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Abstract 

 

 

Background: Microneedle (MN) technology is a promising technique that ensures 

effective drug delivery using multiple micron-sized needles. MNs made using 

biodegradable polymers degrade slowly in the skin after application and can provide 

sustained drug release for extended durations. Anti-inflammatory drugs are ideal 

candidates to be delivered using MNs. They are used for long-term therapy, which 

necessitates the need for patient compliant drug delivery systems that are less painful and 

have less impact on daily activities. Dexamethasone is a popular and highly potent anti-

inflammatory drug, frequently used to treat a wide range of inflammatory disorders. 

However, the existing oral and injection modes of its delivery have several limitations. 

Therefore, this study aims to develop a biodegradable MN-based transdermal delivery 

system capable of sustained, safe and effective delivery of dexamethasone. 

Methods: Quality by Design (QbD) approach was applied for optimising the fabrication 

of dexamethasone-loaded MN arrays. The developed MN arrays were characterised for 

morphology, in vitro release profiles and stability. The skin permeation and deposition 

efficiencies were studied using ex vivo skin models. Cytotoxicity of the MNs was assessed 

using human dermal fibroblast cells and human keratinocytes. Finally, the in vivo anti-

inflammatory efficacy was investigated using the carrageenan-induced rat paw edema 

model.  

Results and discussion: Two types of MNs were optimised and fabricated using different 

polymeric combinations. The developed MNs were sharp, with heights ranging between 

800-900 µm, appropriate for transdermal delivery. The MN arrays did not exhibit any 

cytotoxic effects on the fibroblast and keratinocyte cells. Ex vivo studies confirmed the 
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enhanced efficacy of MN-mediated skin permeation of dexamethasone compared to 

permeation achieved using DexP solution. This was further supported by the in vivo 

studies. The efficacy of the MN arrays to inhibit paw edema formation was comparable 

to that of intravenous dexamethasone injection and significantly greater than topical 

solution. The MN-treated rats also showed reduced inflammatory cell infiltration on 

histological examination and resulted in significant inhibitory effects against the 

inflammatory cytokines. 

Conclusion: This project has successfully demonstrated the safety and efficacy of MN 

arrays for transdermal delivery of dexamethasone. The potential of MN arrays to provide 

sustained release for a prolonged period can be effectively utilised for the long-term 

treatment of inflammatory disorders. The findings suggested that MN array could be a 

minimally invasive and patient compliant alternative to the existing means of 

dexamethasone delivery. 
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“Nothing in life is to be feared, it is only to be understood. Now 

is the time to understand more, so that we may fear less.” 

– Marie Curie 
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Chapter 1  

Introduction to Thesis 

 

1.1. Background 

The transdermal route of drug delivery is an effective alternative to the conventional 

parenteral and oral routes. It offers several attractive advantages such as avoidance of first 

pass metabolism, ease of administration, reducing palatability issues and risk of systemic 

adverse effects, improving bioavailability, and thus reducing overall doses [1, 2]. 

Moreover, transdermal delivery approach is non-invasive and, therefore, increases patient 

compliance. Unfortunately, due to the formidable barrier properties of the skin’s 

outermost stratum corneum (SC) layer, a large majority of drugs cannot penetrate the skin 

at therapeutic rates. This makes transdermal drug delivery not satisfactory for all drugs. 

To improve the permeation of active compounds, particularly those with high molecular 

weights, various strategies have been investigated such as the use of chemical enhancers, 

ultrasound, electric fields and thermal methods [3]. 
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In 1976, microneedle (MN) technology was first introduced with the aim to overcome the 

drawbacks of conventional transdermal systems. MN technology is a promising patient-

friendly technique to ensure effective penetration of drugs into the skin using multiple 

micron-scale needles attached to a supporting membrane [4]. They can be considered as 

hybrids of the invasive hypodermic needle and a transdermal patch. The MNs can create 

micro-channels by piercing the SC, but without distressing the nerve endings and blood 

vessels in the inner skin layers of epidermis and dermis [5]. Consequently, many different 

types of drugs can be delivered with a dramatically improved efficiency and in a 

minimally invasive manner [6]. Besides being painless, MNs involve a 

comparatively effortless application, which makes them further desirable for long-term 

use. It also leads to a reduced risk of needle-stick injuries and cross-contamination [7]. 

Dissolving or biodegradable MN arrays are fabricated using different biodegradable 

polymers and carbohydrates. After application, they dissolve in skin interstitial fluid, 

thereby releasing the encapsulated drug over time [8]. Biodegradable MN arrays have 

been shown to enhance dermal and transdermal delivery of numerous substances 

including insulin, 5- aminolevulinic acid, sulforhodamine B, low molecular weight 

heparin, ovalbumin, adenovirus vector and a variety of vaccine antigens [9]. 

Biodegradable MN arrays can be fabricated using a wide variety of mold-based 

techniques including solvent casting, drawing lithography, droplet-born air blowing, laser 

machining, hot embossing, microinjection moulding, ultrasonic welding among others 

[9]. The favourable biocompatibility and biodegradability profiles exhibited by the 

majority of polymeric materials make them promising in the field of drug delivery. The 

use of water-soluble and biodegradable polymers or sugars eliminates the possible risk of 

leaving biohazardous sharp waste in the skin [10]. This significantly reduces any risk of 
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infection transmission. Furthermore, the one-step application process proves to be 

convenient for patients.  

Dexamethasone (Dex) is a highly potent anti-inflammatory drug, widely used for the 

treatment of a variety of skin disorders, rheumatic conditions, respiratory disorders, 

meningitis, alcohol withdrawal syndrome, nausea and vomiting related to anticancer 

treatment, high altitude disorder, etc. [11]. It is also extensively used to treat paediatric 

respiratory conditions, and is used as the first line of treatment for mild, moderate and 

severe croup [12]. In addition, Dex has recently been revealed to be the first drug to show 

life-saving efficacy by significantly improving survival of critically ill Coronavirus 

disease 2019 (COVID-19) patients [13]. Commercially, Dex is available as oral tablets 

and solutions, injectables, aerosols and topical formulations such as creams, lotions, 

suspensions, emulsions, and gels, etc. However, not all formulations are appropriate for 

a controlled and systemic delivery of the drug. Additionally, the large number of 

unwanted adverse effects, such as hypertension, hyperglycaemia, and peptic ulcers 

among others, often limits the application of Dex in prolonged therapeutic situations [14]. 

Furthermore, swallowing tablets is not always feasible for young children, especially 

when they are suffering from a respiratory condition. Though liquid formulations are 

generally acceptable, Dex has limited stability in liquid preparations [15]. Also, frequent 

injections are profoundly invasive, painful, inconvenient and require sterile conditions, in 

some cases. Thus, an alternate formulation strategy that can help overcome these 

difficulties would provide a major therapeutic advance. To reduce the allied 

complications of systemic glucocorticoid treatment, transdermal delivery of Dex is a 

better alternative [16]. A number of strategies have been reported for the transdermal 

delivery of Dex by employing iontophoresis [17, 18], phonophoresis [19, 20], and 

advanced delivery systems [14, 21].  
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1.2. Hypothesis 

MN technology is a promising technique that can be effectively utilised to overcome the 

limitations associated with conventional Dex formulations. Patients are often required to 

use anti-inflammatory drugs for a long duration, which exemplifies the need for drug 

delivery systems that are less painful and have less impact on daily activities [22]. Hence, 

it is evident that MN technology can be an ideal approach for the effective delivery of 

Dex. As discussed above, MNs offer better patient compliance, ability for self-

administration and improved skin permeability. This approach may facilitate easy 

delivery to patients as outbreak response as well as routine drug delivery. Moreover, due 

to the use of a reduced dose compared to the oral administration [23], side effects of the 

drug will be minimised. Additionally, biodegradable MNs have the potential to provide 

sustained release for prolonged duration. The use of biodegradable materials for MN 

fabrication can offer further benefits, such as avoiding risks associated with hypodermic 

needles, needle-stick injuries and cross-contamination [24]. In addition, the size of the 

MNs will allow for easy transport and distribution of large quantities to remote areas. 

These potentially favourable attributes of the MN arrays could ultimately increase 

equitable coverage and facilitate administration in less accessible areas, making them 

ideal for the use in low-resource countries. Therefore, it is hypothesised that dissolving 

MN arrays, made of biodegradable polymers, can be used for transdermal delivery of Dex 

and eventually to treat inflammatory conditions in a minimally invasive and patient-

friendly manner.  
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1.3. Thesis aims and objectives 

The overall aim of this thesis is to design and develop biodegradable MN arrays loaded 

with the water-soluble prodrug form of Dex, dexamethasone sodium phosphate (DexP), 

and explore their potential for effective transdermal drug delivery. The thesis discusses 

how the MN arrays were fabricated, statistically optimised according to the desired 

quality attributes, and characterised for their in vitro, ex vivo, and in vivo properties. The 

specific objectives of this thesis are: 

1. To develop and validate a stability-indicating HPLC method for the simultaneous 

detection and quantification of DexP and Dex, 

2. To develop, optimise and characterise DexP-loaded biodegradable MN arrays using 

different polymeric compositions,  

3. To evaluate skin permeation and deposition of DexP MN arrays using ex vivo skin 

model,  

4. To evaluate in vitro cytotoxicity associated with DexP MN array application using 

human skin cell (epidermal keratinocytes and dermal fibroblasts) culture models. 

5. To investigate the in vivo skin tolerance and anti-inflammatory efficacy of the 

developed DexP MN arrays using the paw edema model in Sprague Dawley rats. 

1.4. Thesis structure 

This thesis has been prepared in accordance with the University of Auckland 2016 

Statute and Guidelines for the Degree of Doctor of Philosophy. A graphical 

representation of the thesis structure is provided in Figure 1.1. 

Chapter 1 defines the background of this research, and the aims, objectives, and structure 

of the thesis are discussed.  
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Chapter 2 presents a comprehensive literature review on MN-based drug delivery and 

provides an in-depth discussion on Dex. 

The majority of the literature review has been published as a review article: 

S Duarah, M Sharma, J Wen. Recent advances in microneedle-based drug delivery: 

Special emphasis on its use in paediatric population. European Journal of Pharmaceutics 

and Biopharmaceutics. 2019; 136, 48-69. DOI: 10.1016/j.ejpb.2019.01.005 

Chapter 3 describes the development and validation of a stability-indicating HPLC 

method for the simultaneous determination of Dex and DexP. 

The majority of the Chapter 3 has been published as a research article: 

S Duarah, M Sharma, J Wen. Rapid and simultaneous determination of dexamethasone 

and dexamethasone sodium phosphate using HPLC-UV: application in microneedle-

assisted skin permeation and deposition studies. Journal of Chromatography B. 2021; 

1170, 122609. DOI: 10.1016/j. jchromb.2021.122609 

Chapter 4 discusses the fabrication, statistical optimisation and in vitro characterisation 

of DexP-loaded biodegradable MN arrays, prepared using different polymeric 

combinations. Evaluation of long-term stability profiles of the DexP MN arrays has also 

been discussed in this chapter. 

Chapter 5 describes the skin permeation and deposition characteristics of DexP MN 

arrays using ex vivo rat skin model.  

Chapter 6 describes the cytotoxicity evaluation and in vivo skin tolerance and efficacy 

evaluations of the DexP MN arrays. The optimised DexP MN arrays were studied for 

potential cytotoxic effects using human fibroblasts and keratinocytes culture models. The 

https://doi.org/10.1016/j.ejpb.2019.01.005
https://doi.org/10.1016/j.ejpb.2019.01.005
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anti-inflammatory efficacy of the MN arrays was investigated in Sprague Dawley rats 

using the carrageenan-induced paw edema model. 

Chapter 7 concludes this thesis by providing a summary of the main findings and 

limitations of this research. Recommended future studies, which can further establish the 

effectiveness of the DexP MN arrays, have also been highlighted in this chapter. 

 

Figure 1. 1 Graphical representation of the thesis structure.
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Chapter 2  

Literature Review 

 

2.1. Declaration 

The majority of the literature review has been published as a review article:  

S Duarah, M Sharma, J Wen. Recent advances in microneedle-based drug delivery: 

Special emphasis on its use in paediatric population. European Journal of Pharmaceutics 

and Biopharmaceutics. 2019; 136, 48-69. DOI: 10.1016/j.ejpb.2019.01.005 

2.2. Skin structure and transdermal drug delivery 

Skin (cutis) is the largest human organ and is the body’s first natural barrier. Accounting 

almost 15% of an adult's total body weight has a surface area of about 2 m2 and is 102–

104 times less permeable than a blood capillary wall [25]. The skin is mainly composed 

of three histological layers commonly illustrated in relation to tissue layers i.e. the 

epidermis, dermis and subcutaneous layers [25] (Figure 2.1). Outer epidermis, a 5-layered 

assembly composed of keratinocytes (95% of cells), is generally 0.02–0.2 mm and 

 

https://doi.org/10.1016/j.ejpb.2019.01.005
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typically 50 – 150 μm thin in humans. The outermost layer of the epidermis is the dead 

skin layer, also known as the stratum corneum (SC), which is largely responsible for the 

barrier property of the skin due to its ‘brick and mortar’ structure [26]. The corneocytes 

of hydrated keratin comprise the ‘bricks’ embedded in a ‘mortar’, composed of multiple 

lipid bilayers of ceramides, fatty acids, cholesterol and cholesterol esters [27]. The layer 

beneath the epidermis is the dermis, which is much thicker than the epidermis (usually 2-

4 mm). It contains collagen (~70 wt.%), some immunologically active cells, connective 

tissues, blood and lymphatic vessels, glands, hair follicles and nerve endings [28]. The 

subcutaneous layer or the hypodermis, lying underneath the dermis, is the innermost layer 

of the skin comprising primarily of adipose tissue (fat). The unique nature of the skin 

makes it a useful site for drug administration and drug delivery in the management of 

both topical (dermal delivery) and systemic disorders (transdermal delivery) [29] (Figure 

2.1). The complex capillary network in the dermis and hypodermis is very critical for 

systemic delivery through transdermal route.  

 

Figure 2. 1 Structure of the skin, illustrating the skin layers and routes of delivery. This figure was 

created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 

Unported License; https://smart.servier.com. 
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The transdermal route of drug delivery offers several advantages such as, avoiding 

hepatic/gastrointestinal metabolism and escaping the issues of hepatotoxicity, palatability 

and disease transmission. It also helps in improving the bioavailability and reducing 

overall doses. These consequently make transdermal route an effective alternative to the 

available parenteral and oral routes of drug delivery [1, 30]. Moreover, transdermal drug 

delivery helps to avoid emotional trauma and needle stick injuries, thus increasing patient 

compliance. These advantages make transdermal drug delivery a preferred non-invasive 

alternative to oral and intravenous delivery [31]. Unfortunately, the effective barrier 

properties of the skin make transdermal drug delivery not suitable for many drugs. 

Although it sounds straightforward, overcoming the obstructions is quite complicated, 

especially for larger molecules such as peptides and proteins. Therefore, it is challenging 

to attain the therapeutically effective drug level without augmenting skin permeation. 

Recently, there has been intensive research on the strategies to invade the permeability 

barrier of the SC, in a controlled and reversible manner, and to widen the range of drugs 

delivered through skin. Several physio-chemical methods to undermine the epidermis to 

enhance transdermal delivery have been proposed in the recent years ranging from 

chemical enhancers to electroporation, iontophoresis, sonophoresis, thermal ablation, or 

the synergistic combinations of two or more mechanisms [32].  

In 1976, a new and innovative technology named microneedle (MN) [33] was first 

introduced to overcome the drawbacks of conventional transdermal systems. MN 

technology is a unique and promising technique to ensure effective penetration of drugs 

into the skin in a pain-free manner through the use of multiple micron-scale needles 

attached to a supporting membrane (Figure 2.2) [33, 34]. During the past two decades, 

remarkable evolution has been witnessed in the development of MN-based drug delivery 

systems. MNs can create micro-channels by piercing the stratum corneum, but without 
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distressing the nerve endings and blood vessels in the inner skin layers of the epidermis 

and dermis [35]. Consequently, increased types of drugs can be delivered with a 

dramatically improved efficiency and in a minimally invasive manner [36]. 

 

Figure 2. 2 Layers of the human skin depicting a MN array application. Image adopted and modified 

from Lee [8]. 

2.3. Microneedles for drug delivery 

 The development history of microneedles (MNs) 

The term ‘microneedle’ was first used by Robert Chambers in as early as 1921 when they 

used MN for micro-dissection of echinoderm egg by injecting the needle into the nucleus 

of the egg [37]. However, the concept of MN-based drug delivery was first introduced by 

Martin S Gerstel and Virgil A Place in the year 1976 [33]. In their patent, they described 

both solid and hollow MNs for local or systemic drug delivery. The first drug-coated MN 

device was reported by Pistor Michel Louis Paul [38]. Even though the concept of MN-

based drug delivery was first introduced by Gerstel and Place, the first significant 
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evaluations and proof-of-concept analyses of MNs were demonstrated in 1998 by Henry 

et al. [5]. They described the use of silicon MNs, prepared by microfabrication 

technology, to enhance the delivery of calcein through human skin [5]. Moreover, they 

were the first to report the in vivo evaluations of MNs and the pain perception. In 2002, 

Mikszta et al. published the first report on silicon MN mediated immunization [39]. They 

also studied the safety of MNs by evaluating the erythema and edema scores. The first 

study on MN-based transdermal delivery of macromolecules and nanoparticles was 

published in 2003 by McAllister et al., where they used solid and hollow MNs for 

transporting insulin, albumin and 100 nm sized latex beads respectively through human 

cadaver skin [40]. The first report on dissolving MNs was reported in 2005 by Miyano et 

al. [41]. They studied an array of maltose MNs that dissolve in the skin to release the 

model drug, ascorbate-2-glycoside, into the epidermis and dermis. In 2005, the first report 

on MN assisted biological fluid sampling was published [42]. Furthermore, in 2005, 

Fernandes reported the first cosmetic application of MNs (collagen induction therapy), in 

which, he stated the use of MN roller for skin tightening and wrinkle reduction [43]. 

During the last two decades, other innovative and advanced applications of MNs have 

been claimed in diverse areas, apart from the cosmetic and drug delivery applications. 

Figure 2.3 shows a sequential timeline of the significant events in MN development. 

 

Figure 2. 3 A sequential timeline of the major events in MN development. 
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 MN types and their fabrication  

MN arrays can be defined as a multiplicity of micron-sized projections, ranging from 

lengths as short as 25 µm to those as long as 2000 µm, assembled on one side of a 

supporting base or patch. MNs have emerged as a particularly attractive type of drug 

delivery with the potential to deliver numerous therapeutic molecules across the 

biological membranes including skin, mucosal tissue and sclera. Modulation and 

alteration of MN geometry and composition can result in controlled drug delivery to 

various target organs. Over the past few years, widespread research has been carried out 

concerning MN design and a multiplicity of fabrication methods have been reported such 

as the conventional microelectronics fabrication technologies, chemical isotropic etching, 

injection moulding, reactive ion etching, surface/bulk micromachining, polysilicon 

micromoulding, lithography-electroforming-replication, and laser drilling [10, 44, 45].  In 

general, MNs developed for drug delivery can be broadly classified into five 

categories: hollow, solid, coated, dissolving and hydrogel-forming [46]. Figure 2.4 

provides an insight into the different MN-based drug delivery approaches. 
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Figure 2. 4 A schematic illustration of the five different types of MNs and their drug delivery 

approaches. (A) Solid MNs increase the permeability of a drug formulation by creating micro-holes across 

the skin. (B) Coated MNs undergo rapid dissolution to release the coated drug into the skin. (C) Dissolvable 

MNs lead to a rapid or controlled release of the drug incorporated within the MNs. (D) Hollow MNs 

puncture the skin and enable the release of a liquid drug following active infusion or diffusion of the 

formulation through the needle bores. (E) Hydrogel-forming MNs take up interstitial fluids from the tissue, 

causing swelling of the micro projections and thus inducing diffusion of the drug located in a patch through 

the swollen micro projections. This image has been reproduced with kind permission from Larrañeta et al. 

[47]. 

2.3.2.1 Solid MNs 

Solid MNs deliver drugs by generating microchannels in the layers of the skin and thus 

increasing the permeability of skin. Subsequently, a patch containing the drug of interest 

should be applied on the channels [48]. However, it is essential for the skin to retract, thus 

closing the microchannels, soon after the MN patch is removed from the skin to 

deter undesired entry of toxic substances or infection by pathogenic microbes. Fabrication 

of solid MNs from a wide range of materials has been reported in the literature. This 

includes non-biodegradable materials such as silicon [49, 50] and polymers such as a 

copolymer of methylvinylether and maleic anhydride (PMVE/MA) [51], polycarbonate 

[52] and polymethylmethacrylate (PMMA) [53]. Other materials like biodegradable 
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polymers [10]; maltose [54]; and metals including stainless steel [55, 56], titanium [57], 

tantalum [58], and nickel [59]; and ceramics [60, 61] have also been used. Olatunji et al. 

utilised biopolymer films extracted from fish scales of tilapia (Oreochromiss sp.) to 

prepare solid MNs [62]. Patches of solid MNs, containing a dry formulation, have proved 

to be promising and favours improvement in vaccine efficacy [63]. Edens used solid MN 

patch containing 100 pyramidal MNs to deliver 1000 tissue culture infectious dose 

(TCID50) of measles vaccine [63]. The permeation of different therapeutic molecules via 

solid MNs is dependent on various factors, for instance, MN insertion force, tip sharpness 

and MN density. The combined effect of solid MNs with other permeation enhancement 

approaches, such as iontophoresis, has also been shown to be advantageous in the 

facilitation of the transdermal delivery of several active molecules [4].  

2.3.2.1.1 Fabrication of solid MNs  

The first solid MNs from silicon were developed using microfabrication technology [5], 

which was then adopted by other research groups to prepare silicon-based solid MNs of 

varying dimensions [45, 64]. Microfabrication technology, i.e. micro-machining 

or micro-electromechanical systems (MEMS), is conventionally utilised in the 

production of microprocessors and micron-scale devices, such as micropumps, 

microreactors etc. [65]. MEMS technology is currently being applied in the fabrication 

of MN devices [66]. The fabrication process of silicon MNs varies according to the needle 

material and geometry. Even though microfabrication techniques are promising for high 

throughput MN manufacturing, they are not very cost effective, require highly specialised 

handling and involve complex processing steps [67, 68]. The MEMS process employs a 

series of controlled sequential operations and techniques. The three basic building blocks 

involved in MEMS are deposition of thin films of material on a substrate, 

photolithographic imaging to apply a patterned mask on top of the films, and etching the 
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films selectively to the mask [69] [70]. Optically curable polymers undergo 

photolithography imaging to produce master structures for replication, which are then 

employed to make solid polymeric MNs by molding as shown in Figure 2.5. The 

ultraviolet (UV)-curable polymer SU-8 is extensively used to fabricate MNs [71-73].  

 

Figure 2. 5 The series of processes in the transfer of a pattern to the substrate surface. (A) Silicon 

wafer; (B) Silicon wafer with oxide coating; (C) spin-coated photoresistive material; (D) mask guided UV 

light exposure on the photoresistive material; (E) development process to remove the soluble resist material; 

(F) etching of SiO2 film; and (G) photoresist removal. This image has been reproduced with kind permission 

from Larrañeta et al.[47]. 

Reactive ion etching, as well as isotropic etching, have been used to prepare silicon MNs 

[65, 74]. Additionally, anisotropic wet etching of crystalline silicon has also been 

employed to formulate solid MNs [50, 75, 76]. There are also illustrations of combining 

both isotropic dry etching and anisotropic wet etching methods to produce MNs [65]. 

Acid etching approach has also been adopted to sharpen tips of pillars obtained by dicing 

a silicon substrate [77-80]. Solid MNs have also been fabricated using metals, such as 

stainless-steel, titanium and palladium employing numerous approaches, for example, 
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electroplating (palladium), photochemical etching (titanium) and three-dimensional (3D) 

laser ablation (stainless-steel) [81-83].  

Very recently, a novel magnetorheological drawing lithography method was efficiently 

used to fabricate solid MNs. In this technique, a droplet of curable magnetorheological 

fluid is drawn directly from a substrate to produce a 3D MN under an external magnetic 

field [84].  This is a one-step method and also eliminates the requirement for temperature 

adjustment.  

2.3.2.2 Hollow MNs  

Hollow MNs have been manufactured from a wide variety of materials and in a varied 

range of heights and geometries. They have also been fabricated from commercially 

available 30 gauge hypodermic needles, where the individual MNs have a diameter of 

about 300 µm and a length tailored to 300 µm [85]. Hollow MNs have been mainly made 

out of silicon [86-88], metals [89], glass [90], polymers [91], ceramic [60] and 

carbohydrates [92]. Hollow MNs facilitate the continuous infusion of larger amounts of 

drug substances, in comparison to solid or coated MNs, which can only deliver small and 

definite amounts of drugs [86]. This approach employs diffusion, pressure- or 

electrically- driven flow to deliver molecules across the skin. After a detailed 

investigation, it has been reported that the flow rate of drug is directly proportional to the 

inner diameter of MN and inversely related to MN length [93]. A number of extensive 

analyses have established that by altering infusion parameters, such as infusion pressure, 

insertion/retraction depths and MN tip dimensions, flow rates can be modified, which in 

turn assists in achieving controlled drug delivery [94]. However, the efficiency of hollow 

MNs can be hampered by the possible blockage of the needle bore-opening with tissue in 

the course of skin insertion [95]. Nevertheless, this concern has been taken care of by 
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using an inventive design that locates the bore-opening slightly off-centred, rather than at 

the extreme tip [88]. This not only prevents needle clogging but also increases the area of 

drug exposure to the tissue and retains tip sharpness. Additionally, flow resistance due to 

the compression of dense dermal tissue around MN tip represents a major drawback 

associated with the hollow MNs [96]. An investigation has demonstrated that 

withdrawing the needle partially, following its insertion into the skin, has enhanced the 

fluid infusion. This is owing to the relaxation of the compressed tissue, which increases 

the flow conductivity of skin underneath the MN tip [90]. Chen and his group [97] studied 

the combined effect of using hollow silicon MN with sonophoresis – termed SEMA 

(sonophoretic enhanced MN array) for the delivery of hydrophilic and large molecular 

mass compounds, namely calcein and BSA, across porcine skin. Synergistic enhancement 

of calcein and BSA permeability in skin was demonstrated by the application of SEMA. 

The hollow MNs breach the stratum corneum enabling deeper delivery of drugs, whereas 

ultrasound enhanced the diffusion rates by cavitation effect in the epidermis and also in 

the hollow MNs drug reservoir [97].  

2.3.2.2.1 Fabrication of hollow MNs 

A variety of hollow MNs have been fabricated using MEMS techniques including laser 

micromachining [44], deep reactive ion etching of silicon [95, 98], an integrated 

lithographic molding technique [99], deep X-ray photolithography [100], and wet 

chemical etching and microfabrication [101]. Bosch process was utilised to create hollow 

shell structures with a high aspect ratio, which was subsequently followed by isotropic 

[101] and wet etching processes to achieve tip sharpness [95]. In addition to using 

chemical etching methods, sharp tips in hollow silicon MNs were also obtained using a 

dicing saw along with deep reactive ion etching [102]. Hollow MNs made of glass, 

polymer, and metal have been prepared from substrates by the traditional fabrication 
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approaches. The glass micropipette technique has been used to make hollow glass MNs 

[90].  

Hollow polymeric MNs are formed by a variety of techniques. Holes were drilled and 

then the bevelled tip was moulded out of polyphenylsulfone polymer by milling [103]. 

Hollow MNs out of PMMA was fabricated by employing lithographic techniques [104]. 

In another case, a digital micromirror stereolithography instrument was utilised for the 

preparation of hollow polymeric MNs by polymerization of liquid resin [105]. A laser-

based rapid prototyping system was also used to form hollow polymer MNs by direct 

two-photon polymerization [106].  

Metal MNs have been formed by drawing lithography and metal electroplating [107]. In 

another design, a polymeric micromold was prepared using UV laser, which was later 

coated with nickel by electrodeposition. Subsequent selective etching of the polymer 

mold releases the formed metal MNs arrays [44]. Hollow nickel MN arrays were also 

prepared by a sequential process of electroless copper and nickel plating and copper wet 

chemical etching [59].  

2.3.2.3 Dissolving MNs  

Dissolving MN undergoes dissolution following its application to the skin and 

subsequently releases the encapsulated drug into the skin. They are made from a wide 

variety of materials such as, polysaccharides or other polymers and are fabricated based 

on the “poke and release” principle [108]. Polymers such as polylactic acid (PLA) [109], 

polyglycolic acid (PGA), polylactic-co-glycolic acid (PLGA) [10], polyvinylpyrrolidone 

(PVP), polyvinyl alcohol (PVA), hydroxyl propyl methyl cellulose (HPMC), poly 

(vinylpyrrolidone-co-methacrylic acid) (PVPMAA) [110] and poly (methyl vinyl ether-

maleic anhydride) (PMVE/MA) [111] have been employed for the preparation of 
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dissolving MNs. Biopolymers used in the fabrication of dissolving MNs include sodium 

hyaluronate [112, 113], chondroitin sulphate [114, 115] and carbohydrates, e.g. 

sugars, carboxymethyl cellulose and maltose [116]. In the dissolving MN arrays, 

selection of the constituent polymers, from which to formulate the arrays, plays an 

important role in governing the release kinetics of the incorporated drug. 

Moreover, controlled drug delivery can be achieved by regulating the polymeric 

composition of the MN array or by varying the fabrication procedure. The numerous 

advantages of the dissolving MNs, when compared to the other MN types, have led to 

their emerging acclaim. The favourable biocompatibility and biodegradability profiles 

exhibited by the majority of polymeric materials make them promising in the field of drug 

delivery technology. The use of water-soluble and biodegradable polymers or sugars 

eliminates the possible risk of leaving biohazardous sharp waste in the skin [10]. This 

approach also should significantly reduce any risk of infection transmission. Furthermore, 

the one-step application process proves to be convenient for patients. Regardless of the 

numerous advantages, there are various complications associated with the designing and 

development of dissolving MN structures. In some instances, drug loading and the 

fabrication procedures can distress the mechanical strength, stability of MNs or the 

incorporated drug. Donnelly and colleagues in 2009 prepared drug-loaded galactose MNs 

in a micro-moulding process by melting galactose powder at 160ºC and 

subsequent addition of model drugs: 5-aminolevulinic acid (ALA) and bovine serum 

albumin (BSA) [116]. The authors emphasised that the elevated temperature to facilitate 

polymer melting resulted in substantial degradation and eventual losses of the 

incorporated ALA and BSA, and this is the major limitation when dealing with 

thermolabile molecules. They even illustrated the difficulties associated with the 

processing and storage of the MN arrays.  It was challenging to prepare more than two 
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MN arrays at a time due to the high viscosity of molten galactose and its tendency to 

solidify easily. This eventually leads to difficulty in scaling up and mass production.  To 

circumvent these obstacles, alternative MN fabrication approaches have been 

recommended and these include fabrication by the thread forming technique [117]; room-

temperature photo-polymerisation of the liquid monomer vinyl pyrrolidone [110]; 

employment of aqueous blends of different types of polymers [8] and low-temperature 

vacuum forming micro-moulding method [118]. Synergistic effects of dissolving MNs 

used in combination with other enhancing strategies have been reported by Garland et al. 

[119] when the use of drug-loaded dissolving poly (methylvinyl- ether-co-maleic-acid) 

(PMVE/MA). MN arrays were coupled with iontophoresis, and it was observed that the 

permeation of the model drugs across neonatal porcine skin increased by two to three 

times, compared to MN alone. Dissolving MNs have also been investigated for their 

potential application in transcutaneous immunisation, and the study highlighting the use 

of dissolving polymeric MN patches for influenza vaccination received worldwide media 

attention [119]. Additionally, dissolving MNs (MicroHyala™), fabricated by sodium 

hyaluronate, were able to induce a successful immune response in mice against tetanus 

toxoid, diphtheria toxoid, Se36 (malaria), influenza hemagglutinin, ovalbumin and 

adenovirus vector antigens [112, 113]. Recently, Pan et al. developed, for the first time, 

a novel intradermal delivery system for STAT3 siRNA based on dissolving MNs for the 

treatment of melanoma [120].  
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In this research, the biodegradable polymers PVP, PVA, PMVE/MA, and HPMC are used 

for the preparation of drug-loaded MN arrays. 

 Polyvinylpyrrolidone (PVP) 

PVP is a synthetic, water-soluble polymer, widely used in the cosmetic, food 

and pharmaceutical industries [121]. It has found a widespread use in cosmetic market as 

skin care products, hair-drying reagents, shampoos, eye makeup, lipsticks, deodorants, 

sunscreen product and dentifrices.  Many studies have reported the use of PVP in 

transdermal films and patches [121, 122]. The chemical backbone structure of the vinyl 

pyrrolidone monomer contains a ring, which increases intramolecular rigidity and thereby 

provides mechanical strength to the polymer, which is important for MN insertion into 

skin. Therefore. PVP is widely used for the fabrication of dissolving MNs. PVP is 

biologically compatible, non-ionic and chemically inert. Due to the presence of both 

hydrophilic (amide group) and hydrophobic (methylene groups) functional groups in its 

structure (Figure 2.6), PVP is universally soluble in both water and a variety of organic 

solvents.  PVP is available in an extensive range of viscosity grades ranging from low to 

high molecular weight and these are distinguished by K-numbers (e.g. PVP K 12, K 17, 

K 25, K 30). The K number specifies the mean molecular weight of the polymer, which 

is calculated from the relative viscosity of the polymer in water [121]. 

