays enhance the 

transdermal drug delivery as the permeability across skin with microneedles is higher when 

compared with the permeability across skin without microneedles. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.24- The relative permeability of treated skin to untreated skin (Rp) as a function of 
the ratio of diffusion coefficients in the viable skin and stratum corneum (RD) and the 
effective skin thickness (Heff). Rp (-) is the ratio of drug permeability with microneedles to the 
permeability of normal skin (i.e., without microneedles). 
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These are then plotted for insulin as a model drug to see how various microneedle parameters 
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affect the profiles of both Heff and Peff. It has been found that the depth of penetration from the 

microneedle array was the most important factor in determining Peff, followed by the 

microneedle spacing. Other parameters such as microneedle diameter and coating depth are 

less significant. 
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CHAPTER 5  
Numerical Modelling of Drug Concentration in Blood 

 
5.1 Introduction 

As discussed previously in Chapter 2, solid microneedles have generally received more 

attention as compared to hollow microneedles. According to Gill and Prausnitz (2007), coated 

microneedles could potentially provide an alternative means to systemically deliver drugs in a 

bolus form. It has been noted that the drug coating should be localised on the microneedle 

surface rather than the array base. Even though coating the base of the array could increase 

the dosage, it has been found that the drug is poorly delivered from the array base and instead 

most drugs are delivered from the tips of the microneedles (Gill and Prausnitz, 2007). For 

example, when the model antigen ‘ovalbumin’ was coated onto the tips of a microneedle array 

its delivery efficiency was increased by 48-58% (Widera et al., 2006) compared to 4-14% 

when the whole array was coated (Matriano et al., 2002). The coating should adhere well to 

the microneedles in order to avoid deposition of the drug on the skin’s surface during 

insertion. This will increase delivery efficiency and is also beneficial from safety perspective 

(Widera et al., 2006). This study describes a model for coated microneedles, the so-called 

“coat and poke” approach (Prausnitz, 2004). 

 

Martanto et al. (2004) studied whether permeability across skin to insulin can be enhanced by 

using a microneedle array while insulin solution is applied topically in a so-called “poke with 

patch” method (Prausnitz, 2004). Solid microneedles coated with insulin have been applied to 

diabetic hairless rats where the decrease in blood glucose levels was significantly greater than 

in the control case when microneedles were not used (Martanto et al., 2004). The initial 

concentration of the drug decreases over time to an ineffectual stage once the drug penetrates 

into human skin. Therefore, to reach an effective blood concentration, the therapeutic efficacy 

of drug should be improved by increasing drug administration (Santini et al., 2000). Kolli and 
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Banga (2008) show that the plasma drug concentration reaches its maximum when using 

microneedles as compared to passive delivery. 

 

Motivated with the results obtained in Chapters 3 and 4, we seek to further study the effects of 

several geometrical parameters (e.g., microneedle thickness, coating thickness, etc.) on the 

insulin blood concentration profile. Consequently, a dimensional analysis has been carried out 

using Buckingham’s π theorem to determine the functional dependence of blood drug 

concentration on various parameters. For our purpose, a mathematical framework has been 

developed and numerical simulations have been carried out which describe the 

pharmacokinetics of insulin penetrated into skin from using microneedle array. It is rare to 

find a study that has systematically addressed how the microneedle array design parameters 

influence drug blood concentration profiles from a computational point of view. This work is 

envisaged to determine the steady state insulin concentration in the blood for various 

microneedle types, and hence identify the optimum design, if any, for the transdermal drug 

delivery of insulin. 

 

5.2 Dimensional analysis 

As discussed before, a number of variables influence the process of drug delivery by using 

microneedles. However, in most practical cases, the main variable of interest is the steady 

state drug concentration in blood (Cb,ss) and its dependency on other variables. To address this 

issue, a scaling relationship is obtained by using dimensional analysis. The dimensionless 

groups obtained in this can describe drug transport behaviour to a very good accuracy, as 

discussed later. Following the procedures of Buckingham π theorem (Buckingham, 1914), it 

can be shown that:  
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Where, φ  is an unknown function. This unknown function that appears in the dimensional 

analysis may need different approach in order to identify its value. Although equation (5.01) 

provides the relationship of the dimensionless steady state blood concentration Cb,ss/Cs with 

other individual dimensionless groups, in reality however the combined effects of all groups 

are more relevant for drug transport in skin. To address this issue, all groups have been 

combined by multiplication or division to form a new dimensionless group. Then, the power 

law form is applied to convert the dimensionless groups, which are related to each other, with 

an unknown function as follows (Yahya and Manning, 2004): 
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Where, Y is a dimensionless constant and z is an unknown power. Ordinary regression is 

applied to determine the above dimensionless constant and the unknown power (Smith et al., 

1992). 

 

5.3 Modelling strategy 

A schematic diagram of the developed mathematical framework for insulin transport across 

the skin via a microneedle array is illustrated in Figure 5.1. Solid microneedle arrays are 

coated by an aqueous solution of insulin molecules which bypass the stratum corneum 

(Davidson et al., 2008). Insulin molecules diffuse across viable epidermis until they reach the 

epidermal-dermal junction where they are absorbed by the blood circulation. In the figure Lu 

is the length of the uncoated microneedles, L is the penetration depth of microneedles, H is 

the thickness of the skin after microneedles have been inserted (i.e., the distance between the 

tip of the microneedle and the blood circulation), h is the epidermis thickness and Pt is the 

microneedle centre-to-centre spacing. Insulin pharmacokinetics is described by a one 

compartment model (i.e. blood compartment) with first order elimination kinetics (Tojo, 

1987). 
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Figure 5.1- Schematic of coated microneedles for transdermal insulin delivery: (a) side view, 
(b) top view. H is the thickness of the skin after microneedles have been inserted (i.e., the 
distance between the tip of the microneedle and the blood circulation), h is the skin thickness, 
L is the penetration depth of microneedles, Lu is the length of the uncoated microneedles and 
Pt is the centre-to-centre spacing. 
 
 
To model the diffusion process from the coated microneedles into the skin and determine the 

effects of geometry, six microneedles shapes have been selected as shown in Figure 5.2. 

These shapes have been chosen based on what has been reported in the literature, though they 

are not all drawn to scale (Davidson et al., 2008). These shapes are the same as discussed 

previously in Chapter 4. 

 

In this section, the model assumptions in the mathematical framework will be presented. 

Then, the governing equations of both the diffusive flux and drug concentration in blood 

along with their initial and boundary conditions will be given and explained in detail. 
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This image is not available in ORA due to copyright reasons 

 

 

 

 

 

Figure 5.2- The six microneedle types used in this study adopted from Davidson et al. (2008). 
 

5.3.1 Model assumptions 

When considering the delivery of insulin from the microneedles through the skin, the same 

assumptions included in chapter 4 were taken in our consideration. However, these 

assumptions may be briefly explained as below. 

 

The stratum corneum is mainly impermeable to insulin due to the intercellular lipid layers 

(Sadrzadeh et al., 2007). The partition coefficient on the boundary between the viable 

epidermis and dermis has been assumed to be equal one since both layers (i.e., viable 

epidermis and dermis) consist mainly of water (Ranade, 1991). Drug partition in the skin was 

not considered during an intracutaneous injection as the diffusion coefficient was considered 

more important than the partition coefficient (Yoshida et al., 2008). McAllister et al. (2003) 

develop a theoretical model to determine the permeability across skin of various 

macromolecules, including insulin, when using microneedles. The permeability was a 

function of the microneedle dimensions, skin thickness and drug diffusivity and the partition 

coefficient was not considered. The results agreed well with their experimental data. 

 

As mentioned before, microneedles have been shown to be a promising technique for 

achieving effective drug delivery to the blood stream (Yang and Zahn, 2004). The drug is 

absorbed almost completely by the blood vessels once the drug diffuses across the viable 
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epidermis (Tojo, 1987; Zesch and Schaefer, 1975). In another study, it has been shown that 

almost 97% of the drug is taken up by the blood stream (Tojo, 2005). Furthermore, the blood 

glucose levels in diabetic hairless rats has been reduced by 80% when using an array of solid 

microneedles and an insulin solution placed in contact with the skin (Martanto et al., 2004). 

The drop in blood glucose levels due to insulin delivery from microneedles was found to be 

comparable to that from a hypodermic injection of 0.05-0.5 U insulin (μU/mL = 0.0417 

µg/L). These results indicate that microneedles can successfully deliver drugs such as insulin 

in vivo and the majority of the insulin is absorbed by the blood circulation. Ito et al. (2006) 

concluded that insulin administered through microneedles was well absorbed by the blood 

stream. 

 

5.3.2 Governing equations for diffusive flux from coated microneedles 

The movement of insulin across the viable skin is represented by Fick's second law of 

diffusion (equation 3.01). In order to solve this equation, the Dirichlet type boundary 

conditions have been imposed (equations 4.10 and 4.11). Under the above assumptions, the 

steady state flux of insulin is applied (equation 4.05). In our case, we have previously defined 

the effective skin thickness Heff of the skin after solid microneedles have been inserted as a 

function of microneedle geometry (equation 4.12) (Davidson et al., 2008). 

 

Diffusion of insulin in the skin from the coated microneedles has been also modelled in 3D 

using FEMLAB®. The flux term determined from the simulations has been integrated over the 

blood circulation boundary and then divided by the boundary area (i.e. 100µm x 100µm 

= 28 m101 −× ) to give an average steady state flux. This value has been used to calculate the 

effective skin thickness (Heff) as discussed in Chapter 4. This result has been used in the 

governing equations of blood insulin concentration as will be discussed in the following 

section. 
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5.3.3 Governing equations for insulin concentration in blood 

For the purpose of this work, the insulin concentration in blood after imposing the transdermal 

drug delivery is given by a one-compartmental pharmacokinetic model (Al-Qallaf et al., 2007; 

Tojo, 2005): 
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Where, Ke is the elimination rate constant from the blood compartment, dQ/dt is the effective 

penetration rate of insulin through the skin, Sa is the surface area of the delivery system (i.e., 

patch of microneedles), Vb is the volume of distribution in the blood, Cb is the insulin 

concentration in the blood. 

 

The rate of insulin permeation and the cumulative amount of insulin permeated per unit area 

of skin are given by equations (5.04) and (5.05), respectively (Al-Qallaf et al., 2007; Tojo, 

2005): 
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The distance to the blood circulation from the skin surface has been reported as 200 µm 

(Tojo, 1987), which is used here as well. The viable skin is modelled as a single domain with 

a single isotropic diffusion coefficient. The width and length of the square element of skin 

represents the centre-to-centre spacing of the microneedles, assuming they are in a square 

pattern as shown in Figure 5.1. The spacing has been assumed to be 100 µm, leading to an 
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area for a square element of skin equal to 28 m101 −× . The governing equations have been 

solved by applying the SKIN-CAD® software, (Biocom system, 2006). 

 

This one-compartment model, the simplest pharmacokinetic model, mimics the drug transport 

behaviour in this case. One assumption that is being made for the above model is that the drug 

distribution and concentration equilibrium occur rapidly (Xu and Weisel, 2005). It is therefore 

adequate to describe the pharmacokinetics of drugs that minimally distribute into the body’s 

tissue (van Rossum, 1977). As mentioned earlier, the one-compartment model has been used 

in this study where we apply the values for the volume of distribution (Vb) and the elimination 

rate constant (Ke) obtained from literature for insulin. The one-compartment model with 

steady state values provides a good approximation, especially for those drugs that distribute 

and reach steady state quickly. Moreover, the one-compartment model is more appropriate for 

a drug when using transdermal drug delivery (e.g., hypodermic injection, microneedle arrays) 

than for an oral delivery (e.g., pill), which takes time to dissolve, absorb, and distribute into 

the system (Shiflet and Shiflet, 2006). Therefore, it is sufficient for the purpose of this work, 

i.e., to determine the effects of microneedle geometry with insulin as a model drug. 

 
5.4 Results and discussions 

In the following simulations, the concentration of insulin in blood has been calculated using 

equation (5.03). The input parameters of both the design dimensions and the ranges used of 

various microneedle types for these simulations are shown in Table 5.1. Unless otherwise 

stated, microneedle type D has been used as an example for all the numerical simulations 

associated with the variations of the microneedle geometries. Injection of insulin has many 

benefits such as lowering the blood glucose levels in the treatment of diabetes (Davis et al., 

2005), reducing the infarct size and hence improving the diagnosis of the patient once the 

stroke occurred (Capes et al., 2001), etc. In fact, insulin has been adopted as a model drug in 
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many studies for transdermal drug delivery using microneedles (Nordquist et al., 2007; Davis 

et al., 2005; Prausnitz, 2004). 

 

Table 5.1- The input of model parameters used in this work for analysing the blood 
concentration of insulin permeated through the skin by using microneedle arrays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aAl-Qallaf et al., 2007; bPark et al., 2005; cAl-Qallaf and Das, 2008; dTojo, 2005; eDavidson et 
al., 2008; fMcAllister et al., 2003; gLv et al., 2006; hSøeborg et al., 2009; iKraegen and 
Chisholm, 1984; jHansen, 2004; kMartanto et al., 2004; lTeo et al., 2005; mVan Rossum, 1977. 
 
 
 
5.4.1 Validation of the developed approach 

We start our discussion by validating the simulations carried out in this mathematical 

framework. This has been done by comparing the numerical results with the experimental 

work by Martanto et al. (2004) as shown in Figure 5.3. It should be noted that only two points 

were taken in the experimental results. The results show that the simulation results compare 

adequately with the experimental results. It must be pointed out that the results are for cases 

when the microneedles have been inserted into diabetic hairless rat. Therefore, an animal skin 

has been used because of the difficulties of using human skin for various reasons such as 

ethical consideration (Sartorelli et al., 2000). However, a review has been presented to 

compare various skins including human and animal skins (Godin and Touitou, 2007). In this 

study, the authors have concluded that mammal skin is a reasonable model to study 

transdermal delivery in humans (Godin and Touitou, 2007). In brief, less remarkable 

 Insulin 
Parameters Type D Ranges 
Duration for medication (calculation): tm (hour) 8a - 

Duration of microneedles application: td (hour) 4a - 

Surface area of  microneedles array: Sa (cm2) 0.8b,c l0.04-0.81b,c 

Distance to blood vessel: h (cm) 0.02a,d 0.016-0.024 

Effective skin thickness: Heff (cm) 0.00819e variablee 

Diffusion Coefficient in viable skin: Dvs (cm2/s) f,g1× 10-6 - 
Volume of distribution: Vb(L) 12h,i 12h,i-21m 

Elimination rate constant: Ke (h-1) 6h,j 0.46m-6h,j 

Skin surface concentration: Cs (μg/ml) 4170k - 

Penetration depth: L (cm) 0.014e 0.01e-0.018e 

Microneedle thickness: T (cm) 0.0035e 0.0025e-0.0075e 

Microneedle centre-to-centre spacing: Pt (cm) 0.01e 0.0075e-0.02e 

Coating depth: CD (cm) 0.01e 0.004e-0.01e 
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differences have been observed between the experimental results and the numerical results (2-

16%). Therefore, the level of agreement is quite good. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3-Comparison of the simulated blood concentration profile of insulin after applying 
transdermal delivery by microneedle type F (black column) and the experimental results 
(blank column) assuming the insertion time of microneedles to be four hours. 
 
 
5.4.2 Effects of microneedle shapes on insulin distribution in skin 

In order to determine the effectiveness of transdermal drug delivery using microneedles, the 

distribution of blood insulin concentrations for each microneedle model has been obtained. In 

a previous work involving different needle geometries, Lv et al. (2006) have used a 

theoretical model to obtain insulin profiles across the skin. They studied both the transient and 

spatial distribution in the skin tissue as well as in the drug solution of hollow microneedles. 

