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INTRODUCTION 

 

1.1 Statements and significance of the problems  
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1.3 Hypothesis  
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1.1 Statement and significance of the research problem 

The administration of drug by mouth, inhalation, or directly to the skin is often 

preferred to that by injection into the circulatory system.  However, while these 

delivery methods may be preferable, they do have several disadvantages over 

injections.  For instance, oral administration requires efficient absorption through the 

gastrointestinal (GI) tract and a drug must therefore be resistant to the harsh 

physicochemical environment present in both the stomach and intestines.  The oral 

delivery of drugs also tends to be first-pass metabolism within the liver, often 

reducing their bioavailability significantly.  The inhalation of aerosol drugs eliminates 

both exposure to the GI tract and first pass metabolism; however, the difficulty to 

accurately obtain meter dosage and coupling with the requirement for complex 

delivery devices, generally limits its use to drugs targeting the lungs directly [1].  

Transdermal delivery represents an attractive alternative to oral or inhalation 

delivery of drugs and is poised to also provide an alternative to hypodermic injection 

[2].  There is considerable interest in the skin as a site of drug application both for 

local and systemic effect.  Transdermal route offers several potential advantages such 

as avoidance of first pass metabolism, predictable and extended duration of activity, 

peak plasma levels of drugs are reduced, leading to decreased side effects, utility of 

short half-life drugs and low therapeutic index of drug, improving physiological and 

pharmacological response, avoiding the fluctuation in drug levels, easy termination of 

drug delivery in case of toxicity, inter and intra patient valuations, reduction of dosing 

frequency.  However, one of the major problems in transdermal drug delivery is the 

low penetration rate through the outer most layer of the skin, stratum corneum [3, 4].  

The skin is not only the largest human organ but also an excellent biological 

barrier.  The skin also prevents the loss of excessive endogenous material such as 

water.  In addition, the skin serves to reduce the damaging impact of solar UV 

radiation.  Despite being normally less than < 2 mm thin, the skin contributes around 

4% to a body weight.  Human skin may be described as a stratified organ with three 

distinct tissue layers: the epidermal, the dermis and hypodermis.  The stratum 

corneum consists of 18-21 layers of flat, roughly hexagonal cells called corneocytes 

that are constantly shed and renewed.  These keratin-rich dead cells, measuring 20-40 
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m in diameter, are interspersed within crystalline lamellar lipid matrix to assume a 

“bricks and mortar” arrangement.  The thickness of the epidermis varies from 0.06 

mm on eyelids to 0.8 mm on the soles of the feet.  Stratum corneum contains only 

20% of water and is a highly lipophilic membrane; it is 10-20 m thick depending on 

the state of hydration. Dermis is rich in blood and vessels, lymphatic vessels and 

nerve ending.  The hypodermis constitutes the deepest layer of the skin, and consists 

of the subcutaneous tissue filled with fat cells, fibroblasts and macrophages.  The 

barrier function of the skin can be attributed to the lamellar lipids that are synthesized 

in the granular layer and subsequently organized into the extracellular lipid bilayer 

domains of the stratum corneum.  The barrier function of the skin depends on specific 

ratio of various lipids present [5, 7].  One of the major problems in transdermal drug 

delivery is the low penetration rate through the outer most layer of skin.  For drug 

candidate to be well absorbed from the skin it should have a molecular weight of less 

than 0.6 kDa, and a balanced solubility in both oil and water with a log partition 

coefficient value be enhanced by adapting one or more of the several strategies [7].   

To expand the range of candidate drugs in which they can be potentially 

administered through the skin, particularly for hydrophilic drugs, and macromolecules 

including new therapeutic agents employing oligonucleotides, DNA, or vaccine, a lot 

of attempts have been made to develop the methods for increasing the skin 

permeability, including a) drug and vehicle interactions: selection of drug or product, 

ion pairs and complex, eutectic system, b) vesicle and particles: liposomes, niosomes, 

transfersomes, c) stratum corneum modification: hydration, chemical enhancers, d) 

physical enhancer: stratum corneum bypassed (microneedle array), electrically 

assisted method (ultrasound, iontophoresis, electroporation or magnetophoresis) [3].  