 

Figure 2. 6 Chemical structure of PVP. 
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 Poly (vinyl alcohol) (PVA)  

PVA is a synthetic, water-soluble polymer, produced by hydrolysis of poly 

(vinyl acetate), and widely used as a paper coating, adhesive, colloid stabilizer and 

precursor polymer. The chemical structure of PVA is shown in Figure 2.7. It is a 

biocompatible, and non-toxic polymer and therefore, frequently used as a matrix for 

sustained release drug delivery systems, ophthalmic films, implants, and for a variety of 

pharmaceutical applications [123-125]. PVA has also been utilised for biomedical 

applications including contact lenses [126] and artificial organs [127]. PVA based 

transdermal drug delivery systems have been developed for several drugs, as reported in 

previous studies [128, 129].  

 

Figure 2. 7 Chemical structure of PVA. 

 Poly methyl vinyl ether-maleic anhydride (PMVE/MA) 

PMVE/MA is an alternating water-soluble copolymer of methyl-vinyl-ether and maleic 

anhydride. It is a highly versative polymer commercially marketed by Ashland Inc. as 

Gantrez® and widely employed for pharmaceutical applications [130]. PMVE/MA is used 

as a thickening and suspending agent, denture adhesive, and as a matrix for developing 

drug delivery systems, transdermal patches, toothpaste and mouthwash [131]. It offers 

the ideal characteristics for effective biomedical application, such as low toxicity, high 

biocompatibility, high mucoadhesivity and low cost. Nanofibers and nanoparticles made 

of blends of polymers including PMVE/MA have recently been reported for 
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encapsulating pharmaceutical agents [132-134].  The chemical structure of PMVE/MA is 

shown in Figure 2.8.  

 

Figure 2. 8 Chemical structure of PMVE/MA. 

 Hydroxypropyl methylcellulose (HPMC)  

HPMC is a semi synthetic water-soluble polymer derived of cellulose (Figure 2.9). It is 

inert, amphiphilic, non-ionic and is stable over a wide pH range (3–11). HPMC is 

frequently used to prepare controlled and sustained drug delivery systems [135]. It is 

widely used as a film-forming agent due to its water miscibility and excellent 

biocompatibility [136].  Among the polymers used in transdermal patches, HPMC is the 

most frequently used, due to its ability to adhere to skin without causing any local 

irritation [137, 138]. 

 

Figure 2. 9 Chemical structure of HPMC. 
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2.3.2.3.1 Fabrication of dissolving MNs  

Dissolving MNs can be fabricated using a wide variety of mold-based techniques 

including solvent casting, drawing lithography, droplet-born air blowing, laser 

machining, hot embossing, microinjection moulding and ultrasonic welding. 

Solvent casting is the most common method for fabrication of dissolving MNs (Figure 

2.10). The polymers or other constituents are dissolved in appropriate solvents, filled into 

the mold cavities and allowed to dry, sometimes with the additional use of vacuum and/or 

centrifugal force [139]. In another fabrication method, tapered MNs are formed by 

drawing up liquid preparations, which later solidify in position [140, 141]. This approach 

was used to prepare MNs containing dextrin, chondroitin sulphate and albumin, where 

each needle was fabricated by drawing using pipette tips [142]. Dissolving MNs are also 

prepared using ultrasonic welding method in which the polymers are fused together 

without heating and thus causing negligible damage to the encapsulated molecules [143].  
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Figure 2. 10 Illustration of Solvent Casting method used to fabricate dissolving MNs. 

Very recently, Huh et al. compared two droplet-based fabrication methods (centrifugal 

lithography and droplet-born air blowing by evaluating the change in activity of the 

encapsulated drugs. From their study, they concluded that centrifugal lithography exerts 

less stress during the manufacturing processes and thus minimises activity loss of the 
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encapsulated drugs. Therefore, this method can be preferred to prepare dissolving MNs 

with fragile biological drugs [144]. 

In this thesis, solvent casting method has been employed for the fabrication of drug-

loaded MN arrays using biodegradable polymers. The fabrication process has been 

discussed in detail in Chapter 4.  

2.3.2.4 Coated MNs  

Coated MNs are coated with the drug-containing dispersion. They are considered 

particularly attractive for rapid bolus delivery of high molecular weight molecules such 

as vaccines, proteins, peptides and DNA to the skin [81, 145, 146]. Once inserted into the 

skin, the drug is rapidly released from the coating into the tissue. However, one serious 

limiting factor in attaining a relevant drug release profile is the infinitesimal surface area 

of the MN structures, which leads to the limited extent of drug that can be successfully 

coated onto them. Besides, there are additional issues of concern such as 

consistency, uniformity, reproducibility and stability of the MN coating materials. In 

addition, precautions should be taken such that there is negligible deleterious drug loss 

from the MN surface during the coating process and also prior to insertion into the 

skin. Coated MNs have also been demonstrated for the efficacious and minimally-

invasive delivery of therapeutic nucleic acids such as small interfering RNA (siRNA) etc. 

for various clinical symptoms including genetic vaccinations [147]. Coated MNs are also 

particularly attractive candidates for vaccine delivery to the skin, as antigens can be 

released in the skin to target the Langerhans cells in the epidermis or the dendritic cells 

in the dermis for a more effective immune response [148]. To demonstrate this, 

ovalbumin, a model antigen, was coated onto MNs and delivered to guinea pigs to induce 

a pronounced immune response [149]. Furthermore, as only small quantities of antigen 
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are required to elicit an immune response, the restricted amount of the drug that can be 

coated onto MNs does not actually hamper their utilization in vaccine delivery. In a recent 

study, drug-coated poly (L-lactic acid) (PLLA) MN arrays were fabricated to induce rapid 

and painless local anaesthesia in the skin [150].  

2.3.2.4.1 MN coating methods 

A broad range of materials have been utilised and techniques have been developed 

to ensure effective coating of MN arrays with specific drugs. For instance, Gill et 

al. proposed the micron-scale dip-coating procedure using different aqueous, organic 

solvent-based or molten liquid formulations [151]. This was designed to successfully 

deposit a range of molecules with varied physicochemical properties onto the surface of 

MNs. The most significant parameters to be considered during the dip-coating process 

are surface tension and viscosity of the coating solution. Gill and Prausnitz showed that 

by reducing the surface tension (by adding surfactants) and increasing the viscosity (using 

viscosity enhancers), a thick and uniform coating of MNs could be achieved [56, 151]. 

Layer-by-layer coating techniques have also been applied to coat MNs [152-154]. In case 

of DNA/protein molecules, MNs are coated by alternately dipping into 

solutions containing oppositely charged solutes, such as negatively charged DNA and 

positively charged polymer. This leads to the formation of a polyelectrolyte multilayer on 

the MNs. In some instances, coating solution has also been sprayed onto silicon MNs, 

using an atomiser, to produce coated MNs [155]. A simple and versatile coating technique 

utilising gas jet was described by Chen et al. [149] to uniformly coat a wide variety of 

molecules (OVA, rhodamine-labeled dextran, ethidium bromide) on densely packed 

microprojections. In another study, piezoelectric inkjet printing process was utilised to 

deposit drug coatings onto the surfaces of polymeric MNs for antifungal applications 

[156]. The different coating methods for MNs have been illustrated in Figure 2.11. 
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Figure 2. 11 Illustrated examples of techniques used to coat MNs. (A) Dip coating; (B) Gas-jet drying; 

(C) Spray drying; (D) Electrohydrodynamic atomization (EHDA) processes; (E) Ink-jet printing. 

[Reproduced with permission from Haj-Ahmad et al. [157]. 

2.3.2.5 Hydrogel-Forming MNs 

In recent times, multiple novel technologies target at overcoming the biocompatibility 

problems and the potential for inappropriate re-use associated with silicon or metal MNs. 

One of these approaches emphasises the use of hydrogel-forming MNs [158]. The 

principal advantage of hydrogel-forming MNs when compared to regular dissolving 

polymer MNs is that in case of hydrogel-forming MNs, the delivered doses of drugs are 

no longer restricted to what can be loaded into the needles themselves. This approach was 

first explored by Donnelly et al. who employed “super-swelling” polymeric compositions 

to prepare a hydrogel-forming MN array with an attached patch-type drug reservoir [159]. 

The arrays contain no drug themselves, however, upon penetration, they rapidly imbibe 

skin interstitial fluid and form channels between the dermal microcirculation and the drug 

reservoir. Such MNs act initially as a tool to breach the stratum corneum and eventually 

swell to become a rate-controlling membrane. Fluid uptake range in one hour was 0.9–

2.7 μL, which is of the same order of magnitude as the rates of interstitial fluid uptake for 

hollow MNs and microdialysis [160]. Hydrogel MNs also overcome some of 

the characteristic limitations related to the conventional MN arrays, i.e. particularly 
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reduced drug loading capacity, difficulty in precise drug coating and controlling the 

extent and rate of drug release. The possibility of incorporating active pharmaceutical 

ingredients in a separate reservoir provides the opportunity to deliver an increased amount 

of medications. Hydrogel-forming MNs also prove to be advantageous in the specifics 

that they can also be fabricated in wide-ranging geometries, can be easily sterilised, and 

detached absolutely intact from the skin [161]. It has also been reported that various 

polymeric compositions have been examined in order to screen robust materials that are 

capable of rapid swelling, but simultaneously sufficiently hard in the dry state to pierce 

the skin [159]. Additionally, the interesting ability of the hydrogel MNs to 

imbibe interstitial fluids could be exploited for the extraction of molecules of interest 

from the skin for consequent analysis. This strategy is expected to be extremely beneficial 

for vulnerable patients such as neonates and the elderly [162]. In a recent study, a novel 

in situ forming hydrogel MNs were designed and evaluated for transdermal drug delivery 

using a biocompatible thermosensitive copolymer [163]. Maltose MNs were used to 

pierce the skin and create microchannels, followed by the application of poloxamer-based 

drug formulation. The solution streamed inside the microchannels and got converted into 

gel at skin temperature, thus attaining the shape of the MNs. These in situ formed 

hydrogel MNs ensured a sustained delivery of the encapsulated drug [163]. A hydrogel-

based MN device can be endorsed for its versatility as the delivery profile can be 

personalised based on the requirements of different drugs with differing therapeutic 

windows. The application of hydrogel-forming MN is promising. Further effort should 

be focused on widening the range of materials for fabrication of these systems and to 

include medications that are administered to manage chronic disorders.  
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 Applications of MNs 

2.3.3.1 Drug delivery and vaccination 

During the last 20 years, several studies have reflected the considerable drug delivery 

enhancing effects of MNs. As detailed above in Section 2.3.1, Henry et al. published the 

first research work using MN for transdermal drug delivery [5]. Since then, this 

technology has been extensively reported in scientific literature. There have been 

extensive reports of MN arrays being used for the percutaneous delivery of small 

molecules such as caffeine, lidocaine, metronidazole, ibuprofen sodium, sulforhodamine 

B, 5-aminolevulinic acid and macromolecules including insulin, BSA, low molecular 

weight heparin, ovalbumin, leuprolide acetate, erythropoietin  and human growth 

hormones [9]. MN pre-treatment has also been explored for enhancing the permeation of 

certain photosensitisers [5- aminolevulinic acid, 5-aminolevulinic acid methyl ester and 

mesotetra(N-methyl-4-pyridyl) porphine tetratosylate] [49] [164], non-steroidal anti-

inflammatory drugs (diclofenac, ibuprofen, ketoprofen, paracetamol) [165], naltrexone 

(NTX) and dyclonine [82, 166]. In many instances, this approach was used in conjunction 

with other permeation enhancement techniques, such as iontophoresis or sonophoresis, in 

order to have a synergistic influence on the transdermal delivery of macromolecular 

compounds [167, 168]. In addition to a wide variety of drugs, coated MNs have also been 

used to deliver genetic material [147], thus offering an attractive alternative for the 

management of genetic skin diseases. 

Moreover, in vitro and in vivo silencing of gene expression has been achieved by coating 

metal MNs with RNA [169]. So far, insulin has been the most widely investigated 

molecule for MN-mediated delivery. The pharmacokinetic and pharmacodynamic 

profiles for MN delivery of insulin are comparable to subcutaneous injection, and in the 
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first clinical trial, intradermal MN delivery of insulin demonstrated rapid glucose uptake 

and faster insulin action with shorter Tmax compared with subcutaneous injection [170-

172]. MN mediated delivery of insulin also leads to improved patient compliance due to 

the low pain-scores upon MN insertion into the skin and its ability to be self-administered 

without the need of expert handling [171]. There are a number of ongoing clinical trials 

related to MN-assisted insulin delivery, and further investigations in this regard may 

clinically introduce this technology. MNs loaded with Parathyroid hormone (PTH) has 

also been clinically studied and Zosano Pharma's PTH loaded patch (ZP-PTH) has shown 

a rapid plasma profile for PTH with three times greater Tmax, and two times shorter half-

life in comparison to FORTEO®, the marketed PTH subcutaneous injection [173]. The 

MN based device was also demonstrated to be safe, effective and well-tolerated in 

the considered patient population. Very recently, dissolving MN arrays have been 

proposed for their application in obesity treatment. In this study, nanoparticles 

encapsulating rosiglitazone, glucose oxidase, and catalase were loaded onto MN arrays 

for sustained delivery into subcutaneous adipose tissue. This would inhibit the adipocyte 

hypertrophy and consequently improve the metabolism [174]. Furthermore, hydrogel-

forming MN arrays have been exploited to deliver clinically relevant doses of low 

potency, high dose drug candidates (e.g. ibuprofen sodium), and protein and peptide 

delivery [159, 160].  

Intramuscular or subcutaneous routes are comparatively painful, and they even bypass 

the skin's immune system consequently delivering vaccines to regions with no significant 

concentration of antigen-presenting cells [148]. On the other hand, MNs deliver drugs in 

the epidermis and the dermis, containing an enriched network of antigen-presenting cells. 

This has facilitated their recognition as an effective alternative route for vaccination. 

According to scientific reports, MN-based vaccinations have shown comparable or even 
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greater immunogenicity and a higher level of antigen stability to conventional routes of 

administration [175, 176]. Soluvia™ microinjection (BD Bioscience) and MicronJet ™ 

(Nanopass technologies) are clinically approved hollow MN systems for intradermal 

delivery of influenza vaccine [177, 178]. Moreover, influenza antigen coated MN system 

developed by Kommareddy et al. could elicit comparable antibody titres to intramuscular 

injection [179]. Furthermore, the MicronJet™ has presented encouraging results in a 

Phase III study for delivery of inactivated polio vaccine (IPV) in 6–14 week-old infants 

sponsored by the U.S. Centres for Disease Control and Prevention (CDC) and the 

International Centre for Diarrheal Disease Research, Bangladesh [180]. Recently, 

MicronJet™ injection has been clinically utilised to compare the intradermal polio 

vaccine in HIV-infected patients against the conventional intramuscular 

injection[181]. This is particularly beneficial for the immunocompromised population, 

such as the HIV patients who have a reduced immune response to most vaccines. Matsuo 

et al. investigated hyaluronic acid MNs (Microhyala1®) for efficiency against tetanus, 

diphtheria, influenza, and malaria and observed immunisation results analogous to the 

conventional parenteral route in all the cases [112]. The same research team tried 

developing a vaccine for Alzheimer’s disease by using a similar hyaluronic acid MN 

array. They could well demonstrate the attainment of effective anti-amyloid-beta immune 

responses, despite the fact that the results did not indicate enhanced brain activity in the 

treated population [182]. Additionally, a recent study suggested the delivery of an 

Alzheimer’s disease vaccine using coated MNs. MN systems are even studied to deliver 

vaccine against the Edmonston-Zagreb virus [63] and DNA and RNA vaccines [183]. An 

alternative vaccination strategy was to incorporate multiple vaccine-components in a 

single device, and this particular approach was studied by Morefield and his team. They 

delivered a combination vaccine against anthrax, botulism, plague, and staphylococcal 
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toxic shock in rhesus macaque monkeys using hollow MN systems [184]. In another 

instance, Ono et al. developed novel double-decker MN patches, by stacking two tapered-

cone MNs vertically for the safe and effective transcutaneous vaccine delivery [185]. 

Groot et al. have revealed for the first time, the potential of nanoporous MN mediated 

intradermal immunization with subunit vaccines (diphtheria and tetanus). This study 

indicated the future possibilities of MN assisted intradermal vaccination [186]. In a recent 

study, a digitally controlled hollow MN injection system (DC-hMN-iSystem) was 

developed for minimally invasive and potentially pain-free induction of cytotoxic and 

helper T-cells for therapeutic cancer vaccination. In some cases, this system resulted in a 

higher induction of antigen-specific T-cell responses in blood and spleen than those 

achieved using a conventional hypodermic needle [187]. MN-based vaccines would 

increase vaccination coverage and equity and simplify logistics to facilitate outbreak 

responses. 

2.3.3.2 Diagnostic applications of MNs  

MNs offers the opportunity for a pain and blood free monitoring/diagnosis system and 

have the potential to overcome other conventional needles allied limitations, including 

the requirement of skilled handling and the risk of infection. Samples extracted using 

MNs can later be analysed or an integrated system comprising a diagnostic system with 

the MN assembly can be employed. In recent times, the advancements in MN technology 

have paved the way for the development of a number of MN-based diagnostic strategies 

which have demonstrated successful results in sampling and testing in vitro and in animal 

models [188-190]. The MN extraction systems were initially designed based on the 

capillary action of interstitial fluid but, eventually started including complex strategies 

such as vacuum or osmotic pressure. Hollow glass MNs have been designed for glucose 

monitoring using interstitial fluid, and the results showed that the glucose concentrations 
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in the interstitial fluid could be correlated with blood glucose [42]. Another alternative 

for interstitial fluid extraction is the use of hydrogel-forming MN arrays. When applied 

to the skin, they absorb the interstitial fluid and swell depending on the extent of polymer 

cross-linking. Later the MN patch can be examined to quantify different analytes and/or 

biomarkers. In a recent study, the design and implementation of a MN-based device have 

been described for painless and automated capillary blood collection. In this device, the 

sample gets mixed with anticoagulant throughout the collection process, and the sample 

is stored for subsequent analysis [191].  Another research presented the fabrication of an 

improved silicon MN array for low cost, minimally invasive human interstitial fluid 

extraction for nucleic acid profiling in order to identify potential biomarkers of disease 

[192]. 

2.3.3.3 Cosmetic application 

MN technology has also been widely explored in cosmetic applications. The most 

relevant microneedling device in the field of cosmetics is the Dermaroller® (Dermaroller 

GmbH, Wolfenbüttel, Germany), which is available in several designs intended for 

different applications. According to reports, a standard Dermaroller® produces nearly 250 

pores per square centimetre when rolled over the skin for fifteen times and depending on 

the applied pressure, these pores can spread up to the papillary dermis [193]. 

Dermaroller® is effectively used to treat fine wrinkles, lines, and small stretch marks; 

however, it shows nominal results against deep wrinkles and lines, and larger stretch 

marks on the skin. In order to address the limitation of Dermaroller® to accurately aim 

the target skin area, a compact form of Dermaroller® termed as MS-4 model has been 

designed for usage in smaller areas with precision. Moreover, Dermaroller®, MF-8 model, 

containing 1.5 mm long needles, is used for larger collagen scar bundles and stretch marks 

[194]. Dermapen® (Dermaroller GmbH, Wolfenbüttel, Germany) is a motor-operated 
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microneedling device that uses electrical power to deliver pulsating-stamp-like motion to 

the skin at a low (412 cycles/min) or high speed (700 cycles/min) [195]. Similarly, 

Dermastamp® is used for collagen induction therapy and is helpful in treating skin scars, 

age spots, varicella scars, and wrinkles. It is also motor operated with back and forth 

movement of needles similar to the stamp-like motion. Another device manufactured by 

Dermaroller®, Germany is the Beauty Mouse®, which is claimed to create microchannels 

in the skin and thus enhance the penetration of anti-cellulite creams. In another instance, 

the microneedling device, DermaFrac™ combines microneedling with a concurrent 

infusion of serum containing active agents inside the skin. The newer DermaFrac™ 

designs also have light emitting devices (LEDs) with wavelengths specific for skin 

conditions. Moreover, MN dermabrasion is used to treat different types of scars by 

piercing the skin multiple times and thus encouraging collagen growth [195-197]. There 

are also instances of drug-loaded MN devices employed for the self-treatment of cosmetic 

diseases [198]. 

2.3.3.4 Other applications 

During the last few years, several novel routes have been tried for MN application such 

as ocular, oral, vaginal and nails. For the ocular delivery of drugs, MN technology has 

been proposed to be a comparatively less invasive alternative to the existing routes [199]. 

The conventional routes including systemic administration via oral and parenteral routes, 

intravitreal injections, surgical implantation of drug vehicles into the ocular or periocular 

tissues, and targeted topical delivery using injections and conventional topical 

medications are effective to treat certain ocular ailments. However, these routes also 

present some serious disadvantages, for example, requirement of high doses of 

medications, highly invasive procedures of implantation of drug vesicles, possibility of 

intraocular pressure increment, bacterial invasion, decreased bioavailability of drugs due 
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to being washed away by the lacrimal fluid and the requirement of skilled medical staff 

[200]. Recently, MN delivery has been studied to improve the treatment of both anterior 

and posterior eye ailments [201]. Being minimally invasive, MN technique decreases the 

pain sensation, tissue injury, and the probability of microbial infection in comparison to 

the hypodermic injections. Additionally, MN systems can be self-administered and thus 

increases patient compliance. Jiang et al. were the first to carry out in vitro and in vivo 

experiments to estimate the potential of MNs for ocular drug delivery. They found the 

designed coated MNs to be safe in terms of post-applicative inflammation and tissue 

damage [199]. Hollow MNs have also been used to deliver drugs to the sclera and the 

suprachoroidal space of the eye [202-204]. Palakurthi et al. have investigated the toxicity 

of methotrexate-loaded biodegradable MNs, surgically implanted into the rabbit eye 

sclera, and have described the absence of any adverse effects [205]. Also, Thakur et al., 

in their study, could successfully show the feasibility of rapidly dissolving MNs to deliver 

macromolecules to the eye via the intrastromal or intrascleral route [206].  

Several delivery systems have been developed and studied to boost the transfer of 

molecules across these barrier properties of mucus and the epithelial tissues [207] and 

also to protect the orally delivered drugs, avoiding the enzymatic degradation caused 

either in oral cavity or gastrointestinal tract [141, 208-212]. Lately, MNs have been 

explored in this regard. Wang et al. tried to develop an effective, convenient and stable 

mucosal vaccine against the hepatitis B virus. Liposomes loaded with antigens were filled 

into MN molds and dried to form MN arrays. A single application to the oral mucosa of 

mice could induce robust systemic and widespread mucosal immune responses [213]. 

Another study investigated the possibility of inducing systemic immune responses using 

coated MNs to deliver vaccines into the oral cavity [214]. Traverso et al., for the first 

time, studied the use of MNs for the delivery of biologics via the gastrointestinal tract. 
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They compared the bioavailability of insulin delivered via the MN-equipped pill with that 

of conventional subcutaneous injection. They even investigated the potential tolerability 

of the formulated MN devices and found that they can be passed and excreted from the 

gastrointestinal tract safely without resulting in any tissue damage [215].  

In recent times, there are studies showing the use of biodegradable MN arrays to 

effectively eliminate the mucosal barriers to deliver vaccines [214]. Oral mucosal 

vaccination via MNs could produce impressive mucosal immunity in the oral cavity and 

intestinal lumen. However, it could not induce an adequate immune response in the 

reproductive duct to establish an optimum defence against sexually transmitted diseases 

(STDs), such as human immunodeficiency virus (HIV). Wang et al., for the first time, 

designed a promising MN-assisted vaginal mucosal vaccine adjuvant-dual delivery 

system, loaded with liposomes containing antigens, against infectious pathogens causing 

STDs [216].  

Drug administration via nails is generally preferred for drugs to treat various nail diseases 

such as onychomycosis and nail psoriasis [217]. However, its efficacy is limited due to 

the low permeability of the drugs across the keratinised structure of nail plate. This again 

demands a prolonged presence of the drug formulation onto the nail plate, which in turn 

leads to evaporation of the drug vehicle and eventual immobilisation of the drug 

[218]. Chiu et al. suggested a method for MN-based drug delivery onto nails, where a 

commercially existing dermaroller, with 250 μm long MNs, was rolled onto the fingernail 

clippings. This was subsequently followed by topical application of Nile Red-loaded 

poly-(ε-caprolactone) nanoparticles [219]. It was reported that the permeation of Nile Red 

across the MN-treated nails was substantially higher than the nails that were not MN-

treated. The promising results suggested that the technique of nail poration by MN 
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treatment followed by the subsequent application of drug formulation can be further 

investigated for future applications.  

 Biocompatibility and biodegradability of MN materials 

It is mandatory for the materials chosen for MN production to be biocompatible because 

the MN tips disrupt the protective barrier and get exposed to the viable skin tissues. A 

biocompatible material can exist in harmony with tissues without leading to any 

immunogenic response and detrimental transformation of the tissues.  

The biocompatibility of silicon has been widely scrutinised owing to its extensive use in 

MEMS technology [220]. Silicon and silica glass are brittle materials and hence probable 

breakage of MN tips, made with such materials, in the skin is an area of concern. There 

have been significant studies examining the biocompatibility of brain and subcutaneous 

implants made of silicon. No significant toxicity was exhibited by nanocrystalline silicon 

as reported by Bayliss et al. [221]. On the contrary, there are additional studies narrating 

cases of silicon- and glass-related granulomas. There have been few incidences of 

granuloma formation by accidental implantation of silica into a wound [222].   

Ceramics are well recognised for their good biocompatibility and great strength. For this 

reason, ceramic materials have been increasingly used in repair and replacement 

treatments. Alumina is reputable in the field of orthopaedics due to its 25 years of use in 

bone and dental implants [223]. Therefore, its biocompatibility has been extensively 

studied [224]. In spite of demonstrating favourable biocompatibility profile, some studies 

indicated the possibility of aluminium release from long-term bone implants [225]. 

However, ceramic MNs intended for short-term application should not present major 

problems. 
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Metals used in the fabrication of MNs are generally biocompatible and are the principal 

structural biomaterials used in medical relevance. The most widely used surgical stainless 

steel, 316L, shows comparatively decent biocompatibility, however to a less acceptable 

degree to other metals, such as titanium, because of its elevated corrosion rates [226]. 

However, the MN devices are unlikely to raise significant problems due to their short 

application times. Titanium alloys are known to have superior biocompatibility profiles 

largely due to their excellent corrosion resistant properties [227]. Therefore, they are 

considered relatively safe for human and animal use. However with reported allergies 

accompanying some first generation titanium alloys, other metals like palladium and 

platinum show good biocompatibility [228]. However, nickel should be used with caution 

as it is known to be carcinogenic and there are reports stating adverse allergic reactions 

with nickel-containing biomaterials [227].  

Natural sugars have long been employed in the fabrication of drug delivery systems. 

Maltose is largely used in the production of carbohydrate-based MNs and several FDA- 

approved parenteral formulations. Polysaccharides have also been extensively used in 

other biomedical applications and they are well accepted by the human body [229]. 

However, certain polysaccharides are incapable of proper biodegradation leading to 

undesired accumulation within the body [230].  

Polymers with both biocompatible and biodegradable properties are the most widely 

accepted materials for MN fabrication [231]. Majority of polymers such as 

polycarbonates, PMMA, PVA, PVP, PLGA, PLA, and PGA are known to possess both 

the properties and have been extensively employed for medical purposes [232, 233]. The 

epoxy-based polymer SU-8 is extensively used in microfabrication purposes for medical 

devices. Nemani et al. investigated the biocompatibility of SU-8 and demonstrated its 

suitability as an implant material [234].  



Chapter 2  Literature Review 

41 
 

Prior to designing and developing a MN device, the constituent materials should be 

comprehensively examined with respect to their safety and toxicity attributes. The 

materials should have the required strength to pierce the skin to effectively deliver the 

dose, however, without causing any adverse tissue reaction. Also, the materials must be 

neither systemically or locally toxic. Thus, it is crucial to investigate the potential toxicity 

of the materials’ degradation products, as well as the safety profiles of the reactive groups 

on polymers. Ensuring these required characteristics will help in the successful clinical 

translation of this unique and non-invasive technology for drug delivery. 

 Pain perception of MNs 

MN technology has demonstrated encouraging results from drug delivery studies and 

clinical trials. However, its popularity and advantages will be limited if it causes pain and 

distress in patients. Needle phobia, a fear of needles, syringes, injections, and intravenous 

accessories, can range from being mild to severely disabling or even life-threatening and 

can seriously compromise treatment of both paediatric and adult patients [235, 236]. 

Quite a few studies have reported and validated the scale of pain related to MN application 

in children, as well as adults, by determining the extent of disruption to the protective 

function of the skin (Table 2.1).  
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Table 2. 1 List of studies reporting the scale of pain related to MN application. 

MN material/ Drug Length of MNs Comments References 

Silicon 150 µm Painless, no skin damage, no inflammation observed 
[237] 

Stainless steel  200 µm and 400 

µm 

Painless. Transient irritation. 
[238] 

Silicon 180 and 280 µm Transient skin disruption, repairs within 24 hours. Significantly 

lower pain sensation than hypodermic needle [239] 

Stainless steel/NTX 620 μm  MN array caused just one-fourth of the pain caused by the 

hypodermic needle. [82] 

Silicon/ methyl niconitate 200 μm Painless application 
[240] 

Borosilicate glass/ Insulin 1 mm Less painful then catheter-based delivery 
[172] 

Silicon/ influenza vaccine 450 μm Mild and transient erythema and swelling observed 

[176] 

Borosilicate glass/Insulin 500 μm, 750 μm, 

1 mm and 4 mm 

Increased pain perceived if injection volume is higher than 1 mL 

[241] 

Polyvinyl alcohol and sucrose 650 μm Pain less and well tolerated. Transient and mild erythema 

observed 
[242] 
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Kaushik et al. conducted the first MN safety assessment study in human subjects [237] 

including a total of 12 healthy, male and female volunteers aged between 18 and 40 years. 

They used silicon MN arrays consisting of 150 µm long 400 needles with a base diameter 

of 80 µm and tip radius of 1 µm. Pain-scores from the subjects were documented on a 

visual analogue scale and it was observed that MN application was painless and, no 

skin damage or inflammation was noticed.  In another study [240], safety aspects and 

disruption of the barrier property of skin following the application of MN arrays with 

varying lengths and shapes of tips were evaluated. A total of 18 healthy volunteers were 

examined for different parameters such as barrier function of skin (assessed 

by quantifying Trans-epidermal Water Loss (TEWL)), erythema and pain-score. 

Treatment with MN arrays of 400 µm height resulted in considerably increased TEWL 

and erythema when compared to MN arrays of 200 µm height. However, irritation was 

transient and lasted for less than 2 hours, for all the MN arrays regardless of their different 

designs. It was also noted that the application was perceived as painless.  

Haq et al. investigated the pain and sensory responses in 12 human subjects [239]. 

Hypodermic needle piercing was found to be significantly more painful than MN 

insertion. Moreover, it was observed that longer MN leads to higher pain score compared 

to the shorter MNs. The subjects even perceived hypodermic insertion as ‘sharp’ and 

‘stabbing’ and MN insertion as ‘pressing’ and ‘heavy’. In several other studies, focused 

mainly on the assessment of the efficacy of MN-assisted drug delivery to human subjects, 

the evaluation of pain and discomfort was also carried out. Wermeling et al., while 

studying the MN-mediated systemic delivery of naltrexone (NTX) in human volunteers, 

also assessed the acceptability and pain score of the MNs themselves and also the MN 

arrays in combination with drug preparations [82]. They found that skin piercing by MN 

insertion was four times less painful than insertion of a hypodermic needle and the 
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erythema observed was short-lived as well. However, applying the NTX preparation after 

MN treatment produced more prominent skin reactions, which were attributed to the 

constituents of the NTX formulation, rather than the MN array itself. In another study, 

200 µm-long silicon MNs were used to deliver methyl nicotinate solution to human 

subjects. The application of MN was mostly perceived to be pain-free by the participants 

[243]. Likewise, MN-mediated insulin delivery was found to be less painful when 

compared to administration via catheter and hence more preferred compared to the later 

route [172]. Van Damme et al. observed that erythema and swelling were more frequent 

in case of MN-based delivery of influenza vaccine (using MicronJet™) in comparison to 

intramuscular injections. However, they found the reactions to be mild and transient 

[176]. Additionally, Gupta et al. have suggested in their study that pain score depends on 

the volume of formulation discharged from the MNs during insertion. If the injection 

volume exceeds the limit of 1 ml, the human subjects perceived increased pain owing to 

the higher pressures required to infuse such volumes [244]. A very recent study reported 

that dissolving MN patches were well tolerated, easily self-applicable and immensely 

accepted by human subjects and this paves the way for the further clinical application of 

this technology [242].  