However, they have not considered the implications of variations in the microneedle geometry 

of solid microneedles. In our study, the distribution of insulin concentration across skin for 

various solid microneedles models has been simulated as shown in Figures 5.4 and 5.5.  
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Figure 5.4- Distribution of insulin in skin for microneedle models (A), (B) and (C) 
(penetration depth is 140 µm and all the remaining dimensions with their design values as 
mentioned in Table 5.1). 
 

As expected, the insulin concentration decreases gradually towards the blood interface due to 

sink condition there. It seems the most effective model is microneedle type D as the 

distribution of insulin concentration (i.e., 0.5 ≤Cins≤ 1 unit/m3) covers most of the skin 

thickness (i.e., 200 µm). On the other hand, microneedle model B results in the least 

distribution of insulin concentration. The uniform distribution is an important factor that can 

be observed in microneedle type C and E. In microneedle type C, the drug is distributed 

mostly on one side. This is due to the cylindrical shape of microneedle with a bevelled tip. 

However, in microneedle type E, the drug is mainly distributed around the top of the 

microneedle. This is also due to its arrow-head shape. Back diffusion of insulin has also been 

observed in all cases. The results show that the distribution of insulin across skin depends on 

the microneedle geometries. 
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Figure 5.5- Distribution of insulin in skin for microneedle models (D), (E) and (F) 
(penetration depth is 140 µm and all the remaining dimensions with their design values as 
mentioned in Table 5.1). 
 
 
5.4.3 Effects of duration of transdermal drug application and penetration depth 

To address the implications of the penetration depth (L) on insulin concentration in the blood, 

the depth of microneedle penetration for microneedle type D (i.e., rocket needle) has been 

varied. In addition the penetration depth of the various microneedle model shapes has been 

varied to examine the influence of L on the steady state insulin concentration in blood (Cb,ss). 

The performance of the drug delivery process for microneedle arrays could be improved by 

relating microneedle geometries to the penetration depth (Teo et al., 2005). The penetration 

depth of coated microneedles of the same length with various doses was observed (Widera et 

al., 2006). However, the depth of penetration is increased by increasing the microneedles 

length while maintaining the same dose (Widera et al., 2006). Cormier et al. (2004) also found 

a significant reduction in penetration depth for coated microneedles as compared to uncoated 

microneedles. 
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Figure 5.6 shows the effects of the duration of application ranging from 4 to 6 hours for 

various lengths of microneedle and patch surface area of 0.81 cm2. The steady state insulin 

concentration in blood (Cb,ss) does not change that much as there is a constant plateau 

concentration for each case as shown in Figure 5.6. Penetration depth of microneedles in this 

model represents the depth to which the microneedle penetrates the skin, and as such, does not 

directly represent the physical length of the microneedle. However, the time duration within 

which the drug is active in skin varies depending on the duration of application. As expected, 

the results indicate that the duration of steady state blood insulin concentration increases, as 

the duration of application increases. 

 

 

 

 

 

 

 

 

 

 
Figure 5.6-Influence of transdermal delivery of insulin for different penetration depth of 
microneedle and duration of application (ta) for the input parameters in Table 5.1. 
 

As the effective skin thickness (Heff) decreases with deeper penetration by the microneedles 

(Davidson et al., 2008), the insulin concentration in blood is increased. This implies that by 

increasing microneedle penetration depth, the process of transdermal drug delivery using 

microneedles has been enhanced significantly. In all cases, the steady state blood drug 

concentration varies between 0.013-0.04 µg/ml depending on values of L/h provided all 

other parameters remain the same. The result suggests that the implication of changing the 
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penetration depth of microneedle enhanced the steady state insulin concentration in blood by 

three fold.  Figure 5.7 shows the cumulative amount permeated per unit area of skin for 

insulin with different penetration depths, which represents equation (5.05). As expected, the 

cumulative amount of insulin permeated into blood per unit area of skin increases as the 

penetration depth and the duration of application increase. Altogether, the results indicate that 

the diffusion of drugs across human skin through the use of microneedles depends on the 

penetration depth of microneedle. Therefore, the penetration depth of microneedle must be 

considered in designing, and hence, optimizing any microneedle arrays.    

 

 

 

 

 

 

 

 

 

Figure 5.7-Cumulative amount of insulin permeated into blood per unit area of skin with 
various penetration depths of microneedles for the input parameters in Table 5.1. 
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From Figure 5.8, it appears that a 2nd order polynomial relationship exists between the 

dimensionless steady state insulin concentration in blood and the dimensionless group (h/L). 
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When each series of data is fitted to a polynomial trend line, the R2 value is greater than 0.99, 

indicating a strong agreement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8-Scaling relationship of different dimensionless groups. 
 
 

To further study the effect of penetration depth, the penetration depth (L) of various 

microneedles models has been changed to observe the effect on the steady state insulin 

concentration in blood as shown in Figure 5.9. Microneedle type C has not been included due 

to the similarity in the geometry of this model, and hence the obtained results, with 

microneedle model A. Microneedle type D is the best model as it has the highest steady state 

insulin concentration in blood (Cb,ss) with a value of 0.039 µg/ml corresponding to a 

penetration depth of 180 µm. On the other hand, microneedle type B has the lowest steady 

state insulin concentration in blood (Cb,ss) with a value of 0.012 µg/ml corresponding to a 

penetration depth of 100 µm. Over the range of penetration depth tested, the steady state 

insulin concentration in blood changed by more than 60%, indicating the steady state insulin 

concentration in blood is a relatively strong function of the penetration depth of microneedle. 
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and steady state insulin concentration in blood. As such the penetration depth is a significant 

factor in determining the steady state insulin concentration in blood. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9- Influence of the penetration depth (L) of various microneedles models, coated 
with insulin, on the steady state insulin concentration in blood (Cb,ss), assuming that the 
insertion time of microneedles is four hours (the results of microneedle type C are not 
included in the figure as they are very similar to the results of microneedle type A). 
 
 
5.4.4 Effects of centre-to-centre spacing of adjacent microneedles (Pt) 

In this section, the centre-to-centre spacing (Pt) of microneedle model has been varied 

between 75-200 µm to analyze the influence of this parameter on insulin concentration in 

blood. Microneedle spacing (pitch) is an important parameter and hence appropriate 

microneedle spacing should be determined (Choi et al., 2006). So far the implications of 

centre-to-centre spacing have been evaluated in different contexts and rarely on drug 

concentration in blood. For example, the shear stress acting on microneedle tip with 

microneedle spacing (i.e., varying from 150 µm to 600 µm) has been examined by Choi et al 

(2006). These authors have shown that the optimum microneedle spacing is 450 µm as it 

corresponded to the lowest stress of approximately 34.5 MPa. Closely spaced microneedles 

are associated with difficulty in insertion due to skin elasticity as reported in a previous study 

(Davis et al., 2004). 

Penetration depth, L (µm) 

St
ea

dy
 st

at
e 

in
su

lin
 c

on
ce

nt
ra

tio
n 

in
   

   
   

 
   

   
   

 b
lo

od
, C

b,
ss

 (µ
g/

m
l) 

 0.01

0.015

0.02

0.025

0.03

0.035

0.04

100 120 140 160 180

type A
type B
type D
type E
type F

 



 97 
 
  

From Figure 5.10, the steady state insulin concentration in blood of insulin varies between 

0.019-0.022 µg/ml. Apart from the centre-to-centre spacing, the other dimensions have been 

kept constant as shown in Table 5.1.   

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5.10-Influence of transdermal delivery of insulin for different centre-to-centre spacing 
for the input parameters in Table 5.1. 
 

As mentioned in the previous results, longer centre-to-centre spacing of microneedles results 

in higher values of he (Davidson et al., 2008). The higher effective skin thickness is offset by 

the increase in the surface area of the blood circulation interface for a given number of 

microneedles, which tends to increase the flux of drug molecules into the blood stream. 

Despite this, increasing microneedle spacing results in generally lower ranges of insulin 

concentrations. This means that there is an inverse relationship between the microneedle 

spacing and the insulin concentration in blood. Figure 5.11 shows the cumulative amount 

permeated per unit area of skin for insulin with different centre-to-centre spacing. As 

expected, the cumulative amount of insulin permeated into blood per unit area of skin 

decreases as the microneedle spacing increases. To sum up, the influence of the microneedle 

spacing on the insulin concentration in blood is less as compared to the previous case (i.e., 

penetration depth of microneedle).  The functional dependency of Pt/L on Cb,ss/Cs is shown in 
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Figure 5.8 (named second curve) and given by the following relation, provided all other 

parameters remain the same: 
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−×= L
Pt63.0
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ss,b e108
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C
 ;  0.53< 

L
Pt < 1.4     (5.07) 

This equation is valid for a given penetration depth (L), in this case L=0.014 cm. 

As illustrated in Figure 5.8, the relation between the dimensionless steady state insulin 

concentration and the dimensionless group (Pt/L) decays exponentially and the R2 value is 

greater than 0.99. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11-Cumulative amount of insulin permeated into blood per unit area of skin with 
various centre-to-centre spacing of microneedles for the input parameters in Table 5.1. 
 
 
The centre-to-centre spacing (Pt) of the microneedle models was varied to study the influence 

on blood insulin concentrations, as shown in Figure 5.12. As mentioned previously, 

microneedle type A and microneedle type C have been found to be indistinguishable so 

microneedle type C has not been plotted. Microneedle type D is the best type as it has the 

highest steady state insulin concentration in blood (Cb,ss) with a value of 0.023 µg/ml for a 

spacing of 75 µm. On the other hand, microneedle type B has the lowest steady state insulin 
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concentration in blood with a value of 0.008 µg/ml for a spacing of 200 µm. For the range of 

centre-to-centre spacing studied, the steady state insulin concentration in blood changed by 

more than 42%. However, the range of steady state insulin concentration in blood is smaller 

than the range that was obtained by varying the penetration depth of microneedles (>60%). 

The results indicate there is an inverse relationship between the centre-to-centre spacing (Pt) 

and the steady state insulin concentration in blood. Altogether, the results indicate that the 

steady state insulin concentration in blood is not a weak function of microneedle spacing. 

 

 

 

 

 

 

 

 

 
 
Figure 5.12- Influence of the centre-to-centre spacing (Pt) of various microneedles types, 
coated with insulin, on the steady state insulin concentration in blood (Cb,ss), assuming that the 
insertion time of microneedles is four hours (the results of microneedle type C are not 
included in the figure as they are very similar to the results of microneedle type A). 
 

 
5.4.5 Effects of microneedle thickness (T) 

The thickness (T) of microneedle type was varied between 25 to 75 µm to examine the 

influence of the microneedle thickness on the steady state insulin concentration in blood 

(Cb,ss). Microneedle thickness has been considered a key factor due to its influence on the 

force required to fracture the microneedle (Davis et al., 2004). In one study, it was observed 

that with large microneedle thickness, the margin of safety (i.e. ratio between microneedle 

fracture and skin insertion force) reached its highest value. Rajaraman and Henderson (2005) 
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have considered the thickness as an important dimension since it determines the aspect ratio 

of their fabrication process. 

 

 

 

 

 

 

 

 

 
Figure 5.13-Influence of transdermal delivery of insulin for different microneedle thickness 
for the input parameters in Table 5.1. 
 

The results shown in Figure 5.13 indicate that by increasing the thickness of the microneedles, 

the steady state insulin concentration in blood (Cb,ss) can be increased. However, over the 

range of thicknesses used, the range of Cb,ss is generally smaller when compared to the range 

that has been obtained by varying both penetration depth of microneedle and centre-to-centre 

spacing of microneedles. This is because increasing microneedle thickness results in less 

significant increases in Peff, as shown previously (Davidson et al., 2008). All other dimensions 

have been kept the same as shown in Table 3.1. Overall, the insulin concentration in blood is 

found to be relatively independent of microneedle thickness in the range studied. Figure 5.14 

shows the cumulative amount permeated per unit area of skin for insulin with different 

microneedle thickness. The cumulative amount of insulin permeated into blood per unit area 

of skin increases as the microneedle thickness increases. The functional dependency of T/L on 

Cb,ss/Cs is shown in Figure 5.8 (named third curve) and given by the following relation, 

provided all other parameters remain the same: 
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This equation is valid for a given penetration depth (L), in this case L=0.014 cm. 
 

From Figure 5.8, it seems that a power relationship exists between the dimensionless steady 

state insulin concentration in blood and the dimensionless group (T/L). When each series of 

data is fitted to a power trend line, the R2 is greater than 0.99, implying a strong agreement. 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.14-Cumulative amount of insulin permeated into blood per unit area of skin with 
various microneedle thicknesses. 
 

The microneedle thickness (T) of microneedles types D-F was varied to determine the 

influence on the blood insulin concentration as shown in Figure 5.15. It must be noted that the 

microneedle thickness is only important for in-plane manufactured microneedles (i.e., 

microneedles types D-F). Microneedle type D results in the highest steady state insulin 

concentration in blood (Cb,ss) with a value of 0.022 µg/ml corresponding to a thickness of 75 

µm. On the other hand, microneedle type F has the lowest steady state insulin concentration in 

blood with a value of 0.017 µg/ml corresponding to a thickness of 25 µm. Over the range of 

microneedles thicknesses chosen, the steady state insulin concentration was only slightly 

changed, indicating that it is a relatively weak function of the microneedle thickness. The 
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results indicate a proportional relationship between microneedle thickness (T) and the steady 

state insulin concentration in blood. The implication of changing the microneedle thickness 

has a lower influence on both the insulin concentration in blood and the cumulative amount of 

insulin permeated into blood per unit area of skin as compared to influences that were 

obtained by changing both the penetration depth and microneedle spacing. 

 

 

 

 

 

 

 

 

 

 

Figure 5.15- Influence of the microneedle thickness (T) of various microneedles types, coated 
with insulin, on the steady state insulin concentration in blood (Cb,ss), assuming that the 
insertion time of microneedles is four hours (the dimensions of these microneedle types are as 
illustrated in Table 5.1). 
 
 
5.4.6 Effects of microneedle insulin coating depth (CD) 

The effect of the depth of insulin coating (CD) on the insulin concentration in the blood 

requires further study that is beyond the scope of this research. However, if we assume that 

CD remains constant during the time that the microneedles are inserted in skin (4 hours in our 

case), we can perhaps gain an insight on how this affects the blood insulin concentration. 

Using the above assumption, the depth of insulin coating (CD) on microneedle model was 

varied between 40 to 100 µm to investigate the influence of this parameter on insulin 

concentration in the blood. In previous work the drug coating depth (generally 25%-100% of 
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microneedle length coverage) was examined to study whether uniform drug coating could be 

achieved (Gill and Prausnitz, 2007). The dose of coated ovalbumin was found to significantly 

influence the degree of immune response, indicating that the size of dose is a significant 

factor in transdermal drug delivery through microneedle arrays (Widera et al., 2006). An 

earlier study presented by Cormier et al. (2004) found that drug delivery efficiency increased 

with decreasing coating dose of desmopressin as a model drug. In another study, the amount 

of ovalbumin coated on microneedles was increased by increasing the coating concentration 

of ovalbumin which in turn also increased the amount of ovalbumin delivered by the 

microneedles (Matriano et al., 2002). 

 

Similar to what has been obtained for increasing microneedle diameter, increasing the coating 

depth of insulin on the microneedle does not have a very significant effect on the permeability 

ratio Peff (Davidson et al., 2008). As a result, the steady state insulin concentration in blood 

(Cb,ss) for the range of microneedle diameters being evaluated is almost constant with a value 

of approximately 0.02 µg/ml. The results for the effect of microneedle coating depth on the 

steady state insulin concentration in blood are shown in Figure 5.16. All other dimensions 

have been kept constant as shown in Table 5.1. As a consequence, no differences have been 

observed for the cumulative amount permeated per unit area of skin for insulin with different 

microneedle coating depth (data not shown). This means that the insulin concentration in 

blood is a very weak function of coating depth. The functional dependency of CD/L on 

Cb,ss/Cs is shown in Figure 5.8 (named fourth curve) and given by the following relation, 

provided all other parameters remain the same: 
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This equation is valid for a given penetration depth (L), in this case L=0.014 cm. 
 