To date many chemical and physical enhancement techniques have been developed to 

improve bioavailability and increase the range of drug for topical and transdermal 

delivery.  Modulation of formulation excipients and addition of such as fatty acids, 

surfactants esters and alcohols that exert their action via a temporary alteration of 

barrier properties of the stratum corneum by various mechanisms including enhancing 

solubility, partitioning the stratum corneum fluidizing the crystalline structure of the 

stratum corneum and causing dissolution of stratum corneum lipids can enhance drug 
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flux.  However, due to low permeability coefficients of macromolecules, the 

enhancement effects required to ensure delivery of pharmacologically effective 

concentrations are likely to be beyond the capability of chemical enhancers tolerated 

by the skin.  Therefore, several new active transport technologies have been 

developed for the transdermal delivery of troublesome drugs as the development of 

modified novel physical techniques have overcome the limitations of chemical 

enhancement techniques [8].  Recent advances in physical enhancement techniques 

directly respond to these challenges and offer exciting and powerful strategies to 

resolve these delivery issues [9].   

Microneedles (MN) are one of the interesting physical enhancement methods.  

This method can disrupt stratum corneum barrier by creating large aqueous 

microchannels enough for molecules to pass through without skin damage [10].  

Henry et al. demonstated enhanced cutaneous penetration of a model compound using 

microneedle device consisting of an array of needles etched from silicon on a solid 

support backing [11].  An array of microneedle was embedded in cadaver skin, which 

caused skin permeability to a small model compound, calcein, to increase by three 

orders of magnitude.  These short microneedles (150 m long) did not reach nerve 

fibers and blood vessels in the underlying dermis, unlike conventional needles, and 

therefore facilitated delivery without causing pain or bleeding [12].  The concept of 

drug delivery via microneedles can be classified in 3 appraoches; 1) Poke with path 

technique utilized an array of microneedles to pierce the stratum corneum. Once the 

channels exit in the stratum corneum, a reservoir of drug is placed on the skin allowed 

to pass through the channels created by the microneedles.  2) Coat and poke technique 

involves coating the microneedle arrays with drug then inserting them into the area of 

administration.  In this approach, there is no drug reservoir; the drug solution is placed 

directly on the microneedles before insertion.  The coating solution usually contains 

drug, viscosity agent, surfactant and solvent.  Withdrawal speed, drying time, and 

temperature need to be controlled to ensure homogeneity across microneedles.  3) Dip 

and scrape technique involves dipping the microneedles into a solution of drug and 

then scraping it along the skin to from micro-abrasions.  These abrasions provide 

pathways for the drug to permeate the skin in much higher concentrations than would 

be seen by topical administration.  Microneedles design can be commonly divided 
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into 3 types, Solid microneedle, Hollow microneedle and Biodegradable 

microneedles.  Different materials have been used in the fabrication of microneedles 

including silicon (wafers), stainless steel, titanium, glass and numerous polymers.  

Microneedles are of interest primarily because they offer the promise of painless drug 

delivery [11, 13]. 

Sonophoresis, also known as phonophoresis [14], is a technique which involves 

the use of ultrasound energy as a physical enhancer to enhance skin penetration of 

drug, has also been shown to effectively deliver various types of drugs regardless of 

their electrical characteristics.  Historically, sonophoresis was first reported in the 

1950s along with other therapeutic ultrasound applications such as noninvasive 

treatment of neurological disorders including Parkinson’s disease.  Sonophoresis 

operates at frequencies in the range of 20 kHz–16 MHz and intensities up to 14 

W/cm2 to enhance skin permeability.  Numerous studies of sonophoresis have been 

shown to increase skin permeability to various drugs and therapeutic compounds [15].  

Transdermal enhancement is particularly significant higher at low frequency regimes 

(20 kHz-100 kHz) than when induced by high frequency ultrasound (1 MHz–16 

MHz) [8].  Mitragotri et al. compared a frequency of 20 kHz with a frequency of 1 

MHz in terms of the permeabilization of human cadaver skin in vitro.  Enhancement 

ratios, defined as the ratio of the sonophoresis to passive permeability, were employed 

to quantify permeabilization for butanol, corticosterone, salicylic acid, and sucrose.  

They reported that the enhancement included by 20 kHz ultrasound was up to 1000-

fold greater than that included by 1 MHz ultrasound [14].  Although sonophoresis is 

known to increase skin permeability, the fundamental mechanism is still not clearly 

understood or characterized.  Several proposed mechanisms of sonophoresis include 

thermal effects by absorption of ultrasound energy and cavitation bubbles in the 

ultrasound field.  Between these two effects, cavitation is believed to be the 

predominant mechanism responsible for sonophoresis [15].  However, sonophoresis 

can easily be coupled with other physical enhancement techniques to enhance drug 

delivery rates.  The most common type of physical enhancer that has been studies in 

combination with sonophoresis is iontophoresis, the process of increasing skin 

permeability by continuously applying a low voltage electric field across the skin 