Needle-related fear and needle phobia are more common in children and adolescents than 

in adults often presented as significant needle-related distress and behavioural 

consequences [235]. Children who require frequent injections, such as those with juvenile 

idiopathic arthritis, often develop psychological side effects, such as anticipatory nausea 

and behavioural distress in anticipation of the treatment [245]. In such situations, MN 

devices can be utilised owing to their minimally invasive and less painful mechanism. In 

2014, Mooney et al. reported children’s appreciation of MN-based drug/vaccine delivery 

in their study involving a total of 86 schoolchildren aged 10–14 years. The study indicated 
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that the reduced pain associated with MN application and the elimination of needles have 

resulted in the widespread approval of this technology among children. Also, many 

children felt that MNs were suitable for people of all ages owing to their pain-free 

mechanism [246]. In conclusion, MN arrays have been demonstrated to be a 

comparatively less painful technique and hence well-accepted by patients.  

 Safety evaluation of MN devices 

 MN devices operate by puncturing and penetrating the defensive layer of skin and hence 

are not equivalent to the conventional transdermal patches, which are just applied on to 

the skin surface. Moreover, MNs can occasionally penetrate deep into the sterile domains 

of viable epidermis and dermis [247]. Consequently, it is obligatory for the MN products 

to be entirely devoid of microorganisms which can cause local and systemic toxicities. 

The bioburden of the MNs should be regulated as well, to avoid activation of the immune 

cells present in the viable epidermis and dermis [247].  

The prospects of infection, by microorganism infiltration through MN-created holes in 

the skin have been studied by several research groups [248]. Donnelly et al. have 

demonstrated that representative Gram-positive (S. epidermidis) and Gram-

negative  (P. aeruginosa) bacteria and fungi (C. albicans) were efficient of traversing the 

micron-sized pores created by MNs in the Silescol® membranes or excised porcine skin. 

The results of this study suggested that when compared to conventional hypodermic 

needles, microbial influx through MN-created conduits is negligible and considerably 

lower [248]. Wei et al. studied the extent of Staphylococcus aureus infection through 

microconduits created by MN treatment, macro-needle puncture and abrasion in vivo in 

rat animal model. The progress of infection was evaluated by quantifying the white blood 

cells, leukomonocytes and neutrophil granulocyte levels in blood. They demonstrated that 
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there was no substantial difference in the cell populations between MN treated group and 

control group indicating the absence of microbial invasion. However, macro-needle 

puncture and abrasion resulted in the increase of all the three cell types, signifying the 

development of an infection [50]. The infusion of microorganisms can be further 

controlled or reduced by cleaning the application site with 70% isopropanol before MN 

treatment, as shown by Cormier et al.[81]. 

Recently there are instances of MN production using materials having antimicrobial 

properties and this further reduces the possibilities of infection [158]. MNs 

fabricated using the acid anhydride copolymer, Gantrez® AN-169 BF, demonstrated 

antimicrobial effects against numerous microorganisms, highlighting the potential for 

further application of this polymer and its derivatives in MN research.  

Production of sterile MN devices can assure patient safety and helps to avoid any device-

related toxicity. However, careful consideration should be given while deciding on the 

sterilisation procedure as some methods can irreversibly alter the original attributes of the 

product and might multiply the manufacturing costs. For instance, terminal sterilisation 

using moist heat, microwave or gamma irradiation could degrade certain types of MNs. 

McCrudden et al. studied the effectiveness and the consequences of different sterilisation 

procedures on dissolving and swelling MN devices [249]. Wermeling et al. ensured 

sterility of the fabricated stainless-steel MNs by using a laminar hood to assemble them 

into a patch, which was followed by ethylene oxide sterilisation [82]. In case of polymeric 

dissolving MN products, another key concern is the deposition of polymer in the skin. 

Generally, the polymers used in the fabrication of MNs have been previously categorised 

as biocompatible and non-toxic. However, some of these polymers might have never been 

employed previously for intradermal delivery. Hence, the selection of polymers and their 
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safety evaluation is a mandatory aspect, especially while designing dissolving MN 

systems. 

Pore closure following MN treatment is another important aspect to be considered while 

designing MN systems. Open pores may subsequently result in complications such as 

irritation and infection and might also affect the optimal delivery of drugs. In their study, 

Kalluri and Banga reported that the defensive property of skin in a hairless rat model was 

re-established within 3–4 h after poration with soluble MNs. However, complete closure 

of pores was not noticed until 15 h and incorporation of an occlusive material further 

delayed pore closure for up to 72 h in vivo [250]. Additionally, Haq et al. demonstrated 

that MN treated skin showed signs of healing 8–24 h after poration whereas 

disruption triggered by a 25 G hypodermic needle was significantly noticeable even after 

24 h post-insertion [239].  

Young children are more susceptible to bloodstream infections and surgical site infections 

than older children and adults [251]. Device-associated toxicities often lead to 

bloodstream infections in paediatric patients.  This is frequently due to the migration of 

microbes from the skin at the site of insertion along the device and into the blood flow. 

As the MN technology is less invasive, there are relatively reduced chances of MN-

associated infectious complications. However, it is imperative to follow sterile 

manufacturing conditions to assure the safety of MN devices and also minimise the 

possible allied risks. Also, the patient should be supervised and monitored for any 

potential infection, particularly when a new device or procedure is initiated. Moreover, 

comprehensive advice and education on accurate usage is crucial to avoid any incidence 

of toxicity, with respect to the site and duration of application. 
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 MN application devices 

Appropriate and reproducible piercing is essential for the medical application of MN 

devices. This entails the use of a MN applicator, even in the case of sharp 

MN arrays. There are certain mandatory, as well as desirable, requirements that should 

be considered for the clinical use of the applicators. Primarily, the applicator itself should 

not cause any pain, because one of the chief reasons to develop MNs is to eliminate pain 

sensation and thus lessen patient discomfort. Besides, an applicator should be capable of 

inducing an effective, consistent and depth-controlled insertion of MNs into the skin and 

should decrease the possibilities of MN fracture. Also, the applicators should be user-

friendly [7].  

To date, several MN application devices with varying configurations have been designed 

and developed. A hand-operated applicator based upon the reduction of insertion forces 

was designed for hollow MNs. It operates by drilling individual MNs into the skin to a 

predetermined depth [90]. Another hand-held MN applicator used a single rolling motion 

at an angle of 45° to 135° to insert the MNs in the skin [7]. Certain application devices 

make use of vibrations to lower the insertion forces [90]. Mostly, the application 

strategies are based upon impact insertion, which essentially decreases the insertion 

forces, bypassing the skin's elasticity. These impact-based applicators range from basic 

hand-operated systems, which insert the MNs into the skin either manually [239] or by a 

mechanically-driven device [252-254], to more sophisticated electrically-driven systems 

[85]. For a single administration, a mechanically driven applicator proves to be an 

economic option however, the electrical applicators result in more stable forces over time 

and hence generally preferred in case multiple administrations are required (e.g. 

repeated dose, multiple patients). Hence, the requirement and design of the MN 
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applicators are solely governed by the geometry, sharpness and density of the MNs and 

their proposed applications. 

 Smart MN devices 

In the case of the conventional MNs, once they are inserted into the skin, drug diffusion 

is irreversible and hence it is difficult to regulate the duration and dose. In smart MNs, 

there is an amalgamation of various elements like sensors, actuators and the drug 

formulation. Their combination leads to a complete network for individualised treatment. 

Sensors track the physiological conditions and elicit the medication while the actuators 

control the release pattern and dose of the delivered drug. The smart MN patches maintain 

the tailored drug release, without the need of any expert medical involvement, until the 

disease indications improve. Unlike the traditional MN systems, these automated devices 

can provide a patient-friendly and feedback-controlled delivery. MNs can be made 

responsive to external stimuli (e.g., heat, laser, and mechanical strain), which can easily 

be regulated by patients [255-257] The dose, time and release pattern can be optimised 

for individual patients according to age and the severity of treatment required. 

Recently, it has been shown that it is feasible for real-time health monitoring to achieve 

controlled transdermal drug release by using a wearable device-assisted thermo-

responsive MN device [256]. Its effectiveness is confirmed in diabetic mice, in which the 

MNs triggered controlled transcutaneous drug release using thermal actuators, 

successfully bringing down the blood glucose levels (Figure 2.12A).  

Also, drug-loaded wearable devices can be attached comfortably to the finger with the 

microdepots area on the finger joint. Finger flexion triggers the promoted release to the 

skin. The drug-loaded wearable device integrates with a MN array patch. Stretching of 
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the device promotes the drug release from microdepots, which further diffuses into the 

needle for transcutaneous delivery [255] (Figure 2.12B). 

Guo Li et al. have designed and developed a novel self-powered one-touch blood-

extraction system by integrating a smart polymer-capped hollow MN and pre-vacuum 

actuator. This disposable system works based on the negative pressure-driven force 

developed in the pre-vacuum actuator with no need for an additional electrical power 

source [258]. Another one-touch-activated blood multi-diagnostic system was designed 

by the same group, and it consists of a biocompatible hollow MN and a paper-based 

multiplex biosensor integrated into a single device (Figure 2.12C). All the functions of 

blood collection, separation, and detection are automated, and the device requires only 

one-touch activation without the need of additional processes [259]. Very recently, 

another touch-actuated transdermal delivery patch was developed to achieve effective 

controllable permeation from a small MN unit. This system facilitates real-time dose 

regulation and can be beneficial for diseases requiring careful supervision, for instance, 

nerve disorders [260]. The smart MN devices represent a significant advancement in drug 

delivery science as they have the potential to detect and even treat health abnormalities 

in a personalised manner.   
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Figure 2. 12 A schematic representation of smart MN devices: (A) Wearable/disposable sweat 

monitoring device and MN-based transdermal drug delivery module. Replacement-type MNs are 

assembled on a three-channel thermal actuator [283]. (B) Stretching-induced drug-loaded wearable device 

integrated with a MN array patch [282]. (C) In vivo blood extraction using the self-powered one-touch 

blood-extraction system [285].  

 Commercialisation of MN products 

2.3.9.1 FDA regulatory requirements for commercialisation 

MN technology is a relatively new and innovative field, and therefore there are no 

separate regulatory requirements established for the MN-based products to date. The 

conventional transdermal patches are merely applied to the exterior surface of the skin; 

whereas MNs pierce the stratum corneum barrier and at times even infiltrate into the 

viable epidermis and dermis. Disrupting the defensive layer of the skin is an entirely 

different mechanism of action and this provokes the inception of additional scientific/ 

regulatory demands. Hence, from a regulatory perspective, new specifications should be 

defined for the MN systems apart from the well-defined requirements for the pre-existing 

transdermal patch systems. Some of the significant regulatory queries that need to be 

addressed when planning for commercialisation of MN devices are [47]:   
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 Needle characteristics, including materials, length, adjustability, sharpness, and 

geometry should be appropriately designed. 

 Satisfactory microbiological standards should be retained by the MN devices. 

 The MN systems should maintain uniformity of content.  

 Quality manufacturing aspects, as well as safe and secured packaging, should be 

applied. 

 A self-disabling mechanism, assuring a single-use only, may be required for the 

MN systems made of non-biodegradable materials to avoid the possibility of re-

use by patients or others. Moreover, safe and non-hazardous disposal procedures 

should be outlined for these MN systems. 

 Cleaning or disinfection information, if the MN device is reusable, should be 

provided. 

 The issue of safe deposition of MN materials in the skin, without causing any 

adverse skin reactions should be addressed, especially for the MN products 

intended for long-term use. 

 Proposed labelling for the MN device, including package labelling and 

instructions for use should be given.  

 MN systems should be easy to use and, also, give reproducible results without 

complications. They should also be used with proper application device to ensure 

correct insertion and pain-free delivery. 

  Immunological safety assurance may be required to be provided for the MN 

systems.  

 The long-term safety profile of MN application should be addressed for the MNs 

requiring intermittent and repeated applications. 
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 Existing MN products in the market 

In the recent years, there have been substantial industrial activities in the area of MN 

devices. At present, a number of MN-based devices are being designed and developed by 

different companies. This include: Becton-Dickinson (BD) Technologies (USA), Zosano 

Pharma (USA), MN Therapy System (USA), Sanofi Pasteur MSD (USA), Valeritas 

(USA), Nanopass Technologies (Israel), 3M (USA) [261], Rodan+Fields (USA), Vaxxas 

(Australia), Corium (USA) and, more recently, Lohmann Therapie- Systeme AG 

(Germany/USA), the world’s largest transdermal patch manufacturer [9]. Microstructured 

Transdermal System® (Figure 2.13A), developed by 3M, consists of coated MN arrays 

and allows the rapid and improved delivery of certain drugs and vaccines. This device 

could demonstrate a rapid and sustained delivery of lidocaine [262]. Another type of 

device designed by BD Technologies is the Microinfusor (Figure 2.13B), a hollow MN 

system with a capacity of 0.2–15 mL, allows the delivery of drugs to the subcutaneous 

tissue over a varied period of time, ranging from a few seconds to several minutes. This 

is an automated hands-free system and preclinical studies showed the effective delivery 

of influenza vaccine with comparable results to conventional intramuscular injection 

[263]. Macroflux® developed by Alza/ Johnson & Johnson uses coated titanium 

microprojections for the improved delivery of biopharmaceuticals [252]. This device 

incorporates an applicator system that allows a consistent regulation of skin penetration 

depth (Figure 2.13C).  

Clinical studies have revealed that the use of MN rollers is more effective than other 

conventional ablative and non-ablative treatments in stimulating the production of 

collagen and elastin for cosmetic purposes including scar management [196]. This 

encouraged the increase in commercialization of the MN rollers during the last few years. 

The patented MTS RollerTM (Figure 2.13D) is approved by the FDA for cosmetic 
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applications  and the device is perfect for the non-ablative and non-surgical treatment of 

several skin disorders such as hyperpigmentation, ageing and scarring [261]. 

The two types of MN-based devices developed by Valeritas are the Micro-TransTM and 

the h-PatchTM (Figure 2.13E and 2.13F). Micro-TransTM device allows the painless 

dermal delivery of drugs, and h-PatchTM is a simple and disposable system used for 

controlled delivery of drugs to the subcutaneous tissues [261]. Nanopass Technologies 

developed MicronJet®, consisting of four hollow silicon needles shorter than 500 µm that 

can be attached to any conventional syringe for intradermal injection (Figure 2.13G). This 

device was used for delivering influenza vaccine, and it showed comparable 

immunogenicity with only 20% of the conventional flu vaccine dose [261]. Micronjet® 

received FDA clearance in 2010 [261]. The Swiss company Debiotech developed a 

similar injector system called DebioJectTM (Figure 2.13H), containing silicon MNs . 

Moreover, Sanofi Pasteur MSD Limited used the same approach to design an intradermal 

microinjection system for influenza vaccine and named it as Intanza® (Figure 2.13I). It 

uses the Soluvia® injector developed by BD technologies. Presently, Soluvia® and 

MicronJet® are the only MN-based medical systems available in the market for 

therapeutic applications. In addition to Intanza1, Soluvia® is currently commercialised 

worldwide as IDflu® and Fluzone Intradermal® for intradermal vaccination. 

Rodan+Fields Dermatologists® developed a dissolving MN array containing hydrolysed 

hyaluronic acid for cosmetic application, and this product is available in the market since 

October 2014 [9, 264].  

The commercialisation of the MN-based products will definitely encourage the expansion 

of MN research and motivate those working for the development of more innovative and 

diverse MN devices to move towards large-scale manufacturing. 
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Figure 2. 13 Commercially available MN devices: (A) Microstructured Transdermal System (MTS). (B) 

BD Microinfusor. (C) Macroflux®. (D) MTS Roller™. (E) Vaaleritas h-patch™ (F) Valeritas Microtrans™. 

(G) MicronJet®. (H) Intanza®. (I) DebioJect™. 
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2.4. MN-based drug delivery for the treatment of inflammation 

Inflammation is a defensive response of vascular tissues to harmful stimuli such as injury, 

pathogens, or irritants. These responses are essential for humans as a defence mechanism 

in combating infections and promoting restoration and healing. However, deregulated 

inflammation results in a large number of diseases like autoimmune diseases, allergies, 

rheumatoid arthritis, atherosclerosis, Alzheimer’s, asthma, multiple sclerosis, and 

inflammatory bowel diseases [265]. When acute inflammation transforms into chronic 

inflammation, or when even acute inflammation is adverse due to severe pain and loss of 

function of body organs and tissues, anti-inflammatory drugs are used to decrease or 

terminate the inflammatory process.  

Number of studies have explored the potential of MN-mediated delivery of anti-

inflammatory drugs, as an alternative to the conventional oral and parenteral delivery 

[266]. MNs can assist in reducing the required dose of anti-inflammatory drugs and thus 

and lead to reduced adverse effects.  Moreover, patients are frequently required to use the 

anti-inflammatory medications for a long duration, which exemplifies the need for drug 

delivery systems that are less painful and have less impact on daily activities. In this case, 

an MN array could be the ideal delivery system, as it ensures better patient compliance 

and treatment adherence compared to the traditional delivery approaches. Over the recent 

years, biodegradable MNs have been widely investigated by the scientific community for 

the treatment of inflammatory disorders [266]. The dissolving or biodegradable MNs 

dissolve completely in the skin, without leaving behind any hazardous sharps.  This also 

reduces the fear of needle reuse. Currently, MNs have been shown to be effective towards 

several inflammatory disorders such as psoriasis [267, 268], acne vulgaris [269, 270], 

atopic dermatitis [271, 272] and rheumatoid arthritis [273, 274]. MNs have also been 
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extensively studied for modulation of inflammation during the wound healing process 

[275, 276].  

2.5. Glucocorticoids for treating inflammation 

Glucocorticoids (GCs) belong to the family of steroid hormones and are extensively used 

as anti-inflammatory, immunosuppressive and anti-shock drugs [277]. The term 

“Glucocorticoid” has been derived from “glucose + cortex + steroid” to signify its 

responsibility in regulating glucose metabolism, its adrenal cortex origin, and its steroidal 

configuration. GCs are distinct from mineralocorticoids and gonadal steroids as they have 

different receptors, target cells, and specific effects.  

GCs can be categorised as natural (e.g. cortisol, secreted by the adrenal glands) or 

synthetic (e.g. prednisolone, betamethasone). Exogenous GCs (synthetic or natural) are 

employed in medicine for the treatment of diseased conditions caused by an overexcited 

immune system. After more than 60 years of their clinical introduction, GCs are still 

regarded as the predominant and most commonly prescribed anti-inflammatory drugs, 

with a further increase in their therapeutic use over the last few years [278]. GCs can also 

be classified with respect to potency and duration of action (Figure 2.14), which are 

responsible for determining the efficacy and therapeutic use of the specific GC [279]. 
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Figure 2. 14 Classification of GCs based on the duration of action with a few common examples of 

each class. 

 Mechanism of action of GCs 

GCs exert their mechanism of action by binding to the intracellular GC receptor (GR), a 

ligand-dependent transcription factor encoded by the NR3C1 gene [280]. Several studies 

in the 1960s and 1970s presented evidence confirming the presence of steroid receptors 

in the skin. They provided evidence for [14C]-hydrocortisone (HC) retention in the SC 

[281] and identified receptor proteins with high affinity for GCs in rat skin [282]. In 1981, 

conclusive evidence was obtained for the presence of these receptors in mouse skin [283], 
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followed by identification of these receptors in human epidermis [284, 285]. Two 

molecular mechanisms mediate the effects of GCs: the genomic mechanism and the non-

genomic mechanism. These are illustrated in Figure 2.15 and discussed below.  

 

Figure 2. 15 Schematic illustration of mechanisms of GC action. 

2.5.1.1 Genomic Mechanism 

The GC binding to the GR changes the conformation of the GR, which leads to its 

separation from the chaperone complex, resulting in nuclear translocation [286]. For 

DNA interaction with GC response elements (GREs) and the consequent activation or 
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suppression of transcription, the formation of GR homodimers is critical. In addition to 

this direct effect on gene transcription, monomeric GRs can control transcription 

indirectly by inhibiting pro-inflammatory transcription factors such as nuclear factors κB 

(NF-κB) and activator protein 1 (AP-1), irrespective of DNA binding [286, 287]. GCs 

inhibit the transcription of pro-inflammatory cytokine genes (tumour necrosis factor-α, 

interferon γ, interleukins IL-1, IL-2, and IL-6 genes), T-cell proliferation, and T-cell-

dependent immunity. In fibroblasts, IL-1α regulates proliferation, collagenase induction, 

and IL-6 synthesis, which is responsible for skin thickness. Therefore, in keratinocytes, 

IL-1α inhibition has anti-inflammatory effects, however, in the case of fibroblasts, the 

same inhibition has atrophogenic and anti-proliferative consequences [288-290]. Owing 

to the slow process of mRNA transcription and translation, the genomic effects of GCs 

are defined by slow onset and slow dissipation of the response [286]. Furthermore, GCs’ 

translational effects are associated with the suppression of ribosomal proteins and 

translation initiation factors [291]. The comprehensive review by Ahluwalia [289] 

discusses the present theories regarding anti-inflammatory, anti-proliferative proteins 

involved in topical GC treatment.  

2.5.1.2 Non-genomic Mechanism 

Non-genomic mechanisms are characterised by a rapid onset of effect and are related to 

either nonspecific or specific interactions. The non-genomic mechanisms have been 

illustrated in Figure 2.15 (inset). Nonspecific interactions of GCs with the cell membrane 

lead to physicochemical changes in the membrane properties. There occur changes in the 

permeability of the membrane and a decrease in the rate of circulation of Na+ and Ca2+ 

[280]. Specific binding of GCs to membrane-bound receptors has also been reported as a 

non-genomic mechanism of GC action  [291].   
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 GC-associated adverse effects and GC resistance 

The therapeutic effects of GCs are accompanied by a wide range of local or systemic 

pleiotropic effects. The most frequently observed local adverse effect is skin atrophy or 

skin thinning, which occasionally leads to permanent stretch marks (striae) [292]. In 

addition, swelling of the fine blood vessels may make them permanently prominent 

(telangiectasia) [292]. Temporary but noticeable loss of pigment may also be observed in 

the areas of GC application. GCs might also induce some allergic reactions in the skin, 

along with making it more susceptible to infections and injuries [293]. Other local side 

effects include hypopigmentation, steroid acne, perioral dermatitis, rosacea, allergic 

contact dermatitis,  glaucoma, corticoid acne, worsening of cutaneous infections, 

cataracts and hypertrichosis [292]. The risks of systemic side effects and the 

concentration of GCs in the systemic circulation increase with the duration of GC therapy. 

Some potentially detrimental effects include hypertension, osteoporosis, muscle atrophy, 

hyperglycemia, disturbed fat deposition and insulin resistance [289]. The list of 

undesirable side effects associated with GC administration is quite extensive [294] 

(Figure 2.16).  
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Figure 2. 16 Therapeutic and adverse effects related to skin GC therapies. The therapeutic effects of 

GC must prevail over the risk of the adverse effects [Modified with permission from Liu et al. [279] and 

Vandewalle et al. [295]]. 

 Advanced strategies for transdermal delivery of GCs  

The introduction of topical HC in the early 1950s pioneered a new era for dermatological 

therapy by delivering enhanced outcomes over previously existing options. Topical GCs 

are undoubtedly the most frequently recommended medication in dermatology. However, 

the complexity of the skin barrier makes the process of delivering drugs through the skin 

quite challenging. Several studies have focused on techniques to enhance the potency of 

GCs while lessening the side effects, in order to develop a safe delivery approach. One of 

the approaches to achieve this is to enhance their permeability and absorption in the 

targeted tissue, which will facilitate the reduction of applied GC dose. Overcoming these 

drawbacks of GCs involves a deeper understanding of their mechanisms of action and 

also the utilization of different strategies including chemical modification and alternative 

delivery techniques.  

The disadvantages and limitations associated with the currently available GC 

formulations provide immense opportunities for the development of improved GC 
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delivery methods. The motivation of developing advanced GC formulations has primarily 

been the reduction of adverse effects, enhanced therapeutic efficacy resulting in a 

simultaneous reduction in the dose and the frequency of dosing. Such GC delivery 

approaches could considerably improve patient comfort and compliance and yield 

appropriate, personalised and more effective treatments. 

Recently, several novel approaches have been proposed and investigated for the 

transdermal delivery of GCs (Table 2.2). The transdermally administered GCs must gain 

access to the skin and subsequently cross one layer after another in order to be effective. 

Most of the active compounds cannot accomplish this when administered alone and 

therefore, enhancement approaches or carrier systems are employed to facilitate their 

delivery.  
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Table 2. 2 Advanced transdermal delivery strategies of GCs. 

Delivery 

strategy 
Advantages Disadvantages References 

Sonophoresis 

 Allows regulation of penetration rates. 

 Easy and rapid treatment termination. 

 Not immunologically sensitizing. 

 Low risk of infection. 

 Time-consuming. 

 Proper and control adjustment of ultrasound 

waves is required to avoid side effects. 

 Slight tingling, irritation, and burning sensation 

[296, 297] 

Iontophoresis 

 Convenient and non-invasive. 

 Controlled delivery rates. 

 Avoids the risks of infection, 

inflammation, and fibrosis. 

 Good patient compliance. 

 Possibility of burns if the electrodes are 

improperly used. 

 Formation of undesirable vesicles and bullae in 

the skin being treated. 

[298, 299] 
 

MNs 

 Non-invasive. 

 Possibility of delivering large 

molecules. 

 High patient compliance 

 Biocompatibility of MN material must be 

assessed. 

 Might cause irritation to sensitive skin. 

 High dose administration is difficult. 

[300, 301] 

Laser 

 Easy handling. 

 Variable spot sizes and speed for 

treating different areas. 

 Laser lifting of normal skin might occur. 

 Exhausting and time-consuming. 

 Higher costs for purchase, storage and service. [302-304] 
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Chemical 

penetration 

enhancers 

 Relatively inexpensive and easy to 

formulate. 

 Can be formulated as cream or gel, or 

any other carrier system. 

 Offer flexibility in design. 

 Physicochemical properties of enhancers might 

lead to side effects such as irritation, erythema, 

swelling etc. 

 

[305-307] 

Polymeric 

Nanoparticles 

 Can be formulated of many 

biodegradable materials. 

 They can include antibodies on their 

surface for targeted delivery. 

 Difficult to scale up. 

 Poorly soluble nanoparticles may lead to cancer 

and can exhibit pronounced toxicity. 
[308, 309] 

Solid lipid 

nanoparticle 

 Can encapsulate both hydrophilic and 

hydrophobic drugs. 

 Inexpensive compared to liposomes. 

 Easy manufacturing and scale-up. 

 Low toxicity.  

 Poor stability and reduced drug-loading 

efficiency. 

 Unpredictable gelation tendency. [310, 311] 

Nanostructured 

lipid carriers 

 Increased drug-loading efficiency.  

 Prevention of drug expulsion. 

 Enhanced skin hydration and 

elasticity. 

 Some surfactants may lead to irritation and 

sensitivity issues. 

 Concentration-related cytotoxic effects  
[312, 313] 

Liposomes 

 Can encapsulate both hydrophilic and 

hydrophobic drugs. 

 Appreciable biocompatibility and low 

toxicity. 

 Efficient targeted drug delivery.  

 Stability issues. 

 Limited infiltration in the upper layers of the 

SC. 

 High production cost. 

[314-316] 
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Hydrogels 

 Enhances skin hydration by lessening 

transepidermal water loss. 

 Not greasy due to the high water 

content. 

 Tunable drug delivery capabilities. 

 Easily removed. 

 Hydrogels made of natural polymers 

are biocompatible. 

 Tend to be fragile and mechanically weak. 

 Can be expensive. 

 

[317, 318] 

Microemulsions 

 More thermodynamic stability 

compared to emulsions. 

 Efficient solubilization of the active in 

the formulation. 

 pH and temperature affects the stability.  

 The high surfactant concentration may lead to 

skin irritation. 
[319, 320] 

Foams 

 Easily spreadable. 

 Minimal residue after application. 

 Good for application to hairy areas as 

well. 

 May lead to burning and stinging to excoriated 

skin. 
[321, 322] 
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 Dexamethasone 

Dexamethasone (Dex) is a synthetic GC obtained by structural modification of cortisone 

(Figure 2.17). A 9-α-fluoro group, a 16-α-methyl substituent and an extra double bond 

between carbon 1 and 2 in the A-ring were added to the structure of cortisol to obtain 

Dex. It is a highly potent GC, with a very high systemic anti-inflammatory effect.  

 

Figure 2. 17 Chemical structure of (A) cortisone (B) dexamethasone and (C) dexamethasone sodium 

phosphate. 

Dex is one of the most frequently used GCs and is extensively used as a therapeutic agent 

in a variety of skin disorders, rheumatic conditions, respiratory disorders, meningitis, 

alcohol withdrawal syndrome, nausea and vomiting related to anticancer treatment, 

high altitude disorder, etc. [11]. It is also widely used to treat paediatric respiratory 

diseases, and its efficacy in children with croup has been well established. Dex is used as 

the first-line treatment for mild, moderate, and severe croup [323]. In paediatric 

hematology, Dex is used in the treatment of acute lymphoblastic leukaemia [324]. It is 

also frequently used in ophthalmology to treat acute and chronic uveitis [325], 

proliferative vitreoretinopathy, subretinal neovascularization, and diabetic macular 

edema. 
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Recently, in the world's largest randomised controlled trial of COVID-19 treatments, Dex 

has been revealed to be the first drug to show life-saving efficacy by significantly 

improving survival of critically ill COVID-19 patients [13, 326]. These conclusions are 

also conforming to the recently published findings on its effectiveness to treat acute 

respiratory distress syndrome [327]. 

Dex is available commercially as oral tablets and solutions, injectables, aerosols and 

topical formulations such as creams, lotions, suspensions, emulsions and gels etc. Over 

the recent years, a number of strategies have been reported for the transdermal delivery 

of Dex by employing iontophoresis [17, 18], phonophoresis [19, 20] and advanced 

delivery systems [14, 21]. Iontophoresis has been extensively investigated for the 

intradermal and transdermal delivery of Dex and the studies have reported that 

iontophoresis improved both the transdermal and intradermal delivery of Dex.  

Dex, due to its low water-solubility, is mostly administered as dexamethasone sodium 

phosphate (DexP), which is the water-soluble ester prodrug form of Dex [328]. DexP is 

rapidly hydrolysed by esterases to its active parent form, Dex [329]. The physicochemical 

properties of DexP have been tabulated in Table 2.3.  
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Table 2. 3 Physicochemical properties of DexP 

DexP properties 

Chemical formula C22H28FNa2O8P 

IUPAC name disodium;[2-[(8S,9R,10S,11S,13S,14S,16R,17R)-9-fluoro-

11,17-dihydroxy-10,13,16-trimethyl-3-oxo-

6,7,8,11,12,14,15,16-octahydrocyclopenta[a]phenanthren-17-

yl]-2-oxoethyl] phosphate 

Molecular weight 516.4 g/mol 

Physical 

appearance 

Crystalline powder 

Colour White to off-white 

Water solubility 50 mg.mL-1 

Melting point 233-240°C 

Boiling point 568.2°C at 760 mmHg 

LogP 0.54 

pKa 6.8 

Storage 2-8°C 
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Chapter 3  

Analytical Method Development 

and Validation 

 

3.1. Declaration 

The majority of the Chapter 3 has been derived from the published research article:  

S Duarah, M Sharma, J Wen. Rapid and simultaneous determination of dexamethasone 

and dexamethasone sodium phosphate using HPLC-UV: application in microneedle-

assisted skin permeation and deposition studies. Journal of Chromatography B. 2021; 

1170, 122609. DOI: 10.1016/j. jchromb.2021.122609 . 

3.2. Introduction  

Before commencing the development of drug-loaded MN arrays, it is imperative to 

develop an analytical method for the simple and reliable detection and quantification of 

the drug. Dex, due to its low water-solubility, is mostly administered as dexamethasone 

sodium phosphate (DexP), which is the water-soluble ester prodrug form of Dex [328]. 

 

https://doi.org/10.1016/j.ejpb.2019.01.005
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DexP is rapidly hydrolysed by esterases to its active parent form, Dex [329] and when 

DexP is administered, it is advisable to find the concentrations of both the drug and the 

prodrug.  

Different chromatographic approaches have been employed for the analysis of DexP in 

biological or non-biological samples, including High Performance Liquid 

Chromatography (HPLC) [330-332], and liquid chromatography-mass spectrometry (LC-

MS) [333-335]. However, most of the published methods often suffer from shortcomings, 

including poor sensitivity, long running time, cumbersome and multiple complex 

extraction and analytical procedures. Also, the majority of the previously published 

methods applied gradient elution [335, 336]. However, for the permeation and deposition 

experiments, a simple isocratic elution is preferred, as in vitro experiments would involve 

a large number of samples, making the entire study lengthy and time-consuming. 

Furthermore, analytical methods used to quantify drug concentrations should be able to 

separate and quantify the intact drug from any degradation products, excipients and any 

other interferences such as endogenous tissue components. A single stability indicating 

HPLC method to simultaneously extract, separate and quantify both DexP and Dex in the 

biological matrix of skin, has not been previously reported. Therefore, in this chapter, a 

simple and reliable HPLC method has been described for the simultaneous determination 

and quantification of DexP and Dex. 