As shown in Figure 5.8, the relation between the dimensionless steady state insulin 

concentration and the dimensionless group (CD/L) is a 3rd order polynomial increasing and 

the R2 value is greater than 0.99. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16-Influence of transdermal delivery of insulin for different coating depth for the 
input parameters in Table 5.1. 
 
 
The coating depth (CD) was varied on all microneedles models to determine the effect on the 

insulin concentration in the blood as shown in Figure 5.17. Again, the results from 

microneedle types A and C are indistinguishable and hence microneedle type C has been 

omitted from the results. Microneedle type D resulted in the highest steady state insulin 

concentration in blood Cb,ss with a value of 0.02 µg/ml corresponding to a coating depth of 

100 µm. In all cases, except microneedle type B, the range of steady state insulin 

concentration in blood did not change significantly (<5%). This indicates that the steady state 

blood insulin concentration does not depend significantly on the coating depth. To this end, 

the variation of coating depth has the lowest influence on both the insulin concentration in 

blood and the cumulative amount of insulin permeated into blood per unit area of skin as 

compared to all previous cases. 
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Figure 5.17- Influence of the coating depth (CD) of various microneedle types, coated with 
insulin, on the steady state insulin concentration in blood (Cb,ss), assuming that the insertion 
time of microneedles is four hours (the results of microneedle type C are not included in the 
figure as they are very similar to the results of microneedle type A). 
 
 
5.4.7 Effects of pharmacokinetics variables 

It has been shown that the drug concentration in blood is mainly controlled by the 

pharmacokinetics variables if the drug has a long half-life (Shah et al., 1992c). There was a 

wide variation in the pharmacokinetics variables of many drugs such as fentanyl (Gupta et al. 

1992), verapamil (Shah et al 1992c), etc. To evaluate the effects of both the elimination rate 

constant (Ke) and the volume of distribution (Vb) on the blood drug concentration, different 

values were chosen as shown in Table 5.1. These reflect the influences of different 

pharmacokinetic of Ke and Vb variables on blood insulin concentration after applying 

microneedle arrays as shown in Figure 5.18 and Figure 5.19, respectively. As expected, the 

insulin concentration in blood varies for different cases depending on the given input 

parameters. Figure 5.18 reveals how the elimination rate constant influences the insulin 

concentration in blood. The result indicates that by changing the elimination rate constant, the 

insulin concentration in blood is increased by 10 times. 
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Figure 5.18-Influence of transdermal delivery of insulin for different elimination rate 
constant for the input parameters in Table 5.1. 
 

For example, by decreasing the elimination rate constant from 6 hr-1to 0.46 hr-1, the insulin 

concentration in blood is increased to 0.24 µg/ml which enhances the insulin delivery. This 

means that the insulin concentration in blood depends on elimination rate constant. 

 

For given parameters, the functional dependency for elimination rate constant (Ke), as shown 

in Figure 5.8 (fifth curve), is governed by the following scaling relationship; 
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This scaling equation is valid for a given penetration depth, in this case L=0.014 cm.  

From Figure 5.8, it suggests that a power relationship exists between the dimensionless steady 

state insulin concentration in blood and the dimensionless group (L2Ke/D). When each series 

of data is fitted to a power trend line, the R2 is greater than 0.99, implying a strong agreement. 
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Figure 5.19-Influence of transdermal delivery of insulin for different volume of distribution 
for the input parameters in Table 5.1. 
 

Figure 5.19 depicts the influence of varying the volume of distribution on insulin 

concentration in blood. The figure shows clearly that by changing the volume of distribution, 

the insulin concentration in blood is increased by about two folds.  For example, the steady 

state insulin concentration in blood increases to 0.02 µg/ml when reducing the volume of 

distribution from 21 L to 12 L. This shows that the insulin concentration in blood also 

depends on the volume of distribution. 

 

Although these profiles have different distributions, they show that pharmacokinetic variables 

(i.e., elimination rate constant) have significant effects on insulin delivery using microneedles. 

This simulation is useful to predict the quantitative influence of pharmacokinetic variables on 

blood drug concentration. The cumulative amount permeated per unit area of skin for various 

pharmacokinetics parameters are all the same. This is because the cumulative amount 

permeated per unit area of skin is not a function of both elimination rate constant and volume 

of distribution as shown in Equation (5.05). Therefore, the results of this implication have not 

been included. 
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The functional dependency of volume of distribution (Vb) for microneedle injection of insulin 

is shown in Figure 5.20 which follows the scaling relation as below; 

1
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This scaling equation is also valid for a given microneedle length, in this case L=0.014 cm. 

The other parameters D, h and Cs are assumed constant for both cases as shown in Table 5.1.  

As shown in Figure 5.20, the relation between the dimensionless steady state insulin 

concentration and the dimensionless group (Vb/L3) is exponentially decreasing  and the R2 

value is greater than 0.99. 

 

These relationships can be effective in terms of simulation time to determine the effects of 

both elimination rate constant and volume of distribution on blood drug concentration for real 

life problems. The more detailed evaluations should be performed with simultaneous 

consideration for the differences in skin structures and pharmacokinetic variables. Altogether, 

the diffusion of drugs across skin through the use of microneedles is related to the 

pharmacokinetics variables. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.20-Scaling relationship of the dimensionless group
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5.4.8 Effects of patch surface area of microneedle 

Since the first fabrication of the microneedles for drug delivery, there have been many 

different sizes of the microneedles surface areas. Some of them are relatively small with a 

surface area of 0.04 cm2 (Teo et al., 2005) while others have larger area up to of 0.81 cm2 

(Park et al., 2005). In this work, we have carried out simulations to synthesise the effects of 

the size of the patch on drug delivery, as shown in Figure 5.21. The surface area represents 

the perpendicular area of the direction of the drug diffusion for a patch with a uniform area. 

Therefore, aS
dt
dQ







 in equation (3.08) represents the drug penetration rate into blood that 

passes an area inclined perpendicularly to the direction of diffusion per unit time. 

 

 

 

 

 

 

 

 

 

Figure 5.21-Influence of transdermal delivery of insulin for various sizes of patch for the 
input parameters in Table 5.1. 
 

In Figure 5.21, the duration of application is 4 hours while the size of the patch varies from 

0.04 cm2 to 0.81 cm2. We can see that the steady state blood insulin concentration (Cb,ss)  

varies between 0.001 and 0.02 µg/ml and there is a steady-state concentration (the plateau) 

after certain duration of application. This implies that there is a proportional relationship 

between the size of the array (Sa) and the blood insulin concentration. This relationship must 
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be taken into consideration while designing microneedle array systems in practice. However, 

no differences have been observed for the cumulative amount permeated per unit area of skin 

for insulin with different patch size (data not shown). Overall, the insulin concentration in 

blood is a strong function of patch size. This is because the variation of patch size has a 

significant influence (>90%) on the insulin delivery using microneedles as discussed 

previously. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.22-Scaling relationship of the dimensionless group
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This equation is valid for a given microneedle length (L), in this case L=0.014 cm. 

From Figure 5.22, it suggests that a linear relationship exists between the dimensionless 

steady state insulin concentration in blood and the dimensionless group (Sa/L2). 
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5.4.9 Effects of skin thickness 

The distance from the skin surface to dermal circulation represents the skin thickness. This 

can be a function of age, anatomical region, race and sex (Lee and Hwang, 2002). If we 

change the skin thickness while maintaining the same length of the microneedles, then there 

will be a change in effective diffusion length and hence, insulin concentration in blood. The 

implications of changing skin thickness while keeping a constant length of the microneedle 

are shown in Figure 5.23. By reducing the skin thickness, the effective skin thickness is also 

reduced which enhances the insulin concentration in blood by 3 times. For example, by 

reducing the skin thickness from 240 µm to 160 µm, the steady state insulin concentration in 

blood is significantly increased to 0.04 µg/ml. 

 

 

 

 

 

 

 

 

 
Figure 5.23-Influence of transdermal delivery of insulin for various skin thicknesses for the 
input parameters in Table 5.1. 
 

Furthermore, Figure 5.24 shows the cumulative amount permeated per unit area of skin for 

insulin with different skin thicknesses. Changing the skin thickness has a significant influence 

on the cumulative amount permeated per unit area of skin. As expected, cumulative amount of 

insulin permeated into blood per unit area of skin increases as the skin thickness decreases. 
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Figure 5.24-Cumulative amount of insulin permeated into blood per unit area of skin with 
various skin thicknesses. 
 

As mentioned previously, the steady state insulin concentration in blood is a function of 

number of variables for a given skin thickness. Such a dependency is given by the following 

scaling relationship for cases where 0.016 cm < h < 0.024 cm: 
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From Figure 5.25, it suggests that a 3rd order polynomial relationship exists between the 

dimensionless steady state insulin concentration in blood and the dimensionless group 
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). 

Such scaling relationship is useful to determine the steady state drug concentration in blood 

where there are no modelling or experimental results, as shown in Figure 5.25 for different 

values of skin thickness (h). It must be pointed out that the skin thickness has been varied 
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while maintaining the rest of variables constant. The figure shows that the thickness of skin is 

an important parameter for the process of drug delivery by using microneedles array. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.25-Scaling relationship of the dimensionless group
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5.4.10 Effects of microneedle diameter (d) 

To assess how the microneedle diameter (d) affects the blood insulin concentration, the 

diameter of microneedle type C (i.e., bevelled needle at a constant tip angle of 45º) has been 

varied. In addition, the diameter of each microneedle model was varied to evaluate the 

influence on the steady state insulin concentration in blood (Cb,ss). Khumpuang et al. (2005) 

have claimed that the microneedle diameter should have a diameter greater than the diameter 

of white blood cell (≈ 20 µm) in order to avoid any problem that may arise from blood 

clogging. In general, larger diameters are advantageous in allowing greater mechanical 

stability (Ovsianikov and Chichkov, 2007) as the force required to buckle the microneedle 

during insertion to the skin increases (Park et al., 2007). Teo et al. (2005) have shown that 

microneedle-mediated drug delivery could be enhanced by increasing microneedle diameters. 
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study, it has been shown that microneedle diameter is related to microneedle density, i.e., the 

number of microneedle per unit area (Stoeber and Liepmann, 2005). 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.26-Influence of transdermal delivery of insulin for various diameter of microneedle 
type C for the input parameters in Table 5.1. 
 

In previous results presented by Davidson et al. (2008) it has been shown that varying 

microneedle diameter does not have a significant influence on the effective permeability 

across skin (Peff). This agrees well with our results as the steady state insulin concentration in 

blood (Cb,ss) for various diameters did not change significantly (<10%) and there is a plateau 

in insulin concentration of approximately 0.019 µg/ml, as shown in Figure 5.26. This 

indicates that by increasing microneedle diameter, the process of transdermal drug delivery 

using microneedles has not been enhanced significantly. As a result, the insulin concentration 

in blood is a weak function of microneedle diameter. Other model dimensions have been kept 

constant as shown in Table 5.1. 

 

The microneedle diameter (d) of both microneedles types A and C was varied to observe the 

influence on steady state insulin concentration as shown in Figure 5.27. Microneedle type A is 
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the resulted in the highest steady state insulin concentration in blood (Cb,ss) with a value of 

0.0192 µg/ml corresponding to a diameter of 60 µm. However, the steady state insulin 

concentrations in blood of both microneedles models were not significantly different (<10%), 

indicating that the steady state insulin concentration in the blood does not strongly depend on 

the microneedle diameter. Our results suggest that there has been a proportional relationship 

between microneedle diameter (d) and steady state insulin concentration in blood. To sum up, 

the range of steady state insulin concentration is quite small for each microneedle when 

compared to the range that was obtained by varying other parameters (e.g., penetration depth, 

centre-to-centre spacing). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27- Influence of the diameter (d) of various microneedles models, coated with 
insulin, on the maximum insulin concentration in blood (Cb,max), assuming that the insertion 
time of microneedles is four hours. 
 
 
5.5 Summary 

A parametric analysis for transdermal delivery of high molecular weight drug (i.e., insulin) 

from microneedles has been presented. The simulations have allowed us to identify the 

significance of various factors that influence the drug delivery while designing microneedle 

arrays. In addition, the steady state insulin concentration in blood of various microneedle 
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types has been examined. It has been found that both the elimination rate constant and the 

surface area of the patch are the most significant factors in determining the steady state insulin 

concentration in blood (Cb,ss), followed by the skin thickness, penetration depth, volume of 

distribution and centre-to-centre spacing, respectively. Other parameters such as microneedle 

thickness, microneedle diameter and coating depth had a less significant effect on the steady 

state insulin concentration in blood, respectively. Microneedle type D (rocket needle) was the 

best type in terms of penetration depth, microneedle thickness, coating depth and centre-to-

centre spacing while, microneedle type A (cylindrical needle) was the best type in terms of 

microneedle diameter. In addition, a scaling analysis has also been done which shows the 

functional dependence of insulin concentration in blood on other variables of skin and 

microneedle arrays. 
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CHAPTER 6 

Optimization of Microneedles Arrangements 
 

6.1 Introduction 

Although there has been an increase of up to three orders of magnitude in drug permeability 

in skin by using microneedles of various types and geometries (Park et al., 2005), generally 

drug permeability across skin has not been considered as a critical parameter in designing 

microneedles in most previous studies. One of main focuses in transdermal drug delivery 

research is to increase the permeability of the drug penetrating the skin. The drug permeability 

across skin has been reported as a key factor that determines the efficiency of transdermal 

drug delivery process (Wilke et al., 2006). To deliver drugs across human skin for any 

medical reasons, the transport of drugs needs to be enhanced. It seems one way to achieve this 

is by increasing the permeability across skin by artificial means which reduces the resistance 

of skin barrier to enhance the delivery of drugs. As expected, this necessitates knowing 

various factors that affect permeability across skin when using microneedle arrays. In 

principle, permeability across skin can be increased as a result of optimum microneedle 

dimensions. However, it is difficult to reach an optimum design without understanding the 

transport properties of skin, e.g., permeability across skin (Al-Qallaf et al., 2007; Zahn et al., 

2005). Permeability across skin represents the path length of a molecule across a given skin 

thickness over unit time (Al-Qallaf and Das 2008; Environmental Protection Agency, 1992). 

Teo et al. (2006) reviewed different microneedle designs that are currently being used for 

transdermal drug delivery. So far, microneedle systems with various dimensions have been 

fabricated with limited consideration of how to increase permeability across skin (Al-Qallaf 

and Das 2009a,b; Al-Qallaf and Das, 2008). 

 

Al-Qallaf and Das (2008) present a framework developed specifically to design optimum 

microneedle arrays (e.g., number of microneedles, microneedle radius, etc) for transdermal 
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drug delivery with a view to increase drug permeability in skin, called permeability across 

skin hereafter. The framework includes the centre-to-centre spacing (pitch) of the 

microneedles to avoid any overlapping of the microneedle upon insertion into skin. The 

developed framework considers both solid and hollow microneedles which expand the scope 

of the current literature on microneedles for transdermal drug delivery. To provide 

quantitative analysis of in vitro skin permeation of drug from microneedles, Al-Qallaf and 

Das (2008) have theoretically studied the influence of microneedle geometry on permeability 

across skin. This is done by using an in-house optimization model based on a Java program. 