[16].  Chen et al. evaluated the synergistic effects of low-frequency ultrasound (20 
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kHz) with microneedles for delivery of two drug types.  For delivery of calcein, they 

observed that skin permeability was enhanced up to 5 times by microneedles in 

comparison with passive diffusion, 7 times for sonophoresis, and 9 times by a 

combination low frequency ultrasound with microneedles.  Similar results were 

achieved in bovine serum albumin, increment ratios of transdermal drug delivery were 

increased 7 times by microneedles, 8.5 times by sonophoresis, and 12 times by a 

combination of low frequency ultrasound and microneedles.  These results showed the 

combination of sonophoresis and microneedles greatly enhanced transdermal drug 

delivery rates compared to passive diffusion and either microneedles or ultrasound 

alone [16, 17].  

The objective of this study is to investigate the skin permeation of fluorescein 

isothiocyanate-dextrans (FITC-dextran) (FD-4), a hydrophilic macromolecules by 

using microneedles and low frequency ultrasound, and to investigate various 

parameters of microneedles and sonophoresis affecting the skin penetration such as 

force of insertion (microneedles), ultrasound duty cycle (ratio of the time that 

ultrasound is on), amplitude, application time, and diameter of transducer.  The depth 

and size of pores on the skin after treatment with microneedles and sonophoresis is 

measured using confocal laser scanning microscope to clarify the skin permeation 

enhancement of microneedles and/or low frequency ultrasound.  

1.2 Objective of this research 

1. To investigate the parameters of microneedles and sonophoresis 

affecting in vitro skin permeation of fluorescein isothiocyanate-dextrans (FITC-

dextran), a hydrophilic macromolecules.  

2. To determine the combinational effect of microneedles and sonophoresis 

for enhanced skin permeation of hydrophilic macromolecules. 

1.3 The research hypothesis 

1. The parameters of microneedles and sonophoresis influence on the skin 

permeation of hydrophilic macromolecules. 

2. The combination of microneedles and sonophoresis can be more 

effective for skin permeation of hydrophilic macromolecules than each physical 

enhancer technique alone. 
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1.4 Scopes of research work 

1. Physical enhancer techniques used in these studies were microneedles, 

sonophoresis and boths microneedles and sonophoresis.  

2. Solid microneedles plate was prepared from acupuncture needles and 

silicone sheet. 

3. The parameters of microneedles and sonophoresis affecting skin 

permeation of hydrophilic macromolecular compounds were investigated. 

- Microneedles: force of insertion  

- Sonophoresis: % amplitude, diameter of transducer, application time, 

and continuous and discontinuous mode 

4. In vitro skin permeation studies were performed using the Franz 

diffusion cell apparatus. Fluorescein isothiocyanate (FITC)-dextrans with molecular 

weight 4 kDa (FD-4),  was used as a model of hydrophilic macromolecular 

compound. 

5. Confocal laser scanning microscopic was used to examine skin surface 

structure after microneedles and sonophoresis application. 
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2.1 The structure and function of skin 

The skin is the largest organ of the body, covering about 1-2 m2 and comprises 

approximately 12-15% of the body mass of an average person.  The primary function 

of the skin is to provide a barrier between the body and the external environment.  

This barrier protects against the permeation of ultraviolet (UV) radiation, chemicals, 

allergens and microorganisms, and the loss of moisture and body nutrients.  In 

addition, the skin has a role in homeostasis, regulating body temperature and blood 

pressure.  The skin also functions as an important sensory organ in touch with the 

environment, sensing stimulation in the form of temperature, pressure, and pain.  

While the skin provides an ideal site for administration of therapeutic compounds for 

local and systemic effects, it presents a formidable barrier to the permeation of most 

compounds [17, 18].  It would be very useful to be able to predict the rate at which 

materials penetrate the skin, to access potential toxicological hazards and also to 

improve the way in which the drugs are administered transdermal [19].  The skin 

became popular as a potential site for systemic drug delivery because it was thought 

to (a) avoid the problems of stomach emptying, pH effect, and enzyme deactivation 

associated with gastrointestinal passage; (b) to avoid hepatic first-pass metabolism; 

and (c) to enable control of input, as exemplified by termination of delivery through 

removal of the device [17].  Human skin is composed of four main regions: the 

stratum corneum, the viable epidermis, dermis, and subcutaneous tissues in Figure 2.1 

A number of appendages are associated with the skin: hair follicles and eccrine and 

apocrine sweat glands.  From a skin permeation viewpoint, the stratum corneum 

provides the main barrier and therefore the structure of this layer will be discussed in 

most detail.  The other layers and appendages contribute important functions and are 

important target sites for drug delivery. 
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Figure 2.1 Diagrammatic cross-section of human skin.  