3.3. Chapter aims 

The overall aim of this chapter is to develop and validate a stability indicating analytical 

method for the simultaneous detection and quantification of DexP and Dex. The specific 

objectives can be summarised as: 
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1. To develop and validate an isocratic HPLC method for the simultaneous detection and 

quantification of DexP and Dex. 

2. To evaluate the effect of different stress conditions including base, acid, oxidation and 

temperature on the stability of DexP and Dex according to the International Conference 

on Harmonisation (ICH) of Technical Requirements for Registration of 

Pharmaceuticals for Human Use guidelines.  

3. To determine the extent of DexP metabolism in rat skin and rat plasma.   

3.4. Materials and methods 

 Chemicals  

DexP (≥99.0%) and Dex (≥99.0%) were purchased from AK Scientific, Inc. (USA). 

Analytical grade acetonitrile (≥99.9%) and methanol (≥99.9%) were purchased from 

Merck (Merck, Germany). Ammonium acetate (≥99.9%) was purchased from Sigma-

Aldrich (St Louis, MO, USA). Milli-Q water was obtained using a Milli-Q® water 

purification system from Millipore (Bedford, MA, USA). All other chemicals and 

reagents used were of analytical grade. 

Sprague-Dawley (SD) rats (weighing 200 ± 15 g) were obtained from the Vernon Jansen 

Unit, The University of Auckland (Auckland, New Zealand). Animals were housed in 

standard environmental conditions under a 12‐hour light/dark cycle and a constant 

temperature of 20 ± 1°C, with food and water ad libitum. All procedures performed in 

this study were approved by the Animal Ethics Committee of The University of Auckland 

(Reference number: 002267).  
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 Instrumentation and mobile phase optimisation 

An Agilent 1200 series HPLC system (Agilent Technologies UK Ltd., Stockport, UK), 

consisting of a quaternary pump, vacuum degasser, auto standard injector and diode array 

detector, was used for this study. Chromatographic separation was achieved on a Vydac 

Denali C18 column (250 × 4.6 mm, 5 μm) (Hichrom, UK), with a C18 guard column (10 

× 3.0 mm) and maintained at 30°C. The injection volume was 10 μL, and drug elution 

was detected at UV wavelength of 240 nm. Data acquisition was carried out using Agilent 

ChemStation® Software.  

The composition of the mobile phase was optimised to accomplish separation of the two 

drugs and to obtain acceptable resolution with one elution. Different combinations of 

acetonitrile, methanol and buffer at different volume ratios were investigated in this study. 

The buffer was chosen as 5mM ammonium acetate, based on literature [335] and also its 

fairly good compatibility with liquid chromatography-mass spectrometry (LC-

MS) systems. All the solvents were filtered using a 0.45 μm filter and degassed prior to 

use. Acceptable retention time for both the analytes was fixed at within 20 min. A 

relatively short run time and a peak resolution (Rs) greater than 2 are desirable [337], 

where Rs is defined as:  

 Rs=
2(RTB-RTA)

WB+WA
  

(3.1)  

Where, WA and WB are the widths of the two peaks, and RTA and RTB are their respective 

retention times. 

 Preparation of stock and standard solutions 

A solvent mixture of water-acetonitrile-methanol (43:32:25, v/v) was prepared to solubilise 

both the drugs. Dex and DexP (100 mg of each) were separately dissolved in 100 mL of this 
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mixture to get a concentration of 1 mg/mL (stock solution). The same solvent mixture was 

then used to further dilute the standard solution to obtain working standard concentrations in 

the range of 0.5 μg/mL to 100 μg/mL (0.5, 1, 5, 10, 20, 50, 100 μg/mL). 

 Method validation 

The developed HPLC method was validated for linearity, limit of detection (LOD), 

quantitation (LOQ), accuracy, precision and selectivity according to the ICH guidelines 

[338]. 

3.4.4.1 Linearity 

The linearity test was conducted by injecting six calibration standard solutions of 

concentrations 0.5, 1, 5, 10, 20, 50 and 100 µg/mL of each drug. The calibration curves 

were obtained by plotting the peak areas against the corresponding DexP or Dex 

concentrations. The slope, y-intercept and correlation coefficient (R2) of the curve were 

determined by linear regression analysis.  

3.4.4.2 Determination of LOD and LOQ  

The theoretical LOD and LOQ for the developed method were calculated using standard 

deviation of the response (σ) and slope (S) of the calibration curve according to the 

following equations [338]:  

 
LOD=

3.3σ

S
 

(3.2)  

 
LOQ=

10σ

S
 

(3.3)  
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3.4.4.3 Accuracy and Precision 

The precision of the method was verified using three standard (working) concentrations 

of each drug (5, 10, 50 µg/mL). Intra-day repeatability was evaluated using six replicate 

injections of different standard concentrations on the same day and inter-day 

repeatability was also performed in six replicates, but on three different days. The intra-

day and inter-day precision values were expressed as relative standard deviation (RSD) 

of the replicates and a precision of less than 5% (RSD) was considered acceptable [338].  

Accuracy of the assay was determined by spiking separate samples of receptor media (of 

permeation study) with each drug individually to give final concentrations of 5, 10, and 

50 µg/mL, respectively (samples). Six replicates of each spiked sample and standard 

solutions were injected and results were expressed as percentage of recovery, comparing 

each standard and sample (corresponding spiked sample) using the obtained calibration 

curve.  

3.4.4.4 Selectivity 

Standard DexP solution (100 µg/mL) was evaluated in the presence of rat skin 

homogenate and blank plasma to evaluate if the endogenous components from skin and 

plasma co-elute with the drug peaks of interest.  

 Forced degradation studies 

Forced degradation studies for the individual and mixed analytes solutions of DexP and 

Dex were carried out according to the ICH guidelines [338]. Standard stock solutions and 

mixtures of 1000 µg/mL of each DexP and Dex were exposed to different stress 

conditions (acid and base hydrolysis, oxidation and thermal). For the acid degradation 

study, hydrochloric acid (HCl) was added to the standard analyte solutions to reach a final 
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concentration of 0.1 M HCl. For the base degradation study, sodium hydroxide (NaOH) 

was added to the analyte solutions to a final concentration of 0.1 M. Oxidative 

degradation was investigated by adding 3% hydrogen peroxide (H2O2) to the drug 

solutions. All these solutions were stored in amber-coloured glass bottles at room 

temperature (RT) to avoid temperature and photolytic degradation. Thermal degradation 

was studied by subjecting the standard drug solutions to dry heat at 60 °C. For all 

the conditions, samples were withdrawn and diluted to final drug concentrations of 50 

µg/mL using solvent mixture. After filtration through syringe filters (0.45 µm), the 

samples were analysed through HPLC. 

 Stability in release media 

The stability of both DexP and Dex was investigated in water and phosphate buffer saline 

(PBS), pH 7.4 at 32 ± 0.5°C by determining their concentrations at predetermined time 

intervals of 12 and 24 h.  

 DexP metabolism in rat skin homogenate and rat plasma 

In vitro metabolism of DexP in the presence of rat skin homogenate and rat plasma was 

investigated to confirm the hydrolysis of DexP to its active form, Dex. Whole blood was 

collected via cardiac puncture from anaesthetised SD rat and transferred to ethylene 

diamine tetra-acetic acid (EDTA)-coated tubes. Plasma was separated by centrifugation 

at 4°C at 2500 × g for 15 min and was stored at -80°C. Full thickness abdominal skin was 

quickly excised after sacrificing the rat. The skin was shaved using a trimmer and any 

excessive subcutaneous fat was carefully separated using surgical scissors. The excised 

skin samples were rinsed with saline and stored at -20°C until assay. Skin samples were 

left at RT for 60 min, before commencing the studies.  
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Plasma stability of DexP was analysed by incubating 100 µg/ml of DexP standard 

solution in blank plasma for up to 24 h. The test solutions were placed in a shaking water 

bath, operating at 100 rpm at 37 °C. Samples (50 μl) were taken at predetermined time 

intervals of 0, 1, 2, 6, 12 and 24 h and 200 μl of acetonitrile-methanol (50:50, v/v) was 

added to precipitate protein. Samples were vortexed for 1 min, followed by centrifugation 

at 4°C for 15 min at 2500 × g. 50 μl of the resulting clear supernatant was diluted using 

50 μl of a solvent mixture of water-acetonitrile-methanol (43:32:25, v/v) and analysed by 

the developed HPLC method. For skin stability study, standard 100 µg/mL DexP solution 

was placed in contact with skin homogenate for 24 h at 37 °C. DexP concentrations were 

determined after appropriate dilutions using a solvent mixture of water-acetonitrile-

methanol (43:32:25, v/v) at predetermined time intervals of 0, 1, 2, 6, 12 and 24 h.  

 Data analysis 

All the results are presented as mean ± standard deviation (SD). For the evaluation of 

statistical significance, one-way analysis of variance (ANOVA) and Student’s t-test were 

used, and a p-value < 0.05 was considered to be statistically significant. The statistical 

analyses were performed using GraphPad Prism software (version 8.0.2).  

3.5. Results and discussion 

 Optimisation of the method 

The chromatograms and retention times (Rt) of both DexP and Dex were analysed for 

each method tested. As the optimised method will be used to investigate the drugs in rat 

skin permeation experiments, it is imperative to determine if there is interference from 

any peaks arising from endogenous constituents in rat skin. Therefore, blank skin 
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homogenate samples were injected separately. Acceptable resolution and symmetry of 

drug peaks were not achieved with mobile phase combinations such as buffer-acetonitrile 

(75:25, v/v), buffer-methanol (75:25, v/v), buffer-methanol (70:30, v/v), and buffer-

acetonitrile-methanol (55:25:20, v/v). In all these conditions, the peaks showed either 

high asymmetry, or co-elution of drug and skin interferences peaks at the same retention 

time. Flow rate was also adjusted between 0.9 – 1.2 mL/min to separate the drug peaks 

from the interference peaks. Optimum separation of both DexP and Dex was achieved 

using the conditions as described in Table 3.1. 

Table 3. 1 Optimised HPLC conditions 

Mobile phase Detection 

wavelength 

Injection 

volume 

Flow rate Temperature 

5 mM ammonium acetate 

(pH 4.5) - acetonitrile - 

methanol (43:32:25, v/v) 

240 nm 10 μL 0.9 

mL/min 

Column: 30°C 

Sample: 4°C 

 

The chromatographic separation was achieved using an isocratic elution with a mobile 

phase composed of 5 mM ammonium acetate (pH 4.5)-acetonitrile-methanol (43:32:25, 

v/v) at a flow rate of 0.9 mL/min. These parameters gave well-resolved and sharp peaks 

for both DexP and Dex in less than 10 min with retention times of approximately 3.8 min 

for DexP and 7.7 min for Dex. The chromatogram of the two analytes is presented in 

Figure 3.1.  
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Figure 3. 1 Simultaneous HPLC chromatogram of DexP (Rt = 3.8 min) and Dex (Rt = 7.7 min) in 

standard drug solution mixtures.  

Peak spectral purity of DexP and Dex at 3.8 min and 7.7 min, respectively, was assessed 

by testing between 200 - 400 nm (Figure 3.2). The purity index of DexP was found to be 

within the threshold limit (threshold 984.935; purity factor 999.581), indicating that there 

was no co-eluting peak at the retention time of DexP. For Dex also, purity index of DexP 

was found to be within the threshold limit (threshold 992.010; purity factor 999.907). 

Moreover, the overlapping of different peak spectra, indicated a high degree of similarity.  

 

Figure 3. 2 Peak purity profiles of (A) DexP and (B) Dex showing the purity values within the 

threshold limits.  
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 Validation  

3.5.2.1 Linearity 

A good linearity was exhibited for both DexP and Dex over the range of concentrations 

(0.5 - 100 μg/mL) (Figure 3.3). Correlation coefficients (R2) of both the calibration curves 

were found to be 1.000 using linear regression analysis. Calibration parameters are 

presented in Table 3.2.  

 

Figure 3. 3 HPLC calibration curves of (A) DexP and (B) Dex over a concentration range of 0.5 - 100 

µg/mL (n = 6; mean ± SD). 

 

Table 3. 2 Calibration parameters and sensitivity of DexP and Dex 

Drug Concentration 

range 

(μg/mL) 

Calibration 

equation 

Correlation 

coefficient 

(R2) 

LOD 

(μg/mL) 

LOQ 

(μg/mL) 

DexP 0.5 - 100 y = 17.37x + 1.183 1.00 0.06 0.21 

Dex 0.5 - 100 y = 26.07x + 5.546 1.00 0.17 0.45 

3.5.2.2 LOD and LOQ 

The obtained LOD and LOQ values for DexP were 0.06 µg/mL and 0.21 µg/mL, 

respectively and the obtained LOD and LOQ values for Dex were 0.17 µg/mL and 0.45 

µg/mL, respectively. These theoretical values were confirmed by injecting the respective 
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concentrations into the HPLC. These values are satisfactory for quantification of both the 

drugs in the permeation experiments.  

3.5.2.3 Accuracy and precision  

The assay allowed the detection and quantification of DexP and Dex at 5, 20 and 50 

µg/mL concentrations with an appreciable accuracy of 98.6 - 108.6 %. The accuracy and 

precision data are presented in Table 3.3. Good intra-day and inter-day precision were 

demonstrated at the studied concentrations, as indicated by the low RSD values ranging 

between 0.4 - 3.5% for DexP and 1.6 - 4.1% for Dex.  

Table 3. 3 Intra-day and inter-day precision and accuracy data (n = 6; mean ± SD). 

Drug Spiked 

concentration 

(µg/mL) 

Calculated 

concentration 

(µg/mL) 

Precision 

(RSD) (%) 

Accuracy (%) 

DexP 

Intra-day 

5   4.93 ± 0.02 0.40   98.60 

20 20.20 ± 0.56 2.77 101.00 

50 50.23 ± 1.55 3.08 100.46 

Inter-day 

5   4.96 ± 0.08 1.61   99.20 

20 20.12 ± 0.71 3.52 100.60 

50 50.07 ± 0.88 1.75 100.14 

Dex 

Intra-day 

5   5.43 ± 0.09 1.65 108.60 

20 19.76 ± 0.34 1.72   98.80 

50 50.26 ± 1.93 3.84 100.52 

Inter-day 

5   5.36 ± 0.21 3.91 107.20 

20 19.74 ± 0.82 4.15   98.70 

50 50.17 ± 1.97 3.92 100.34 
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3.5.2.4 Selectivity 

As we will use this optimised HPLC method to analyse DexP in skin permeation and 

deposition studies, we determined the influence of the intrinsic substituents in rat skin 

and rat plasma and whether any of the arising peaks co-elute with the drug peaks. The 

chromatograms, as shown in Figure 3.4, reveal that no interfering peaks from PBS, skin 

sample or blank plasma elute at or near the retention times of DexP and Dex.  
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Figure 3. 4 HPLC chromatograms of (A) blank PBS, pH 7.4, (B) blank skin homogenate, (C) DexP solution (100 µg/mL) with skin homogenate, (D) blank plasma, (E) 

DexP solution (100 µg/mL) with blank plasma at time 0, and (F) DexP solution (100 µg/mL) with blank plasma at 24 h.  
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 Forced degradation studies 

From Table 3.4, it can be seen that Dex and DexP are relatively less degraded in mixed 

matrix solutions, when compared to the individual analyte solutions under different 

stressed conditions. The drug peaks and their degraded product peaks are shown in Figure 

3.5.   

Table 3. 4 Forced degradation studies of DexP and Dex. (n = 6; mean ± SD). 

Stress condition 

Remaining (%) 

Individual analyte solution 
Mixed analyte 

(DexP + Dex) solution 

DexP Dex DexP Dex 

Acidic, 0.1M HCl, 24 h 92.69 ± 0.46 97.08 ± 0.84 95.76 ± 0.80 98.00 ± 0.89 

Basic, 0.1M NaOH, 24 h 61.93 ± 0.19 19.29 ± 0.97 

(after 1 h) 

74.51 ± 0.51   2.09 ± 0.06 

Oxidative, 3% H2O2, 24 h 93.79 ± 0.77 97.36 ± 0.88 93.67 ± 0.93 98.14 ± 0.21 

Thermal, 60°C, 24 h 72.07 ± 0.23 94.78 ± 0.73 78.41 ± 0.41 90.71 ± 0.24 
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Figure 3. 5 HPLC chromatograms of DexP and Dex (A) control, and under stressed conditions of (B) 
0.1 M HCl, (C) 3% H2O2,  (D) 0.1 M NaOH,  and (E) 60°C. 

Acidic stress to Dex and DexP revealed that both drugs are quite stable under acidic 

conditions with 92.69% of DexP and 97.08% of Dex detected after 24 h from the 

individual matrix solutions and 95.76% of DexP and 98% of Dex detected from the mixed 

matrix solutions. These results prove that the drugs are resistant to acidic degradation. 

However, both the drugs showed significant degradation in basic condition of 0.1 M 

NaOH. It is obvious from the data that Dex is more likely to be degraded via basic 
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hydrolysis, where only 19.29% of Dex could be detected after 1 h in 0.1 M NaOH 

solution.  The rate of degradation of DexP was relatively slow when compared to Dex, 

with 61.93% of DexP detected after 24 h. As reported by others, Dex degrades to dex-

enol-aldehyde under alkaline conditions, which has two isomeric forms and DexP 

degrades to 6-β-hydroxydexamethasone phosphate [339, 340]. In Dex, both the isomers 

could be observed to elute close to each other (Figure 3.5D) at 3.4 and 3.7 min and in 

case of DexP, 6-β-hydroxydexamethasone phosphate was found to be eluting at 3.1 min. 

Therefore, the phosphate group in DexP protects the drug from degrading into dex-enol-

aldehyde, whereas Dex is more vulnerable to degradation under basic conditions. In 

oxidative stress studies, a small peroxide peak was observed at 2.8 min. Overall, both 

DexP and Dex were found to be quite stable under oxidative stress conditions for 24 h. 

However, in case of DexP, an additional peak was observed at 7.7 min, which indicated 

that DexP was degrading into Dex as a result of oxidative hydrolysis. Thermal stress 

resulted in only a slight degradation of hydrophobic Dex, whereas higher degradation was 

observed for hydrophilic DexP. When exposed to a high temperature of 60°C, almost 

94.78% of Dex was detected; however, only 72.07% of DexP was detected under the 

same conditions after 24 h. This suggests that DexP is more susceptible to thermal 

degradation than Dex. In all the degradation conditions, the integrity of the drug peaks 

was maintained with no change in their retention times. 

 Stability 

Both DexP and Dex demonstrated > 98% recovery after 24 h at 37 ± 0.5°C in water and 

PBS (pH 7.4) (Figure 3.6). This signifies their appreciable stability under 

ambient working conditions.  
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Figure 3. 6 DexP and Dex recovery (%) after 12 and 24 h in (A) water, and (B) PBS (pH 7.4). (n = 6;       

mean ± SD). 

 DexP metabolism in rat skin homogenate and rat plasma 

The recovery percentages of intact DexP from rat skin homogenates and rat plasma are 

presented in Table 3.5.  

  



Chapter 3                                                Analytical Method Development and Validation 

88 
 

    Table 3. 5 DexP metabolism in the presence of rat skin homogenate and rat plasma.  

                      (n = 6; mean ± SD) 

Time 

points 

(h) 

Skin homogenate (n = 6) Plasma (n = 6) 

Intact DexP recovery 

(%) 

RSD 

(%) 

Intact DexP recovery 

(%) 

RSD 

(%) 

0 103.21 ± 1.41 1.36 100.09 ± 0.44 0.43 

1   95.04 ± 3.66 3.85   88.73 ± 2.35 2.64 

2   92.28 ± 2.06 2.23   76.45 ± 3.77 4.93 

6   87.44 ± 4.15 4.74   52.19 ± 2.43 4.65 

12   70.37 ± 3.51 4.98   48.70 ± 2.45 5.03 

24   60.22 ± 2.68 4.45   42.91 ± 2.13 4.96 

 

 

Figure 3. 7 DexP recovery (%) from rat skin homogenate and plasma samples after 24 h.                                

(n = 6; mean ± SD). 

As seen from Figure 3.7, DexP dephosphorylates to Dex significantly in both the studied 

matrices, with a higher rate of metabolism in the presence of plasma. Only 42.91% of 

DexP was quantified in plasma after 24 h, whereas 60.22% DexP was found in the skin 

homogenate samples after 24 h. The chromatograms showing DexP and Dex peaks 

immediately and 24 h after incubation with plasma samples are shown in Figure 3.4 (E-

F). As previously reported, both human and animal skins, biological fluids and tissues 
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possess esterases, which play significant roles in metabolism and/ or prodrug activation 

of the ester prodrugs, such as DexP. Therefore, they are capable of hydrolysing 

corticosteroid 21-monoesters [341]. DexP, the prodrug form, is exposed to ester 

hydrolysis once partitioned into the skin, and when it reaches the blood circulation, to 

form the active form, Dex. Hence, we could observe a time-dependent decrease in the 

amount of intact DexP, when in contact with the biological samples. Therefore, it could 

be expected that DexP would be rapidly converted to Dex in in vivo condition, as the 

expression of esterases would be considerably higher in case of in vivo models, compared 

to that present in ex vivo samples. The results further highlight the importance of 

quantifying both DexP and Dex in all studies involving biological samples to accurately 

measure the total drug delivery.  

3.6. Conclusions 

A simple isocratic analytical method was developed and validated for precise and 

accurate determination and quantification of transdermal and dermal absorption of DexP. 

The validation studies complied with the ICH guidelines. The method was found to be 

selective for the drugs with satisfactory separation of the drug peaks from the interference 

peaks of the endogenous skin components. The rate at which the prodrug, DexP, converts 

to the active form of Dex in rat skin and plasma was also determined, which would assist 

in the future ex vivo and in vivo studies. This HPLC method can also be implemented for 

the analysis of skin permeation and deposition of DexP and Dex to screen and access any 

topical and transdermal formulation. MN formulation development and characterisation 

have been discussed in the next chapter. 
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Chapter 4  

Design, Development and In Vitro 

Characterisation of Microneedle 

Arrays 

 

4.1. Introduction 

Consistent and robust development of a formulation involves the rational and systematic 

design and optimisation of the diverse compositional and functional parameters [342, 

343]. This ensures achieving reliable quality aspects of the final product. The one-factor-

at-a-time (OFAT) approach is the traditional method of experimentation frequently used 

in pharmaceutical research [344]. However, this approach is relatively strenuous and 

time-consuming and generates solutions and products with limited information and 

robustness [345]. Besides, it does not consider potential interactions between the factors 

[346]. Quality by Design (QbD), in contrast, uses a systematic, scientific, and risk-based 

product development approach. QbD offers insights throughout the production process 

 



Chapter 4                                                 Formulation Development and Characterisation 

91 
 

rather than relying solely on finished product testing. As a result, a quality issue can be 

efficiently analysed and its root cause quickly identified.  

Successful implementation of the QbD involves a statistical toolbox to assist in obtaining 

reliable information efficiently. Design of Experiments (DoE) is a planned set-up of 

experiments that provides a structured statistical approach to mathematically link the 

input factors with the selected responses describing their relationship. DoE allows the 

simultaneous investigation of a number of factors to finally result in ‘the best’ 

formulation, thus providing more reliable information from a fewer number of tests [347, 

348]. Moreover, these designs are valuable to study the interactions between the 

dependent variables [346].  

The QbD process includes four main steps, as shown in Figure 4.1 [349]:  

1. Risk assessment to describe the “basis of the design”, i.e. the quality target product 

profile (QTPP);  

2. Identifying the properties directly influencing the safety and efficacy of the product 

(critical quality attributes, CQAs);  

3. Identifying the possible, critical process parameters (CPPs) or the material attributes 

(critical material attributes, CMAs) that might influence the CQAs. CPPs are the 

process variables, and CMAs are the properties of the raw materials important for 

product development;  

4. DoE implementation to establish the relationship between the CQAs and the CPPs 

and subsequently develop a design space within which the process will result in high-

quality end products of the desired QTPP.  
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Figure 4. 1 Schematics of the four phases in the QbD process. Image reproduced with permission from 

Ruggeri et al. [350]. 

Generally, DoE may be used in three stages in a product's lifecycle: early in process 

development (screening DoE); for determining the values of the variables which 

maximise process performance (optimisation DoE); and when evaluating robustness to 

assist in defining a design space in support of a QbD filing with regulatory agencies 

(robustness DoE) [351, 352]. Recently, DoE approach has been widely explored in the 

design and development of various advanced drug delivery systems for achieving the 

desired therapeutic attributes in a consistent and reliable manner [353-357]. 

Response surface methodology (RSM) is a DoE-based approach that is most commonly 

used for optimisation and process control of different pharmaceutical formulations. RSM 

is a series of mathematical and statistical operations that seeks to model and evaluate the 

situations in which many different variables influence the response of interest [345]. It 

encompasses the generation of polynomial equations of the response to determine the 

optimum formulation(s). The most widely used RSM is central composite design (CCD) 

[358]. It consists of a full-factorial design (2k experiments), with the addition of axial or 
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star points (2k experiments) and a certain number of replicates at the centre point [358, 

359]. The experiments of the full factorial design are situated at levels -1 and +1; the axial 

points are positioned on the coordinate axes of factorial space at a distance alpha (α) from 

the centre point (0, 0). A schematic diagram of CCD is illustrated in Figure 4.2. 

 

Figure 4. 2 Schematic illustration of CCD. Image reproduced with permission from Han et al. [360]. 

α determines whether a design is rotatable and is expressed as: 

 
α= [2

k
]

1
4⁄
 (4.1)  

The response surface is graphically represented in the form of contour or 3D plots. The 

data (coded values) are fitted into a statistical second-order model incorporating 

interactive and polynomial terms: 
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Where, y is the observed response, Xi is the coded values of i-th factor, 𝛽0 is the constant 

coefficient, 𝛽i is the coefficient of the linear terms and represents the main effect of Xi, 

𝛽ii is the coefficient of the quadratic terms and represents the non-linearity effect of Xi, 

𝛽ij is coefficient of the interaction terms representing the first-order interaction effect 

between X
i 
and X

j 
(i < j). 

Furthermore, the whole model is analysed using ANOVA and regression coefficients are 

calculated. Tukey’s F test is performed to test the adequacy of the model. The significance of 

the regression models is judged by the F value of the model. The probability decreases as the 

value of F value increases. If this probability is less than 0.05, the full model is considered to 

be significant.  

In this project, QbD strategy was utilised to investigate the influence of different 

experimental variables on the quality attributes of the MN arrays. DoE was applied to 

optimise the fabrication of DexP-loaded biodegradable MN arrays, employing different 

polymeric combinations.  

4.2. Chapter aims 

The overall aim of this chapter is to fabricate and characterise DexP-loaded polymeric 

MN arrays. The specific objectives can be summarised as: 

1. To design and optimise the composition of MN arrays using CCD model. 

2. To fabricate DexP-loaded biodegradable MN arrays using the optimised polymeric   

compositions.  

3. To perform in vitro characterisation of the optimised MN arrays.  
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4.3. Materials and methods 

 Materials 

DexP was purchased from AK Scientific, Inc. (USA). Kollidon® 30 (Polyvinyl 

pyrrolidone (PVP) K30) was purchased from BASF Chemical Company (Ludwigshafen, 

Germany), Poly (vinyl alcohol) (PVA), MW 13,000 - 23,000; hydroxypropyl 

methylcellulose (HPMC); polyethylene glycol (PEG, MW 400 Da) and Parafilm® M were 

purchased from Sigma (Sigma-Aldrich, New Zealand). Gantrez™ S-97, copolymer of 

methyl vinyl ether and maleic acid (PMVE/MA), was received as a gift sample from 

Ashland, Kidderminster, UK. Square MN molds made of polydimethylsiloxane (PDMS) 

were purchased from Micropoint Technologies, Singapore. The size of a patch is 10 mm 

× 10 mm with each MN cavity of pyramidal shape, 250 μm in width at the base and 1000 

μm in height. It is a 6 × 6 array with 1500 μm tip-to-tip spacing. All other chemicals and 

reagents used were of analytical grade. 

 Fabrication of blank MN arrays 

The optimum levels of process variables like centrifugation speed, centrifugation time, 

number of centrifugation cycles, and duration of plasma treatment were decided based on 

literature and the preliminary trials. In addition, the molecular weight grades of polymers 

were selected based on previous work on dissolving MNs [361, 362]. In this study, the 

MN arrays were fabricated using the solvent casting method, as illustrated in Figure 4.3. 
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Figure 4. 3 Solvent casting method used to fabricate (A) blank polymeric MN arrays and (B) DexP-

loaded MN arrays.  
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A PDMS mold used for this research is shown in Figure 4.4.  

 

Figure 4. 4 PDMS mold used for MN array fabrication 

Firstly, the PDMS molds were plasma treated for 30 seconds using the hand-held plasma 

treatment system (Corona SB). Plasma treatment was done to surface modify the 

hydrophobic PDMS molds and improve their surface wettability. Then, a small weighed 

amount of the aqueous polymeric solution was transferred onto the mold and centrifuged 

at 3000 × g for 30 min at 30°C to ensure that the solution goes deep into the needle cavities 

(this procedure was repeated twice to make sure the drug-polymer solution fills up to the 

tip of the cavities). Following centrifugation, PDMS molds filled with the polymeric 

solution were allowed to dry under ambient conditions for 48 h. The fabricated MN arrays 

were then carefully peeled off the molds using high adhesion tape and stored in a 

container sealed with aluminium foil until use. 

 Fabrication of DexP-loaded MN arrays 

DexP-loaded polymeric solutions were prepared by mixing varied concentrations of DexP 

with aqueous polymeric mixtures. A small weighed amount of the drug-polymer solution 

was then transferred onto the mold and centrifuged following the same procedure as 
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described in the previous section 4.3.2 (Figure 4.3B). The DexP-loaded MN arrays were 

subsequently peeled off the molds after nearly 48 h of drying under ambient conditions.  

 Risk assessment 

The polymers for this research were screened and selected based on preliminary 

experiments and previous literature. The composition of the MN array was optimised for 

the desired properties using the QbD approach. Firstly, an Ishikawa fish-bone diagram 

(Figure 4.5) was constructed to represent the potential high-risk factors that might affect 

the overall quality of the MN arrays. It diagrammatically summarises the materials and 

process parameters affecting the CQAs contributing towards the development of an MN 

array. CQAs ensure achieving the desired or targeted quality of the final product or QTPP 

consistently. The CQAs of the MNs, as listed in Table 4.1, were selected based on prior 

knowledge and available literature.  
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Figure 4. 5 Ishikawa fish-bone diagram describing the parameters affecting the fabrication of MN array. 
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Table 4. 1 CQAs for DexP-loaded MN arrays and their justifications. 

Response (CQA) Justification 

Axial needle fracture force 

(ANFF) 

ANFF signifies the mechanical strength of MNs. 

MNs should have high ANFF to overcome the 

skin resistive force and ensure effective 

penetration 

Dissolution time Dissolution time affects the release of drug and 

ultimately impact bioavailability 

Permeation flux The therapeutic efficacy of the MN array 

depends on the enhanced flux of formulation into 

the dermis. 

 Experimental design for optimisation of MN arrays 

DoE strategy was applied to identify the optimal combination of formulation variables 

for the fabrication of MN arrays having acceptable mechanical strength and release 

characteristics. The variables were optimised using a CCD model, generated using the 

statistical software package Design-Expert® (version 12.0; Stat-Ease, Inc., Minneapolis, 

Minnesota, USA). The variables were evaluated at five different concentrations (-α, -1, 

0, +1 and +α) and the value for alpha (1.68) was calculated in order to ensure a rotatable 

design. The coded and actual levels of the independent variables are described in Table 

4.2. These values were selected based on our preliminary screening experiments. Other 

formulation and processing parameters were kept fixed throughout the study. Two types 

of MN arrays were fabricated using two different polymeric combinations. The MNs 

made using PVP and PVA were named as Type I MN arrays, and those made using 

PMVE/MA and HPMC were named as Type II MN arrays.  
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        Table 4. 2 Variables (CMAs) used in QbD design with their coded and actual values. 

Formulation Factors/CMAs 
 Factor setting  

-1.68 -1 Centre (0) +1 +1.68 

Type I 

PVP concentration (%) (A) 6.59 10.00 15.00 20.00 23.40 

PVA concentration (%) (B) 0.55 5.50 12.75 20.00 24.93 

DexP concentration; % (C) 1.31 2.00 3.00 4.00 4.68 

Type II 

PMVE/MA concentration; % (P) 13.29 15.00 17.50 20.00 21.70 

HPMC concentration; % (Q) 0.01 0.25 0.60 0.95 1.20 

PEG 400 concentration; % (R) 0.30 1.50 3.25 5.00 6.19 

DexP concentration; % (S) 1.31 2.00 3.00 4.00 4.68 
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All the batches were produced in random order as suggested by the software, and all the 

experiments were performed in triplicate. From the F-value, the best-fitted model among 

the linear, two-factor interaction model and quadratic model was chosen, and the response 

was predicted using the second-order polynomial equation. 

Data analysis was also performed using the Design-Expert® 12.0 software, and the data 

were tested for significance by ANOVA. Statistical parameters such as Fisher F-value 

using F-test, correlation coefficient (R2), adjusted R2 (R2 adj), and the R2 of prediction 

(R2 pred) were utilised to select the best regression model. Contour and 3D surface plots 

were employed to exhibit the relationship and interaction between the variables and the 

responses. The optimal levels were determined from the equation obtained from the final 

quadratic model and also by grid search in the surface plots by observing the constraints 

at which the responses are optimal.  