The developed model also correlated the variation of skin thickness to permeability across 

skin. This is expected to lead to optimum microneedle design for each case study. The process 

of transdermal drug delivery has been improved by reaching the highest value of permeability 

across skin. This is confirmed by comparing the optimized design with an existing design 

(McAllister et al., 2003). In another work, Al-Qallaf and Das (2009a) have expanded the 

range of geometrical parameters such as microneedle radius, surface area of microneedles etc, 

from what are available in the current literature with the main aim to optimise these 

parameters. Permeability across skin has been correlated to the variation of skin thickness 

depending on anatomical region and sex (Al-Qallaf and Das, 2009a) or on age and race (Al-

Qallaf and Das, 2008). It is shown that correlation for predicting permeability of viable 

epidermis for high molecular weight can be developed which are envisaged to help design of 

the drug delivery devices. A relationship is presented between permeability across skin and 

diffusion coefficient for the optimum of both the solid and hollow microneedles for various 

drugs (Al-Qallaf and Das, 2008). Previously obtained results (Al-Qallaf et al., 2007) of the 

maximum blood concentration are combined with the current results to demonstrate the 

optimum microneedle design. 
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In those previous studies, we have initiated investigations on optimizing the square patch of 

microneedle arrays (Al-Qallaf and Das, 2009a; Al-Qallaf and Das, 2008). However, it has 

been realized that since the first fabrication of microneedles a large variety of microneedle 

distribution have been proposed such as square (Kim and Lee, 2007; Ji et al., 2006), 

hexagonal (Widera et al., 2006; Matriano et al., 2002), triangular (Perennes et al., 2006) and 

rectangular (Park et al., 2005). Aggarwal and Johnston (2004) investigated the influence of 

various patterns (e.g., square, rectangular, etc) on buckling force, bending force and bending 

stress. Our previous work (Al-Qallaf and Das, 2009a; Al-Qallaf and Das, 2008) have 

attempted to study and hence optimize the square patch with a square microneedle distribution 

to maximize the permeability across skin. While the developed framework (Al-Qallaf and Das, 

2009a; Al-Qallaf and Das, 2008) is useful, it seems it is also necessary to develop the wider 

applications of the framework to non-square distributions of the patterns so as to optimize 

them for transdermal drug delivery (Al-Qallaf and Das, 2009b). To address this issue, we 

have extended our previous work (Al-Qallaf and Das, 2009a; Al-Qallaf and Das, 2008) to 

consider non-square patterns (i.e., rectangular) as well as the distribution of microneedles 

such as triangular and diamond (Al-Qallaf and Das, 2009b). Therefore, we have optimized 

and compared the microneedle arrays of both square and rectangular patch to maximize 

permeability across skin of both solid and hollow microneedles. The optimization framework 

of considering both the microneedle pattern as well as the distributions allows us to identify 

the optimum pattern and distribution to enhance the performance of microneedles array. It 

must be pointed out that in the present context ‘pattern’ means the shape of the microneedles 

array (i.e., square or rectangular) and ‘distribution’ means the arrangement of the 

microneedles inside an array (i.e., triangular or diamond). In the present context, the most 

important issue is to be able to fabricate the most accurate microneedles. Hence, 

overdesigning them was not considered to be a very important issue in this work. Contrary to 

many engineering systems (e.g., road bridge), overdesigning the microneedles may have an 
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adverse effect on the drug delivery behaviour (e.g., substantial increase of drug concentration 

above the safe limit). As stated previously, the main aim of microneedles is to create 

preferential pathways to deliver drug. In fact, the development of these systems aims for 

transdermal drug delivery with patients’ safety, comfort, etc. (Prausnitz et al., 2004) which 

may not be possible if they are overdesigned. 

 

6.2 Modelling strategy 

6.2.1 Governing equations for permeability across skin 

To develop the current framework, a simple theoretical in vitro model has been adopted to 

calculate the permeability across skin (K) using the following equation (McAllister et al., 

2003): 

hL
DfK =           (6.01) 

f represents the fractional skin area after insertion by microneedles, D is the diffusivity of the 

skin to the drug molecule and Lh is the length of a hole in skin. The theoretical model 

represents both the solid and hollow microneedles as shown in Figure 6.1. It must be pointed 

out that the hole length (Lh) represents the skin thickness (h) in case of solid microneedles, 

while this represents the microneedle length (Lm) in case of hollow microneedles. This is 

because the drug molecules do not move through the microneedle itself in case of solid 

microneedle but traverse through various disruptions in the skin from the donor compartment 

(i.e, microneedle arrays) to the receiver compartment (e.g., blood flow). On the other hand, 

when the molecules move through their bores in case of hollow microneedle, the path length 

represents the microneedle length as shown in Figure 6.1(a). When the microneedles are 

inserted, a circular shaped domain (hole) is obtained with a radius corresponding to the radius 

of the microneedle and an annular gap width (W) as shown in Figure 6.1(b). 

 

 
 



 121 
 

 
Figure 6.1- The Schematic diagram of solid and hollow microneedles (a) side view, (b) top 
view (W is the annular gap width, R is microneedle radius). 
 

The fractional area with the insertion of the microneedles can be calculated based on the 

following equations: 

A
R)WR(Nf

22 −+
π=         (6.02) 

N is the total number of microneedles for a given patch, R is the radius of the microneedle, W 

is the annular gap width and A is the area of a given microneedle arrays. These equations are 

for calculating permeability. As equations (6.01) & (6.02) show, there are different variables 

that should be considered in designing microneedles arrays which include the radius of 

microneedles (R), surface area of microneedle arrays (A) and the total number of the 

microneedles (N). There is a fourth parameter, skin thickness, which is assumed to be 

constant. But in our case, it is a very important factor, e.g., how skin thickness varies in terms 

of different classifications (Lee and Hwang, 2002). 

 

The main purpose of this study is to maximize permeability across skin (K) in equation (6.01) 

for the case where the microneedles are inserted by adopting equation (6.02) and assuming 

(b) 

W R 
 
 

Solid microneedles Hollow microneedles 

Skin 
thickness 
(h) 

Dermis 

Surface of skin 

Microneedle bore 

Coated drug 

Sink condition 

 Microneedle length (Lm)  Hole length (Lh) 

(a) 

 



 122 
 
that it is a square patch so that the total numbers of microneedles (N) is n2 where n is the 

number of microneedles per row. Assuming that the diffusion coefficient (D) and skin 

thickness (L) are constants and the annular gap width (W) is a function of microneedle radius 

(R) as: 

RW ε=           (6.03) 

Where ε  is the ratio of annular gap width to the radius of microneedle, we have the following 

constraint equations; 

maxmin nnn ≤≤          (6.04) 

maxmin RRR ≤≤          (6.05) 

maxmin AAA ≤≤          (6.06) 

Combining equations (6.02) and (6.03): 

)2(
A

NRf
2

+εεπ=          (6.07) 

Here   
R
W

=ε          (6.08) 

Combining equations (6.01) and (6.07), permeability across skin for cases when microneedles 

are inserted is: 

h

2

L
D

A
NRcK π=          (6.09) 

Where )2(c +εε=          (6.10) 

In equation (6.09), c is dimensionless constant. 

 

6.2.2 Model assumptions 

To develop the theoretical model, the following assumptions have been made: 

(a) Viable epidermis is a homogenous medium (Gui and Liu, 2005). 
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(b) The drug injected by either solid or hollow microneedles is delivered into two parts. 

The first part is the epidermis and the second part is the dermis where the drug is 

absorbed into blood vessel. The sink condition (100% absorption) occurs at the 

interface between the epidermis and dermis. 

 

6.2.3 Formation of optimization problem for square microneedle arrays 

Since Lh, D, c and π are constants, the problem statement can be reformulated as follows: 

A
Rng

22
=           (6.11) 

Where g is the optimization function which is derived from equation (6.02) (i.e., π is constant) 

and N equals n2, where n is the number of microneedles per row, assuming that the 

microneedles array is a square patch. Therefore, the permeability across skin when 

microneedles are inserted can be introduced as: 

hL
DgcK π=           (6.12) 

From the investigation of the function in equation (6.11), it is obvious that g has its maximum 

value at maximum n and R and minimum A. Further, the permeability across skin (K) is 

maximum when the value of g is maximum. Therefore, the desired solution for g would 

simply be: 

)A,R,n()A,R,n( minmaxmax
2 →  

 

However, careful study of the microneedles patch geometry as shown in Figure 6.2 reveals 

that there is another physical and manufacturing constraint which is the pitch (Pt), the centre-

to-centre distance between two adjacent microneedles. This new constraint is given as 

follows: 

RPt α≥           (6.13) 
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Where α >2.0  

Here α is the aspect ratio of the pitch over radius of microneedle. Noting that, in order to 

determine the pitch we have assumed that in a given row of an array, the total distance for this 

row (X) is given by the following equation: 

tnPX =           (6.14) 

Therefore, the area of a square array is: 

2
t

2PnA =                      

or, 
n
APt =           (6.15) 

The constraint equations (6.04-6.06) are reformulated to include the new following constraint: 

R
n
A

α≥           (6.16) 

 

 

 

 

 

 

 
 
Figure 6.2- The Schematic diagram of a square patch. The aspect ratio (α) is the ratio of the 
pitch (Pt) over microneedle radius R.  
 

6.2.4 Formation of optimization problem for non-square microneedle arrays 
 
To further study the case of square patch, we have investigated the influence of changing the 

pattern by introducing the diamond and triangular patterns as shown in Figure 6.3. The idea of 

the microneedles distribution is analogous to the packing of tubes in heat exchangers, where 

the tubes in the heat exchangers represent the microneedles (Hewitt, 1990; Perry et al., 1984). 
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Figure 6.3- The schematic diagrams (top view) of: (a) square pattern with a square patch 
microneedle array, (b) diamond/triangular pattern with a square patch microneedle array and 
(c) rectangular pattern with a rectangular patch microneedle array. Here R is the radius of 
microneedles, Pt is the pitch in x or y direction of square pattern, Ptn and Ptm are the pitch in x 
and y direction of diamond, triangular and rectangular pattern, respectively. 
 

The pitch of the diamond pattern per row (Ptn) or per column (Ptm) is given as follows: 

ttmtn P707.0PP ×==         (6.17) 

Therefore, the area of a square array for the diamond pattern is: 

tmtn Pm2Pn2A ×××=         (6.18) 

Here, m is the total number of microneedles per column and assuming n equals m since the 

patch has a square shape. By combining equations (6.13), (6.17) and (6.18), the new 

constraint of the diamond pattern is: 

R
mn414.1

A
α≥

××
         (6.19) 

 

Although n equals m and Ptn equals Ptm, the ranges of both Ptn and Ptm are different according 

to the reported values in the literature. Therefore, we define the total number of microneedles 

and pitch per either row or column as n and m so that the optimisation program can iterate the 
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input parameters depending on the selected range for n and m. The values of microneedle 

pitch (Ptn) and (Ptm) for all patterns are explained in Table 6.1. 

 
Table 6.1. The values of microneedle pitch for various patterns and types. Here, ‘pattern’ 
means the distribution of the microneedles inside an array and ‘type’ means the shape of the 
pattern. 

 
 

In case of the triangular pattern, the pitch for each per row (Ptn) is given as follows: 

ttn P866.0P ×=          (6.20) 

On the other hand, the pitch of the triangular pattern for each column (Ptm) is given as 

follows: 

ttm P5.0P ×=           (6.21) 

By combining equations (6.13), (6.18), (6.20) and (6.21) we find that the area of a square 

patch for both the triangular and diamond patterns is equal. Therefore, the new constraint of 

triangular pattern is: 

R
mn316.1

A
α≥

××
         (6.22) 

 

The input parameters for solving these equations are as shown in Table 6.2 which are mostly 

adopted from reported literature. 
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Table 6.2. The input geometrical parameters used in this work for optimizing solid and 
hollow microneedle arrays. 
 

n: number of microneedles per row; m: number of microneedles per column; R: microneedle 
radius; A: surface area of microneedles array; α: the aspect ratio of pitch over radius; Ptn: the 
pitch in x direction, the distance between two adjacent microneedles per row and Ptm: the 
pitch in y direction, the distance between two adjacent microneedles per column. 
AKaushik et al. (2001), BShikida et al. (2006), CPark et al. (2005), DTeo et al. (2005), EXie et 
al. (2005), FWu et al. (2007), GKhumpuang et al. (2007), HVerbaan et al. (2007), IChoi et al. 
(2006), JHan et al. (2007), KMiyano et al. (2005), LMartanto et al. (2004), MKhumpuang et al. 
(2006) and NPark et al. (2007). 
 

To expand the scope of this work further, we have included the rectangular patch as shown in 

Figure 6.3. The optimization function (g) of this patch can be introduced as: 

A
R)mn(g

2×
=          (6.23) 

Here, n is not necessarily equal to m. The area of a rectangular patch is: 

tmtn PmPnA ×××=          (6.24) 

Hence, the new constraints for the rectangular patch are given as: 

R
Pmn

A

tn
α≥

××
         (6.25) 

R
Pmn

A

tm
α≥

××
         (6.26) 

 

Therefore, the optimization function (g) in equation (6.23) is maximized by considering the 

constraint equations (6.04-6.06) along with the following constraint: 

 Square/Diamond/Triangular 
Pattern 

Rectangular 
Pattern 

Parameters Solid Hollow Solid Hollow Scaling 
Parameters 

N 10D≤n≤20E 4H≤n≤20A 3I≤n≤10C 4M≤n≤10N 1 
M - - 4I≤m≤20C 8M≤m≤20N 1 
R 0.0025B≤R≤0.0075D 0.004A≤R≤0.015G 0.005J≤R≤0.01K 0.005M≤R≤0.0125N 0.0005 
A 0.04D≤A≤0.81C 0.04D≤A≤0.56F 0.03K≤A≤1.6L 0.02M≤A≤0.64N 0.01 
α 2.7D≤α≤12C 3.1A≤α≤25F 3.5K≤α≤40J 3.2N≤α≤16N - 

Ptn - - 0.035K≤Ptn≤0.2J 0.03M≤Ptn≤0.04N 0.001 
Ptm - - 0.035K≤Ptm≤0.2J 0.03M≤Ptn≤0.08N 0.001 
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maxmin mmm ≤≤          (6.27) 

maxtntnmintn PPP ≤≤         (6.28) 

maxtmtmmintm PPP ≤≤         (6.29) 

 

In some cases, we have expanded the microneedle geometries to cover a broader range of 

parameters. For example, nmax of rectangular patch has been increased to 20 for both solid and 

hollow microneedles and, also the aspect ratios (α) of square, diamond and triangular patterns 

of solid microneedles have been extended to 20 as compared to the reported values. On the 

other hand, the aspect ratios of hollow microneedle for diamond and triangular patterns have 

been increased to 30 and for square and rectangular patterns to 40. 

 

6.2.5 Method of solution 

The optimization equations (6.11) and (6.23) along with their constraint equations were 

implemented and solved using an optimization model (Figure 6.4). In this study, an in-house 

algorithm has been developed to search the whole space for (n, R, A) by comparing each 

value of the g function at every point in the discrete space until it finds the optimum value 

which then mark corresponding (n, R, A) as the optimum values. These optimum values of n, 

R, A are obtained for a given set of data by which the value of the optimized function (g) as 

defined in equations (6.11) and (6.23) reaches its maximum value. The main idea of our 

algorithm is to iterate through the whole space of (n, R, A) until it finds the optimum of (n, R, 

A) at which g is maximum provided that the geometrical condition is fulfilled. Moreover, in 

order to do this iteration, a scale (step size) must be defined by the user for each parameter. 

For the purpose of our work, a Java swing program, ‘Microneedle System Optimization’ has 

been constructed to implement the above mentioned procedure which is explained in the 

flowchart in Figure 6.5. 
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Figure 6.4- Graphical user interface of in-house Java program used for microneedles system 
optimization. 
 
 

This optimization algorithm solves a problem that appeared when using other available 

software. For example, the commercial software Excel solver uses an optimization method 

called generalized reduced gradient (GRG). The GRG optimization method depends on the 

calculation of gradient second order partial differentiation. This requires the function under 

optimization to be continuously differentiable function within the optimization space. Since 

the problem under study is not continuous, it has an integer variable n, so it is not expected to 

get feasible results for this problem using Excel solver (Fylstra et al., 1998). 
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Figure 6.5- Algorithm used in Java program for microneedles system optimization. 
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The optimization algorithm follows total enumeration approach that search the whole space to 

find all feasible solutions. This technique can be applied sufficiently for problems with small 

dimensions (Streichert and Ulmer, 2005). This optimization algorithm ensures locating a 

global optima solution by performing total enumeration method (Han and Liu, 2008; Kargahi 

et al., 2006; Subramanian, 1999). In other words, this algorithm has the ability to compare 

with every possible solution in order to guarantee determining the global optima solution 

(Han and Liu, 2008). The algorithm involves both step size and input parameters that must be 

defined by the user. 