Source: Benson, H. A. E.  (2012).  “Skin Structure, Function, and Permeation.”  In 

Transdermal and Topical Drug Delivery: Principles and Practice, 3-21. 

Edited by Benson, H. A. E., and Watkinson, A. C.  New York: John Wiley & 

Sons, Inc. 

2.1.1 The epidermis 

The epidermis is a multilayered region that varies in thickness from 

about 0.06 mm on the eyelids to about 0.8 mm on the palms of the hands and soles of 

the feet.  Each cell is approximately 40 m in diameter and 0.5 m thick.  There are 

no blood vessels in the epidermis, therefore epidermal cells must source nutrients and 

remove waste by diffusion across the epidermal–dermal layer to the cutaneous 

circulation in the dermis.  Consequently, cells loose viability with increasing distance 

from the basal layer of the epidermis.  The term “viable epidermis” is often used for 

the epidermal layers below the stratum corneum, but this terminology is questionable, 

particularly for cells in the outer layers.  The epidermis is in a constant state of 

renewal, with the formation of a new cell layer of keratinocytes at the stratum basale, 
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and the loss of their nucleus and other organelles to form desiccated, proteinaceous 

corneocytes on their journey toward desquamation, which in normal skin occurs from 

the skin surface at the same rate as formation.  Thus the structure of the epidermal 

cells changes from the stratum basale, through the stratum spinosum, stratum 

granulosum, and stratum lucidum to the outermost stratum corneum (Figure 2.2).  The 

epidermis is a stratified, squamous, keratinizing epithelium.  The keratinocytes 

comprise the major cellular component (>90%).  Keratinocytes change their shape, 

size and physical properties when migrating to the skin surface.  Other cells present 

which are present in this layer include Melanocytes, Langerhans cells and Markel 

cells, none of which appears to contribute to the physical aspects of the barrier [20].  

The skin possesses many enzymes capable of metabolizing topically applied 

compounds.  These are involved in the keratinocyte maturation and desquamation 

process, formation of natural moisturizing factor (NMF) and general homeostasis.  

While the stratum corneum provides an efficient physical barrier, when damaged, 

environmental contaminants can access the epidermis to initiate an immunological 

response. 

2.1.1.1 Stratum basale 

 The stratum basale is also referred to as the stratum 

germinativum or basal layer.  This layer contains Langerhans cells, melanocytes, 

Merkel cells, and the only cells within the epidermis that undergo cell division, 

namely keratinocytes.  The keratinocytes of the basal lamina are attached to the 

basement membrane by hemidesmosomes, which are proteinaceous anchors.  The 

absence of this effective adhesion results in rare chronic blistering diseases such as 

pemphigus and epidermolysis bullosa.  Within the epidermis, desmosomes act as 

molecular rivets, interconnecting the keratin of adjacent cells, thereby ensuring the 

structural integrity of the skin. 
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Figure 2.2 Human epidermis.  

Source: Benson, H. A. E.  (2012).  “Skin Structure, Function, and Permeation.”  In 

Transdermal and Topical Drug Delivery: Principles and Practice, 3-21. 

Edited by Benson, H. A. E., and Watkinson, A. C.  New York: John Wiley & 

Sons, Inc. 

Langerhans cells are dendritic cells and the major antigen 

presenting cells in the skin.  They are generated in the bone marrow, and migrate to 

and localize in the stratum basale region of the epidermis.  When activated by the 

binding of antigen to the cell surface, they migrate from the epidermis to the dermis 

and on to the regional lymph nodes, where they sensitize T cells to generate an 

immune response.  Langerhans cells are implicated in allergic dermatitis and are also 

a target for the mediation of enhanced immune responses in skin-applied vaccine 

delivery. 
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Melanocytes produce melanins, high molecular weight 

polymers that provide the pigmentation of the skin, hair, and eyes.  The main function 

of melanin is to protect the skin by absorbing potentially harmful UV radiation, thus 

minimizing the liberation of free-radicals in the basal layer.  Melanin is present in two 

forms: eumelanins are brown-black, whereas pheomelanins are yellow-red.  Melanin 

is synthesized from tyrosine in the melanosomes, which are membrane-bound 

organelles that are associated with the keratinocytes and widely distributed to ensure 

an even distribution of pigmentation.  Regulation of melanogenesis involves over 80 

genes, many of which have now been characterized and cloned.  Mutations in these 

genes can result in conditions such as albinism and vitiligo, production of melanin 

with reduced photoprotective effects, and they may offer immune targets for the 

management of malignant melanoma. 