 Check point analysis  

Check point analyses were performed to confirm the reliability and consistency of the 

model in explaining the effects of the formulation parameters on the responses. For this 

purpose, five checkpoint formulations were developed using optimised composition 

values. The experimentally derived values were then compared to the predicted values, 

and the percentage bias was determined. 

 Measurement of ANFF of MN arrays 

The force necessary for mechanical failure of MN array was examined under an axial 

compression load according to the method described by Donnelly et al.[363]. The 

minimum force, applied parallel to the MN vertical axis, resulting in needle failure is the 

ANFF. A TA-XT plus Texture Analyser (TA, Stable Microsystems, UK) in compression 
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mode was used for this test, as schematically illustrated in Figure 4.6. The MN array was 

attached to the stationary frame using two-sided adhesive tape, with the needles facing 

upward. A cylindrical probe (TA-39; diameter: 2 mm), programmed to travel down at a 

rate of 0.1 mm/s, applied an axial force to a single MN up to a distance of 0.5 mm. Upon 

MN contact, the probe held the force for 30 seconds. Pre-test and post-test speeds were 

set at 1 mm/s. As observed from the graph generated by the inbuilt software, the sudden 

drop in force was recognised as needle failure, and the maximum force exerted just before 

this drift was described as the ANFF [10, 47, 364].  

 
Figure 4. 6 Schematic illustration of the setup for ANFF analysis. 

 Dissolution time 

The dissolution rate of the DexP-loaded MN arrays was evaluated by placing a single MN 

array into 25 mL PBS (pH 7.4) under constant stirring at 100 rpm. The array was visually 

monitored, and the time required for its complete dissolution was recorded.  
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 DexP permeation across artificial skin stimulant 

For the DoE experiment, an artificial skin stimulant was employed in place 

of animal/human skin, as the primary purpose of this study was initial screening and 

optimisation of the MN array composition. Parafilm® M model has been established and 

validated as a promising material and suitable skin simulant for MN insertion and 

permeation studies [365-367]. Therefore, the release of DexP from the MN arrays was 

investigated using Parafilm® M model, according to the method developed by Larrañeta 

et al.[368]. Microneedle arrays were inserted into a single layer of Parafilm® M using a 

TA-XT Plus Texture Analyser (TA, Stable Microsystems, UK) in compression mode, as 

described in Section 4.3.7. Then, the Parafilm® M membrane, with MN array inserted, 

was securely placed between the donor and receptor chamber of Franz diffusion cells 

(FDC-6, Logan instrument Corp, USA). The receptor compartment was filled with a 12 

mL aliquot of PBS (pH 7.4) maintained at 37 ± 0.5°C and magnetically stirred at 600 rpm 

throughout the test period. A small cylindrical metallic weight was placed on top of the 

MN array to ensure that it stays in place throughout the experiment. At predetermined 

time intervals (0, 0.5, 1, 2, 4, 6, 12 and 24 h), 0.4 mL of the sample was withdrawn from 

the receptor chamber and replaced with an equal volume of fresh PBS, maintained at 37 

± 0.5°C, to ensure sink conditions. After appropriate dilutions, the samples were analysed 

using HPLC, as per the method described in Chapter 3.  

The cumulative amount (Qt, μg/cm2) of DexP permeated through unit area of Parafilm® 

M membrane was calculated using the following equation:  

 
Q

t
= [VrCt+ ∑ Vn

t-1

n=0

Cn]
1

A
 

(4.3)  

Where, Vr is the volume of the receptor chamber (12 mL), Ct is the drug concentration of 

the receptor medium at each sampling time, Vn is the volume of sample withdrawn, Cn is 
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the concentration for the cumulated number of samples withdrawn, and A is the relative 

diffusion surface area (1.77 cm2). The amount of DexP permeated over 24 h was plotted 

over time and regression analysis was carried out on linear regions of each plot.  

The permeation flux (J, μg/cm2/h) of drug across the membrane was represented by the 

slope of the linear portion of the curve of cumulative amount of drug permeated per 

surface area per hour:  

 
J=

∆Q
t

∆t ×A
 

(4.4)  

 Surface morphology 

Scanning Electron Microscope (SEM) (Hitachi tabletop, TM3030Plus) was used to 

investigate the surface morphology and dimensions of the optimised MN arrays. An MN 

array was mounted to a sample stub using two-sided adhesive tape and observed under 

magnifications of 250 × and 50 × using an accelerating voltage of 20 kV. 

 DexP recovery from MN arrays 

To determine the percentage recovery of DexP from the MN arrays, a drug-loaded MN 

array was completely dissolved in 25 mL PBS (pH 7.4). An aliquot was then removed 

and analysed after appropriate dilutions, using the HPLC method described in Chapter 3. 

Percent recovery of DexP was calculated using the following formula:  

 
% DexP Recovery=

Actual amount of drug obtained (mg)

Theoretical amount of drug loaded (mg)
×100 

(4.5)  
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 Insertion testing of MN arrays 

The satisfactory insertion ability of MNs is one of the prime requirements for effective 

drug delivery into the skin. Insertion studies of the optimised DexP MN arrays were 

performed using the Parafilm® M insertion model developed by Larrañeta et al.[368] 

using a TA-XT plus Texture Analyser (TA, Stable Microsystems, UK). Parafilm® M was 

folded into eight layers (≈ 1 mm thickness) to simulate skin artificially, and MN arrays 

were inserted into the folded sheets using the Texture Analyser at a compression force of 

32 N/array for 30 s. After insertion, the MN arrays were removed from the Parafilm® M 

sheets, and the layers were unfolded and examined under the microscope to quantify the 

number of holes in each layer. 

 Drug release over 48 h 

The in vitro release of DexP from the optimised Type I and Type II MN arrays was 

investigated for 48 h using the same method as described in Section 4.3.9. The only 

difference in the procedure was that this study was continued for another 24 h with an 

additional sampling time point at 48 h.  

 Drug release kinetics 

The kinetics of DexP release from the optimised MN arrays was studied by applying 

various mathematical release models and comparing the resulting regression coefficient 

(R2) values. DexP release data for both the MN arrays were evaluated using zero-order, 

first-order, Higuchi, and Korsmeyer-Peppas models. 
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4.3.14.1 Zero-order kinetics 

When the cumulative drug release is linearly proportional to time, independent of the 

initial drug concentration, zero-order kinetics apply. The zero-order equation is given as: 

 𝑄𝑡 = 𝑄0 + 𝑘0𝑡 
(4.6)  

Where 𝑄𝑡 is the amount of drug released in time t , 𝑄0 is the initial amount of drug in 

the release medium which is usually zero, and 𝑘0 is the zero-order release constant [369]. 

A graph of cumulative drug released versus time would yield a straight line with a slope 

equals to
0k . 

4.3.14.2 First-order kinetics 

First-order kinetics can be used to describe the release of water-soluble drug from porous 

and highly permeable materials [369]. The first-order model can be expressed by the 

following equation: 

 Q
t
=Q

0
e-kt 

(4.7)  

where, Q
t
 is the amount of drug released in time t, Q

0
 is the initial amount of drug in the 

solution, and k is the first-order release constant. To express this equation in decimal 

logarithm, the equation below can be used: 

 
logQ

t
=logQ

0
+

k1t

2.303
 

(4.8)  

Where, 𝑘1is the first-order release constant. 

The first-order model describes that the release of drug from its dosage form is 

concentration-dependent, and the rate of drug release is proportional to the amount of 

drug remaining in its dosage form [370]. Hence, a linear graph will be obtained when 

plotting decimal logarithm of the released amount of drug versus time.  
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4.3.14.3 Higuchi model 

The Higuchi equation was initially developed to describe the diffusion of a drug from an 

ointment and then later applied to study the release of water-soluble and low soluble drugs 

incorporated in semi-solid and/or solid matrices. The Higuchi equation is expressed as: 

 

Q
t
= [

Dε

τ
(2C-εCs)Cst]

1
2⁄

 (4.9)  

Where, 𝑄𝑡 is the amount of drug released in time t per unit exposed area, C is the initial 

drug concentration, Cs is the drug solubility in the matrix/excipients media and D is the 

diffusivity of the drug molecules (diffusion constant) in the matrix substance, τ is the 

tortuosity factor of the system, and ε is the porosity of the matrix. In general, the equation 

can be simplified as: 

 Q
t
=kht

1
2⁄  

(4.10)  

Where, kh is the Higuchi dissolution constant [369, 371]. It can be found from the above 

equation that the dissolution rate is related to the matrix porosity and the tortuosity of the 

system. To determine whether the release kinetics fit this model, data is plotted as the 

cumulative percentage of drug release as a function of the square root of time. 

4.3.14.4 Korsemeyer-Peppas model 

The Korsmeyer-Peppas model is used to analyse the release of polymeric dosage form, 

when the release mechanism is not well known or when more than one type of release 

phenomena could be involved [369, 372, 373]. 

 Q
t
=kktn 

(4.11)  

Where, Q
t 
 is percentage cumulative amount of drug release at time t, t is the release time, 

kk is a kinetic constant characteristic of the drug/polymer system, and n is an exponent 
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that characterises the mechanism of release. An n value of 0.45 indicates Fickian 

diffusion-mediated release; 0.45 < n < 0.89 indicates anomalous drug transport or non-

Fickian diffusion; and n = 0.89 indicates erosion-mediated release (zero-order kinetics) 

[374]. To fit the data into Korsmeyer-Peppas model, log cumulative percentage of drug 

released is plotted versus log time. The exponent n is calculated through the slope of the 

straight line, while y-intercept provided kk. 

 Fourier Transform Infrared (FTIR) analysis 

The interaction between drug and the polymers was studied using FTIR spectroscopy 

(Tensor 37, Bruker Optics, USA). The FTIR absorption spectra of the pure drug, pure 

polymers and the optimised MN arrays were recorded in the range of 4000 - 600 cm−1. 

The results were collected for 32 scans at a resolution of 4 cm−1. 

 Differential Scanning Calorimetry (DSC) analysis 

Drug entrapment in the dissolving MN arrays was studied using DSC analysis. 

Approximately 10 mg of drug, polymers and MN samples were hermetically sealed into 

T-zero aluminium pan and loaded onto DSC (Q2000 + RCS40, TA instruments, USA) 

with a nitrogen flow rate of 40 ml/min. All experimental runs started from an initial 

temperature of 20°C and then heated up to 300°C with a temperature increase rate of 

10°C/min. TA Instruments Universal Analysis 2000 software was used to analyse the 

thermograms.  
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 X-ray Diffraction (XRD) analysis 

The X-ray diffraction measurement study was carried out using an X-ray diffractometer 

(Bruker D2 Phaser, Germany). The samples were analysed at the 2θ angle range of 5-60 

degrees, and the scanning rate of 2° per minute with the step size of 0.020°. 

 Stability study 

The physical and chemical stability of the optimised drug-loaded MN arrays were studied 

for six months by storing the samples at two different temperature conditions (4°C, and 

30 ± 2°C with 65 ± 5% relative humidity (RH)). The samples were stored in airtight 

containers. After each month, samples were withdrawn and monitored for the following: 

 Changes in the mechanical strength by measuring the ANFF as described in 

Section 4.3.7.  

 The amount of drug retained in the MN arrays by measuring the percentage DexP 

recovery from the MN arrays as described in Section 4.3.11. 

The MNs were also assessed for de-colouration, precipitate formation, or breakage in the 

array structure.  

4.4. Results and discussion 

 Risk assessment and identifying CQAs 

Risk assessment is conducted to identify the CMAs and CPPs that might have an effect 

on the CQAs and thus on the quality of the MN arrays. As illustrated in the Ishikawa fish-

bone diagram (Figure 4.5), various factors influence the CQAs of MN arrays, including 

composition, environment, personnel, methods, final product and equipment used. The 

CQAs that would be studied in this work are listed in Table 4.1. The mechanical strength 
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of MN arrays is a crucial parameter to be considered when developing MN arrays. In the 

preliminary trials, various commonly used polymers were examined for their ability to 

prepare dissolving MN arrays. The polymers were also used in different concentrations 

and with different drug loadings. Most of the combinations tested were not appropriate 

for use, owing to reasons such as being too brittle, incomplete needle formation, deformed 

needles, etc. From these trials, it was concluded that the specification of 

appropriate mechanical properties of the MNs is one of the most important aspects while 

designing MN arrays. In general, they should be sufficiently strong to overcome the skin 

resistive force, which acts as a barrier to MN penetration [375]. ANFF was, therefore, 

selected as a CQA in this study. In addition, dissolution time and the DexP permeation 

flux were chosen as CQAs, considering our main aim of developing dissolving MN 

arrays.  

 Statistical optimisation of DexP-loaded MN arrays using CCD  

CCD was used to assess all the main effects of each factor and their interactions to 

determine the ones influencing the properties of DexP-loaded MN arrays. The 

experimental matrices for optimisation and the responses of different batches of the two 

types of MN arrays obtained are presented in Tables 4.3 and 4.4, respectively. The best-

fitted model chosen for each response has been reported in Table 4.5. ANOVA was then 

performed to establish the significant factors and the degree of the main effects of each 

factor and their interactions. A p-value less than 0.05 (p < 0.05) indicated that the effect 

was statistically significant. The regression model resulted in several 3D response surface 

plots, presenting the interaction effects of two independent variables (CMAs) on each 

response (CQA) at one time. 



Chapter 4                                                    Formulation Development and Characterisation 

112 
 

Table 4. 3 Optimisation design showing variables and responses for Type I MN arrays 

Run 

CPPs CQAs 

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 

A:PVP 

concentration 

B:PVA 

concentration 

C:DexP 

concentration 
ANFF Dissolution time Permeation flux 

 % % % N min µg/cm2/h 

1 10.00 5.50 4.00 0.64 ± 0.08 10.13 ± 1.30 62.50 ± 3.10 

2 20.00 20.00 4.00 1.53 ± 0.13 33.56 ± 2.20 75.83 ± 2.67 

3 6.59 12.75 3.00 0.81 ± 0.10 14.00 ± 2.25 64.58 ± 3.61 

4 15.00 12.75 1.32 1.88 ± 0.24 15.20 ± 2.16 75.42 ± 1.73 

5 15.00 12.75 3.00 1.70 ± 0.21 18.27 ± 1.40 93.33 ± 3.76 

6 20.00 5.50 4.00 0.98 ± 0.09 15.05 ± 3.22 81.67 ± 1.88 

7 10.00 5.50 2.00 0.79 ± 0.12 12.45 ± 3.35 60.00 ± 4.23 

8 15.00 0.56 3.00 0.60 ± 0.07   9.31 ± 2.47 58.75 ± 2.51 

9 15.00 12.75 3.00 1.95 ± 0.21 21.50 ± 2.43 99.58 ± 3.41 

10 15.00 12.75 4.68 1.76 ± 0.30 18.19 ± 4.25 91.25 ± 2.17 

11 15.00 24.94 3.00 1.38 ± 0.49 29.40 ± 2.05 66.67 ± 2.03 

12 10.00 20.00 4.00 1.22 ± 0.11 25.10 ± 8.13 68.75 ± 1.37 

13 20.00 20.00 2.00 1.54 ± 0.27 22.00 ± 9.37 70.42 ± 3.78 

14 10.00 20.00 2.00 1.21 ± 0.12 21.50 ± 6.28 66.67 ± 3.35 

15 15.00 12.75 3.00 1.81 ± 0.26 15.45 ± 1.13 87.50 ± 2.10 
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16 23.40 12.75 3.00 1.51 ± 0.22 27.45 ± 2.21 92.50 ± 2.67 

17 15.00 12.75 3.00 1.74 ± 0.28 16.40 ± 2.27 91.25 ± 3.94 

18 15.00 12.75 3.00 1.69 ± 0.31 17.17 ± 2.86 86.67 ± 2.40 

19 20.00 5.50 2.00 0.99 ± 0.08 16.88 ± 1.40 78.75 ± 1.14 

 

Table 4. 4 Optimisation design showing variables and responses for Type II MN arrays 

Run 

CPPs CQAs 

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2 Response 3 

P:PMVE/MA 

concentration 

Q:HPMC 

concentration 

R:PEG 400 

concentration 

S:DexP 

concentration 
ANFF Dissolution time Permeation flux 

 % % % % N min µg/cm2/h 

1 13.29 0.60 3.25 3.00 1.15 ± 0.06 22.30 ± 2.35   92.92 ± 2.09 

2 15.00 0.95 5.00 4.00 0.91 ± 0.09 23.00 ± 2.40   86.67 ± 3.65 

3 21.70 0.60 3.25 3.00 1.97 ± 0.29 26.02 ± 3.20   83.33 ± 3.40 

4 15.00 0.25 1.50 2.00 1.69 ± 0.23 19.43 ± 3.52 102.08 ± 4.77 

5 17.50 1.20 3.25 3.00 1.41 ± 0.27 29.32 ± 2.36   55.00 ± 2.58 

6 17.50 0.60 3.25 4.68 1.38 ± 0.11 25.43 ± 1.45   90.42 ± 2.27 

7 20.00 0.95 1.50 2.00 1.88 ± 0.16 33.10 ± 4.17   71.25 ± 2.76 

8 17.50 0.60 3.25 3.00 1.79 ± 0.19 26.05 ± 1.25   93.33 ± 1.69 

9 15.00 0.25 5.00 2.00 1.23 ± 0.25 18.20 ± 2.00 104.17 ± 3.35 

10 17.50 0.60 3.25 1.31 1.65 ± 0.35 25.00 ± 2.45   96.25 ± 1.99 



Chapter 4                                                    Formulation Development and Characterisation 

114 
 

11 17.50 0.60 3.25 3.00 1.62 ± 0.04 24.50 ± 1.18   91.67 ± 2.09 

12 15.00 0.95 1.50 4.00 1.57 ± 0.22 26.24 ± 1.23   82.92 ± 1.87 

13 17.50 0.60 3.25 3.00 1.71 ± 0.36 23.00 ± 3.14   98.33 ± 1.22 

14 20.00 0.25 1.50 4.00 1.81 ± 0.13 21.30 ± 1.47 106.25 ± 2.35 

15 17.50 0.60 0.30 3.00 1.82 ± 0.26 28.20 ± 1.20   89.58 ± 4.91 

16 17.50 0.60 3.25 3.00 1.5 ± 0.19 24.11 ± 3.30   92.92 ± 1.68 

17 20.00 0.25 5.00 4.00 1.35 ± 0.15 20.15 ± 1.15 109.58 ± 3.04 

18 17.50 0.60 3.25 3.00 1.56 ± 0.17 23.50 ± 1.00   94.58 ± 2.67 

19 20.00 0.95 5.00 2.00 1.32 ± 0.18 27.42 ± 2.25   70.83 ± 1.23 

20 17.50 0.60 6.19 3.00 0.91 ± 0.24 22.00 ± 1.41   89.17 ± 2.18 

21 17.50 0.01 3.25 3.00 1.62 ± 0.23 17.50 ± 3.47 149.56 ± 2.13 

 

 
Table 4. 5 Statistical parameters obtained using Design-Expert® 12.0 software 

Response 

Type I MN arrays Type II MN arrays 

R2 Adj R2 Pred R2 
Best-fitted 

model 
R2 Adj R2 Pred R2 

Best-fitted 

model 

ANFF (R1) 0.9503 0.9006 0.7018 Quadratic 0.8523 0.8154 0.7689 Linear 

Dissolution time (R2) 0.8373 0.8048 0.7239 Linear 0.9071 0.8839 0.8263 Linear 

Permeation flux (R3) 0.9285 0.8570 0.6768 Quadratic 0.9948 0.9825 0.8902 Quadratic 
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 Response analysis 

 4.4.3.1 Effect of variables on ANFF 

From Tables 4.3 and 4.4, it can be seen that the ANFF values varied between 0.60 -1.95 

N for Type I MN arrays and between 0.91-1.97 N for Type II MN arrays. The ANOVA 

analyses for estimating ANFF of Type I and Type II MN arrays are presented in Tables 

4.6 and 4.7, respectively.  

 Table 4. 6 ANOVA table for ANFF optimisation of Type I MN arrays using CCD. 

Source 
Sum of 

Squares 
df** 

Mean 

Square 
F-value p-value 

Model 3.3000 9 0.3672 19.120 < 0.0001* 

A-PVP concentration 0.4030 1 0.4030 20.990 0.0013* 

B-PVA concentration 0.8495 1 0.8495 44.240 < 0.0001* 

C-DexP concentration 0.0102 1 0.0102   0.529 0.4855 

AB 0.0013 1 0.0013   0.069 0.7986 

AC 0.0020 1 0.0020   0.101 0.7571 

BC 0.0029 1 0.0029   0.148 0.7090 

A² 0.9057 1 0.9057   47.17 < 0.0001* 

B² 1.3800 1 1.3800   71.82 < 0.0001* 

C² 0.0073 1 0.0073   0.381 0.5519 

Residual 0.1728 9 0.0192   

Lack of Fit 0.1270 5 0.0254   2.220 0.2300 

Pure Error 0.0458 4 0.0114   

Cor Total*** 3.4800 18    

* Statistically significant p < 0.05, ** df: degree of freedom, *** Cor Total: corrected total sum of square 
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Table 4. 7 ANOVA table for ANFF optimisation of Type II MN arrays using CCD. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value 

Model 1.4900 4 0.3731 23.09 < 0.0001* 

P-PMVE/MA 

concentration 
0.4006 1 0.4006 24.79 0.0001* 

Q-HPMC concentration 0.0415 1 0.0415   2.57 0.1284 

R-PEG 400 

concentration 
0.9865 1 0.9865 61.05 < 0.0001* 

S-DexP concentration 0.0639 1 0.0639   3.95 0.0642 

Residual 0.2585 16 0.0162   

Lack of Fit 0.2048 12 0.0171   1.27 0.4446 

Pure Error 0.0537 4 0.0134   

Cor Total 1.7500 20    

 

In the case of Type I MN arrays, from the 3D graphical representation (Figure 4.7), it can 

be observed that the highest desirability (red) can be achieved with a PVP concentration 

of around 17% and a PVA concentration of approximately 14%. Another interesting 

finding was that the combination of higher concentrations of both PVP and PVA polymers 

leads to the lowest desirability (blue) of reduced ANFF and, therefore, should be avoided. 

It was also obvious that the response surface had curvature, which indicated that as the 

amount of polymers increased, the ANFF increased at first, whereas after a certain level, 

a further increase in polymer concentrations caused a decrease in ANFF. 
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Figure 4. 7. Three-dimensional surface plot for ANFF as a function of the formulation variables of (A) Type I MN array and (B) Type II MN array. 
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The reduction in ANFF might be due to the amount of moisture absorbed into the MNs. 

Moisture absorption depends on the hygroscopicity of the solid matrix, which is 

governed, to some extent, by the hygroscopicity of the solid dispersion components. PVP 

is an extremely hygroscopic polymer and can absorb moisture from the environment 

[376]. The presence of moisture results in plasticising the material and decreases the 

glass-transition temperature (Tg) of the polymers. The more water absorbed, the lower the 

Tg [377]. This significantly increases the permeability, thus making the polymer chains 

more flexible. From the ANOVA, it was also found that DexP concentration was not 

significantly affecting ANFF (p > 0.05). The values obtained at various levels of the 

factors were subjected to multiple regressions to generate a second-order polynomial 

equation (coded) as the following Equation 4.11:  

 ANFF=1.79 + 0.1718×A + 0.2494×B - 0.0273×C + 0.0129×AB +  

0.0156×AC+ 0.0189×BC - 0.2576×A
2 - 0.3179×B2 - 0.0232×C

2
 

(4.11)  

In the case of Type II MN arrays, a linear model was best-fitted, and from the 3D graphs 

in Figure 4.7B, it can be seen that a higher PMVE/MA concentration resulted in greater 

ANFF. In contrast, a higher PEG 400 concentration has a negative influence on ANFF. 

Also, HPMC and DexP concentrations were not significantly affecting ANFF. The 

regression equation in terms of coded factors generated for ANFF of Type II MN arrays 

is shown below in Equation 4.12:  

 ANFF=1.52 + 0.1713×P - 0.0552×Q - 0.2688×R - 0.0684×S  (4.12)  

4.4.3.2 Effect of variables on dissolution time 

The dissolution time varied between 9.31-33.56 min for Type I MN arrays and between 

17.50-33.10 min for Type II MN arrays. The ANOVA analyses, as shown in Tables 4.8 
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and 4.9 indicated that all the polymers significantly influenced the dissolution time of the 

MN arrays. The 3D surface plots depicting the influence of different variables on 

dissolution time are shown in Figure 4.8. As expected, prolonged dissolution times were 

observed with higher polymer concentrations in both the MN types. High polymer 

concentrations lead to the close association of the polymer particles, resulting in an 

increase in the viscosity of the polymeric matrix, thus decreasing the dissolution rate of 

the MN arrays. Moreover, higher PEG 400 concentration increased the dissolution rate in 

the case of Type II MN arrays, which is according to previous reports where an increase 

in the amount of hydrophilic plasticiser such as PEG decreases the dissolution time [378, 

379]. Again, DexP concentration did not significantly affect the dissolution time.  

Table 4. 8 ANOVA table for dissolution time optimisation of Type I MN arrays using CCD. 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F-

value 
p-value 

Model 627.12 3 209.04 25.73 < 0.0001* 

A-PVP concentration 122.67 1 122.67 15.10 0.0015* 

B-PVA concentration 485.62 1 485.62 59.78 < 0.0001* 

C-DexP concentration   18.84 1   18.84   2.32 0.1486 

Residual 121.85 15     8.12 - - 

Lack of Fit 100.07 11     9.10   1.67 0.3287 

Pure Error   21.78 4     5.45 - - 

Cor Total 748.97 18 - - - 
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Table 4. 9 ANOVA table for dissolution time optimisation of Type II MN arrays using CCD. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value 

Model 1.4900 4 0.3731 23.09 < 0.0001* 

P-PMVE/MA 

concentration 
0.4006 1 0.4006 24.79 0.0001* 

Q-HPMC concentration 0.0415 1 0.0415   2.57 0.1284 

R-PEG 400 

concentration 
0.9865 1 0.9865 61.05 < 0.0001* 

S-DexP concentration 0.0639 1 0.0639   3.95 0.0642 

Residual 0.2585 16 0.0162 - - 

Lack of Fit 0.2048 12 0.0171   1.27 0.4446 

Pure Error 0.0537 4 0.0134 - - 

Cor Total 1.7500 20 - - - 

 

The final regression equations of the fitted models in terms of coded factors as determined 

by the Design-Expert® 12.0 software are shown below in Equations 4.13 and 4.14 for 

Type I and Type II MN arrays, respectively:  

 Dissolution time = 18.90 + 3.00×A + 5.96×B + 1.17×C (4.13)  

 Dissolution time = 24.08 + 1.56×P + 3.70×Q - 1.59×R - 0.4933×S (4.14)  
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Figure 4. 8 Three-dimensional surface plot for dissolution time as a function of the formulation variables of (A) Type I MN array and (B) Type II MN array. 
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4.4.3.3 Effect of variables on permeation flux 

The in vitro DexP permeation from the MN arrays was studied for 24 h using the Franz 

diffusion method. The DexP permeation flux ranged between 58.75- 99.58 µg/cm2/h for 

Type I MN arrays and between 55-149.56 µg/cm2/h for Type II MN arrays. The effects 

of variables on DexP permeation are depicted by the 3D plots, as shown in Figure 4.9. 

The ANOVA for the models are summarised in Table 4.10 and 4.11 and the following 

regression equations, Equations 4.15 and 4.16, were generated for DexP permeation from 

the Type I and Type II MN arrays, respectively. These equations are useful for identifying 

the relative impact of the factors by comparing the factor coefficients. 

 Permeation flux = 2.20 + 0.1682×A + 0.0212×B + 0.0695×C - 0.0812×AB 

+ 0.0113×AC + 0.0063×BC - 0.1281×A
2 - 0.26248 ×B2 - 0.0874 ×C

2
 

(4.15)  

 

 Permeation flux = 2.27 - 0.06×P - 0.67×Q + 0.014×R - 0.0416×S -  

0.1529×PQ - 0.0088×PR - 0.3436×PS - 0.0063×QR - 0.0146×QS +  

0.0163×RS - 0.0577×P2 + 0.0625×Q
2 - 0.0471×R2 - 0.0135×S

2
 

(4.16)  
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Figure 4. 9 Three-dimensional surface plot for permeation flux as a function of the formulation 

variables of (A) Type I MN array and (B) Type II MN array. 

It can be seen from Table 4.10 that PVP concentration (A) and the second-order effect 

terms, A2, B2 and C2 are highly significant parameters, characterised by p < 0.05. 

However, no significant interaction effect, within the studied levels of factors, was 

observed on the permeation of DexP for Type I MN arrays. As observed from the 3D 

surface plot, DexP permeation was found to increase with an increase in PVP 

concentration. This may be attributed to the anti-nucleating effect of PVP, which inhibits 

crystallization of drugs and ensures that the drug is in amorphous form. Amorphous forms 

have higher free energy, which significantly enhances the solubility of the drug and the 
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release rate. Same observations have been reported in other studies [380-382]. Moreover, 

the curvature of the response surface plot indicated that DexP permeation initially 

increased with an increase in PVA concentration up to approximately 14.5%, after which 

a further increase in its concentration caused a decrease in the DexP permeation rate. As 

reported by previous studies [383-386], semi-crystalline and glassy polymers, such as 

PVA, in high concentrations, are frequently used to achieve slow and sustained drug 

release. 

Table 4. 10 ANOVA table for permeation flux optimisation of Type I MN arrays using CCD. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value 

Model 1.5800 9 0.1761 12.98 0.0004* 

A-PVP concentration 0.3863 1 0.3863 28.49 0.0005* 

B-PVA concentration 0.0061 1 0.0061   0.45 0.5179 

C-DexP concentration 0.0660 1 0.0660   4.86 0.0548 

AB 0.0528 1 0.0528   3.90 0.0799 

AC 0.0010 1 0.0010   0.07 0.7908 

BC 0.0003 1 0.0003   0.02 0.8827 

A² 0.2240 1 0.2240 16.52 0.0028* 

B² 0.9402 1 0.9402 69.34 < 0.0001* 

C² 0.1044 1 0.1044   7.70 0.0216* 

Residual 0.1220 9 0.0136 - - 

Lack of Fit 0.0598 5 0.0120   0.76 0.6172 

Pure Error 0.0622 4 0.0156 - - 

Cor Total 1.7100 18 - - - 
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Table 4. 11 ANOVA table for permeation flux optimisation of Type II MN arrays using CCD. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value 

Model 3.7700 14 0.2693   81.43 < 0.0001* 

P-PMVE/MA 

concentration 
0.0265 1 0.0265     8.00 0.0300* 

Q-HPMC concentration 2.5800 1 2.5800 779.09 < 0.0001* 

R-PEG 400 concentration 0.0027 1 0.0027     0.82 0.3984 

S-DexP concentration 0.0098 1 0.0098     2.96 0.1360 

PQ 0.0774 1 0.0774   23.42 0.0029* 

PR 0.0006 1 0.0006     0.18 0.6820 

PS 0.3913 1 0.3913 118.32 < 0.0001* 

QR 0.0003 1 0.0003     0.09 0.7689 

QS 0.0007 1 0.0007     0.21 0.6596 

RS 0.0021 1 0.0021     0.63 0.4546 

P² 0.0498 1 0.0498   15.05 0.0082* 

Q² 0.0584 1 0.0584   17.66 0.0057* 

R² 0.0331 1 0.0331   10.02 0.0194* 

S² 0.0027 1 0.0027     0.82 0.3989 

Residual 0.0198 6 0.0033   

Lack of Fit 0.0048 2 0.0024     0.64 0.5715 

Pure Error 0.0150 4 0.0037 - - 

Cor Total 3.7900 20 - - - 

 

For Type II MN arrays, both the polymers were found to be significantly influencing the 

permeation of DexP (Table 4.11). It can be seen that the interactions between PMVE/MA 

and HPMC (PQ), and PMVE/MA and DexP (PS), were affecting the permeation flux. 

Also, the second-order effect parameters P2, Q2 and R2 were highly significant. As 

observed from the 3D plots and the regression equation, the concentration of polymers 

negatively influenced drug permeation, with HPMC concentration having a greater 

influence than PMVE/MA. As the concentration of PMVE/MA was increased, the 

decrease in DexP permeation was evident. The morphological characteristics of a 

polymeric mixture influence the diffusion of a molecule in a multi-polymeric matrix. 
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Diffusion takes place through the amorphous regions, and the diffusivity of a molecule 

is directly connected to the flexibility of polymer chains and, thus, to the free volume of 

the polymeric system [387]. Hydrophilic polymers lead to a decrease in the amount of 

free water in the water channels and affect the molecular orientation of the polymeric 

matrix. Thus, both PMVE/MA and HPMC decreased the rate of DexP permeation. 

Increasing HPMC concentrations results in a concentrated and viscous gel layer due to 

increased chain entanglement [388]. This leads to a slower release of DexP from MN 

arrays. Similar results were obtained in previous studies using the same polymers [389].  