 
6.3 Results and discussions 

Some typical results of the developed optimization model for the input parameters (Table 6.2) 

for both solid and hollow microneedles are listed in Table 6.3. As stated before, our approach 

of optimization involves developing a method to maximize the permeability across skin to 

obtain optimum microneedle design of various patterns with different geometries for solid and 

hollow microneedles. Therefore, the purpose of these simulations is to identify both the 

optimum pattern and distribution of microneedles to enhance the performance of 

microneedles array. The results presented in Table 6.3 show that in case of solid and hollow 

microneedles, the maximum values the optimization function (g) are approximately 0.081 and 

0.13, respectively. 

 

Table 6.3. The optimum parameters found using the developed framework for both solid and 
hollow microneedles for various patterns.   
 

 

 

 

As discussed below, various microneedle patterns and their geometries (e.g., number of 

microneedles per row, microneedle radius, etc) have been optimized and analysed to address 

 Solid Microneedles Hollow Microneedles 
Pattern Array R A g Array R A g 
Square 1717×  0.0065 0.15 0.081 1515×  0.0135 0.42 0.098 

Diamond 1616×  0.0055 0.19 0.41 1111×  0.011 0.3 0.049 
Triangular 1212×  0.006 0.11 0.047 99×  0.0115 0.19 0.056 

Rectangular 2020×  0.01 0.49 0.081 1510×  0.0125 0.18 0.130 
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their influences in terms of the optimization function (g), and thereby, the design of 

microneedle. The outcome of the simulations allowed us to identify the optimum dimensions 

of microneedles by reaching the highest values of the optimization function (g). These 

optimum dimensions have been used in equation (6.12) to determine the optimums 

permeability across skin. This has been done by either varying the classification of skin 

thickness in case of solid microneedles or microneedle length in case of hollow microneedles. 

Moreover, the optimum dimensions of both solid and hollow microneedles have been 

correlated with the diffusion coefficient to derive various correlations for different 

microneedles shapes and patterns. 

 
6.3.1 Optimization of surface area of patch 

The design of microneedle arrays is constrained by a number of parameters including the 

surface area of microneedle arrays (Gill and Prausnitz, 2007; Al-Qallaf and Das, 2009a,b; Al-

Qallaf and Das, 2008, Al-Qallaf et al., 2007). Since the first fabrication of the microneedles 

for drug delivery, there have been many different sizes of both the solid and hollow 

microneedles with different patch surface area as shown in Table 6.1. Some researchers relate 

the surface area to the number of microneedles and call it microneedle density (Cormier et al., 

2004). However, the microneedle density may vary for a given surface area of the arrays. As a 

result, the implications of the surface area and the microneedle density of the drug transport 

behaviour are not clear. For the purpose of this section, the surface area of microneedle arrays 

has been studied with a view to optimize this parameter and hence, enhance the drug delivery 

process. As shown in equations (6.11) and (6.23), there is an inverse relationship between the 

surface areas of square and rectangular patch and, the optimization function (g). A simulation 

has been carried out to present the influence of this inverse relationship for different 

microneedle patterns for both solid and hollow microneedles (Figure 6.6). 
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Figure 6.6- The relation between optimization function (g) and the microneedle surface area 
(A) of solid (dark markers) and hollow (blank markers) microneedles of various patterns with 
their optimum values in Table 6.3 when aspect ratio (α) of solid and hollow microneedles is 
3.5 and 3.2, respectively. 
 

It must be pointed out that the optimum microneedle surface area means the highest value of 

the optimization function (g). This is because in case of higher values of (g), the transdermal 

drug transport is enhanced due to increased permeability across skin. Based on the optimum 

results listed in Table 6.3, the optimization approach suggests that the best microneedle 

pattern for solid microneedle is either the square or the rectangular patch corresponding to an 

optimization function (g) of 0.081 and a surface area of 0.15 cm2 and 0.49 cm2, respectively. 

On the other hand, the best microneedle pattern for hollow microneedle is the rectangular 

pattern corresponding to an optimization function (g) of 0.13 and a surface area of 0.18 cm2. 

The simulations show that the rectangular patterns of both solid and hollow microneedles give 

the highest values of optimization function (g) and hence, higher permeability across skin. As 

shown in Figure 6.6, the lowest optimum values of the microneedle surface area in case of 

solid and hollow microneedles are 0.8 cm2 and 0.58 cm2 for triangular pattern in both cases. 

Altogether, by optimizing the microneedle surface area, the process of transdermal delivery 

using microneedles has been enhanced. The general practical implications of these results, 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Square(Solid) Diamond(Solid)
Triangular(Solid) Rectangular(Solid)
Square(Hollow) Diamond(Hollow)
Triangular(Hollow) Rectangular(Hollow)

O
pt

im
iz

at
io

n 
Fu

nc
tio

n,
 g

 (-
) 

Surface area of the patch, A (cm2) 

 



 134 
 
e.g., the suitable patterns for a given scenario (e.g., skin thickness), are discussed in the 

following sections. 

 
6.3.2 Optimization of microneedle radius 

The radius of microneedles has a significant ability to increase the permeability across the 

skin. In a previous study, the transdermal drug delivery has been increased by changing the 

radii of the microneedles (Teo et al., 2005). They used a microneedle array with a radius of 

0.005 cm and then increased the radius to 0.015 cm. The result was promising because it 

enhanced the flux by 10 times (Teo et al., 2005). The implications of studying the influence of 

the proportional relationship between the optimization function (g) and microneedle radius as 

shown in equations (6.11) and (6.23) are illustrated in this section. Figure 6.7 shows the 

dependence of the optimization function (g) on the microneedle radius (R) of both solid and 

hollow microneedles for the tested patterns with corresponding optimum surface area of 

microneedle array as listed in Table 6.3.  

 
The optimum value has been defined when the highest value of g function is reached. This is 

because we are seeking the maximum permeability across skin and hence, the maximum 

values of g function. Among the microneedle pattern evaluated, the highest and lowest 

optimum values of the microneedle radius in case of solid microneedles are 0.01 cm and 

0.0055 cm for rectangular and diamond patterns, respectively (Figure 6.7). Moreover, the 

highest and the lowest optimum values of the microneedle radii in case of hollow 

microneedles are 0.0135 cm and 0.0115 cm for square and triangular patterns, respectively. 

This figure suggests that reaching the optimum value for a given geometry (i.e., microneedle 

radius) is not always the best approach to increase permeability across skin. For example, the 

highest optimum value of the microneedle radius in case of hollow microneedle is 0.0135 cm 

corresponding to an optimization function (g) of 0.098. However, it is clear that hollow 

microneedle reaches its maximum optimization function (g) at a value of 0.13 corresponding 

 



 135 
 
to a microneedle radius of 0.0125 cm. It is noticed that the optimization function (g) depends 

on all the input parameters which are connected to one another. Therefore, in order to reach 

the highest value of the optimization function (g), the input parameters must be optimized too.  

As stated previously, the best microneedle pattern for solid microneedle is either the square or 

the rectangular pattern corresponding to an optimization function (g) of 0.081 and a radius of 

0.0065 cm and 0.01 cm, respectively. In contrast, the best microneedle pattern for hollow 

microneedle is the rectangular pattern corresponding to an optimization function (g) of 0.13 

and a radius of 0.0125 cm. The results suggest that optimizing microneedle radius to 

maximize the optimization function (g) is valuable for enhancing the optimized permeability 

across skin (K). These results agreed well with a previous experimental result presented by 

Teo et al. (2005). 

 

 

 

 

 

 

 

 

 
 
Figure 6.7- The relations between optimization function (g) and the microneedle radius (R) of 
solid (dark markers) and hollow (blank markers) microneedles of various patterns with their 
optimum values in Table 6.3 when aspect ratios (α) of solid and hollow microneedles is 3.5 
and 3.2, respectively. 
 
 
6.3.3 Optimization of the number of microneedles per row 

A number of different microneedle designs that vary in the total number of microneedles have 

appeared in the literature for both solid and hollow microneedles as shown in Table 6.4. Park 
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et al. (2006) found that permeability across skin increases by increasing the number of 

microneedles. In another study, the total number of microneedles has been changed for two 

model drugs (i.e., calcein and bovine serum albumin (BSA)). The results show that when the 

number of microneedles equals 100, permeability across skin increases four fold as compared 

to another design where the number of microneedles is 20 for the same model drugs (Park et 

al., 2005). The efficiency of transdermal drug delivery has been improved by increasing the 

number of microneedles (Stoeber and Liepmann, 2005). In some cases, the number of 

microneedles is related to the surface area of patch which then defines as microneedle density 

as explained previously. In general, a high microneedle density is needed in order to increase 

the penetration efficiency (Shikida et al., 2006). Therefore, the influence of the number of 

microneedles on the performance of the microneedles array has been addressed previously. 

Nevertheless, we believe that it is also necessary to consider how to optimize the total number 

of microneedles (Nt) in a given patch for a given pattern. The implications of changing the 

optimum number of microneedles of both per row (n) and per column (m) on the optimization 

function (g) for various microneedle patterns is shown in Figure  6.8. 

 

It must be pointed out that the total number of microneedles in Figure 6.8 are explained in 

Table 6.4 for clarification. The optimization function for both solid and hollow microneedles 

varies almost linearly with the total number of microneedles for all cases of microneedle 

patterns. The results in Figure 6.8 indicate that the highest optimization function in terms of 

solid microneedles happens for either the square or rectangular patterns, whereas, in terms of 

hollow microneedles it happens for the rectangular pattern. On the other hand, the lowest 

optimization functions for both solid and hollow microneedles happen for the diamond 

pattern. The results illustrate that the optimization function depends on the number of 

microneedles, surface area of the patch, and microneedle radius which should be optimized to 

reach the highest value of this optimization function. 
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Figure 6.8- The relation between the optimization function (g) and the optimum total number 
of microneedles (Nt) in Table 6.4 for solid (dark markers) and hollow (blank markers) 
microneedles of various patterns when aspect ratio (α) of solid and hollow microneedles is 3.5 
and 3.2, respectively. 
 

Table 6.4. The total number of microneedles in an array for various optimum microneedle 
arrays. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The optimum designs may offer variety of benefits for designing microneedle geometries for 

a given purpose, e.g., reducing the cost of fabrication (fewer microneedles), medical reasons 
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function for a given pattern and type as shown in Figure 6.8. Overall, the finding indicates 

that the total number of microneedles, surface area of microneedle arrays, and microneedle 

radius are all connected to each other. 

 
6.3.4 Optimization of the aspect ratio (α) 

The aspect ratio of the microneedle geometry has been defined in different ways so far. For 

example, Huang and Fu (2007) define it as the base over tip diameter. Park et al. (2005) 

describe it as the ratio of microneedle length to tip diameter. In other case, the aspect ratio 

refers to the length over width of the microneedles (Davis et al, 2005). The ratio of needle 

height to base diameter has been called as the aspect ratio too (Wilke et al., 2005). In this 

work, the aspect ratio (α) is defined as the ratio of the centre-to-centre distance between two 

microneedles (pitch) to the microneedle radius (R). In general, this parameter should be 

greater than 2.0 so that an overlapping between any two microneedles does not occur. Further, 

if the pitch is too small (<2.0), then the needles are placed too close to one another which may 

prevent them from pain free penetration of the skin due to their mechanical strengths and 

reaching the targeted depth (Miyano et al., 2005). Figure 6.9 illustrates the optimum pitch (Pt) 

as a function of aspect ratio (α) for both solid and hollow microneedles of various 

microneedle patterns. Figure 6.9 depicts that in case of rectangular pattern for both solid and 

hollow microneedles, the aspect ratio has no obvious influence on the optimum pitch. This 

means that the optimum pitch occurs at the minimum pitch of either per row (Ptn) or per 

column (Ptm). On the other hand, in case of other pattern, the optimum pitch for both solid and 

hollow microneedles varies nonlinearly with the aspect ratio. Moreover, the triangular and 

diamond patterns of solid and hollow microneedles, respectively, show partially different 

behaviour than the other patterns types as the highest optimum pitch does not occur at the 

highest aspect ratio. This is clear from Figure 6.9 as the highest optimum pitch for the 

triangular and diamond patterns of solid and hollow microneedles occurs at an aspect value of 

12 and 25 instead of 20 and 30, respectively. In all cases, the range of optimum pitch is large 
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for triangular pattern (66%) when compared to the range that was obtained by varying the 

aspect ratio for rectangular pattern.  

 

 

 

 

 

 

 

 
 
 
 
Figure 6.9- Influence of the aspect ratio of pitch over microneedle radius (α) of solid (dark 
markers) and hollow (blank markers) microneedles on the optimum pitch (Pt) for various 
patterns. 
 

Figure 6.10 reveals how the aspect ratio of solid and hollow microneedles of various 

microneedle patterns influences the optimization function. As shown in Figure 6.10, there is 

an inverse relationship between the optimization function and the aspect ratio for all cases of 

microneedles patterns for both solid and hollow microneedles except in case of rectangular 

pattern of solid microneedles. Therefore, for a rectangular pattern, changing the aspect ratio 

does not affect the optimization function significantly. Moreover, the optimization function 

reaches its highest values at the minimum aspect ratio for all microneedle patters. The results 

in Figure 6.10 indicate that the highest optimization function (g) in terms of solid 

microneedles happens for the square pattern, whereas, in terms of hollow microneedles it 

happens for the rectangular pattern. 
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Figure 6.10- Influence of the aspect ratio of pitch over microneedle radius (α) of solid (dark 
markers) and hollow (blank markers) microneedles on our optimization function (g) for 
various patterns. 
 
 
6.3.5 Effect of the skin thickness 

As well known, there is strong evidence that the skin thickness can vary according to age, 

race, anatomical region and sex (Lee and Hwang, 2002; Fenske and Lober, 1986). Skin 

thickness therefore can play an important role as a barrier against any injected drugs. In a 

previous work, we have studied the influence of skin thickness of various anatomical regions 

(Al-Qallaf and Das, 2009a; Al-Qallaf et al., 2007), sex (Al-Qallaf and Das, 2009a), age group 

and race (Al-Qallaf and Das, 2009b) on permeability across skin for various drugs of the 

square patch. In this work, we evaluate the effects of skin thickness for all skin thickness 

classifications on drug permeation in skin of various patterns. As explained previously, the 

path length of skin disruption made by solid microneedles represents the effective diffusion 

length (i.e., thickness of the skin) and there is an inverse relationship between the skin 

thickness (h) and permeability across skin (K) as shown in equation (6.01). The dependency 

of the thickness of skin (h) for various age groups (Artz et al., 1979) on permeability across 

skin (K) for insulin as a model drug is shown in Figure 6.11. 
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Figure 6.11- Influence of skin thickness (h) of solid microneedles for the optimum 
microneedles array of various patterns listed in Table 6.3 for various group ages (Artz et al 
1979) for a given anatomical region (i.e., medial thigh) on the optimized permeability across 
skin (K). 
 

For a given skin thickness, the optimized permeability across skin for either square or 

rectangular patterns is higher as compared to the other microneedle patterns. In addition, the 

difference in the optimized permeability across skin for a given microneedle pattern between 

the skin thickness of age group (0-5) and age group (11-15) proves the necessity of 

considering the skin thickness. For a given microneedle pattern, the optimized permeability 

across skin is maximum for age group (0-5) and minimum for age group (11-15), whereas, the 

remaining group ages are between the maximum and minimum values of the optimized 

permeability across skin. This indicates that skin thickness in terms of age must be considered 

in designing microneedles more specifically for age group (0-5) and (11-15) as compared to 

the other group ages. 
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Figure 6.12- Influence of skin thickness (h) of solid microneedles for the optimum 
microneedles array of various patterns listed in Table 6.3 for different races (Lee and Hwang 
2002) for a given anatomical region (i.e., chest) on the optimized permeability across skin 
(K). 
 