Merkel cells are associated with the nerve endings and are 

concentrated in the touch-sensitive sites of the body such as the fingertips and lips.  

Their location suggests that their primary function is in cutaneous sensation. 

2.1.1.2 Stratum spinosum 

The stratum spinosum or prickle cell layer consists of the two to 

six rows of keratinocytes immediately above the basal layer.  Their morphology 

changes from columnar to polygonal, and they have an enlarged cytoplasm containing 

many organelles and filaments.  The cells contain keratin tonofilaments and are 

interconnected by desmosomes. 

2.1.1.3 Stratum granulosum 

Keratinocytes in the stratum granulosum or granular layer 

continue to differentiate.  Present are intracellular keratohyalin granules and 

membrane-coating granules containing lamellar subunits arranged in parallel stacks, 

which are believed to be the precursors of the intercellular lipid lamellae of the 

stratum corneum.  The lamellar granules also contain hydrolytic enzymes including 

stratum corneum chymotryptic enzyme (SCCE), a serine protease that has been 

associated with the desquamation process.  As the cells approach the upper layers of 
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the stratum granulosum, the lamellar granules are extruded into the intercellular 

spaces. 

2.1.1.4 Stratum lucidum 

Within the stratum lucidum the cell nuclei and other organelles 

disintegrate, keratinization increases, and the cells are flattened and compacted.  This 

layer takes on the typical structure common also to the stratum corneum of 

intracellular protein matrix and intercellular lipid lamellae, which is fundamentally 

important to the permeability barrier characteristics of the skin [18]. 

2.1.1.5 Stratum corneum 

The outermost layer, the stratum corneum (or horny layer), 

consists of 10–20 μm of high density (1.4 g/cm 3 in the dry state) and low hydration 

(10% – 20% compared with about 70% in other body tissues) cell layers.  Although 

this layer is only 10–15 cells in depth, it serves as the primary barrier of the skin, 

regulating water loss from the body, preventing permeation of potentially harmful 

substances and microorganisms from the skin surface and its low surface area for 

solute transport (it is now recognized that most solutes enter the body through the less 

than 0.1 m wide intercellular regions of the stratum corneum) [17].  The stratum 

corneum has been described as a brick wall - like structure of corneocytes as “bricks” 

in a matrix (or “mortar”) of intercellular lipids, with desmosomes acting as molecular 

rivets between the corneocytes.  While this is a useful analogy, it is important to 

recognize that the corneocytes are elongated and flattened, often up to 50 μm in length 

while only 1.5 μm thick and is more like a brick wall built by an amateur.  The 

corneocytes lack a nucleus and are composed of about 70%–80% keratin and 20% 

lipid within a cornified cell envelope (  10 nm thick) [18].  The barrier function is 

further facilitated by the continuous desquamation of this horny layer with a total 

turnover of the stratum corneum occurring once every 2–3 weeks [17].  The cornified 

cell envelope is a protein/lipid polymer structure formed just below the cytoplasmic 

membrane that subsequently resides on the exterior of the corneocytes.  It consists of 

two parts: a protein envelope and a lipid envelope.  The protein envelope is thought to 

contribute to the biomechanical properties of the cornified envelope due to cross - 
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linking of specialized structural proteins by both disulfide bonds and N - ( γ - 

glutamyl) lysine isopeptide bonds formed by transglutaminases.  Some of the 

structural proteins involved include involucrin, loricrin, small proline-rich proteins, 

keratin intermediate filaments, elafin, cystatin A, and desmosomal proteins.  It has 

been proposed that the corneocyte envelope plays an important role in the assembly of 

the intercellular lipid lamellae of the stratum corneum.  The lipid envelope comprised 

of N - ω - hydroxyceramides, which is covalently bound to the protein matrix of the 

cornified envelope, has been shown to be essential for the formation of normal 

stratum corneum intercellular lipid lamellae, and in its absence, the barrier function of 

the skin is disrupted.  Thus, the anchoring of the intercellular lipids to the corneocyte 

protein envelope is important in providing the structure and barrier function of the 

stratum corneum. 

The unique composition of the stratum corneum intercellular 

lipids and their structural arrangement in multiple lamellar layers within a continuous 

lipid domain is critical to the barrier function of the stratum corneum.  In recent years, 

our knowledge of the structure and organization of the stratum cornuem lipids has 

been greatly enhanced by a range of sophisticated visualization techniques, as its 

composition varies depending on age and location of the body [21].  The major 

components of the lipid domains are ceramides, cholesterol, free fatty acids, 

cholesterol esters, and cholesterol sulfate, with the notable absence of phospholipids.  