 Selection of optimised formulation 

Design-Expert® 12.0 software is also beneficial for the selection of the optimised 

formulation. Table 4.12 summarises the optimised values of the factors in order to 

achieve MN arrays with desired quality attributes.  

Table 4. 12 Summary of the optimised formulation parameters for Type I and Type II MN arrays. 

Formulation Parameters 
Optimised 

formulation 

 PVP concentration (%) 17.30 % 

Type I PVA concentration (%) 13.99 % 

 DexP concentration (%)   3.00 % 

 PMVE/MA concentration (%) 20.00 % 

 HPMC concentration (%)   0.25 % 

Type II PEG 400 concentration (%)   2.21 % 

 DexP concentration (%)   3.00 % 
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 Experimental validation 

Check points were assessed with the intention of confirming the prediction and accuracy 

of the mathematical model, by comparing the experimental response values with the 

predicted values. The data (Table 4.13) reported that the observed and the predicted 

values were close to each other with low percentage bias, demonstrating the reliability of 

the optimised formulation parameters. Representative force-displacement curves 

(analogous to stress-strain curve) of the optimised MN arrays, showing their respective 

ANFF values, are provided in Figure 4.10.  

 

Figure 4. 10 Force-displacement curves of the optimised DexP MN arrays. 
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Table 4. 13 Check point analysis for model adequacy (n = 6; mean ± SD). 

 
ANFF (N) Dissolution time (min) Permeation flux (µg/cm2/h) 

Experimental Predicted 
Bias 

(%) 
Experimental Predicted 

Bias 

(%) 
Experimental Predicted 

Bias 

(%) 

Type I 1.76 ± 0.22 1.84 4.54 20.45 ± 1.10 21.66 5.90 89.17 ± 8.22 94.08 5.50 

Type II 1.90 ± 0.15 1.97 3.68 24.20 ± 0.45 23.37 3.42 151.07 ± 16.22 140.55 6.96 
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 Characterisation of the optimised MN arrays 

4.4.6.1 Morphology 

The digital images of the optimised MN arrays are presented in Figure 4.11. The MNs 

were found to possess smooth surfaces without any broken tips or edges. 

 

Figure 4. 11 Digital images of Type I (A, C) and Type II (B, D) DexP MN arrays. 

The SEM images of the optimised MN arrays (Figure 4.12) revealed equally spaced, sharp 

pyramidal MNs, on a smooth baseplate. The hydrophilic nature of the polymers makes it 

easy to use them for fabricating MN arrays via casting aqueous solutions of the polymers 

into the PDMS molds. This overcomes the need for organic solvents, which could damage 

the PDMS molds with repeated use [390]. The images showed the length of a single Type 

I MN to be 865 ± 38 µm and a single Type II MN to be 810 ± 43 µm. The height of the 

PDMS mold was 1000 µm; however, there has been a height loss of 10-20% in the 

developed MN arrays. This can be attributed to the hydrophilic nature of the polymers, 
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which further affects the interaction between the polymeric solutions and the hydrophobic 

PDMS molds. Also, it might be caused by water evaporation during the drying process. 

According to literature [391], the achieved morphological profile of the optimised MNs 

can be considered to be acceptable for effective skin penetration with minimal invasion. 

The optimised MN arrays were also visualised after compression using texture analyser 

to observe the pattern of MN failure. It can be seen from Figure 4.13 that compression of 

both the types of MNs initiates at the tapered tip and continues down the base. However, 

no detachment of MN was observed. Even though the failure was catastrophic, the 

needles remained intact without shattering.  

 

Figure 4. 12 SEM images for (A) optimised Type I MN arrays at 250 × and (B) 50 ×; (C) optimised 

Type II MN arrays at 250 × and (D) 50 ×.  
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Figure 4. 13 SEM images of MNs after being subjected to axial compression: (A) Type I MN at 300 

× and (B) at 200 ×; (C) Type II MN at 300 × and (D) 200 ×.  

4.4.6.2 Percent drug recovery 

The mean percentage drug recovery of Type I MN arrays was 113.59 ± 5.63%, and that 

of Type II MN arrays was 105.37 ± 7.01% (Figure 4.14). The data confirmed that none 

of the steps in MN fabrication, such as preparing the drug-polymeric solution, casting the 

solution onto molds, centrifugation and drying the MNs, imparts any significant effect on 

the stability of the drug.  
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Figure 4. 14 Graphical representation of DexP recovery (%) from optimised MN arrays (n = 6; mean 

± SD). 

4.4.6.3 Parafilm insertion study 

The percentage of holes created in each Parafilm® M layer for the optimised MN 

formulations is shown in Figure 4.15. The DexP-loaded MN arrays were found to be 

satisfactorily strong to endure the axial compression of 32 N. Previous studies have shown 

that the mean force applied by human volunteers to insert dissolving MN arrays into their 

skin is 32 N [365]. Hence, the same axial force of 32 N was used to evaluate the insertion 

efficacy of the needles. Both the types of optimised DexP-loaded MN arrays were found 

to penetrate to the fifth layer of Parafilm® M. However, the percentage of holes created 

decreased with each layer. Considering the thickness of each Parafilm® M layer to be 

around 127 ± 3.56 μm, the total insertion depth of the MN arrays was approximately 630 

± 3.56 μm. The average thickness of SC is between 10 to 20 μm, and the thickness of 

epidermis is 100 μm. Therefore, the MN arrays can potentially overcome the SC barrier 

and reach the dermis layer to ensure adequate drug release. 
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Figure 4. 15 Percentage of holes created by an MN array in each Parafilm® M layer (total 8 layers) 

with an insertion force of 32 N (n = 6; mean ± SD). 

 Drug release over 48 h 

Cumulative percentages of DexP released from Type I and Type II MN arrays are 

demonstrated in Figure 4.16. In both cases, a biphasic release pattern was observed with 

a rapid release within the first 12 h, followed by a slow and sustained release phase. The 

initial fast release suggested that during the initial period of MN application, the 

microchannels created by the needles facilitated a rapid uptake of the drug payload. The 

sustained release phase relates to the continuing diffusion of the drug through the 

microchannels. These microchannels remain open and allow drug from the backing layer 

of the MN to continue to diffuse for long after the initial application of the array. Previous 

studies have indicated that microchannels can remain open in living tissue for periods up 

to 72 h after MN application [54, 392, 393].  
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Figure 4. 16 In vitro release profiles of DexP from Type I and Type II DexP MN (n = 6; mean ± SD). 

As observed in the CCD experiment, Type II MN arrays showed a significantly (p < 0.05) 

higher amount of DexP release, compared to Type I MN arrays, shown in Figure 4.17. 

Type I DexP MN array showed a cumulative DexP release of 2599.86 ± 222.54 µg/cm2, 

whereas 4227.85 ±305.78 µg/cm2 of DexP was released from Type II DexP MN array 

over a period of 48 h. The increased release of DexP from Type II MN arrays might be 

due to the higher mechanical strength of Type II MN arrays. The higher ANFF values 

lead to more efficient microchannel formation through the membrane. This subsequently 

increases the amount of drug permeating through the microchannels. Moreover, HPMC, 

present in Type II MN arrays, is a highly hydrophilic polymer, which increases skin 

hydration. This might have contributed to rapid solubilisation of the MN arrays to release 

DexP at a faster rate. Diffusion of any molecule in a multi-polymeric matrix depends on 

the structural and morphological parameters of the polymeric blend. Diffusion in 

polymers occurs through the amorphous polymeric regions, and diffusivity of drug 

molecule is related to the mobility of polymer chains and, thereby, to the free volume of 
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the system [387]. The higher Tg of PVP and PVA could also account for the slow drug 

release, as at 37°C reduced free volume may have been available for drug transport 

through the polymer. 

 

Figure 4. 17 Cumulative amounts of DexP released from Type I and Type II DexP MN (n = 6; mean 

± SD).  

 Drug release kinetics 

The drug release mechanism from the MN arrays was investigated by fitting different 

kinetic models onto the obtained data, and the kinetic parameters are reported in Table 

4.14. The drug release kinetic plots of Type I and Type II DexP MN arrays are shown in 

Figures 4.18 and 4.19, respectively. For both the MN arrays, the R2 value was found to 

be highest for the Higuchi model, indicating that DexP release from the MN arrays 

complies with this model very well. From this, we can interpret that the prime mechanism 

of drug release is a diffusion-controlled release mechanism, and this also supports the 

sustained release behaviour of the MN arrays [394, 395]. The diffusional release exponent 

(n) of the Korsmeyer-Peppas model gives an indication of the diffusion mechanism. In 
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this study, the release exponent n was found to be 0.84 and 0.80 for Type I and Type II 

MN array, respectively, suggesting that they showed similar diffusion mechanisms. n 

values between 0.45 and 0.89 (0.45 < n < 0.89) indicate that diffusion is predominantly 

governed by the non-Fickian diffusion mechanism, which means a combination of 

diffusion and erosion of the matrix is responsible for the release of DexP from both the 

MN arrays [1, 396, 397].  

  

Figure 4. 18 Kinetic analysis of drug release from Type I DexP MN array: (A) zero-order kinetics, 

(B) first-order kinetics, (C) Higuchi kinetics, (D) Korsmeyer-Peppas plot. 



Chapter 4                                               Formulation Development and Characterisation 

137 
 

 

Figure 4. 19 Kinetic analysis of drug release from Type II DexP MN array: (A) zero-order kinetics, 

(B) first-order kinetics, (C) Higuchi kinetics, (D) Korsmeyer-Peppas plot. 
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         Table 4. 14 Fitting of release kinetic models to DexP release data from MN arrays. 

 

Formulation 

Zero order First order Higuchi model Korsmeyer-Peppas Model 

R2 K0 R2 K1 R2 Kh R2 Kk n 

Type I MN 0.8439 0.6856 0.8752 0.0036 0.9561 5.377 0.8626 0.357 0.84 

Type II MN 0.7380 1.039 0.7992 0.0067 0.9085 8.495 0.7308 0.688 0.80 
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 FTIR, DSC and XRD 

The FTIR spectra of both the MN arrays and their respective components are presented 

in Figure 4.20. The characteristic peaks of DexP were preserved in both the MN types. 

This was confirmed by the –OH stretching band at 3391 cm-1, carbonyl (C=O) group at 

1600 cm-1 and the C-F bond at 1136 cm-1, which did not show significant shifts in the 

DexP-loaded MN arrays. The shifting of –OH group from 3468 cm-1 to 3446 cm-1 in the 

Type I MN array might be due to hydrogen bonding between DexP and the polymers 

[398]. In the case of Type II MN arrays, the carbonyl (C=O) stretching band of pure 

PMVE/MA at 1700 cm-1, showed a shift to 1731 cm-1 in the spectrum of DexP-loaded 

MN array due to esterification between PMVE/MA and PEG 400. Such interactions have 

also been reported in previous studies on PMVE/MA polymer [399]. No other significant 

alterations were observed on other regions of the spectra. These analyses indicate the 

successful loading of DexP in the MNs and confirm the stability of DexP throughout the 

MN fabrication process.   
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Figure 4. 20 FTIR spectra of the MN arrays and its components (A) Type I MN array, and (B) Type 

II MN array. 
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The DSC thermograms of the polymers, DexP and the optimised MN arrays are presented 

in Figure 4.21. The DSC curves of DexP-loaded MN arrays show the disappearance of 

the characteristic melting peak of crystalline DexP at 240°C, suggesting that DexP has 

completely solubilised in the matrix and exists in the amorphous state in the MN arrays. 

This was further confirmed by XRD, as discussed in the following paragraph. 

 

Figure 4. 21 DSC curves of MN arrays and their components (A) Type I MN array, and (B) Type II 

MN arrays. 
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XRD spectra are provided in Figure 4.22. XRD pattern of DexP exhibited characteristic 

peaks at 2θ angle of 12.14, 13.90, 14.39, 15.54, 16.70, 19.69 and 21.11, suggesting its 

crystalline nature. However, the XRD spectra of the MN arrays were devoid of the 

crystalline DexP peaks, further indicating that DexP was uniformly dispersed in the MNs 

and present in an amorphous state in the matrix.  

 

Figure 4. 22 XRD spectra of DexP and optimised MN arrays. 

 Stability study 

The ANFF and percent drug content of the optimised MN arrays stored at two different 

conditions were determined after each month for six months, and the results are presented 

in Table 4.15. Both the MN types showed good physical stability with no visual change 

in colour and morphology for at least six months, as shown in Figure 4.23 and 4.24. 

Additionally, no significant decrease in percent drug content was observed for six months 

demonstrating the stability of DexP in both the MN types (p > 0.05). For ANFF, an 

insignificant decrease over six months was observed in Type I MN arrays (p > 0.05) in 
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both the storage conditions, with a greater decrease observed when stored at 4°C. 

However, in Type II MN arrays, the ANFF values remained almost the same during the 

storage period when stored at 30 ± 2°C/ 65 ± 5% RH. However, a small decrease was 

observed when stored at 4°C. The negligible decrease in ANFF of Type I MNs might be 

due to moisture absorption by the highly hygroscopic constituent polymers, PVP and 

PVA. These polymers are easily affected by even trace amounts of moisture. The 

mechanical properties of the MN arrays might be maintained for longer durations using 

an appropriate desiccant with suitable packaging. Nevertheless, the developed MN arrays 

were found to possess acceptable mechanical properties during the storage period and the 

ANFF values obtained after 6 months of storage are also acceptable for efficient skin 

insertion, as per literature [400]. In addition, Donnelley et al. have even reported 

successful skin insertion with MNs that possess a fracture force as low as 0.03 N [401].  
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Figure 4. 23 Morphological stability of the MN arrays for a duration of six months at 4°C. 
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Figure 4. 24 Morphological stability of the MN arrays for a duration of six months at 30 ± 2°C/ 65 ± 

5% RH. 
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Table 4. 15 Six months stability data of the optimised MN arrays (n = 3; mean ± SD). 

Sampling time 

4°C 30 ± 2°C/ 65 ± 5% RH 

Type I MN arrays Type II MN arrays Type I MN arrays Type II MN arrays 

ANFF (N) 

Drug 

Content (%) 

 

ANFF (N) 

Drug 

Content (%) 

 

ANFF (N) 

Drug 

Content (%) 

 

ANFF (N) 

Drug 

Content (%) 

 

On preparation 1.76 ± 0.22 113.59 ± 5.63 1.90 ± 0.16 105.37 ± 7.01 1.76 ± 0.22 113.59 ± 5.63 1.90 ± 0.16 105.37 ± 7.01 

1 month 1.72 ± 0.18 110.83 ± 3.11 1.87 ± 0.05 100.36 ± 2.01 1.74 ± 0.20 105.62 ± 2.25 1.89 ± 0.11 100.26 ± 3.36 

2 months 1.55 ± 0.37 108.15 ± 0.83 1.83 ± 0.25   98.11 ± 0.92 1.71 ± 0.03 102.04 ± 3.41 1.85 ± 0.27   99.79 ± 4.10 

3 months 1.38 ± 0.13 100.19 ± 1.55 1.72 ± 0.32   98.03 ± 3.31 1.69 ± 0.33   99.37 ± 1.13 1.80 ± 0.31   98.19 ± 1.73 

4 months 1.35 ± 0.25 100.27 ± 4.00 1.68 ± 0.17   98.01 ± 2.84 1.62 ± 0.19   99.04 ± 0.77 1.77 ± 0.15   98.00 ± 2.16 

5 months 1.27 ± 0.15   99.52 ± 2.34 1.62 ± 0.08   97.29 ± 0.82 1.55 ± 0.17   97.83 ± 2.08 1.74 ± 0.14   96.49 ± 2.03 

6 months 1.24 ± 0.07   98.21 ± 1.97 1.59 ± 0.22   97.07 ± 3.16 1.48 ± 0.29   97.14 ± 1.05 1.71 ± 0.28   96.65 ± 3.46 
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4.5. Conclusions 

The studies presented in this chapter demonstrated the advantages of a comprehensive 

QbD approach for the systematic design and development of polymeric MN arrays. CCD 

was used to assess the effects of the formulation variables and optimise the compositions 

for the development of DexP-loaded biodegradable MN arrays with desired ANFF, 

dissolution time and permeation flux. Two different MN compositions were optimised; 

Type I MN array composed of 17.3% PVP, 13.99% PVA and 3% DexP, and Type II MN 

array composed of 20% PMVE/MA, 0.25% HPMC concentration, 2.21% PEG 400 and 

3% DexP. The new insights achieved from this study will assist in the future planned 

work related to this research as well as provide guidance for the QbD-oriented design and 

development of other potential MN delivery systems. 

The in vitro characterisation showed that the optimised DexP-loaded MN arrays were 

able to sustain drug release for prolonged durations. Moreover, MN arrays showed good 

physical and chemical stability, indicating a promising transdermal delivery system. 

However, further ex vivo and in vivo studies are warranted to confirm the safety and 

efficacy of the MN arrays. Therefore, in the subsequent chapters, the developed drug-

loaded MN arrays were evaluated using ex vivo (Chapter 5) and in vivo (Chapter 6) 

models. 
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Chapter 5  

Ex vivo Skin Permeation and 

Deposition 

 

5.1. Introduction 

After the fabrication and optimisation of the two types of DexP MN arrays, the next step 

in this research was to evaluate the drug-loaded MN arrays using an ex vivo skin model 

to investigate the skin permeation and deposition of DexP. The assessment of the 

percutaneous absorption profile is a vital step in the development of any dermal or 

transdermal drug delivery system. Undoubtedly, the most consistent and reliable skin 

absorption data are collected in human clinical studies; however, such studies are 

generally not feasible during the initial developmental stages of a new pharmaceutical 

formulation. The Organisation for Economic Co-operation and Development (OECD) 

Test Guidelines 428 has confirmed that ex vivo studies can be used to predict in vivo 

absorption when the correct methodology is used [402]. Therefore, several in vitro and 

ex vivo models (Figure 5.1) are frequently employed to assess skin permeation and 
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deposition profiles of drug or drug formulations. The advantages and disadvantages of 

the skin models are summarised in Table 5.1. These methods differ in terms of the source 

of skin samples, experimental procedures, and measuring methodologies.  

 

Figure 5. 1 Schematic illustration of the commonly employed in vitro and ex vivo models for 

evaluation of drug formulations. 
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Table 5. 1 Characteristics of skin models used for skin permeation and deposition studies [403, 404]. 

Model Advantages Disadvantages 

Human skin 

Ex vivo human skin  Best surrogate for in vivo humans  Not readily available, variability 

 Often precluded for ethical and practical 

reasons 

Animal skin 

Rodents (rats, mice) skin  Closest anatomical similarity to that of human 

skin 

 Relatively cheap and readily available 

 Uncomplicated to handle 

 More permeable than human skin 

Porcine skin  Anatomical similarities to human skin with 

respect to SC and epidermal thickness, 

follicular structure, and hair density 

 Permeability is close to human skin 

 Difficult to obtain 

 High cost 

Snake skin  Single animal can provide repeated sheds thus 

eliminating inter-individual variability 

 Lack of hair follicles could influence drug 

permeability 

Reconstructed skin models 

Reconstructed human epidermis 

(RHE) 

 Built-in barrier properties 

 More consistent in permeability 

 Relatively weak barrier especially for 

lipophilic drugs 

 High cost 

Living skin equivalents  Can be engineered to include a range of 

normal or disease features 

 Usually more permeable than human skin 
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Various studies have reported the use of biological (e.g. cell-culture skin models) and 

artificial (e.g. synthetic or natural biomaterial-based scaffolds) skin models, or skin 

surrogates, which mimic in vivo human skin, for the determination of skin permeability 

of drugs [405]. These include artificially cultured human skin models, parallel artificial 

membrane permeability assays (PAMPAs), and artificial membranes based on simple 

polymeric or lipid models. The artificially cultured human skin models are broadly 

classified into two groups: the reconstructed human epidermis (RHE) model and the full-

thickness human skin model. The RHE models are composed of one cell type only 

(normal human keratinocytes) and the most common RHEs include EpiSkin® (L’Oreal, 

France), Epi-Derm® (MatTek Corporation, USA), SkinEthic® (SkinEthics, France), 

epiCS® (CellSystems, Germany), open source reconstructed epidermis model (Phenion, 

Düsseldorf, Germany), Straticell model (Straticell, Les Isnes, Belgium); and Labcyte 

model (Gamagori, Japan) [406]. On the other hand, the full-thickness skin model 

comprises both epidermal and dermal layers by incorporating keratinocytes and 

fibroblasts cells. Commercially available full-thickness models include StrataTest® 

model (Stratatech, Madison, WI, USA), Phenion Full-Thickness Skin Model (Phenion, 

Düsseldorf, Germany), GraftSkin® (Apligraf; Organogenesis, MI, USA), EpiDermFT® 

(MatTek Corporation, Ashland, MA, USA), and Vitrolife-Skin model (Kyoto, Japan) 

[406, 407]. These skin models provide good membrane homogeneity and highly 

consistent/reproducible permeation data for the test compounds due to their simple 

standardised fabrication procedures. However, the majority of the studies in literature 

have reported that the permeation of these skin models significantly exceeded that of 

biological skins, such as the human and porcine skins [408]. The studies indicated that 

the barrier properties of these models were less developed and could not represent the in 

vivo barrier characteristics of human skin. The inadequate barrier properties of the skin 
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models can be attributed to the poorly mixed and non-homogeneously distributed lipid 

arrangement, inhibiting the formation of a continuous lipid barrier [409-411].  

In PAMPAs, a liquid artificial membrane is used in 96-well plates to separate two 

compartments: the donor containing the drug for which permeability is to be determined, 

and the receptor consisting of a buffer solution [412]. Initially developed to study passive 

gastrointestinal absorption and blood-brain barrier permeability, the traditional PAMPA 

was modified to skin-PAMPA model by adding synthetic ceramides, cholesterol, and 

stearic acid [413]. It is a quick and cost-effective tool for predicting passive human skin 

permeability coefficients. However, skin-PAMPA model lacks the biological complexity 

of the skin, such as proteins, appendages, corneocytes, lipids, and the layered structure of 

the epidermis [414]. This limits its application and, hence, mostly used just for pre-

screening of formulations. Therefore, we can summarise that the existing artificial skin 

models can be considered insufficient in predicting the in vivo penetration and absorption 

circumstances.  

Excised human skin is regarded as the gold standard for in vitro permeation experiments 

and a significant benchmark for the prediction of percutaneous absorption in the early 

stage of transdermal formulation development [403]. It is most commonly obtained 

from plastic surgery or cadavers. Abdominal, breast, or back skin is more convenient, due 

to the large areas that may be available. However, employing excised human skin for in 

vitro experiments is expensive and frequently leads to ethical issues. In addition, the easy 

and sufficient availability of human skin might be challenging to researchers.  

A wide range of animal models has been routinely considered as alternatives to human 

skin for evaluating percutaneous permeation of molecules. These include primates, 

porcine, mouse, rat, guinea pig and snake models. These skin models provide numerous 
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advantages such as they can be easily obtained, can be excised fresh before conducting 

skin permeation studies with good viability and enzymatic activity, and exhibit less 

variability [415, 416]. Among animal models, porcine skin is the most histologically 

similar to human skin [417, 418] with comparable SC thickness and composition, hair 

follicle density and collagen arrangement. Among rodents, rat skin is the most structurally 

similar to human skin, and it is the most frequently used rodent model for skin permeation 

experiments [419]. SD rats and hairless rats are easy to handle and therefore, frequently 

used for in vitro skin permeation studies. Several studies have reported that permeation 

of drugs through SD rat skin well correlates with that for human skin and that the inter-

individual differences in permeability through SD rat skin are significantly less [420].  

Several different membrane types may be prepared from excised skin samples for use in 

permeation experiments. Full-thickness skin is composed of all layers down to 

and including the dermis and is prepared by removing the underlying connective 

tissue and subcutaneous fat [421]. To reduce variability, while still retaining the 

significant dermal thickness, the full-thickness skin may also be dermatomed to a 

thickness of approximately 500-750 µm [422]. Epidermal membranes are also used for 

permeation testing. They are most commonly prepared by immersing full-thickness skin 

in hot water (~ 60°C) for approximately 1 min [423]. Other techniques used to separate 

dermis and epidermis include chemical treatments with EDTA, ammonia, and enzymes 

[422]. According to the OECD guidelines [402], either epidermal membranes or 

dermatomed skin, are acceptable and full-thickness skin may be used for determining the 

concentration of a molecule in different layers of the skin.  

Recently, the use of several quantitative and qualitative or semi-quantitative techniques 

has been advocated for testing permeation of drugs through excised skin. Quantitative 

techniques involve the use of diffusion cells and assays, and the qualitative or semi-
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quantitative techniques are microscopic and spectroscopic methods and their 

combinations thereof [424].  

Diffusion (Franz) cells have become the gold standard technique for in vitro percutaneous 

skin absorption studies. Diffusion cells intend to mimic in vivo conditions by using an 

agitated receptor medium, and a donor phase representing the formulation application. 

The donor compartment may be kept occlusive or exposed to ambient conditions, and the 

receptor solution is well stirred using magnetic stirring. The selected mixing speed should 

guarantee enough mixing of the receptor phase during the entire test duration. To maintain 

sink condition, the receptor solution is continuously refilled with fresh medium after 

sample collection. The temperature and hydration of the membrane should also be 

considered and taken care of. In a standard Franz diffusion cell, as shown in Figure 5.2, 

the skin is sandwiched between the donor and the receptor compartments and the test 

formulation is applied to the donor chamber, in contact with the skin surface [425].  

 

Figure 5. 2 Schematic of a Franz diffusion cell used to evaluate drug skin permeation and deposition. 
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Drug permeation profile is evaluated by removing samples from the receptor chamber at 

pre-determined time intervals and examining the amount of drug using an analytical 

technique. The quantification of the drug within the skin is crucial for evaluating dermal 

and transdermal delivery of formulations. Tape stripping is a commonly used, minimally 

invasive procedure for assessing the extent of drug deposition in SC [426] (Figure 5.3). 

Here, the layers of the SC are removed by a number of strippings using an adhesive tape 

and skin layers residing on the adhesive tapes are studied for the drug content [427]. 

Analytical techniques such as HPLC, LC-MS, UV- spectrophotometry, etc., are used for 

drug quantification. Atomic absorption spectroscopy and Attenuated Total Reflectance 

FTIR (ATR-FTIR) spectroscopy are also used for the detection of active compounds 

[428].  

 

Figure 5. 3 Schematic of tape stripping method used for separation of SC from underlying layers of 

skin. 

Other widely used methods to study the skin distribution of molecules include 

microscopic techniques. Fluorescence microscopy is a frequently used method where the 

skin is treated with fluorescently labelled materials to obtain detailed information on the 

extent of drug penetration and deposition [429]. Similar to fluorescence microscopy, 

Confocal Laser Scanning Microscopy (CLSM) is another non-invasive method widely 

used to investigate penetration profiles of molecules through the skin [430, 431]. CLSM 
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has been widely accepted for the visualisation of fluorescent model compounds in the 

skin layers. In addition to fluorescence microscopy and CLSM, electron microscopy, 

including SEM and Transmission Electron Microscopy (TEM), and relatively young 

technologies such as Raman microscopic method, two-photon microscopy are used to 

investigate skin deposition of molecules [424], which are not described here.  

Dermal and transdermal formulations may also induce structural changes in the skin 

layers. FTIR or DSC is commonly used to evaluate the effect of the formulation on skin 

by detecting changes in the skin’s structural arrangement before and after formulation 

application. FTIR spectrum provides information on the vibrational modes of the skin 

components and hence analyses the structure on a molecular level [432].  

5.2. Chapter aims  

The aim of this chapter is to investigate the ex vivo permeation and deposition profiles of 

the optimised DexP MN arrays using excised rat skin. The specific objectives are: 

1. To investigate the skin penetration efficiency of the optimised DexP MN arrays. 

2. To evaluate the permeation of DexP from MN arrays across rat skin and compare it 

with permeation using DexP solution.  

3. To determine the deposition of DexP in SC and the underlying viable epidermis and 

dermis layers of the skin.  
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5.3. Materials and methods  

 Materials  

DexP was purchased from AK Scientific, Inc. (USA). Parafilm® M, methylene blue and 

fluorescein sodium (FS) were purchased from Sigma (Sigma-Aldrich, New Zealand). 

Methanol and acetonitrile of analytical reagent grade were purchased from Merck 

(Merck, Germany). Milli-Q water was available from the Pharmaceutics Laboratory at 

the University of Auckland (Auckland, New Zealand). All other chemicals and reagents 

used were of analytical grade. All animal procedures performed in this chapter were 

approved by the Animal Ethics Committee of The University of Auckland (Reference 

number: 002267).  

 Fabrication of MN arrays 

Type I and Type II blank and DexP-loaded MN arrays were fabricated using the methods 

described in Chapter 4. DexP solution was prepared by dissolving the drug in PBS (pH 

7.4). 

 Skin preparation  

Full-thickness abdominal skin was obtained from male SD rats (350 ± 10 g) after they 

were sacrificed. The skin was then carefully shaved using an animal hair clipper (Codes, 

China), and excessive subcutaneous fat on the skin was carefully removed using a scalpel 

(size 20) and discarded. The full-thickness skin was then cleaned with PBS (pH 7.4), 

wrapped with aluminium foil, stored at - 20°C and used within one month.  
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 Skin insertion visualisation 

Abdominal rat skin samples were used for visualisation of microchannel formation by the 

DexP MN arrays. The excised skin samples were placed on top of 4 layers of parafilm 

(Parafilm® M), with SC facing upwards, to mimic the soft tissue under the skin. DexP 

MN arrays were manually inserted onto the skin samples for 1 min using firm finger 

pressure. After removing the MN arrays, the insertion site was immediately exposed to 

aqueous solution of methylene blue dye (1% w/v in deionised water). After 1 min, the 

excess dye solution was removed using cotton swabs, and the skin was visualised under 

an optical microscope (Leica DM2500). 

 Histology 

Histological analysis was performed to assess the ability of MN arrays to penetrate and 

create microchannels in excised rat skin. A single DexP MN array of each type was 

manually applied onto the skin samples for 1 min, after which the MN array was removed. 

The pierced skin samples were placed flat into sample blocks containing Tissue-Tek® 

optical cutting temperature (OCT) compound medium (Leica Biosystems, IL, USA) and 

snap-frozen with liquid nitrogen. Each tissue sample was sliced into 10-μm thick sections 

using a cryostat microtome (Richard Allan Scientific, MI, USA). The sections were then 

stained with hematoxylin and eosin (H&E) and observed using an optical microscope 

(Leica DM2500). 

 Transepidermal water loss (TEWL) measurement 

The excised rat skin samples were studied for differences in barrier integrity before and 

after MN array application by TEWL measurement using Dermalab (Cortex Technology, 

Denmark), shown in Figure 5.4. The TEWL probe was used according to manufacturer’s 
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instructions, and the barrier function was measured before and after the treatment of skin 

samples (n = 6) with the two optimised DexP MN arrays for 1 min.  

 

Figure 5. 4 (A) Dermalab instrument used for TEWL measurement, (B) TEWL probe. 

 Skin permeation study  

The skin permeation studies were carried out to evaluate the rate and amount of DexP 

transportation across excised rat skin. This study was performed using vertical Franz 

diffusion cell apparatus (VTC 200, Logan Instruments Corporation, USA) as shown in 

Figure 5.5. The skin was visually checked for any surface damage and sandwiched 

between the donor and receptor compartments with SC facing upwards. A single DexP 

MN array of each type (8 mg equivalent of Dex/MN array) and 2 mL DexP aqueous 

solution (containing 8 mg equivalent of Dex) were applied onto each skin sample, 

respectively (n = 6 for each formulation). The MN array was placed in the centre of the 

skin and gentle pressure was applied for 30 s, and a 5.0 g cylindrical stainless-steel weight 

was then placed on top. To prevent losses to evaporation, Parafilm® M was placed over 

each donor cell. The receptor compartment was filled with PBS (pH 7.4) and was 

maintained at 37 ± 0.5°C and stirred by a magnetic bar at 600 rpm.  Air bubbles between 
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the skin and the receptor medium were carefully eliminated. The effective diffusion area 

was 1.77 cm2. At periodic intervals (0, 0.5, 1, 2, 4, 6, 12, 24 and 48 h), samples (0.4 mL) 

were withdrawn and immediately replaced by an equal volume of fresh receptor medium. 

The samples were filtered with 0.2 μm syringe filters and analysed by the HPLC method 

described in Chapter 3.  

 

Figure 5. 5 Franz diffusion cell setup used for permeation and deposition studies. 

The cumulative amount (Qt, μg/cm2) of DexP permeated through unit area of skin surface 

was calculated using the following equation:  

 
Q

t
= [VrCt+ ∑ Vn

t-1

n=0

Cn]
1

A
 

(6.1)  

Where, Vr is the volume of the receptor chamber (12 mL), Ct is the drug concentration of 

the receptor medium at each sampling time, Vn is the volume of sample withdrawn, Cn is 

the concentration for the cumulated number of samples withdrawn, and A is the relative 

diffusion surface area (1.77 cm2). The amount of DexP permeated over 48 h was plotted 

over time, and regression analysis was carried out on linear regions of each plot.  
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The flux (J, μg/cm2/h) of drug across the skin was represented by the slope of the linear 

portion of the curve of cumulative amount of drug permeated per surface area per hour:  

 
J =

∆Q
t

∆t ×A
 (6.2)  

The apparent permeability coefficient (Papp, cm/min) of DexP was calculated using the 

following equation:  

 
Papp=

∆Q
t

∆t 
×

1

60
×

1

A
×

1

C0

 
(6.3)  

Where, C0 is the initial concentration of DexP in the donor chamber (μg/mL).  