Figure 6.12 shows the effect of the skin thickness of different races (i.e., Korean and 

Caucasian) on the optimized permeability across skin for various microneedle patterns. The 

optimized permeability across skin for either square or rectangular pattern is higher when 

compared with the other microneedle patterns for a given race. In all cases of microneedle 

patterns, the optimized permeability across skin of Caucasian race increases approximately 3 

times more than Korean race. The range of optimized permeability across skin is relatively 

large for each microneedle pattern (60%) when compared to the range that was obtained by 

varying skin thickness in terms of age (9-58%). This means that the skin thickness in terms of 

race is a relatively major factor that must be taken into consideration when designing 

microneedles. 

 

The evaluations of the optimized permeability across skin as a function of skin thickness with 

respect to various anatomical regions are shown in Figure 6.13. Also, in these evaluations, the 

optimized permeability across skin is higher in either square or rectangular pattern than both 

the diamond and triangular patterns. Further, for a given microneedle pattern the optimized 
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the leg. The range of optimized permeability across skin is quite small for each microneedle 

pattern (9-35%) when compared to the range that was obtained by varying skin thickness in 

terms of race. However, the difference in optimized permeability across skin shows the 

necessity of considering the variation of optimized permeability across skin according to 

anatomical site. 

 

 

 

 

 

 
 
 
 
 
 
Figure 6.13- Influence of skin thickness (h) of solid microneedles for the optimum 
microneedles array of various patterns listed in Table 6.3 for different anatomical region (Lee 
and Hwang 2002) for a given sex (i.e., male) on the optimized permeability across skin (K). 
 

Figure 6.14 presents the implications of changing the skin thickness in terms of sex group for 

various microneedle patterns. As expected, the optimized permeability across skin reaches its 

highest value at either the square or rectangular pattern for both sexes (i.e., female and male). 

Also, for a given microneedle pattern the optimized permeability across skin is higher in 

female than male. The range of optimized permeability across skin is relatively large for each 

microneedle pattern (40%) when compared to the range that was obtained by varying skin 

thickness in terms of anatomical region. These results justified our claim of considering the 

classification of skin thickness when designing microneedle arrays as well as when 

fabricating a given microneedle pattern. Altogether, the result implies that the degree of skin 

thickness effect is race > age > sex > anatomical region. 
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Figure 6.14- Influence of skin thickness (h) of solid microneedles for the optimum 
microneedles array of various patterns listed in Table 6.3 for different sex (Lee and Hwang 
2002) for a given anatomical region (i.e., sole) on the optimized permeability across skin (K). 
 
 
 
6.3.6 Effect of the microneedle length 

As explained previously, the hole length (Lh) represents the length of microneedle arrays in 

case of hollow microneedles. Also, the inverse relationship between the microneedle length 

(L) and permeability across skin as shown in equation (6.01) motivated us to investigate this 

parameter as discussed below. To address this point, the influence of this parameter has been 

investigated for various microneedle patterns on the optimized permeability across skin for 

hollow microneedle arrays. As shown in Figure 6.15 different dimensions of microneedle 

lengths have been compared. As expected, the lower the microneedle length is, the higher the 

optimized permeability across skin is. As opposed to the case of solid microneedles, the 

optimized permeability across skin for a given microneedle length reaches its highest value in 

the rectangular pattern only. The observations of the simulations carried out indicate that the 

optimized permeability across skin reaches its lowest value in the diamond pattern for both 

cases, solid and hollow microneedles. The result indicates that the influence of microneedle 

length for each microneedle pattern is relatively higher (33-67%) than the influence of skin 
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thickness on optimized permeability across skin. The result illustrates that the optimized 

permeability across skin is a function of microneedle length and skin thickness in hollow and 

solid microneedle arrays, respectively and hence the necessity of considering these parameters 

for the fabrication of microneedle arrays. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15- Influence of microneedle length (L) of hollow microneedles for the optimum 
microneedle array of various pattern listed in Table 6.3 on the optimized permeability across 
skin (K). 
 
 
6.3.7 Effect of permeability across skin 

The optimum microneedles in case of solid microneedles in Table 6.3 were investigated for 

different model drugs (McAllister et al., 2003). This investigation is particularly useful to 

compare the optimized permeability across skin of the developed framework presented with 

respect to various microneedle patterns. Figure 6.16 reflects the influences of four 

microneedle patterns for various model drugs (i.e., insulin is hexameric insulin, BSA is 

bovine serum albumin, nano(25) and nano(50) are nanosphere particles with molecular radii 

of 25 nm and 50 nm, respectively) on the optimized permeability across skin after applying 

optimised microneedle systems (solid microneedles). As expected, permeability across skin 

dramatically decreases as the diffusion coefficient of the model drugs decreases. The results 

also show that permeability across skin reaches its highest value when calcein is delivered. 
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This is obviously expected because calcein has both the highest diffusion coefficient 

( s/cm106 26−× ) (McAllister et al., 2003) and the lowest molecular weight (623 Da) 

(Nishimura and Lemasters, 2001) among the model drugs. In all cases, the optimized 

permeability across skin is maximum for either the square or rectangular pattern and 

minimum for the diamond pattern. 

 

 

 

 

 

 

 

 

 
Figure 6.16- Influence of applying our optimization model for solid microneedles of the 
optimum microneedles listed in Table 6.3 on the optimized permeability across skin (K) for 
different drugs. 
 

Moreover, the influence of various microneedle patterns for these model drugs on the 

optimized permeability across skin after applying optimized microneedle system (hollow 

microneedles) is presented in Figure 6.17. Also, in these measurements, the optimized 

permeability across skin decreases by decreasing the diffusion coefficient of the model drugs. 

In all cases, the optimized permeability across skin is maximum for the rectangular pattern 

and minimum for the diamond pattern. The results in both Figure 6.16 and Figure 6.17 

suggest that the microneedle pattern is an important parameter to consider for optimizing and 

hence, enhancing the transdermal drug delivery using microneedles. 
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Figure 6.17- Influence of applying our optimization model for hollow microneedles of the 
optimum microneedles listed in Table 6.3 on the optimized permeability across skin (K) for 
different drugs. 
 

 

 

 

 

 

 

 

 

 

Figure 6.18- Relationship between the optimized permeability across skin (K) and diffusion 
coefficient (D) of the optimum solid microneedles listed in Table 6.3 for various drugs. 
 

Another aim of this work is to formulate a relationship between the optimized permeability 

across skin and diffusion coefficient of the proposed model drugs with various microneedle 

models. This attempt is presented in Figure 6.18 and Figure 6.19 for the case of solid and 

hollow microneedles, respectively. As shown in both figures, it seems there is a linear 

relationship in all microneedle patterns. These correlations are listed in Table 6.5 for all 
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microneedles patterns types corresponding to their optimum geometries in Table 6.3. It must 

be pointed out that these correlations are valid for a diffusion coefficient ranges as 

68 105D105.6 −− ×≤≤×  cm2/s. In Figure 6.18, the trend lines of both the square and 

rectangular patterns in terms of solid microneedle are almost the same. This is expected since 

the optimization function (g) for both patterns is almost equal as discussed previously. On the 

other hand, the trend lines of both the square and rectangular patterns for hollow microneedle 

are apart as shown in Figure 6.19. This is expected since that the optimization functions (g) 

for both cases are different. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.19- Relationship between the optimized permeability across skin (K) and diffusion 
coefficient (D) of the optimum hollow microneedles listed in Table 6.3 for various drugs. 
 

Table 6.5. The correlations of various microneedles patterns for both solid and hollow 
microneedles corresponding to their optimum dimensions in Table 6.3. 

 

 

 

 

Where K is the optimized permeability across skin (cm/s) and D is the diffusion coefficient of 
various drugs in skin (cm2/s). It must be pointed out that these correlations are valid for a 
diffusion coefficient ranges as 68 105D105.6 −− ×≤≤×  cm2/s. 
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In chapter 5, the influence of microneedle dimensions (i.e., surface area of patch) on insulin 

concentration in blood has been studied. Therefore, in Figure 6.20, the permeability across 

skin of insulin for various patterns has been plotted with the steady state insulin concentration 

in blood for the optimum solid microneedle to determine the intercept point. This intercept 

point shows the optimum surface area of patch of solid microneedles. The result shows that 

the highest and lowest value of the microneedle surface area are 0.87 cm2 and 0.33 cm2 for 

rectangular and triangular patterns, respectively. In all cases, the best microneedle pattern for 

solid microneedle is rectangular pattern corresponding to an optimized permeability across 

skin of 9×10-7 cm/s and a steady state insulin concentration in blood of 0.023 µg/ml. In some 

cases, where the drug concentrations in blood and permeability across skin are both 

considered in manufacturing microneedles, this graph might be useful. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.20- The optimum point (intercept) between permeability across skin (K) and steady 
state insulin concentration in blood (Cb,ss) of the optimum solid microneedles for different 
microneedle patterns with various surface area of patch. 
 

To evaluate the usefulness of our optimization model on increasing permeability across skin, 

the dimensions of our optimized model were compared with a previous model as shown in 

Table 6.6. The results of permeability across skin for both designs have been given in Figure 

6.21. In our work, the microneedle arrays proposed by McAllister et al. (2003) have been 
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optimized. The result shows an increase of 8 fold for permeability across skin when using our 

optimized model, which improves the process of transdermal drug delivery. This is due to the 

effects of increasing microneedle radius and decreasing the surface area of the patch. This has 

been done with the consideration of keeping the same number of microneedles per row (i.e., 

n=20) and aspect ratio of pitch over microneedle radius (i.e., α=3.75). Therefore, the 

permeability across skin can be increased by adjusting the optimum parameters (e.g., number 

of microneedles, microneedle radius, etc.) of the microneedle. 

 
Table 6.6 Values of parameter for McAllister’s (McAllister et al., 2003) and our optimized 
design. 

 

 

 

 

 

 

 

 
Figure 6.21- Effect of the optimization function (g) on McAllister’s design (McAllister et al. 
2003) before and after applying it on optimized permeability across skin (K). 
 
 
 
6.4 Summary 

This study presents an optimization framework for transdermal delivery of both low and high 

molecular weight drugs from microneedle. The optimization process is based on determining 

an optimisation function (g) for various microneedle patterns (e.g., square, diamond, 
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triangular, etc.). We argue that higher the value of g is, the higher the drug permeability in 

skin is. The outputs of the developed framework have allowed us to identify the optimum 

design of both solid and hollow microneedles. In particular, the results have been used to 

predict permeability across skin of both low and high molecular weight drugs using 

microneedle systems. Also, optimum designs based on different skin thickness (e.g., race, age, 

etc.) for transdermal delivery of drugs have been suggested. 
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CHAPTER 7 

Effect of Skin Metabolism 
 

7.1 Introduction 

A number of mathematical frameworks have been developed for evaluating both the skin 

permeation and blood concentration of drug delivered using microneedle arrays (Al-Qallaf 

and Das, 2009a,b; Al-Qallaf and Das, 2008; Davidson et al., 2008; Al-Qallaf et al., 2007; Lv 

et al., 2006; McAllister et al., 2003). However, in almost all of these cases, the metabolism of 

the drug has not been considered. Consequently the skin permeation and blood concentration 

of the drug have been modelled assuming no drug metabolism in the viable skin. For example, 

we have previously evaluated the effects of volume of distribution (Vb) and elimination rate 

constant (Ke) on the fentanyl concentration in blood without considering the skin metabolism 

(Al-Qallaf et al., 2007). Other general mathematical models for molecule transport across skin 

have been also proposed which have not included the influence of skin metabolism, see e.g., 

the reviews by Godin and Touitou (2007) and, Yamashita and Hashida (2003). Similarly, 

Simon et al. (2006) proposed a mathematical model of iontophoretic transdermal drug 

delivery and assumed no drug metabolism in the viable skin. Although these modelling 

studies were useful, there are a number of situations where drug metabolism in skin during 

transdermal delivery in general, and microneedle arrays specifically, might be important. For 

example, Yamashita and Hashida (2003) argue that the skin metabolism may be an important 

factor for developing transdermal drug delivery approach. Indeed many studies considered the 

influence of drug metabolism in skin (e.g., Boderke et al., 2000; Sugibayashi et al., 1999; 

Bando et al., 1997; Auton, 1993). However, these studies are insufficient in determining the 

implications of the skin metabolism for transdermal drug delivery using microneedles. This is 

obvious because the drugs are injected in the viable epidermis in this case instead of the top of 

the skin, and the influence of the path lengths for drug transport across skin on the kinetics of 

metabolism may be different. This has been explained in more detail in section 7.2.  
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The purpose of the study in this chapter is to develop a mathematical framework to examine 

the importance of considering skin metabolism for drug delivery using microneedle arrays. In 

particular, we are interested to determine the implications of verapamil delivery using 

microneedle arrays. Verapamil is used for many medical purposes such as preventing the 

heart attack (Simonetti et al., 1986), lowering blood pressure (Trewet and Ernst, 2008), and 

stopping cluster headache attacks (Tobin and Flitman, 2008) and diarrhea due to microscopic 

colitis (Scheidler and Meiselman, 2001). The administration of verapamil is often done orally. 

However it has been shown that the bioavailability of verapamil may be reduced by 80-90% if 

the oral route is chosen (Choi et al., 2008; Michel, 2006). On the other hand, others argue that 

it can be delivered by transdermal route which seems to improve the bioavailability of 

verapamil (Shah et al., 1992a). Shah et al. (1992b) concluded that not all the amount of 

delivered verapamil reached the blood circulation. One of the possible reasons to explain this 

effect was that the verapamil could be metabolized in the skin (Shah et al., 1992b). 

 

Assuming that one wishes to adopt transdermal routes for delivery of verapamil, it is not 

certain what role the microneedle arrays could play for its delivery. To this end, one needs to 

determine the advantage of microneedles over a normal patch for verapamil delivery and 

determine the implications of verapamil metabolism in skin. To address these issues, we have 

carried out simulations for both transdermal patch (without microneedles) and microneedle 

arrays in this chapter. 

 

As mentioned previously, many theoretical models of transdermal drug delivery have been 

proposed to study the influence of skin metabolism. However, most of these models have 

studied the influence of skin metabolism for the full skin thickness (i.e., the stratum corneum 

and viable skin together). In fact, skin metabolism occurs primarily in the viable epidermis 
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(Amsden and Goosen, 1995). In order to validate this fact we have carried simulations of the 

transdermal patch with two hypothetical cases. To make a logical comparison, the simulations 

of these two hypothetical cases have been carried out for the same transdermal drug delivery 

system (i.e., patch) with the same input parameters. The first case represents the transdermal 

patch on the top of the stratum corneum. The second case represents a hypothetical case 

where the patch is on top of the viable epidermis. A comparison for these two hypothetical 

cases has been presented to show the influence of skin metabolism. Based on the result of this 

comparison, we have carried out another simulation for the microneedle arrays. The 

simulations of microneedles have been carried out by adopting a previous microneedle model 

(Davidson et al., 2008).  