The lipid content varies between individuals and with anatomical site.  Ceramide 

structures are based on sphingolipids (Figure 2.3) and have been classified based on 

their polarity, with ceramide 1 being the least polar.  Ceramides account for 

approximately 50% of the total stratum corneum lipid mass [22].  New ceramide 

species continue to be identified using increasingly sophisticated analytical 

techniques.  Ceramide, in particular ceramide 2 and ceramide 5, play an important 

role in the stratum corneum’s overall lipid matrix organization and skin barrier 

function.  The ceramides are tightly packed in lipid layers due to the strong hydrogen 

bonding between opposing amide headgroups. This indicated a transverse 

organization in addition to the lateral orthorhombic chain organization of ceramide 
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molecules. This hydrogen bonding is responsible for the strength, integrity and barrier 

properties of the lipid layers in the stratum corneum [23].  The free fatty acids, which 

account for 10-15% in the stratum corneum [22], consist of a number of saturated 

long - chain acids, the most abundant being lignoceric acid (C24) and hexacosanoic 

acid (C26), with trace amounts of very long - chain (C32 - C36) saturated and 

 
Figure 2.3: Molecular structure of ceramides (CER) in human stratum corneum. 

CER1, CER4 and CER9 have an ω - hydroxy acyl chain to which a 

linoleic acid is chemically linked. 

Source: Benson, H. A. E.  (2012).  “Skin Structure, Function, and Permeation.”  In 

Transdermal and Topical Drug Delivery: Principles and Practice, 3-21. 

Edited by Benson, H. A. E., and Watkinson, A. C.  New York: John Wiley & 

Sons, Inc. 

monounsaturated free fatty acids.  The presence of cholesterol and cholesterol esters 

is likely to reduce the fluidity of the intercellular lipid lamellae in the same way as 
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incorporation of cholesterol into other lipid membranes, such as liposomes, provides a 

stabilizing effect. 

An increasing understanding of the biophysics of the stratum 

corneum intercellular lipid lamellae has been developed in recent years.  It is clear 

that the intercellular lipid lamellae that are oriented parallel to the corneocytes cell 

wall are highly structured yet exhibit heterogeneous phase behavior with multiple 

states of lipid organization.  Using X-ray diffraction, Bouwstra et al. identified two 

lamellar phases with periodicities of 6.4 (short periodicity phase, SPP) and 13.4 nm 

(long periodicity phase, LPP), together with a fluid phase.  They proposed a 

“sandwich model” consisting of three lipid layers: one narrow central lipid layer with 

fluid domains on both sides of a broad layer with a crystalline structure as most 

representative of the lamellar phase (Figure 2.4).  The lattice spacing within these 

layers has been measured and lipid packing identified as orthorhombic (crystalline), 

hexagonal (gel - like), and liquid (Figure 2.4).  These packing lattices correspond with 

low, medium, and high permeability, respectively.  Within human stratum corneum, 

the orthorhombic lattice predominates, thus providing the main contribution to the 

permeability barrier function, while a transition to the less tightly packed hexagonal 

lattice structure increases toward the skin surface and is thought to be induced by 

sebum lipids. 

The stratum corneum contains about 15%–20% water that is 

primarily associated with the keratin in the corneocytes.  Only small amounts of water 

are present in the intercellular polar head group regions.  The presence of water is 

essential to maintain the suppleness and integrity of the skin.  NMF acts as a 

humectant and plasticizer in the stratum corneum, binding water to aid swelling of the 

corneocytes.  Hydration within the stratum corneum is controlled by the conversion of 

filaggrin to NMF: conversion occurs only at high water activity, with low NMF levels 

present in corneocytes under occlusive conditions.  Rawlings and Matts have 

reviewed the role of hydration and moisturization in healthy and diseased skin states.  

Water is known to enhance skin permeability yet it has only a small presence and 

does not directly alter the organization of the intercellular lipid lamellae.  Walters and 

Roberts proposed that water induced swelling of the corneocytes acts in a similar way 
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to how the swelling of bricks in a wall could loosen the mortar, thus increasing 

permeability by loosening the lipid chains without exerting a direct effect on the lipid 

ordering [18].  

 
Figure 2.4: Lateral packing (a) and molecular arrangement (b) of stratum corneum 

lipids domains in the long periodicity phase (LPP) as determined from 

X-ray diffraction patterns.  The presence of a broad–narrow–broad 

sequence in the repeating unit of the LPP (arrows) (left panel) is in 

agreement with the broad–narrow–broad pattern found in RuO-fixed 

stratum corneum (right panel). CER1 playsan important role in dictating 

the broad–narrow–broad sequence: fluid phase in the central narrow 

band and crystallinity gradually increasing from the central layer. 