 Deposition study  

After 48 h, skin samples were removed from the Franz cell and subjected to the following 

steps as described below:  

5.3.8.1 Separation of SC from viable epidermis and dermis 

The skin was removed from the Franz cell, wiped with PBS (pH 7.4) to remove any 

remaining formulation, and stretched well on a chopping board. The SC was removed by 

stripping with an adhesive tape (Scoth® Magic tape, 810, 3M, USA). Briefly, each tape 

was applied onto the permeated site of the skin, and a 2 kg weight was placed on the tape 

for 10 seconds. After that, the tape was rapidly torn from the skin with forceps. Fifteen 

such strippings were performed consecutively [433, 434], and the tapes were pooled 

together in six-well plates (Becton Dickinson, NJ, USA). After tape stripping, the 

underlying skin layers were minced with surgical scissors and placed in separate six-well 

plates.  
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5.3.8.2 Drug extraction  

To extract DexP, the tapes and the skin pieces were mixed with 4 mL solvent mixture of 

water: acetonitrile: methanol (43:32:25, v/v/v), added into each well. The wells were then 

covered with aluminium foil and placed on an orbital shaker at 100 rpm for 5 h at 

RT. After 5 h, all the samples, along with the solvent, are transferred to individual tubes 

and centrifuged at 4000 × g for 30 min. The supernatant was carefully collected and 

filtered using a 0.20 μm syringe filter before HPLC analysis using the validated HPLC 

method described in Chapter 3.  

 Confocal microscopy 

Fluorescence microscopy was used to further substantiate the effective skin penetration 

efficiency of the developed MN arrays. Fluorescein sodium (FS) was chosen to be used 

as a fluorescent dye for this experiment. The FS-loaded MN arrays were fabricated by 

simply replacing DexP with FS in the method described for fabrication of MN arrays in 

Section 4.3.3 of Chapter 4. An FS-loaded MN array was applied onto completely shaved 

excised rat skin using manual force for 1 min. The MN array was left in place for 3 h after 

which, it was removed, and the skin surface was cleaned and wiped using alcohol swabs. 

For the MN pre-treated skin samples, each MN array was applied onto the rat skin sample 

using manual pressure for 1 min, after which the MN array was removed, and aqueous 

FS solution was applied on the insertion site. For the control group, FS solution was 

directly applied onto the skin surface, without any pre-treatment with MN arrays. After 

3 h, the remaining solution on the skin surface was removed. The skin samples were then 

mounted on microscopic slides and scanned using a computerised Olympus FV1000 

confocal laser microscope with 10 × magnification at an excitation wavelength of 496 
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nm. X-Z sectioning was used to determine the depth of the channels created by MN 

insertion.  

 FTIR analysis  

The infrared spectrum of the skin samples, after permeation and deposition studies, was 

obtained using FTIR spectroscopy (Tensor 37, Bruker optics). The rat skin samples were 

removed from Franz cells at the end of the permeation and deposition study and rinsed 

with Milli-Q water to remove the remaining formulation. After drying with a paper towel, 

the skin sample was placed on the sample holder of the FTIR with the SC facing the 

diamond surface. Every sample was scanned 32 times at a resolution of 4 cm-1 from 4000 

to 600 wavenumbers. Untreated skin worked as the control.  

 Statistical analysis 

All results were reported as the mean with SD. Data was analysed by one-way ANOVA 

with Tukey’s multiple comparisons test. The level of significance for all statistical 

analysis was set at p value < 0.05. All data analysis was performed using GraphPad Prism 

V 8.0.2. 

5.4. Results and discussion 

 Ex vivo skin insertion studies, histology, TEWL 

To confirm the penetration efficiency of the DexP MN arrays, dye-binding studies were 

conducted using hairless abdominal skin of SD rats. After removing the excess dye, 

noticeable blue spots were observed at the insertion sites of both types of MN arrays, 

indicating that the MN arrays had successfully penetrated the SC (Figure 5.6). Moreover, 
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the distance between the blue spots was in agreement with the tip-to-tip distance between 

the MNs.  

 

Figure 5. 6 Excised rat skin before treatment (top) and after dye binding (bottom). (A) Type I DexP 

MN array treated skin, (B) Type II DexP MN array treated skin. 

Moreover, the histological evaluation of the cross-sections of MN treated skin clearly 

showed the presence of sharp cavities, proving that the MN arrays have effectively 

punctured the outermost skin layer. As shown in Figure 5.7, the observed shape of the 

microchannels even correlated with the pyramidal geometry of the MNs. However, the 

insertion depths observed were considerably lesser than the heights of the MNs. This 

might be due to the inherent elasticity and self-healing ability of skin samples, due to 

which the skin retracted and resealed in a relatively shorter time.  
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Figure 5. 7 H&E stained histological cross-sections of rat skin after MN treatment. Skin treated with 

Type I DexP MN array observed at (A) 10 × and (B) 20 × magnifications. Skin treated with Type II 

DexP MN array observed at (C) 10 × and (D) 20 × magnifications.  

The barrier integrity of excised rat skin before and after MN treatment was examined by 

measuring TEWL. The TEWL values of all the skin treatment groups are presented in 

Figure 5.8. The baseline TEWL values, taken before any treatment to the skin, served as 

control. It was found that the TEWL values of skin increased significantly (p < 0.05) after 

treatment with the MN arrays, as well as tape stripping (p < 0.01), compared with the 

control values. This indicated that the MN arrays have effectively disrupted the skin 

integrity by piercing the SC. There is always a continuous but minimal water loss from 

the surface of the skin, which increases when the SC barrier is disrupted. Similar 
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observations were reported by other researchers [435, 436], where the TEWL values of 

skin showed sharp increase after MN insertion. However, there was no significant 

difference between the groups treated with two different types of MN arrays (p > 0.05). 

Additionally, it was found that the increased TEWL values were significantly (p < 0.05) 

lower than those recorded after the tape stripping treatment. This shows that the extent of 

disruption caused by MN arrays was relatively small and did not cause any severe damage 

to the skin compared to tape stripping. These results are similar to findings from previous 

reports [437, 438]. 

 

Figure 5. 8 TEWL values of rat skin before and after MN array treatment and tape stripping (n = 6; 

mean ± SD. * p < 0.05, ** p < 0.01 indicate significant differences. 
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 Skin permeation study 

The ex vivo permeation of DexP from MN arrays over 48 h was evaluated using Franz 

diffusion apparatus. Figure 5.9 illustrates the permeation profiles of DexP delivered 

across excised rat skin using DexP MN arrays and DexP solution (n = 6). 

 

Figure 5. 9 Permeation profiles of DexP through excised rat skin from MN arrays and drug solution 

(n = 6; mean ± SD). 

According to Figure 5.9, the skin permeation of DexP within 48 h of MN application was 

significantly higher than that achieved by passive diffusion of DexP solution (p < 0.001). 

This demonstrates the excellent ability of both MN array types to rupture the outermost 

skin layer to allow the penetration of DexP across the SC. This is in accordance with the 

results already obtained for TEWL, dye-binding studies, histology and confocal 

microscopy that proved that the MN arrays have successfully disrupted the SC barrier and 

penetrated until the dermis layer. This further confirmed that the MN arrays could bypass 

the SC, leading to enhanced permeation through the skin.  
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Furthermore, between the two types of MN arrays, the skin permeation of DexP using 

Type II MN array was significantly higher (p < 0.001) compared to Type I MN array over 

a 48 h duration. At the end of 48 h, the cumulative amount of DexP permeated from the 

Type I DexP MN array was 1345.76 μg/cm2, while Type II DexP-MN array delivered 

3526.81 μg/cm2 of DexP. In contrast, passive delivery of DexP solution resulted in 

cumulative permeation of only 60.88 μg/cm2 of DexP within 48 h. The permeation flux 

was calculated to be 28.90 μg/cm2/h for the Type I MN array and 70.10 μg/cm2/h for the 

Type II MN array. DexP solution had a flux value of 1.36 μg/cm2/h. The permeability 

coefficients were 0.04 × 10-6, 1.00 × 10-6, and 2.43 × 10-6 cm/s for DexP solution, Type I 

MN array, and Type II MN array, respectively. The results further support the in vitro 

release studies, as described in Chapter 4, where Type II MN arrays demonstrated 

enhanced DexP release compared to Type I MN arrays. 

This correlates with previous reports where dissolving PMVE/MA-based MNs have 

enhanced the transdermal delivery of hydrophilic molecules by many folds [439, 440]. 

Moreover, HPMC is a hydrophilic polymer that can super-absorb water following contact 

with interstitial fluid, and swell and make gel layers around dry cores of the polymers 

matrix. Thus, HPMC increases skin hydration due to the increased diffusion of water from 

the receptor compartment, which then rapidly solubilises the polymeric MNs to release 

drug at a faster rate. Moreover, Type II DexP MN arrays contain PEG 400, which is a 

hydrophilic plasticiser. This further assisted in hydration, leading to increased drug 

permeation. In the case of Type I MN arrays, the weak interaction between PVP and PVA, 

probably, has reduced the release rate of drug by slowing down the dissolution of the MN 

arrays.  



Chapter 5                                                             Ex vivo Skin Permeation and Deposition 

169 
 

Drug permeation parameters are summarised in Table 5.2. These findings suggest the 

enhanced efficiency of DexP MN arrays for permeation and transport of DexP across the 

skin. 

Table 5. 2 Summary of DexP permeation parameters (n = 6; mean ± SD). 

Formulation 

Cumulative 

amount of DexP 

permeated in 48 h 

(μg/cm2) 

Flux 

(μg/cm2/h) 

Permeability 

co-efficient 

(cm/s) 

DexP solution  60.88 ± 12.11  1.36 ± 0.12 0.04 x 10-6 

Type I DexP MN 

array 

1345.76 ± 101.30 28.90 ± 0.86 1.00 x 10-6 

Type II DexP MN 

array 

3526.81 ± 226.32 70.10 ± 3.93 2.43 x 10-6 

 In vitro - ex vivo correlation of drug release from the MN arrays 

The total amount of drug (µg) per unit area (cm2) that permeated through the ex vivo skin 

in 48 hours was plotted against the corresponding in vitro cumulative permeation amount 

as shown in Figure 5.10. Even though the permeability of DexP across ex vivo rat skin 

was notably different as compared with the in vitro release data, there is still a really good 

correlation. Pearson correlation values of 0.9332 (Type I) and 0.9349 (Type II) were 

obtained for the MN arrays, indicating a very good correlation between the MN-based in 

vitro DexP release and ex vivo skin permeation of DexP from the MN arrays. 
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Figure 5. 10 Correlation of the in vitro cumulative amount of DexP released in 48 h and  the total amount of DexP permeated across ex vivo rat skin in 48 h (n = 6; 

mean ± SD). 
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 Skin deposition study 

The actual amount of drug that permeates through the skin is represented not only by the 

drug in the receptor compartment, but also by the amount of drug deposited in the dermis. 

This is because in vivo dermis is densely vascularised, which enables the drug to 

ultimately reach the systemic circulation. As already described, DexP is hydrolysed by 

skin esterases to the active form, Dex, in the skin layers. Therefore, we quantified the 

levels of both DexP and Dex deposited in the skin layers after 48 h and the results are 

presented in Figure 5.11. To study drug deposition in rat skin, tape stripping was used to 

separate the SC and underlying layers (epidermis and dermis), and it was observed that, 

for both passive diffusion of DexP solution and MN-mediated DexP delivery, a high 

amount of DexP was retained within the SC, which, over time, can gradually diffuse to 

reach the dermis. 
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Figure 5. 11 Skin deposition of DexP and Dex from DexP MN arrays and DexP solution in the SC and the underlying viable epidermis and dermis of excised rat skin 

(n = 6; mean ± SD). **** p < 0.0001 indicates significant differences.
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For Type I MN array, extraction of drug from the underlying skin showed 451.54 ± 

14.51 μg/cm2 of DexP and 584.30 ± 33.50 μg/cm2 of Dex and Type II MN array showed 

deposition of 724.09 ± 65.70 μg/cm2 of DexP and 926.00 ± 106.71 μg/cm2 of Dex in the 

underlying epidermis and dermis. In contrast, passive diffusion resulted in a significantly 

lesser skin deposition for both the drugs (16.89 ± 2.37 μg/cm2 and 41.70 ± 11.19 μg/cm2 

of DexP and Dex, respectively) (p < 0.0001). The data revealed that in case of passive 

diffusion, DexP initially forms a reservoir in the SC, and gradually permeates to the 

deeper skin layers. However, MNs bypass the formidable SC layer, thereby forming 

channels to the viable epidermis and upper dermis layers for an enhanced rate of 

transdermal delivery. Hence, the total amount of skin deposition of drug after MN 

treatment is almost 15-25 times higher than passive diffusion. 

 Confocal studies 

A z-stack (Figure 5.12) was conducted at a step size of 20 μm starting from the skin 

surface to the point where the fluorescent signal visually disappeared.  

 

Figure 5. 12 Illustration of CLSM-based z-stacking of the skin samples starting from skin surface 

(S1) to bottom (Sn) at a step size of 20 μm. 
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Figures 5.13A and 5.14A show the CLSM images of the rat skin after 3 h of treatment 

with Type I and Type II FS-loaded MN arrays, respectively. Strong green fluorescence 

was observed at the surrounding area of the skin puncture sites for all the FS-loaded MN 

array groups. However, the fluorescence intensity was found to be much higher in the 

case of FS-loaded Type II MN arrays compared to that in FS-loaded Type I MN arrays. 

This also conforms to the ex vivo permeation data, where, in comparison to Type I DexP 

MN arrays, a faster permeation rate and an increased cumulative amount of permeated 

drug  were found using Type II DexP MN arrays. In addition, the insertion depths of both 

the types of MN arrays were found to be shorter than the actual length of MNs. This might 

be due to the obvious deformation of skin during the insertion of the MN arrays. 

Nevertheless, the observed insertion depths are more than the thickness of the dermis 

layer of human skin. Therefore, the results suggest that the drug-loaded MN arrays can 

most likely access the deep skin layers, without causing significant damage to the skin. 

In contrast, negligible fluorescence was observed in skin samples pre-treated with blank 

MN arrays as shown in Figures 5.13B and 5.14B. Furthermore, for the control skin 

samples, treated with FS solution only, showed minimum fluorescence intensity, as 

expected. Almost no fluorescence was detected at depths more than 100 µm as shown in 

Figure 5.15. These results further confirmed the potential for enhanced transdermal drug 

delivery using the developed biodegradable MN arrays. 



Chapter 5                                                            Ex vivo Skin Permeation and Deposition 

175 
 

 

Figure 5. 13 CLSM z-stack of (A) FS-loaded Type I MN array treated skin and (B) FS solution 

application to blank Type I MN array pre-treated skin. 
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Figure 5. 14 CLSM z-stack of (A) FS-loaded Type II MN array treated skin and (B) FS solution 

application to blank Type II MN array pre-treated skin. 
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Figure 5. 15 CLSM z-stack of skin treated with FS solution. 

 Skin FTIR studies  

FTIR analysis has been successfully employed to obtain information about the lipids and 

keratin conformation in the SC and thus to investigate alterations in the molecular 

organisation of the SC [441]. Figure 5.16 shows the FTIR spectra of rat skin samples after 

48 h of treatment with both the types of MN arrays and DexP solution, respectively.  

 

Figure 5. 16 FTIR spectra of excised rat skin before and after treatment with different DexP 

containing formulations. 

The sharp peaks at around 1500-1700 cm-1 correspond to C=O stretching and N-H 

bending of the amide group, which are the key parameters frequently used to assess the 
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alteration of SC lipid content [442]. An xpanded view of the amide regions from FTIR 

spectra is presented in Figure 5.17. Compared to the DexP solution group, the MN array 

treated groups showed higher shifts, which signifies a more marked structural change of 

SC. Previous research has demonstrated that C=O and amide stretching changes are 

linked with structural alterations in SC lipid [443]. Even a shift as small as 1.0 cm-1 is 

considered to be large enough to indicate a significant alteration in the intercellular lipid 

conformation [442]. 

 

Figure 5. 17 Expanded FTIR spectra of the amide region 

The asymmetric C–H (2920 cm–1) and symmetric C–H (2850 cm–1) stretching vibrations 

are generally used as parameters to evaluate the molecular organisation of the lipid alkyl 

chains [441]. The expanded profiles of the asymmetrical and symmetrical CH stretching 

peaks from the FTIR spectra are shown in Figure 5.18. In comparison to control rat skin, 

shift of asymmetric or symmetric C–H stretching to higher wavenumber was observed in 

both DexP MN array treated skin and DexP solution treated skin. This indicates change 
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in the lipid conformation of the SC, which may have resulted from the interaction of the 

polymers of the MN arrays with the SC lipids. 

 

Figure 5. 18 Expanded FTIR spectra of CH stretching region 

5.5. Conclusions  

In this chapter, the optimised DexP MN arrays of both types were evaluated for their ex 

vivo rat skin penetration, permeation and deposition characteristics. The application of 

DexP MN arrays resulted in enhanced transdermal delivery of DexP compared with 

passive diffusion from DexP solution. Uniform and noticeable piercing of SC barrier, 

after application of MN arrays, was confirmed by dye binding, histology and TEWL 

studies. This was further confirmed by the CLSM study, in which a greater penetration 

of FS to deeper skin layers was observed using FS-loaded MN arrays, compared to the 

application of FS solution to skin pre-treated with blank MN arrays. Moreover, the MN 

arrays were found to be significantly more effective in enhancing the amount of 

permeation and skin accumulation of DexP compared with the drug solution. The FTIR 
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analysis further validated the lipid structural alterations of SC, associated with the MN 

related disruption to the SC.  

Once the fabrication of DexP MN arrays was statistically optimised (Chapter 4) and the 

ex vivo efficacies of the MN arrays have been confirmed and validated (Chapter 5), the 

next step was to evaluate the efficacy of the MN arrays in an animal model. Therefore, in 

the next chapter, the in vivo safety and efficacy of the optimised DexP MN arrays will be 

assessed in a rat model.
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Chapter 6  

Cytotoxicity and In Vivo Efficacy 

Evaluations of Microneedle Arrays 

 

6.1. Introduction 

The ex vivo evaluations of the DexP MN arrays, as described in Chapter 5, showed that 

both Type I and Type II DexP MN arrays could significantly enhance DexP permeation 

across excised rat skin, compared to passive delivery using DexP solution. Therefore, in 

this chapter, the MN arrays were tested for their in vivo safety and efficacy using an 

animal model. Prior to performing the efficacy studies on animals, the cytotoxicity effects 

and the skin irritation potential of the DexP MN arrays were examined in order to ensure 

their safe application to the animals.  

Cell culture methods are frequently applied for the initial preclinical screening of 

potential therapeutic compounds and formulations, as cultured cells can be specifically 

chosen to represent the disease of interest or its associated biochemical anomalies [444]. 

In vitro cytotoxicity assays are employed in the initial stages of preclinical studies, as the 
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findings of these studies are critical for the subsequent success of drug/formulation to 

proceed into the development process.  

The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay has been the most well-established and widely used cytotoxicity assay, since it was 

developed and introduced by Mosmann in 1983 [445]. It determines the metabolic state 

of mitochondria of the live cells, representing cell viability. The yellow tetrazolium salt, 

MTT is a water-soluble dye, which is readily taken up by viable cells and reduced by 

dehydrogenase enzymes to form water insoluble purple formazan crystals [446]. 

Formazan crystals are then dissolved using dimethyl sulfoxide and the resultant coloured 

solution is quantified by measuring absorbance at a certain wavelength using a 

spectrophotometer [447]. The greater the generation of formazan dye, the higher is the 

number of metabolically active viable cells [444]. The principle of MTT assay has been 

diagrammatically presented in Figure 6.1. MTT assay is highly sensitive and easy to 

perform, and therefore, was chosen to determine the cytotoxicity of the DexP MN arrays 

in this chapter.  

 

Figure 6. 1 Schematics of MTT assay principle [448]. 
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Different types of cell lines are used to conduct cytotoxicity assays, such as  cultured 

human keratinocytes, cultured fibroblasts from human skin, different murine cell lines 

(C3H-L, Balb/c 3T3, L929 and others), T lymphocytes from lymph nodes, and many more 

[449, 450]. However, in vitro cytotoxicity tests will be more conclusive when 

implemented with cells that are homologous with the studied human tissue [449]. 

Accordingly, the most appropriate cell lines for the use in cytotoxicity tests in relation to 

the skin would be human dermal fibroblasts and human epidermal keratinocytes.  

Fibroblasts are located in the dermis layer of the skin and their main function is to 

maintain the structural integrity of the skin [451]. Any damage or skin adversity leads to 

fibroblast proliferation and induces the release of cytokines. Keratinocytes are the most 

common cell type of the epidermis layer of the skin [451]. They are responsible for 

keratin production and to protect the body from foreign bodies and germs. Fibroblasts 

and keratinocytes can be isolated from skin biopsies and foreskin through enzymatic 

treatment of the dermis and epidermis, respectively [451].  

The evaluation of the skin irritation potential of chemicals and finished products is an 

essential part of the toxicological assessment before conducting in vivo efficacy studies 

[452]. Moreover, determining the irritant effects of newly developed formulations in 

experimental animals provides information on and protection against potential risks that 

may arise from their exposure. The macroscopic manifestations of skin irritation are 

erythema (redness) and edema (swelling). Erythema is assessed visually and edema by 

very light palpation [452]. The Draize scale is the most simple and widely used scale for 

scoring the erythema and edema responses [453].  

Acute or chronic inflammation models are widely used to investigate the changes that 

occur during the inflammatory process, and to identify potential anti-inflammatory 
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treatment strategies. Measurement of paw edema is the most commonly used method for 

evaluating artificially induced inflammation in rat model [454].  

The carrageenan-induced paw edema is a well-known acute inflammation model that is 

widely used for screening novel anti-inflammatory compounds [455]. Carrageenan is a 

family of linear sulfated polysaccharides, obtained by alkaline extraction from selective 

species of red seaweeds (e.g., Gigartinales, Rhodophyta) [456]. Structurally, it is a linear 

polysaccharide with repeating structures of altering galactose and 3,6 anhydrogalactose 

units. There are  three main types of carrageenan; lambda (λ-carrageenan), kappa (κ-

carrageenan), and iota (i-carrageenan) [456]. The lambda form (λ-carrageenan) is 

injectable to induce an inflammatory response. Inflammation induced by λ-carrageenan, 

originally described by Winter [452], is acute, nonimmune, well-researched, and highly 

reproducible. Subcutaneous injection of carrageenan results in the rapid development of 

the primary signs of inflammation (edema, hyperalgesia, and erythema), resulting from 

the action of pro-inflammatory agents. The inflammatory response is usually quantified 

by an increase in paw size (edema), which is maximal around 4-5 h post-carrageenan 

injection [457]. The carrageenan-induced inflammatory response is biphasic 

characterised by an early phase of bradykinin, serotonin, and histamine release followed 

by a delayed phase, attributed to the leukocyte infiltration and prostaglandin generation 

[457-459].  

Cytokines are small signalling proteins released by immune cells and can be considered 

the key modulators of inflammation [460]. Inflammation is characterised by an interplay 

between pro- and anti-inflammatory cytokines. Cytokines such as interleukin-1 beta (IL-

1β), tumor necrosis factor (TNF), gamma-interferon (IFN-γ), IL-6, IL-12, IL-18 and 

granulocyte-macrophage colony stimulating factor are mainly produced due to the 

upregulation of inflammatory reactions and, hence, are characterised as pro-inflammatory 
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cytokines. Whereas IL4, IL-10, IL-13, IFN-alpha and transforming growth factor-beta are 

recognised as anti-inflammatory cytokines [461]. They play a crucial role in the 

pathophysiology of various inflammatory disorders, and the changes in the level of 

cytokines directly correlate with the extent of inflammation. Therefore, the levels of 

cytokines in the serum, plasma or tissues are measured to determine the therapeutic 

efficacy of an anti-inflammatory treatment. These markers can be considered as accurate 

predictors of therapeutic effects. There are several methods of detecting and analysing 

cytokines in a sample: traditional enzyme-linked immunosorbent assay (ELISA), 

enzyme-linked immunosorbent spot (ELIspot) assays, flow cytometry, antibody 

array assays and bead-based assays [462]. Selecting a method depends upon the 

particular situation and application. Multiplex magnetic bead-based assay was selected 

for cytokine measurement in this chapter.  

6.2. Chapter aims  

The overall aim of this chapter is to evaluate the cytotoxicity and in vivo efficacy of the 

developed DexP MN arrays. The specific objectives of this chapter are summarised as: 

1. To evaluate the toxic effects of Type I and Type II DexP MN arrays on human dermal 

fibroblast cells and human keratinocytes. 

2. To investigate the in vivo skin tolerance of Type I and Type II DexP MN arrays using 

SD rats.  

3. To evaluate the in vivo anti-inflammatory efficacies of Type I and Type II DexP MN 

arrays using carrageenan-induced rat paw edema model.  
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6.3. Materials and methods  

 Materials  

Primary human dermal fibroblasts (Fbs) and human keratinocytes (HaCaT) from normal 

adult human skin were obtained from the American Type Culture Collection (ATCC, 

Rockville, MD, USA). Dulbecco’s Modified Eagle Medium (DMEM) with high glucose 

and L-glutamine, Phosphate-Buffered Saline (PBS), Non-essential Amino Acid (NEAA) 

solution, heat inactivated Fetal Bovine Serum (FBS), penicillin-streptomycin, trypsin-

EDTA were obtained from Invitrogen (Auckland, New Zealand). 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide was purchased from Sigma-Aldrich (Sigma, 

USA). Milli-Q water was obtained using a Milli-Q® water purification system from 

Millipore (Bedford, MA, USA). Other chemicals were of analytical grade. 

 Cell Culture 

The Fbs and HaCaT cells were separately cultured in complete DMEM supplemented 

with 10% FBS, 1% NEAA, and 1% penicillin-streptomycin. The cells were maintained 

in an anaerobic incubator at 37°C and 5% CO2. Cells were fed with fresh DMEM every 

2 days and they reached confluence after 5-7 days.  

When cells reached 80% confluence, they were subcultured. For subculturing, the 

medium was discarded and the cells were washed with pre-warmed PBS for removing 

the traces of serum which would inhibit the action of trypsin. The cells were then 

incubated with 0.25% trypsin-EDTA (0.2 mL/cm2) until all the cells detached and were 

observed to be floating. The same amount of FBS was added to inactivate trypsin. The 

suspended cells were collected, and the cell suspension was centrifuged at 150 × g for 10 

min. Then the trypsin-containing medium was discarded and replaced with fresh complete 
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medium. An amount of 10-20 μL was removed, and the viable cells were counted on a 

haemocytometer using trypan blue exclusion method by adding the same amount of 0.4% 

trypan blue to the cell suspension. Cells that were not stained by the dye were considered 

to be viable. The cells were then seeded into a new culture flask at a density of 

approximate 10,000 cells/cm2. For all experiments, cells used were passages 10 - 20. 

 Fabrication of MN arrays 

Type I and Type II blank and DexP MN arrays were fabricated according to the methods 

described in Chapter 4.  

 Cytotoxicity study 

Cytotoxicity effects of Type I and Type II MN arrays with and without DexP were 

assessed using Fbs and HaCaT cell lines. An MTT assay was used to evaluate cell 

viability according to the method as described by Donnelly et al. [401]. Briefly, Franz 

cell setup was utilised to mimic the actual in vivo conditions of MN application by 

exposing just the needles and not the baseplate to the receptor medium. Blank and DexP 

MN arrays were applied to artificial skin stimulant (Parafilm® M) using manual pressure 

and sandwiched between the donor and receptor compartments of the Franz cell as 

described in Section 4.3.9. In this study, the receptor medium consisted of 12 mL of 

DMEM, containing 1% penicillin-streptomycin. The Franz cells were kept under constant 

stirring at 600 rpm at 37 ± 2°C. After 48 h, the DMEM medium from the receptor was 

collected, filtered using 0.2 μm syringe filters and diluted using fresh DMEM to 50% and 

10% solutions. The 100% samples are the DMEM samples directly taken collected from 

the receptor of the Franz cells, without any further dilution.  
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For the cytotoxicity study, both the types of cells were cultured on 96-well microtiter 

plates (BD FalconTM, BD, NZ) for 24 h at 37 °C to allow attachment (Fbs: 0.1 mL 

containing approximately 5,000 cells/well; HaCaT: 0.1 mL containing approximately 

10,000 cells/well). Prior to the experiment, the cell culture medium was removed, and 

cells were washed with PBS. The cells were then exposed to the DMEM samples 

(100%, 50% and 10%), from the receptor of the Franz cells, and incubated for 24 h at 

37°C. A total of six replicates were studied for each sample, including control (sterile 

DMEM media). After incubation, the cells were washed with PBS, followed by addition 

of 20 μL of MTT (5 mg/ml) per well. After 4 h of incubation, DMSO was then added as 

a solubilizing agent, and the absorbance was determined using a plate reader 

(SpectraMax® Plus, Molecular Devices, USA) at 570 nm. Cell viability was expressed as 

the percent absorbance of treated cells relative to that obtained from untreated cells 

(control). 

 Animals 

Male SD rats (weighing 250 ± 50 g) were obtained from the Vernon Jansen Unit, The 

University of Auckland (Auckland, New Zealand). Animals were housed in standard 

environmental conditions under a 12‐hour light/dark cycle and a constant temperature of 

20 ± 1°C, with food and water ad libitum. All procedures performed in this chapter were 

approved by the Animal Ethics Committee of The University of Auckland (Reference 

number: 002267). 

 In vivo skin tolerance study  

Before the start of in vivo experiments, tolerance studies using the developed MN arrays 

were carried out to investigate if the MN arrays or the dressing triggered any irritation to 
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the rats. A Draize test [463] was selected to observe the presence of erythema and edema 

on the MN application sites. Male SD rats weighing 200 ± 50 g, were anesthetised using 

gas anaesthesia. Approximately 6 cm2 of the dorsal area of each rat was carefully shaved 

using electrical clipper, 24 h before the application of the MN arrays. Before applying the 

test materials, the shaved area of each rat was carefully examined for any signs of 

irritation or inflammation. A total of 15 rats were randomly allocated to 5 test groups of 

3 rats each, as summarised in Table 6.1.  
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Table 6. 1 Test groups for in vivo skin tolerance study. 

Group number Test description 

G1 Blank Type I MN array 

G2 Blank Type II MN array 

G3 Type I DexP MN array (Dose: 10 mg/kg body weight) 

G4 Type II DexP MN array (Dose: 10 mg/kg body weight) 

G5 Occlusive dressing 

 

The MN arrays were manually applied onto the shaved back of the anaesthetised rats 

using firm finger pressure, and secured in place for 24 h using the occlusive dressing, 

TegadermTM (3 M, St Paul, Minnesota, USA). Also, MicroporeTM (3 M, St Paul, 

Minnesota, USA) medical tape was wrapped over the back of the animals as shown in 

Figure 6.2. A magnified view of an MN array applied on the back of a rat and secured 

using TegadermTM is shown in Figure 6.3. In the occlusive dressing group (G5), 

TegadermTM dressing was applied alone onto the shaved back of the animals.  

 

Figure 6. 2 MN array application steps to an (A) anaesthetised SD rat, (B) dorsal area of each rat was 

shaved using an electrical clipper, (C) 24 h after shaving, MN array is secured using TegadermTM 

dressing and, (D) MicroporeTM tape is wrapped over to hold the MN array in place.  
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Figure 6. 3 Magnified view of DexP MN array applied onto the shaved dorsal region of SD rat and 

secured using TegadermTM dressing 

After removal at 24 h, the application sites were monitored and scored for any erythema 

and/or edema according to the Draize dermal irritation scoring criteria (Table 6.2). 

Observations continued up to 7 days post removal of the MN arrays and the occlusive 

dressing. Finally, the rats were euthanised on the 7th day using an overdose of CO2, and 

the treated skin areas were dissected out for histological examination. The skin samples 

were fixed in 10% formalin for 24 h, and embedded in paraffin. Each sample was 

sectioned at 10 µm thickness for H&E staining and observed under light microscope. 

Table 6. 2 Draize dermal irritation scoring system [453]. 

Erythema and Eschar 

Formation 

Score Edema Formation Score 

No erythema 0 No edema 0 

Very slight erythema (barely 

perceptible)  

1 Very slight edema (barely 

perceptible) 

1 

Well-defined erythema 2 Slight edema (edges of the area 

well defined by definite 

raising) 

2 

Moderate to severe erythema 3 Moderate edema (raised 

approximately 1 mm) 

3 

Severe erythema (beet- 

redness) to slight eschar 

formation (injuries in depth) 

4 Severe edema (raised more 

than 1 mm and extending 

beyond the area of exposure) 

4 
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 Rat paw edema model establishment 

The anti-inflammatory activity of the DexP MN arrays was assessed using the 

carrageenan-induced rat paw edema model. Forty-two male SD rats, weighing 250 ± 50 g, 

were randomly divided into eight groups, as described in Table 6 3. The schematic 

illustration of paw edema model induction and the timeline of this study is provided in 

Figure 6.4.  