 

In this work, a study of both skin permeation and verapamil concentration in blood have been 

carried out based on a diffusion model including a metabolic process. Improving upon our 

previous work (Davidson et al., 2008; Al-Qallaf et al., 2007), we have introduced mono and 

bi-layer diffusion models with two compartment model to estimate verapamil concentration in 

blood when either applied as a patch or injected using microneedle. In all cases, the 

cumulative amounts of verapamil permeated per unit area of skin with and without skin 

metabolism have been numerically determined. Moreover, the distribution of verapamil 

across skin for the transdermal delivery using microneedles has been obtained. Therefore, the 

analysis of both verapamil permeation and the verapamil concentration in blood are thought to 

be useful. In particular, this is important to identify the impact of skin metabolism when 

applying the transdermal delivery of verapamil using microneedles. In fact, this helps to 

clarify the argument about the assumption of neglecting skin metabolism in viable skin as 

discussed previously. 
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7.2 Modelling strategy 

A schematic diagram of the developed mathematical framework of transdermal delivery of 

verapamil for both the patch and microneedle arrays is illustrated in Figure 7.1.  

 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 

 

 

Figure 7.1- Schematic diagram of transdermal drug delivery for both patch and microneedle 
arrays, adopted from (Al-Qallaf et al., 2007) (i.e., the volume of distribution in tissue Vt is 
defined in section 7.2.3). 
 

There are two main transdermal drug delivery systems in the figure: a transdermal patch 

containing verapamil at a homogeneous concentration (Shah et al., 1992c) and a microneedle 

array coated with verapamil solution (Davidson et al., 2008). Application of the transdermal 

patch is divided into two hypothetical cases that represent application on the top of either the 

stratum corneum or viable epidermis. In the first case, verapamil penetrates the stratum 

corneum, partitions towards and penetrates the viable epidermis and then enters the blood 

circulation (Tojo, 1987). In the second case, verapamil diffuses across the viable epidermis 

and then is absorbed by the blood circulation. Although this is a hypothetical case designed 

purely for the purpose of this chapter, the result obtained for this case is expected to be useful 

since it has been shown that drug may be metabolized in the viable epidermis (Amsden and 

Goosen, 1995). In the figure, Sa is the surface area of both the transdermal patch and 
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microneedle arrays, L is the penetration depth of microneedles, Heff is the effective skin 

thickness (i.e., effective path length of molecules in tissue) that verapamil molecules can pass 

in the tissue from microneedle which depends on the needle geometry (Davidson et al., 2008). 

Verapamil is defined to get absorbed into two compartments (i.e., blood compartment and 

tissue compartment) with first order elimination kinetics (Tojo, 1987). 

 

7.2.1 Model assumptions 

The mathematical framework in this work is based on the following assumptions: 

(1) The skin metabolism is defined to follow first order kinetics (Lee et al., 1996; Sato and 

Mine, 1996; Tojo et al., 1985; Hadgraft, 1980; Yu et al., 1979). This assumption has been 

chosen since most of the mathematical models that have been presented to describe the 

metabolic kinetics of drug during its diffusion through skin follow the first order kinetics as 

compared to Michaelis-Menten kinetics (Sugibayashi et al. 1999; Sugibayashi et al., 1996; 

Higuchi et al., 1983). Furthermore, Lipscomb and Poet (2008) concluded that in vivo drug 

concentration is usually below the Michaelis-Menten constant (Km) which leads to essentially 

consider the first order kinetics. In particular, the transdermal drug delivery has been reported 

to follow first order kinetics (Papa et al., 2009; Prodduturi et al., 2009; Shakeel et al., 2008). 

 

(2) The distribution of the enzyme in the viable skin is assumed to be uniform (Boderke et al., 

2000). Liu et al. (1990) proposed a theoretical diffusion model to examine the enzyme 

distribution. This model was based on the assumption of uniform enzyme distribution. The 

outcome of this study supports this assumption since the theoretical results agreed well with 

their experimental data. In another study, a mathematical absorption model with skin enzyme 

distribution has been developed (Hikima et al., 2006). The investigation shows a uniform 

enzyme distribution across skin. No significant differences have been observed between the 

uniform enzyme distribution model and non-uniform enzyme distribution model (Sugibayashi 
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et al., 1999; Tojo et al., 1994). Therefore, this assumption is easily applicable to represent the 

drug diffusion profile across skin (Bando et al., 1996) which leads to a simplified theoretical 

model (Yamaguchi et al., 2006; Boderke et al., 2000). 

 

(3) For the simulations carried out using SKIN-CAD® (Biocom Systems, 2006), the transport 

of verapamil across skin is described by one-dimensional diffusion model (Lv et al., 2006; 

Boderke et al., 2000). For the sake of simplicity, the one-dimensional diffusion has been 

assumed as this allows one to consider the effects of drug metabolism alone and not any other 

effects (e.g., dimensionality). Such assumption has been used in many mathematical models 

to describe the transdermal drug delivery using microneedles (Lv et al., 2006; McAllister et 

al., 2003). In particular, several studies have been obtained by carrying out simulations using 

SKIN-CAD® which assume one-dimensional method (Kimura and Tojo, 2007; Tojo and 

Hikima, 2007; Mori et al., 2003). The numerical results agreed well with the experimental 

data. 

 

(4) The diffusion coefficients are assumed to be constant in each layer (Boderke et al., 2000) 

although they may be different. The Diffusion coefficient of verapamil has been shown to be 

three orders of magnitude less in the stratum corneum as compared to viable skin (Shah et al., 

1992a). It has been defined that the diffusion coefficient in the viable epidermis and dermis 

are of the same magnitude (Yamaguchi et al., 2008; Tojo, 2005). Therefore, it is acceptable to 

assume a constant value of the diffusion coefficient across the viable skin. 

 

(5) All the verapamil molecules are assumed to be taken up by the blood circulation (Al-

Qallaf et al., 2007). This assumption has been previously explained in detail in section 5.3.1. 

 

(6) The body pharmacokinetics is defined to follow two-compartment model (Shah et al., 

1992c; Anderson et al., 1982). The two-compartment model for verapamil has been chosen in 
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consistency with previous studies which indicate this to be a better model as compared to the 

one-compartment model (Bertera et al., 2008; Syvanen et al., 2008). Ahmed et al. (1992) 

investigated the pharmacokinetic behaviour of verapamil for a range of models. Their results 

showed that the two-compartment model was the most appropriate model as compared to one-

compartment and three-compartment models. 

 

(7) At x=h (Fig.7.1), the concentration of verapamil is defined to be zero (sink condition) (Al-

Qallaf et al., 2007; Mori et al., 2003; Tojo et al., 1989). This assumption has been previously 

explained in detail in section 3.3. 

 

(8) The back diffusion of verapamil in skin is ignored (Al-Qallaf et al., 2007; Tojo, 2005; 

Shah et al., 1992c). This has been done since the diffusion coefficient of verapamil is small in 

the stratum corneum (Shah et al., 1992c). Therefore, it seems to be acceptable to ignore the 

back diffusion (Tojo, 2005). 

 

 

7.2.2 Governing equations characterizing the skin concentration 

The skin is represented by a bi-layer model which has two layers, stratum corneum and viable 

skin. In the case of neglecting the skin metabolism, the movement of verapamil across skin 

(Figure 7.1) is based on Fick's second law as: 

Across the stratum corneum 
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Across the viable skin 
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;  hsc < x < h      (7.02) 

The initial verapamil concentration in skin is assumed to be zero. The boundary conditions 

used in this work for solving all the governing equations are: 
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At the surface of the skin, the verapamil concentration is: 

C = Cs          at    x = 0   (0 < t ≤ ta)      (7.03) 

Verapamil is assumed to be delivered at a constant rate, i.e., a constant skin surface 

concentration is maintained (Shah et al., 1992c). 

At the interface between stratum corneum and viable skin, the verapamil concentration is: 

Csc = Ksc/vs Cvs           at    x = hsc      (0 <t)      (7.04) 

At the bottom of the skin epidermis, the concentration of verapamil is: 

C = 0    at    x = h    (0 < t)        (7.05) 

where C is the verapamil concentration, D is the diffusion coefficient and the subscripts s, sc 

and vs represent the skin surface, the stratum corneum and the viable skin, respectively, t is 

time, x is the distance in a given skin layer, Ksc/vs is the partition coefficient between the 

stratum corneum and the viable skin, ta is the duration of application of the drug delivery 

system, hsc is the stratum corneum thickness and h is the skin thickness (i.e., distance to blood 

vessel).  

 

As is well known, the metabolic reaction occurs in the viable skin and not in the stratum 

corneum (Tojo, 2005; Schaefer et al., 1982). Therefore, in the case of considering the 

metabolism the following equation is used instead of equation (7.02): 
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       (7.06) 

where Km is the first order metabolic reaction rate constant. 

 

As shown in Figure 7.1, solid microneedles pierce the stratum corneum allowing verapamil to 

effectively bypass this barrier to diffusion. Therefore, the skin is represented by a mono-layer 

diffusion model in this work. The injected verapamil by microneedles diffuses across viable 
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skin obeying Fick's second law until it reaches blood vessels (Al-Qallaf et al., 2007; Tojo, 

2005; Boderke et al., 2000). 

 

7.2.3 Governing equations characterizing the blood concentration 

The verapamil concentration in blood after imposing the transdermal drug delivery is given by 

the following two-compartmental pharmacokinetic model (Tojo, 2005): 

tt21bb12ea
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b VCKVC)KK(S
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V ++−

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
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=      (7.07) 
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t VCKVCK
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dC
V −=        (7.08) 

where Ke is the elimination rate constant from the blood compartment, K12 and K21 are the 

transfer rate constants between compartments, dQ/dt is the penetration rate of verapamil 

through the skin, Sa is the surface area of the delivery system, Vb and Vt are the volumes of 

distribution in the blood and the tissue compartments, respectively, Cb and Ct are verapamil 

concentrations in the blood and the tissue compartments, respectively. The tissue 

compartment refers to the poorly perfuse non-fatty tissues such as muscle.  

 

The governing equations with the initial and boundary conditions (7.01) – (7.08) have been 

implemented and solved using the software, SKIN-CAD® (Biocom Systems, 2006). In this 

work, we have predicted verapamil concentration in blood for the transdermal drug delivery 

with and without skin metabolism by using mono-layer and bi-layer diffusion models in case 

of applying the microneedle arrays and the patch, respectively. 

 

The diffusion of coated verapamil has been modelled in 3D using the software, FEMLAB® 

(Comsol, 2005). The steady state diffusive flux of verapamil through the blood interface has 

been calculated by assuming that the concentration of verapamil on the needle surface is 

constant (Davidson et al., 2008). This allows us to obtain the effective skin thickness by 
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determining the flux from the simulations. As mentioned previously, the effective skin 

thickness (Heff) in case of applying solid microneedles is calculated as (Davidson et al., 2008): 

ss

a
vseff J

C
DH =          (7.09) 

where Ca is verapamil concentration at the coated surface area of microneedles and Jss is the 

average steady-state flux through the blood interface. This is then used as an input parameter 

for SKIN-CAD®. This approach has been adopted following the work by Davidson et al. 

(2008), which have previously shown that the effective skin thickness is influenced by the 

microneedle geometry. Equation (7.09) determines the effective path length of drug molecules 

once released from the microneedles. 

 

7.3 Results and discussions 

The impacts of the pharmacokinetic variables with skin metabolism have been studied by 

Shah et al. (1992c). However, this study was based on transdermal drug delivery by 

transdermal patch on the top of stratum corneum. According to Shah et al. (1992c) there is a 

large difference in the pharmacokinetics variables of verapamil. Following this study we have 

evaluated the influence of pharmacokinetic variables on verapamil with the consideration of 

skin metabolism for both transdermal patch and microneedle arrays. The values of the 

pharmacokinetics variables, which were used in our simulations, are shown in Table 7.1. 

 
Table 7.1. Pharmacokinetics variables of verapamil obtained from the references. 

                   Parameters 
References 

Vb×104 
(ml) 

Vt×104 
(ml) 

Ke ×10-4 
(s-1) 

K12 ×10-4 
(s-1) 

K21 ×10-4 
(s-1) 

Koike et al. (1979) 6.47 8.34 1.50 6.22 3.94 
Eichelbaum et al. (1981) 27.39 13.14 0.79 2.12 2.78 
Anderson et al. (1982) 2.63 5.18 1.58 2.19 1.11 
Vb and Vt are the volumes of distribution in the blood and the tissue compartments, 
respectively, K12 and K21 are the transfer rate constants between compartments and Ke is the 
elimination rate constant from the blood compartment. 
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To further quantify the influence of skin metabolism, we have hypothetically considered the 

patch at the top of viable epidermis with and without skin metabolism. We hypothesized this 

case since the metabolic process occurs in the viable epidermis as mentioned previously. 

 
 
Table 7.2. Model parameters used in this work for analyzing the blood concentration of 
verapamil penetrated through the skin with and without skin metabolism for both patch and 
microneedle arrays (Tojo, 1987; Shah et al., 1992c; Al-Qallaf et al., 2007). 

aOn the top of the stratum corneum, bon the top of the viable epidermis (i.e., with and without 
metabolism for both “a” and “b”), cwithout metabolism and dwith metabolism. 
 

The philosophy of this modelling strategy relies on comparing two hypothetical cases of 

transdermal delivery of verapamil using patch. This comparison is useful to evaluate the 

influence of skin metabolism and hence whether to consider the metabolic process in case of 

coated microneedles with verapamil. To achieve a logical result, those two cases have been 

simulated with a transdermal patch with the same input parameters. Based on this result, we 

Parameters Patch Microneedles 
case onea case twob case onec case twod 

Duration for medication 
(calculation): tm (hour) 

48 8 

Duration of application: td (hour) 24 4 

Surface area of  microneedle 
arrays/patch: Sa (cm2) 

80 2 

Thickness of stratum corneum: hsc 
(cm) 

0.002 - - 

Distance to blood vessel: h (cm) 0.02 0.018 0.02 

Effective skin thickness: Heff (cm) - - 0.00819 0.00827 

Diffusion coefficient in stratum 
corneum: Dsc (cm2/s) 

7 ×10-11 - - 

Diffusion coefficient in viable skin: 
Dvs (cm2/s) 

7 ×10-8 

Stratum corneum/viable skin 
partition coefficient: Ksc/vs (-) 

8 - - 

Volume of distribution: Vb(ml) variable 
Volume of distribution: Vt(ml) variable 
Elimination rate constant: Ke (s-1) variable 
Transfer rate constant: K12 (s-1) variable 
Transfer rate constant: K21 (s-1) variable 
Skin surface concentration: Cs 
(mg/ml) 

344 43 43 

First order reaction metabolic rate 
constant: Km (s-1) 

5.61 ×  10-4 - 5.61 ×  10-4 
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have carried out simulations of transdermal delivery of verapamil using microneedles. The 

input parameters of those simulations are shown in Table 7.2. 

 

7.3.1 Effect of skin metabolism in case of patch 
 
To examine the implications of skin metabolism in transdermal drug delivery of patch, we 

have simulated cumulative amount permeated across the skin and blood concentration of 

verapamil with and without skin metabolism using model parameters as shown in both Table 

7.1 and Table 7.2. As previously explained, this has been done by comparing one case where 

the transdermal patch is applied on the top of the stratum corneum (i.e., case one) with a 

hypothetical case where it is applied on the top of the viable epidermis without the stratum 

corneum (i.e., case two). 

 

 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 
 
Figure 7.2- The effect of skin metabolism on the cumulative amount of verapamil permeated 
into blood per unit area of skin following transdermal delivery using patch (i.e., on the top of 
the stratum corneum) for the input parameter adopted from (Anderson, 1982). 
 

Figure 7.2 shows the cumulative amount of verapamil permeated per unit area of skin with 

and without metabolism when using the patch for case one. The cumulative amounts of 

verapamil permeated per unit area of skin with and without metabolism reached 

approximately 360 µg/cm2 and 830 µg/cm2, respectively, in 24 hours during the patch 
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application. The calculated permeation flux without skin metabolism is approximately 2.3 

times higher than that with skin metabolism during the patch application. The results seem to 

suggest that skin metabolism is an important factor for the transdermal delivery of verapamil. 