Bouwstra-proposed “sandwich model”: permits deformation as a 

consequence of shear stresses (skin elasticity) while barrier function is 

retained. 

Source: Benson, H. A. E.  (2012).  “Skin Structure, Function, and Permeation.”  In 

Transdermal and Topical Drug Delivery: Principles and Practice, 3-21. 

Edited by Benson, H. A. E., and Watkinson, A. C.  New York: John Wiley & 

Sons, Inc. 

The fact that the stratum corneum displays an acidic external 

pH (“acid mantle”) is well documented, but its origin is not fully understood.  

Extraepidermal mechanisms (including surface deposits of eccrine and sebaceous 
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gland-derived products as well as metabolites of microbial metabolism), endogenous 

catabolic processes, deamination of histidine to urocanic acid and local generation of 

protons within the lower stratum corneum could actively acidify the extracellular 

space.  These mechnisms would explan not only the pH gradient across the interstices 

of the stratum corneum, but also selective acidification of membrane microdomains 

within the lower stratum corneum.  The concept that acidification is required for 

permeability barrier homeostasis is supported by the observation that barrier recovery 

is delayed when acutely perturbed skin sites are immersed in neutral pH buffer, or 

when either the sodium-proton exchanger/antiporter or sPLA2-mediated phospholipid 

catabolism to free fatty acid is blocked.  Acidification appears to impact barrier 

homeostasis through regulation of enzymes involved in extracellular processing, such 

as -glucocerebrosidase and acidic sphingomyelinase, which exhibit acidic pH optima 

[22]. 

2.1.2 The dermis and appendages 

The dermis is the inner and larger (90%) skin layer, about 2–5 mm in 

thickness and consists of collagen fibrils that provide support, and elastic connective 

tissue that provides elasticity and flexibility, embedded within a mucopolysaccharide 

matrix.  Within this matrix is a sparse cell population, including fibroblasts that 

produce the components of the connective tissue (collagen, laminin, fibronectin, 

vitronectin), mast cells involved in immune and inflammatory response, and 

melanocytes responsible for pigment production.  Due to this structure, the dermis 

provides little barrier to the permeation of most drugs, but may reduce the permeation 

to deeper tissues of very lipophilic drugs.  A number of structures and appendages are 

contained or originate within the dermis, including blood and lymph vessels, nerve 

endings, hair follicles, sebaceous glands, and sweat glands.  The dermis can be 

divided into two anatomical region; papillary dermis and reticular dermis.  Papillary is 

the thinner outermost portion of the dermis.  Collagen and elastin fibres are mostly 

vertically oriented in the papillary region and connected with the dermal-epidermal 

junction.  In recticular dermis, fibres are horizontally oriented.  As skin is major factor 
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for the determeation of various drug delivery aspects like permeation and absorption 

of drug across the dermis [18, 20]. 

Contained within the dermis is an extensive vascular network that acts to 

regulate body temperature, provides oxygen and nutrients to and removes toxins and 

waste products from tissues, and facilitates immune response and wound repair.  In 

addition to fine capillaries, arteriovenous anastomoses are present throughout the skin.  

They permit direct shunting of up to 60% of the skin blood flow between the arteries 

and veins, thus permitting the rapid blood flow required in heat regulation.  The blood 

flow rate to the skin is about 0.05 ml min-1 cc-3 of skin [17].  This extensive blood 

supply ensures that most permeating molecules are removed from the dermo–

epidermal junction to the systemic blood supply, thus establishing a concentration 

gradient between the applied chemical on the skin surface and the dermis. 

Lymph vessels within the dermis play important roles in regulating 

interstitial pressure, mobilizing immune response and waste removal.  As they also 

extend to the dermo–epidermal junction, they can also remove permeated molecules 

from the skin.  While small molecule permeants such as water are primarily removed 

via the blood flow, it has been shown that clearance by the lymph vessels is important 

for large molecules such as interferon.  Also present in the dermis are a number of 

different types of nerve fibers supplying the skin, including those for pressure, pain, 

and temperature. 