Table 6. 3 Animal groups used for assessment of anti-inflammatory activity. 

Group Type Number of 

rats 

Normal Normal group, no disease induced, no treatment 3 

Carr Control inflammatory group, no treatment 3 

MN-I-H 
Inflammatory group treated with Type I DexP MN 

array (Dose: 10 mg/kg) 
6 

MN-II-H 
Inflammatory group treated with Type II DexP MN 

array (Dose: 10 mg/kg) 
6 

MN-I-L 
Inflammatory group treated with Type I DexP MN 

array (Dose: 4 mg/kg) 
6 

MN-II-L 
Inflammatory group treated with Type II DexP MN 

array (Dose: 4 mg/kg) 
6 

IV injection 
Inflammatory group treated with iv injection of DexP 

(Dose: 10 mg/kg) 
6 

Topical 
Inflammatory group treated with topical DexP solution 

(Dose: 10 mg/kg) 
6 
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Figure 6. 4 Schematic illustration of paw edema induction and the timeline of the study. 
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The rats were allowed to acclimatise for 7 days before the experiment. The rats were 

anesthetised using gas anaesthesia, and approximately 6 cm2 of the dorsal area of each rat 

was shaved carefully with electric clippers 1 day before the experiments. The MN arrays 

were manually applied onto a pinched area of shaved skin of anaesthetised rats by gently 

pressing for 2 min. The MN arrays were secured firmly in place with the help of 

TegadermTM dressing and MicroporeTM tape as described in Section 6.3.6. For groups, 

MN-I-H and MN-II-H, two pieces of DexP MN arrays of respective types, with a total 

equivalent Dex dose of 10 mg/kg body weight was applied on each rat. For groups MN-

I-L and MN-II-L, one piece of DexP MN array of each type, with an equivalent Dex dose 

of 4 mg/kg body weight, was applied on each rat. In the intravenous injection group, DexP 

was dissolved in normal saline and intravenously injected into the lateral tail vein of rats 

at a dose equivalent to 10 mg/kg body weight. For the topical treatment group, DexP 

solution (10 mg/kg body weight) in PBS (pH 7.4) was applied directly onto the shaved 

area of each rat. After 30 min of formulation application, acute inflammation was induced 

by subplantar injection of 0.1 mL freshly prepared carrageenan solution in normal saline 

(1% w/v) into the right hind paw of each rat. For the normal group, instead of carrageenan 

solution, 0.1 mL of normal saline was injected into the right hind paw of each rat.  

The paw thickness was measured using a Vernier caliper just before carrageenan 

injection (T0) and thereafter at predetermined time intervals of 1, 2, 3, 4, 5, 6 and 24 h 

after carrageenan injection. Blood samples were collected from the tail vein of each 

animal at 6 h and centrifuged at 1000 × g for 5 min at 4°C to separate the plasma. The 

plasma samples were stored at -80°C for the analysis of inflammatory cytokines. 
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The paw swelling (%) was calculated according to Equation 6.1 and plotted against each 

time interval. Area under the curve (AUC) was calculated to compare the efficacy of the 

formulations tested [454, 464]. 

Increase in paw edema (%)=
Paw thickness at time T-Paw thickness at time T0

Paw thickness at time T0

×100 
(6.1)  

 Histological analysis of rat paw tissues 

After 24 h of carrageenan application, the rats were euthanised, and the right hind paws 

were excised and isolated. The soft paw tissues were collected using surgical blades and 

were fixed in 10% neutral buffered formalin for 72 h, followed by parafilm embedding. 

Cross-sections of 10 µm thickness were prepared and stained with H&E for pathological 

evaluation. The H&E stained slides were observed for histological changes using an 

optical microscope (Leica DM2500).  

 Detection of plasma cytokines 

Cytokines from rat plasma (IFN-γ, IL-1β, IL-6, IL-10, IL-4, IL-13 and TNF-α) were 

measured using the Multiplex Luminex Assay (Milliplex Multiplex Assays Luminex 

xMAP, Merck, Darmstadt, Germany) with Multiplex kits (Magnetic Luminex Assay, rat 

premixed Multi-Analyte Kit, R&D Systems, Minneapolis, MN, USA). The assay 

principle is schematically illustrated in Figure 6.5.  
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Figure 6. 5 Schematic illustration of the principle of Magnetic Luminex Assay for detection of 

cytokines. This figure is created using Biorender.com.  

Each sample was run twice. The cytokines were measured following manufacturer’s 

instructions, as briefly described below.  

1. 50 µL of standard or sample plasma was added to each well in a 96-well plate. 

2. 50 µL of diluted microparticle cocktail was added to each well and incubated for 2 h 

at RT on a shaker at 800 rpm. Analyte-specific antibodies are pre-coated onto the 

magnetic microparticles embedded with fluorophores at set ratios for each unique 

microparticle region.  
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3. The liquid was removed from each well and washed using 100 µL wash buffer. 

Washing was repeated for 3 times. 

4.  50 µL biotinylated antibody cocktail specific to the analytes of interest was added to 

each well and incubated for 1 h at RT on a shaker at 800 rpm. 

5. Following a wash to remove any unbound biotinylated antibody, 50 µL streptavidin-

phycoerythrin conjugate (Streptavidin-PE), which binds to the biotinylated antibody, 

was added to each well and incubated for 30 min at RT on the shaker at 800 rpm. 

6. Following a final wash, 100 µL of wash buffer was added to each well to resuspend 

the microparticles. The plate was incubated for 2 min at RT on the shaker at 800 rpm. 

7. The plate was read within 90 min using Magpix® Analyser (Luminex). 

(A magnet in the Magpix® Analyser captures and holds the magnetic beads in a 

monolayer, while two spectrally distinct light-emitting diodes (LEDs) illuminate the 

beads. One LED identifies the analyte that is being detected and, the second LED 

determines the magnitude of the derived signal. Each well is imaged with an in-built 

camera.) 

The compositions of all the solvents and buffers are provided in the manual of the kit.  

 Statistical analysis 

All the data were expressed as mean ± SD. The statistical comparison was performed 

using one-way ANOVA test, and the difference between individual groups was evaluated 

post-hoc using Tukey’s multiple comparison tests. p values of < 0.05 were considered 

statistically significant. All statistical analysis was performed using GraphPad Prism V 

8.0.2.  
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6.4. Results and discussion 

 Cytotoxicity study 

Biodegradable MN arrays lead to skin deposition of both polymer and drug, and therefore, 

the investigation of the influence of MN arrays on cell viability and irritancy is of great 

importance. The cytotoxicity of the DexP MN arrays was evaluated using cell monolayers 

of Fbs and HaCaT cells. As depicted in Figure 6.6, no significant reduction in cell 

viability was observed for all the concentrations in both the cell types. All the groups 

exhibited cell viability higher than 90%, which prove that the MN arrays are safe and 

biocompatible. These results support the non-toxic characteristics of the excipients used 

for the fabrication of both types of MN arrays. Thus, the DexP MN arrays can be 

considered to be safe for further in vivo screening within the described range. 
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Figure 6. 6 Results from cytotoxicity studies of MN arrays (A) i) Cellular morphology observed under 

a light microscope 24 h subsequent to Type I MN exposure, ii) Percent viability of Fbs and HaCaT cells 

after exposure to Type I MN array. (B) i) Cellular morphology observed under a light microscope 24 h 

subsequent to Type II MN exposure, ii) Percent viability of Fbs and HaCaT cells after exposure to Type II 

MN array (n = 6; mean ± SD).  
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 In vivo skin tolerance study  

The erythema scores, based on Draize scoring criteria, up to 7 days post-application of 

the test formulations, have been illustrated in Figure 6.7. Figure 6.8 shows the digital 

images of rat skin before and after application of MN arrays and dressings. Slight 

erythema or redness was observed at the MN insertion sites immediately after the removal 

of MN arrays, which can be related to vasodilatation response to physical compression of 

the skin during MN array application. However, such erythema completely disappeared 

a day after the removal of the MN arrays. Moreover, rat skin is much thinner than human 

skin, so the erythema that could possibly be induced in human skin (in vivo) would be 

considerably less than that induced in rat skin. No edema or any other adverse skin 

reactions were observed until 7 days after removing the MN arrays.  

 

Figure 6. 7 Erythema score of test groups based on Draize dermal irritation scoring system (n = 6; 

mean ± SD).  
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Figure 6. 8 Digital images of rat skin from different test groups (i) before formulation application, 

(ii) immediately after formulation removal, and (iii) 7 days post formulation removal.  
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Figure 6.9 demonstrates the histological features of skin from each of the five groups of 

rats on 7th day post removal of the MN arrays. It can be observed that the skin from each 

group retained its normal histopathological integrity, with no epidermal thickness, 

hyperkeratosis in the SC or inflammatory infiltration in the dermis. This further supports 

the safety and biocompatibility of the MN arrays as well as the medicated dressing for 

their subsequent use in the in vivo experiments. 

Figure 6. 9 Representative images of H&E stained rat skin sections from different test groups, 7th day 

post formulation removal. 
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 Paw edema inhibition  

The enhanced in vivo anti-inflammatory effect of the MN arrays was confirmed using 

carrageenan-induced paw edema method. Paw swelling is one of the most important 

factors in the evaluation of inflammation severity and assists to demonstrate the efficacy 

of anti-inflammatory drugs. It was obvious that carrageenan injection to the untreated 

animals (Carr) induced acute swelling resulting in substantial increase in paw thickness, 

compared to the normal saline group (Normal), which reached its maximum value within 

4 h and the inflammation lasted for around 6 h. Figure 6.10 shows the non-inflamed paw 

(A) and inflamed paw (B), 4 h after normal saline injection and carrageenan injection, 

respectively.  

 

Figure 6. 10 Digital image of (A) non-inflamed paw and (B) inflamed paw, 4 h after normal saline 

injection and carrageenan injection, respectively. 

Representative images of the effects of different treatment groups on carrageenan-

induced rat paw edema are presented in Figure 6.11. Although the anti-

inflammatory effects of the administered formulations were visible at 2 h, there were no 
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significant differences among the treatment groups. As seen from the figure, the paw 

edema of the Type I MN array treated groups (MN-I-H and MN-I-L groups) decreased in 

4 h and was significantly different (p < 0.05) compared to the untreated inflammatory 

group (Carr).  

 

Figure 6. 11 Representative images of the hind paw of rat showing the effect of various treatments 

on carrageenan-induced paw edema, 4 h after carrageenan injection.  
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Figures 6.12 and 6.13 describe the edema formation curves in the different groups of 

animals. The dose-dependency could also be clearly observed as the animals treated with 

low DexP doses (MN-I-L and MN-II-L) showed less effectiveness in reducing edema 

formation compared to MN treatment with high DexP doses (MN-I-H and MN-II-H).  

 

Figure 6. 12 Percent increase in edema formation after treatment with different formulations (mean 

± SD, n = 3 for Normal and Carr groups and n = 6 for other groups).  

 

Figure 6. 13 Percent increase in edema formation at different time points throughout the 

experiment  (mean ± SD, n = 3 for Normal and Carr groups and n = 6 for other groups). ** p < 0.01, *** p 

< 0.001, ****p < 0.0001 indicate significant differences. 
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The AUC of edema formation also revealed the anti-inflammatory effect of the DexP MN 

array treatment (Figure 6.14). A significant (p < 0.0001) reduction in the area under the 

curve for the MN array groups was observed compared to the untreated carrageenan 

inflammatory group. Furthermore, the dose-dependent effect of DexP-MN arrays of both 

the type was also witnessed.  

These results also revealed the enhanced in vivo efficacy of the DexP-loaded MN arrays 

compared to passive delivery of topical DexP solution. These findings correlate well with 

the ex vivo permeation studies (Chapter 5), where DexP solution demonstrated 

significantly less skin permeation compared to both Type I and Type II DexP MN arrays. 

These results could confer preliminary indication for the anti-inflammatory activity of 

DexP MN arrays, which would be further confirmed after histopathological investigation 

of the inflamed rat paw edema tissues.   

 

Figure 6. 14 Area Under Curve calculation of % edema formation over time (mean ± SD, n = 3 for 

Normal and Carr groups and n = 6 for other groups.** p < 0.01, *** p < 0.001, ****p < 0.0001 indicate 

significant differences in comparison to the Carr group. 
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 Histological analysis of paw tissues  

The in vivo anti-inflammatory effects of the DexP MN arrays were further investigated 

by histological analysis of paw tissue samples. Representative images of H&E stained 

paw tissue sections from different groups are presented in Figures 6.15 and 6.16. The 

normal group, not induced with inflammation, showed normal paw tissue histology. In 

contrast, the untreated carrageenan-induced inflammatory group showed severe 

inflammatory reaction characterised by massive congestion of infiltrated neutrophils in 

dermis and subcutaneous muscles. Our results are consistent with previous studies, which 

showed increased neutrophils migration to the site of inflammation in carrageenan-

induced inflammation animal models [465, 466]. However, substantial decrease in the 

infiltration of inflammatory cells was observed for all the MN treated groups. A 

comparable reduction in the number of neutrophils was also observed in the group treated 

with IV injection. However, no reduction was observed in the DexP topical solution 

treated group, which showed marked neutrophil migration and accumulation in the paw 

tissue sections. Therefore, the histopathological evaluation clearly well-supported the 

enhanced in vivo anti-inflammatory effects of DexP MN arrays compared with topical 

DexP solution. 
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Figure 6. 15. Representative histological changes in the paws of SD rats, 24 h after injection of 

carrageenan. Black arrows represent neutrophil infiltration in the dermal layers. 
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Figure 6. 16 Representative histological changes in the paws of SD rats, 24 h after injection of 

carrageenan.  
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 Cytokine assay 

The release of pro-inflammatory and anti-inflammatory cytokines plays a vital role in 

inflammatory processes. Edema occurs due to vasodilation and increased vascular 

permeability allowing liquid extravasation. Inflammatory mediators are responsible for 

the activation of the cellular mechanism for vasodilatation and increased permeability 

[467, 468].  

Therefore, the levels of several pro-inflammatory and anti-inflammatory cytokines were 

examined in rat plasma, 6 h after carrageenan administration. Figure 6.17 illustrates the 

level of each cytokine for all the treatment groups. Results demonstrate that the 

concentrations of IFN-g, IL-1β, IL-6, and TNF-α were significantly increased (p < 0.05) 

after carrageenan-induced inflammation compared to those of the normal and that the 

DexP treated groups decreased the production of all the pro-inflammatory cytokines. The 

dose-dependent suppression of the expression of cytokines was also observed, which 

correlates with the results obtained for inhibition of paw edema. Only the DexP MN 

arrays at the dose of 10 mg/kg (MN-I-H and MN-II-H groups) were able to significantly 

(p < 0.05) reduce the amount of the cytokines, which was comparable to the effect of the 

DexP IV injection (IV group). No significant decrease (p > 0.05) in the concentrations of 

the cytokines was observed for the low dose groups (MN-I-L and MN-II-L) and the 

topical DexP solution treated group. Additionally, the levels of anti-inflammatory 

cytokines, IL-4 and IL-10 were significantly (p < 0.05) increased after carrageenan-

induced inflammation compared to those of the control, with the treatment groups 

showing further elevated levels of both the cytokines (p < 0.05). Thus, the DexP MN-

array treatment significantly downregulated the pro-inflammatory cytokines while 

upregulated the anti-inflammatory cytokines. However, there was no significant change 

(p > 0.05) in the plasma levels of IL-13 in all the groups.  
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Figure 6. 17 Effects of anti-inflammatory treatments on cytokine levels in rat plasma (mean ± SD, n 

= 3 for Normal and Carr groups and n = 6 for other groups. *p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 

0.0001 indicate significant differences in comparison to the Carr group, ns: not significant. 
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6.5. Conclusions  

In this chapter, the anti-inflammatory efficacy of DexP MN arrays was investigated. The 

MN arrays were also investigated for any potential cytotoxicity and irritation. To assess 

skin irritation of the MN arrays, the test sites were observed for erythema and edema until 

7 days post removal of the formulations. No cytotoxicity or severe skin irritation was 

found to be associated with the application of both types of MN arrays. The efficacy of 

MN arrays, with high DexP dose, to inhibit paw edema formation was comparable to that 

of intravenous DexP injection and significantly greater than topical solution (p < 0.001). 

The MN array-treated rats also showed reduced cellular infiltration on histological 

examination resulted in significant inhibitory effects against inflammatory-related 

cytokines. In summary, the findings suggested that DexP MN array could be a safe, 

effective, and patient compliant approach for the possible transdermal treatment of 

inflammatory disorders.
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Chapter 7  

General Discussion, Future 

Directions and Conclusions 

 

7.1. General Discussion 

Transdermal drug delivery is an attractive alternative route of drug administration 

compared to oral, intramuscular, and intravenous administration. It helps avoid first-pass 

metabolism and gastrointestinal degradation of drugs, though remaining reasonably 

painless and minimally invasive as compared to intramuscular and intravenous injection. 

However, the inability of most drugs to cross the formidable skin barrier at therapeutically 

relevant concentrations limits the success of transdermal drug delivery. As mentioned in 

Chapter 2, MN technology can, effectively overcome the skin barrier, by using micron-

sized needles. It, thus, increases the skin permeability of drugs and results in enhanced 

transdermal drug delivery. Dex is a highly potent and frequently used anti-inflammatory 

drug for the treatment of a wide number of local as well as systemic inflammatory 

disorders. Recently, in the RECOVERY trial, Dex has also been declared as the first drug 
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to show life-saving efficacy by significantly improving the survival of critically ill 

COVID-19 patients [13, 326]. Dex functions by suppressing inflammation and the 

immune system, both of which are triggered during COVID-19 infection. These 

conclusions also conform to the recently published findings on its efficiency to treat acute 

respiratory distress syndrome, which is the most common medical complication of severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [327]. Dex is available 

commercially as oral tablets, solutions, injectables, aerosols, and as topical formulations 

such as creams, lotions, suspensions, gels, etc. However, not all formulations are 

appropriate for controlled and systemic delivery of the drug. Additionally, many 

unwanted adverse effects, such as hypertension, hyperglycemia, and peptic ulcers, among 

others, often limit the application of Dex in prolonged therapeutic situations [14]. To 

reduce the allied complications of systemic glucocorticoid treatment, transdermal 

delivery of Dex is a better alternative [18, 469].  

To address the associated complications, this research aimed to fabricate polymeric MN 

arrays for the effective transdermal delivery of DexP, the polar prodrug form of Dex. The 

primary goals were to design, develop and characterise DexP-loaded MN arrays and 

determine their in vivo efficacy in an animal model.  

Prior to the development of drug-loaded formulations, an isocratic HPLC method was 

developed and validated to simultaneously quantify DexP and Dex. As described in 

Chapter 3, esterases present in the skin rapidly hydrolyses DexP to the active Dex form. 

Therefore, this method could be effectively used for detection and quantification of both 

the prodrug and the drug throughout the in vitro and ex vivo studies. The developed 

method was simple and rapid, without gradient elution and multiple complex extraction 

procedures. It showed good linearity and sensitivity with acceptable accuracy 

and precision. Moreover, the method could successfully separate the drug peaks from 
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interfering peaks of endogenous skin constituents. The results from the forced 

degradation studies revealed that both Dex and DexP are stable under acidic conditions 

but showed significant degradation in alkaline conditions. These findings correlated with 

previous studies [340, 470], which showed that Dex degrades to dex-enol-aldehyde under 

alkaline conditions, and DexP degrades to 6-β-hydroxydexamethasone phosphate. DexP 

was also found to be susceptible to high temperatures. 

Drug-loaded MN arrays were developed using solvent casting method as described in 

Chapter 4. Systematic design approach was utilised to optimise the final composition of 

the MN arrays, in order to achieve the desired quality attributes in the final product. 

Traditionally, formulation development involved the time-consuming OFAT approach, 

which scrutinises one factor at a time. This method is based on varying one independent 

factor while keeping other independent factors constant. In addition, the OFAT approach 

does not account for interactions between the factors, which may lead to reduced degree 

of robustness and inadequate optimisation. QbD is “a systematic approach to 

pharmaceutical development that begins with predefined objectives and emphasises 

product and process understanding and process control, based on sound science and 

quality risk management” [349]. Pharmaceutical QbD has been encouraged by FDA and 

most other regulatory agencies worldwide, recognising that a poorly designed product 

may demonstrate unsatisfactory safety and efficacy, irrespective of the number of tests or 

analyses that have been done on the final product to validate its quality. Therefore, 

“quality should be built in by design during the developmental stage”. In this research, a 

comprehensive QbD approach was used to fabricate the biodegradable MN arrays. 

Firstly, a risk assessment was conducted to determine the parameters affecting the CQAs 

of MN arrays. Secondly, optimisation of the formulation was performed using CCD. The 

MN composition was optimised to ensure optimal levels of the responses, namely 
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mechanical strength, dissolution time, and permeation flux. CCD was used to assess the 

effects of the formulation variables and their interactions on the responses. The data 

revealed that the concentrations of polymers significantly influenced the studied 

responses, whereas drug concentration did not. Two different types of MNs were finally 

optimised and fabricated using different polymeric combinations; Type I MN array is 

composed of 17.30% PVP, 13.99% PVA and 3% DexP, and Type II MN array is 

composed of 20% PMVE/MA, 0.25% HPMC concentration, 2.21% PEG 400 and 3% 

DexP. Further characterisation of the optimised formulations showed that the MNs were 

sharp with smooth edges and heights ranging between 800-900 µm. The SEM images 

clearly indicated that the optimised polymeric compositions were suitable for fabricating 

polymeric MN arrays. FTIR, DSC and XRD studies revealed that DexP was completely 

solubilised in the matrix and exists in the amorphous state inside the MN arrays. An initial 

rapid release followed by a slow and sustained release phase was observed for both types 

of MN arrays. This pattern of drug release could ensure drug delivery at a therapeutic rate 

over a prolonged period of time, without the need for frequent administration. 

Furthermore, the MNs showed satisfactory physical and chemical stability for at least six 

months at both 4°C and 30 ± 2°C/65 ± 5% RH storage conditions.  

After successful fabrication and in vitro characterisation, the optimised DexP MN arrays 

were investigated for their ex vivo permeation and deposition characteristics using excised 

SD rat skin as described in Chapter 5. Histological analysis confirmed the sharpness of 

the MNs necessary to effectively pierce the SC and showed MN penetration depths of 

approximately 200-300 μm, which is much less than the actual heights of the MNs. This 

can be due to the skin’s intrinsic viscoelastic property, which leads to resistance during 

MN insertion. This is consistent with the histological findings from previous MN related 

studies [375, 471]. As expected, MN arrays resulted in a significant enhancement in 



Chapter 7                                                         General Discussions and Future Directions 

217 
 

permeation and skin accumulation of DexP compared to that obtained with passive 

diffusion of the DexP solution. This enhanced delivery of DexP could also be explained 

by the increased TEWL values obtained, which explained the successful piercing of SC 

barrier to disturb the barrier function and generate microchannels to reach the dermis 

layer. FTIR has been widely used to study drug diffusion through the skin and the 

associated changes to the structure of lipid bilayers. FTIR results further revealed the 

alterations to the structural integrity of SC, facilitating drug partitioning into the skin and 

supporting the permeation enhancing effect of MN arrays. FTIR spectra of the MN-

treated skin showed more significant shifts in the amide and CH stretching regions 

compared to DexP solution-treated skin, explaining the greater SC disruption associated 

with MN array application. Similar results were obtained in previous studies, where MNs 

significantly enhance the delivery of active molecules across excised rat skin. This was 

further confirmed by the CLSM study. Greater penetration of FS to deeper skin layers 

was observed using FS-loaded MN arrays, compared to the application of FS solution to 

skin pretreated with blank MN arrays. The MN arrays were found to form a drug depot 

in the underlying epidermis and dermis layers, followed by a sustained release profile.  

Biocompatibility and cytotoxicity evaluation is a part of the initial assessment of medical 

devices specified by the International Organisation for Standardization (ISO) standards. 

Determination of cell viability has been widely used to measure the in vitro cytotoxicity 

of a material after direct or indirect contact with cell cultures. As the developed MN arrays 

are intended for skin application, HaCaT and Fbs cell lines were used as in vitro models 

for cytotoxicity evaluation as described in Chapter 6. Cell viability was determined by 

the calorimetric MTT assay, and the results demonstrated that both the types of DexP MN 

arrays are non-toxic towards the cultured cells. No significant difference in cell viability 

(p > 0.05) was observed among the different concentrations of DexP MN arrays. 

https://www.sciencedirect.com/topics/chemistry/cell-viability
https://www.sciencedirect.com/topics/chemistry/mtt-assay
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Additionally, there were no statistically significant differences between the blank and 

DexP MN arrays (p > 0.05) in terms of cell viability. These data confirmed the 

biocompatibility of the MN arrays and their respective constituents. The findings from 

the in vivo skin irritation study on SD rats further substantiates the non-toxic and non-

irritant behaviour of the MN arrays. This can be attributed to the well-established safety 

profiles of the polymers used in this research to fabricate the MN arrays. They have 

extensively been utilised in the formulation of conventional to advanced drug delivery 

systems and cosmetics. The anti-inflammatory efficacy of the DexP MN arrays was 

evaluated in SD rats using carrageenan-induced paw edema model as described in 

Chapter 6. The results revealed that the MN arrays demonstrated comparable anti-

inflammatory efficacy to that of intravenous DexP injection. Moreover, the MN arrays 

showed significantly superior inhibition of carrageenan-induced paw swelling compared 

to that observed with passive diffusion of DexP solution. The pharmacodynamics effects 

confirmed the results from the ex vivo skin permeation and drug distribution experiments. 

Administration of DexP MN array induced inhibition of paw edema in a dose-dependent 

manner. Interestingly, MN arrays of both types, with high DexP dose, presented 

approximately similar anti-swelling effects as seen from the AUC curve. The MN array-

treated rats also showed reduced cellular infiltration on histopathological analysis. The 

effect of MN array treatment on the production of pro-inflammatory and inflammatory 

cytokines was also investigated. As expected, carrageenan administration significantly 

increased the levels of cytokines in the blood, 6 h after administration. Previous studies 

have shown that cytokines, such as TNF-α and IL-1β are critical in leukocyte recruitment 

in the inflammation models. DexP-MN array treated groups showed markedly reduced 

levels of these pro-inflammatory cytokines. In contrast, MN array treatment resulted in 

an upregulation of anti-inflammatory cytokines, IL-4 and IL-10. Previous research has 
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demonstrated that anti-inflammatory cytokines help decrease the synthesis of 

inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, in the cell cultures of 

chondrocytes [472], and promotes anti-inflammatory effect in osteoarthritis [473, 474]. 

In summary, DexP-loaded polymeric MN arrays showed satisfactory anti-inflammatory 

efficacy in the acute inflammation model of carrageenan-induced paw edema in SD rats.   

This thesis explored the prospect of MN-based transdermal delivery of DexP. Along with 

effective delivery, drug administration via the transdermal route also leads to improved 

patient compliance. This is particularly advantageous for delivering drugs used on a long-

term basis for the treatment of  chronic conditions in paediatric and elderly patients [475, 

476]. Poor adherence to treatment limits effective management of illnesses and is a 

significant barrier to attaining positive clinical outcomes. Acceptability and preference of 

a formulation facilitate treatment adherence, and favourably assist in achieving the 

intended treatment outcomes [2]. Non-invasiveness and painlessness, compared 

particularly to needle-based injections, and easy and reliable administration technique 

increases the popularity and acceptance of MN arrays [477, 478]. Therefore, MN-based 

transdermal delivery of Dex will not only improve the treatment outcomes by increasing 

safety and efficacy but will also improve patient compliance and convenience to a great 

extent. Convenient systems such as this will ensure patients receive the maximum 

therapeutic benefit and could contribute to improved healthcare outcomes. 

7.2. Future directions 

The data obtained from this research suggested the excellent safety and efficacy of 

polymeric MN arrays for transdermal delivery of Dex. However, further studies may be 

beneficial to establish the overall effectiveness of the MN arrays, in order to ensure the 

successful clinical transition of this delivery approach.  
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The MN arrays developed in this research were fabricated using solvent casting method. 

PDMS molds were used for casting the polymeric solutions. However, the project was 

limited to one single design of PDMS mold, which prevented the fabrication of MNs with 

different shape designs, lengths, widths, and spacing. This restricted the comparison with 

other MN designs in terms of in vitro and in vivo characteristics. Therefore, further studies 

using different MN designs are encouraged. Also, evaluating the flexibility of the MN 

arrays could be useful.  

As described in Chapter 4 and 5, the DexP MN arrays demonstrated a sustained release 

of  DexP for the studied duration of 48 h. In a separate pilot study, the in vitro release 

study, using the Parafilm® M model, was continued for a long duration and the findings 

demonstrated the potential of the MN arrays to further sustain DexP release for  a 

minimum of 8 days. Therefore, future studies should investigate the  long-term efficacy 

of the MN arrays using ex vivo and in vivo models. With satisfactory outcomes and 

successful clinical translation, these MN arrays could be effectively utilised for the long-

term treatment scenarios in the future.  

Both the MN arrays demonstrated acceptable stability for six months, when stored at 4°C 

and 30 ± 2°C/65 ± 5% RH. However, further studies investigating the long-term stability 

of the DexP MN arrays, at least for 12 months, maybe useful for warranting the 

development of the final product. Furthermore, as observed from the results of the 

stability study, even negligible moisture absorption leads to reduced mechanical strength 

of the MN arrays. Therefore, stability evaluation of the MN arrays following appropriate 

storage conditions using desiccant and suitable packaging is necessitated.  

In Chapter 6, the histological evaluation of the rat paw tissues was performed to study the 

expression of pro-inflammatory and anti-inflammatory cytokines (IFN-γ, IL-1β, IL-6, IL-



Chapter 7                                                         General Discussions and Future Directions 

221 
 

10, IL-4, IL-13 and TNF-α). However, immunohistochemistry assays to evaluate the 

expression of other important pro-inflammatory proteins, such as inducible nitric oxide 

synthase (iNOS) and cyclooxygenase-2 (COX-2), might further confirm the anti-

inflammatory efficacy of the developed formulations.  

For further development, an essential factor to consider would be the sterility of the MN 

array system. It is easy to sterilise glass, metal, and silicon-based MNs. However, 

sterilising polymeric MN arrays can be very challenging, especially if loaded with 

thermolabile drugs, such as Dex. Terminal sterilisation, e.g. gamma irradiation, is a cost-

effective method of sterilisation [479]. However, previous studies have reported that it 

frequently causes rapid degradation of drugs through the generation of free radicals and 

oxidation mechanisms [480]. Aseptic processing is another approach to ensure sterility, 

and it involves preparation and assembly of the MN arrays in a sterile environment and 

sterilisation of the individual components used for fabrication, e.g. PDMS molds [480, 

481]. These factors need to be considered prior to clinical trials. Packaging of the MN 

arrays should also be considered during the development process. The packaging needs 

to be cost-effective, maintain sterility, control moisture, maintain stability of the drug and 

ensure optimum structural integrity of the MN arrays [479].  

Significant anti-inflammatory efficacy was observed for DexP MN application to inhibit 

paw edema formation in SD rats. However, all the in vivo evaluations were performed 

using one animal model, which efficiently served its purpose for this PhD project, but for 

successful clinical translation, it would be imperative to evaluate the efficacy of the MN 

arrays in larger animal models such as pigs and eventually human (with necessary ethical 

approval). While these were out of the scope of this thesis project, they are important 

considerations for future studies. 
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7.3. Final conclusions 

From the studies performed in this thesis, it can be concluded that polymeric MN 

technology could be a safe and effective approach for the transdermal delivery of Dex. 

This technology could be further investigated for the delivery of other therapeutic 

compounds to treat a wide variety of clinical conditions. Specifically, this PhD research 

found that: 

 The developed and validated HPLC method was simple, accurate, and could 

successfully detect and quantify both DexP and Dex simultaneously during in 

vitro and ex vivo studies throughout the research; 

 QbD based statistical optimisation helped in the systematic optimisation and 

fabrication of two types of DexP-loaded MN arrays using different polymeric 

compositions; 

 Both Type I and Type II  DexP MN arrays demonstrated acceptable morphology  

and mechanical properties for  skin insertion and satisfactory storage stability for 

six months at 4°C and 30 ± 2°C/65 ± 5% RH; 

 The DexP MN arrays could sustain DexP release for a prolonged duration, and 

the mechanism of release involves a combination of diffusion and erosion of the 

polymeric matrix; 

 Both Type I and Type II DexP MN arrays resulted in several folds enhanced ex 

vivo rat skin permeation and deposition of DexP, as compared to passive diffusion 

of DexP solution; 

 The cytotoxicity studies revealed the viability of fibroblasts and keratinocytes in 

the presence of MN arrays, hence confirming that the developed MN arrays are 

biocompatible; 
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 Both Type I and Type II DexP MN arrays were well-tolerated with no skin 

irritation or adverse skin reactions observed in vivo on SD rats, till 7 days post 

removal of treatment; 

 In vivo application of MN arrays to treat carrageenan-induced paw edema in rats 

showed significantly increased edema inhibition, with effects being comparable 

to intravenous DexP injection. 
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