The effects of skin metabolism on the blood verapamil concentration using patch for case one 

are shown in Figure 7.3. These simulations have been done using various literature values for 

pharmacokinetic parameters as shown in Table 7.1. The maximum verapamil concentration in 

blood (Cb,max) is different between the two cases (i.e., with and without metabolism). In case 

of considering skin metabolism, the maximum verapamil concentration in blood (Cb,max) for 

the pharmacokinetics parameters given by Anderson et al. (1982), Koike et al. (1979) and 

Eichelbaum et al. (1981) reached 0.09, 0.04 and 0.02 µg/ml, respectively. On the other hand, 

it reached 0.21, 0.09 and 0.04 µg/ml in case when skin metabolism is not considered. As 

expected, the results indicate that skin metabolism has a noticeable influence for the 

transdermal delivery of patch on the top of the stratum corneum. 

 

 

 

 

 

 

 

 

 

 
Figure 7.3- The effects of various pharmacokinetic parameters with and without skin 
metabolism on the blood verapamil concentration following transdermal delivery using patch 
(i.e., on the top of the stratum corneum). 
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This result agrees well with the results presented by Shah et al. (1992c) qualitatively. Overall, 

the obtained results show that the skin metabolism is a relatively important factor for the 

process of transdermal delivery of verapamil if a patch is used (case one) since the difference 

in both the maximum blood concentration and cumulative amount of verapamil permeated 

into blood per unit area of skin are more than double as compared between both cases (i.e., 

with and without skin metabolism). 

 

 

 

 

This image is not available in ORA due to copyright reasons 

 

 

 

 
 
 
Figure 7.4- The effect of skin metabolism on the cumulative amount of verapamil permeated 
into blood per unit area of skin following transdermal delivery using patch (i.e., on the top of 
the viable epidermis) for the input parameter adopted from (Anderson, 1982). 
 

In contrast, Figure 7.4 represents the cumulative amount of verapamil permeated per unit area 

of skin with and without skin metabolism for transdermal delivery by applying the patch on 

the top of the viable epidermis (case two). As explained previously, this case has been 

proposed to identify the importance of whether to consider the metabolic process in viable 

epidermis by comparing this case (i.e., case two) with the previous case (i.e., case one). The 

cumulative amounts of verapamil permeated per unit area of skin with and without 

metabolism reached approximately 9700 µg/cm2 and 14000 µg/cm2, respectively, in 24 hours. 

 



 166 
 
A less remarkable difference has been observed by comparing the simulated data with and 

without skin metabolism. 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 7.5- The effects of various pharmacokinetic parameters with and without skin 
metabolism on the blood verapamil concentration following transdermal delivery using patch 
(i.e., on the top of the viable epidermis). 
 
 
 
The simulated blood concentrations in case two are shown in Fig. 7.5. Less observable 

differences have been shown for this case as compared with the previous case. This is because 

the differences in the maximum blood concentration between both cases (i.e., with and 

without skin metabolism) are less (<30%) than the previous case (>50%) for all the 

pharmacokinetic parameters presented. For example, in case of considering skin metabolism, 

the maximum verapamil concentration in blood (Cb,max) for the pharmacokinetics parameters 

given by Anderson et al. (1982) reached 2.2 µg/ml, whereas, it reached 3.2 µg/ml in case 

when skin metabolism is not considered. Therefore, these simulations show that the skin 

metabolism has a lower influence which could be neglected as compared with the case of 

transdermal delivery of verapamil by applying the patch on the top of stratum corneum (case 
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one). The result of this case motivated us to further study the influence of skin metabolism 

during the injection of microneedles as discussed below. 

 

 

7.3.2 Effect of skin metabolism in case of microneedle systems 

Motivated with the previous results and to further study the skin metabolism effect, we have 

carried out simulations of transdermal delivery of verapamil using microneedle arrays with 

and without considering skin metabolism in the microneedle model as shown in Figure 7.6. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.6- Schematic diagram of a microneedle model used in this work (i.e., the dotted area 
represents the surface area coated with verapamil). 
 

In case of not considering the skin metabolism effects, equation (7.02) has been used to 

describe verapamil transport across skin. On the other hand, in case of considering the skin 

metabolism effects, equation (7.06) has been used. Then the average flux of both cases has 

been determined by using FEMLAB® as discussed previously in section 7.2. The effective 

skin thickness (Heff) of transdermal delivery of verapamil using microneedles with and 

without skin metabolism has been calculated according to equation (7.09) for the parameters 
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shown in Table 7.2. The utility of using the effective skin thickness has been previously 

explained in section 7.2. This has been used as an input parameter to calculate the verapamil 

concentration in blood by using SKIN-CAD®. No significant difference has been observed in 

the effective skin thickness (<1%) for both cases (i.e., with and without skin metabolism). 

This similarity appears because the effective skin thickness mainly depends on the flux at the 

blood interface which was almost the same for both cases since that microneedle reach much 

nearer to the blood interface where the drugs have only minimal contact with the dermal 

enzyme (Steinstrasser and Merkle, 1995; Martin et al., 1987). 
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Figure 7.7- The effect of skin metabolism on the cumulative amount of verapamil permeated 
into blood per unit area of skin following transdermal delivery using microneedle arrays for 
the input parameter adopted from (Anderson, 1982). 
 

Figure 7.7 shows the cumulative amount permeated per unit area of skin for verapamil with 

and without metabolism. The cumulative amounts of verapamil permeated per unit area of 

skin with and without metabolism reached approximately 4900 µg/cm2 and 5400 µg/cm2, 

respectively. These figures also show that the differences between both cases (i.e., with and 

without skin metabolism) are lower as compared with the previous cases (i.e. case one and 

two). This result is consistent with our claim to not consider skin metabolism when designing 
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microneedle arrays. The verapamil concentration in blood starts to reduce after four hours as 

the duration of application is 4 hours as shown in Figure 7.8. In all cases, insignificant 

differences have been observed between both cases (i.e., with and without skin metabolism) 

(6-9%) when compared to case one (>50%). This is because the maximum verapamil 

concentration in blood (Cb,max) in both cases (i.e., with and without skin metabolism) for the 

pharmacokinetic parameters given by Anderson et al. (1982), Koike et al. (1979) and 

Eichelbaum et al. (1981) reached approximately 0.1 µg/ml, 0.04 µg/ml and 0.01 µg/ml, 

respectively. Altogether, the obtained results show that the skin metabolism is a relatively 

weak function of the process of transdermal delivery of verapamil if microneedle is used since 

the difference in both the maximum blood concentration and cumulative amount of verapamil 

permeated into blood per unit area of skin are almost the same as compared between both 

cases (i.e., with and without skin metabolism). 

 

 

 

 

 

 

 

 

 

 
Figure 7.8- The effect of various pharmacokinetics parameters with and without skin 
metabolism on the blood verapamil concentration following transdermal delivery using 
microneedle arrays. 
 

To further achieve a better knowledge of the transdermal delivery of verapamil using 
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Figure 7.9. This figure shows the distribution of verapamil concentration across skin without 

metabolism. This simulation has been utilized to determine the effective skin thickness (Heff) 

in order to use this value as an input parameter for the previous simulations which mimic the 

transdermal delivery of verapamil using microneedles. However, the distribution of verapamil 

concentration across skin with metabolism has not been presented since the concentration 

profile of both cases (i.e., with and without metabolism) are almost the same as shown 

previously in Figure 7.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9- Distribution of verapamil across skin without metabolism in 3D of the 
microneedle model. 
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All together, our result implies that the degree of skin metabolism effect is transdermal patch 

(case one) > transdermal patch (case two) > microneedles. This result indicates that skin 

metabolism will greatly influence the transdermal delivery of verapamil in the skin including 

the diffusion barrier (i.e., stratum corneum) and will not influence so much when the diffusion 

barrier is bypassed and the diffusion path length of the viable epidermis decreases. This 

conclusion accords well with the results conducted by Boderke et al. (2000). To sum up, the 

findings indicate that not only the transdermal delivery of verapamil using microneedles has 

been improved but also the influence of skin metabolism has been reduced as compared with 

the transdermal delivery using patch. 

 

7.4 Summary 

Various theoretical studies have been proposed to predict the drug transport behaviour after 

drug injection using microneedles. However, it is important to examine considering the 

effects of biological factors such as skin metabolism. A mathematical model for microneedle 

systems is introduced and applied to simulate the verapamil transport with metabolism in the 

skin. A comparative analysis for a transdermal delivery of verapamil from microneedle is 

presented in this chapter. The results indicate that the skin metabolism does not affect 

markedly the skin permeation after verapamil injection using microneedles. 
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CHAPTER 8 

Conclusions and Future Work 
 

8.1 Conclusions 

• The utility of microneedle system for transdermal drug delivery has been 

demonstrated in this DPhil thesis. The simulations show that the microneedle array 

enhances the transdermal delivery of drugs (e.g., fentanyl) as compared to the 

transdermal patch (without microneedles) (section: 3.6). 

 

• It has been found that both the elimination rate constant and the surface area of the 

patch were the most significant factors in determining the steady state drug 

concentration in blood (Cb,ss), followed by the skin thickness, penetration depth, 

volume of distribution and centre-to-centre spacing, respectively. Other parameters 

such as microneedle thickness, microneedle diameter and coating depth had a less 

significant effect on the steady state drug concentration in blood, respectively (section: 

5.5). 

 

• By decreasing the pharmacokinetic variables (i.e., elimination rate constant and 

volume of distribution) and skin thickness, the steady state drug concentration in blood 

increases (sections: 5.4.7, 5.4.9). 

 

• By increasing the penetration depth, diameter, thickness and coating depth of 

microneedle, both the steady state drug concentration in blood and the effective 

permeability across skin increase and the effective skin thickness decreases. On the 

other hand, by increasing the microneedle spacing, both the steady state drug 

concentration in blood and the effective permeability across skin decrease and the 
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effective skin thickness increases (sections: 4.5.3, 4.5.4, 4.5.5, 4.5.6, 4.5.7, 5.4.3, 

5.4.4, 5.4.5, 5.4.6, 5.4.10). 

 

• Microneedle type D (rocket needle) was the best type in terms of penetration depth, 

microneedle thickness, coating depth and centre-to-centre spacing while, microneedle 

type A (cylindrical needle) was the best type in terms of microneedle diameter 

(section: 5.5).  

 

• The dimensional analysis carried out in this work shows various relations (e.g., 

polynomial, power, etc.) between the dimensionless steady state insulin concentration 

in blood and different dimensionless groups. The developed relationships make the 

problem under consideration simpler to analyse and allow us to correlate multi-scale 

behaviour of drug delivery using microneedles (section: 5.5). 

 

• The results of this study indicate that the duration of steady state drug concentration 

increases as the duration of application increases (section: 5.4.3). 

 

• It has been found that the depth of penetration from the microneedle array was the 

most important factor in determining both the effective skin thickness and 

permeability across skin, followed by the centre-to-centre spacing. Other microneedle 

dimensions such as the diameter in cylindrical needles, the thickness in flat needles, 

and the coating depths were less significant (section: 4.6). 

 

• For a given centre-to-centre spacing, the effective skin thickness is only slighter higher 

in the hexagonal pattern than the square pattern (section: 4.5.8). 
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• The differences in optimized permeability across skin show the necessity of 

considering the variation of skin thickness when applying microneedle arrays into 

human skin. The results show that the degree of skin thickness effect is race > age > 

sex > anatomical region (section: 6.3.5). 

 

• Our optimization technique showed that the optimized permeability across skin was 

increased by eightfold compared with some previous design (McAllister et al., 2003) 

(section: 6.3.7). 

 

• The steady state insulin concentration in blood of the optimum solid microneedle was 

determined, and plotted against optimized permeability across skin for various 

patterns. The data show that the best microneedle pattern for solid microneedle was 

the rectangular pattern (section: 6.3.7). 

 

• The simulations carried out indicate that the optimized permeability across skin 

reaches its highest value by adopting the rectangular pattern for both solid and hollow 

microneedles (section: 6.3.1). 

 

• The results presented in this thesis suggest that by reducing the aspect ratio, the 

optimized permeability across skin of drugs can be increased. This implies that the 

aspect ratio is a key parameter while adjusting the dimensions of microneedles 

(section: 6.3.4). 

 

• An attempt has been done in this thesis to formulate a relationship between the 

diffusion coefficient and the optimized permeability across skin for various 
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microneedle patterns of both solid and hollow microneedles. The result shows that 

there is a linear relationship in all microneedle patterns (section: 6.3.7). 

 

• The result illustrate that the optimization function (g) depends on the number of 

microneedles, surface area of the patch, and microneedle radius which should be 

optimized to reach the highest value of this optimization function (section: 6.3.3). 

 

• A study of both skin permeation and drug concentration in blood has been carried out 

based on a diffusion model including a metabolic process. The result indicates that the 

degree of skin metabolism effect is transdermal patch (case one) > transdermal patch 

(case two) > microneedles (section: 7.3.2). 

 

8.2 Future work 

This study presented theoretical results of using microneedles to deliver drugs across skin. 

While building on these results, further examinations are recommended to improve this novel 

study. Thus, future studies are needed to understand the skin deformation and its influence on 

the penetration depth during injection. Experimental work which involves real-time imaging 

once the microneedle has been injected would provide an accurate estimation of the effective 

skin thickness. This will improve the results carried out by the numerical simulations and 

hence to obtain a relationship between the penetration depth of microneedle and the skin 

deformation. 

 

The transdermal drug delivery using microneedle has been shown to be strongly dependent on 

the classification of skin thickness (i.e., sex, age, etc). Therefore, combining the optimization 

dimensions presented in this thesis with the variation of skin thicknesses should be carried 

out. Experimental studies of the influence of skin thickness on permeability across skin will 
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serve a good guidance for any numerical study in the future. In addition, the outcome of these 

experiments will expand the fabrication of microneedle based on a certain classification of 

skin thickness to achieve optimal microneedle design and thereby reduce the resistance 

offered by skin tissue. 

 

Future work should focus on determining the implications of any dissolution phenomena 

around the coated microneedles. The mathematical model presented in this thesis was based 

on the assumption of constant concentration around the coated area of the solid microneedle. 

This has been done due to the lack information of the drug dissolution using microneedle in 

the literature. Therefore, experimental studies could be carried out to show the dissolution rate 

constant to use it as an input parameter for any numerical study in the future. 

 

In the past decade, many theoretical models have been proposed to correlate the diffusion 

coefficient in the stratum corneum. This is because the stratum corneum has been considered 

as the main barrier of the transdermal drug delivery. However, with the new invention of the 

microneedle array, one should pay attention to the mass transfer of both low and high 

molecular weight drugs. Therefore, more experimental study is required to develop a 

mathematical framework of the diffusion coefficient across the viable skin. To date, all the 

values of diffusion coefficients in the viable skin have been determined either by adopting an 

equation such as Stokes-Einstein equation, an empirical correlation, etc., or an estimation 

based on the diffusion coefficient across the stratum corneum. 

 

Our findings show that the pharmacokinetic parameters are important on defining the drug 

concentration in blood. However, based on the literature there are a large variation of these 

values. Therefore, experimental studies should be presented to explain this variation and 
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hence to recommend the best values to be taken for transdermal drug delivery using 

microneedles. 

 

The partition coefficient mainly occurs between the stratum corneum and the viable 

epidermis. One way to enhance the efficiency of the numerical study presented in this thesis is 

to consider the partitioning of the drug during the injection. This could be done by presenting 

an experimental study to examine whether this could influence the mass transfer of drug 

across skin tissue. 

 

In this work, we have studied six solid microneedle models by using insulin as a model drug. 

However, this study could be improved by expanding more models since different shapes of 

microneedle could be fabricated in the future. This would provide a better result by comparing 

our findings with these new models which provide a wider view for the users to obtain the 

optimum model. 

 
 The optimized designs should be fabricated and run an experimental study. Once these 

microneedles have been fabricated then they should be tested clinically. In addition, the 

fabrication process of these optimized designs could be linked with different issues such as 

comparing the material strength of these optimized designs for different materials (e.g., metal, 

polymers, silicon, etc.). 
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