There are three appendages that originate in the dermis: the hair follicles 

and associated sebaceous glands, eccrine, and apocrine sweat glands.  Each 

appendage has a different function as outlined in Table 2.1.  Hair follicles are present 

at a fractional area of about 1/1000 of the skin surface, except on the lips, palms of the 

hands, and soles of the feet.  The sebaceous gland associated with each hair follicle 

secretes sebum, which is composed of free fatty acids, triglycerides, and waxes show 

in Table 2.2.  Sebum protects and lubricates the skin, and maintains the skin surface at 

pH of about 5.  The erector pilorum muscle attaches the follicle to the dermis and 

allows the hair to respond to cold and fear.  Eccrine glands, present at a fractional area 

of about 1 in 10,000 of the skin surface, secrete sweat (dilute salt solution of pH about 

5) in response to exercise, high environmental temperature, and emotional stress.  
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Apocrine glands are present in the axillae, nipples, and anogenital areas, and are about 

10 times the size of eccrine glands.  Their secretion consists of “milk” protein, 

lipoproteins, and lipids [18, 20]. 

2.1.3 Subcutaneous tissue 

The subcutaneous tissue or hypodermis, the deepest layer of the skin 

which is found in between of dermis and aponeurosis and fasciae of the muscles [20], 

consists of a layer of fat cells arranged as lobules with interconnecting collagen and 

elastin fibers.  Its primary functions are heat insulation and protection against physical 

shock, while also providing energy storage that can be made available when required.  

Blood vessels and nerves connect to the skin via the hypodermis [18]. 

2.2 Skin permeation 

More recently, transdermal delivery devices, primarily patches, have been 

successfully developed for a range of disorders.  These include scopolamine for travel 

sickness, nitroglycerin for cardiovascular disorders, estradiol and testosterone for 

hormone replacement, fentanyl for pain management, nicotine for smoking cessation, 

rivastigmine for Alzheimer’s disease, and methylphenidate for attention deficit 

hyperactivity disorder (ADHD). 

Transdermal delivery offers significant advantages over oral administration due 

to minimal first-pass metabolism, avoidance of the adverse gastrointestinal 

environment, peak plasma levels of drugs are reduced, leading to decreased side 

effects, reduction of fluctuations in plasma levels of drug, utilization of drug 

candidates with short half-life and low therapeutic index, easy termination of drug 

delivery in case of toxicity and the ability to provide controlled, prolonged drug 

release and improved patient compliance and comfort via non-invasive, painless and 

simple application [8, 18, 20].  Despite these obvious advantages, the range of
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Table 2.2 Lipid composition of human sebum. 

Lipid Lumen of gland Skin surface 

Squalene 

Wax esters 

Cholesteryl esters 

Triglycerides 

Fatty acids 

Cholesterol 

15 

25 

2 

57 

0 

1 

15 

25 

2 

42 

15 

1 

Source: Walters, K. A., and Roberts, M. S.  (2002).  “The Structure and Function of 

Skin.”  In Dermatological and Transdermal Formulations, 1-14. Edited 

by.  Walters. K. A.  New York: Marcel Dekker. 

compounds that can be delivered transdermal is limited because permeability 

sufficient to provide effective therapeutic levels often cannot be achieved.  The 

outermost layer of the skin, the stratum corneum, is generally considered to be the 

main barrier to permeation of externally applied chemicals and loss of moisture 

(TEWL).  In additional, physicochemical properties of candidate drug is a limitations 

of delivery transdermal. 

2.3 Skin permeation pathways 

At the skin surface, molecules contact cellular debris, microorganisms, sebum 

and other material, with negligibly affect permeation.  A penetrant applied to the skin 

surface has three potential pathways across the epidermis: through sweat ducts, via 

hair follicles and associated sebaceous glands, or across the continuous stratum 

corneum (Figure. 2.5).  These pathways are not mutually exclusive, with most 

compounds possibly permeating the skin by a combination of pathways and the 

relative contribution of each being related to the physicochemical properties of the 

permeating molecule. 
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Figure 2.5 Diagram of skin structure and routes of drug penetration: (1) via the sweat 

ducts; (2) across the continuous stratum corneum or (3) through the hair 

follicles with their associated sebaceous glands. 

Source: Barry, B. W.  (2001).  "Novel mechanisms and devices to enable successful 

transdermal drug delivery."  European Journal of Pharmaceutics and 

Biopharmaceutics 14: 101-114. 

2.3.1. Permeation via appendages 

While it is generally accepted that the predominant permeation route is 

across the continuous stratum corneum, Scheuplein suggested that the appendageal 

route dominates during the lag phase of the diffusional process.  While the 

appendages have been considered as low resistance shunts, this is an overly simplistic 

view, as the sweat glands are filled with aqueous sweat, the follicular glands with 

lipoidal sebum (sebaceous glands) and hair follicle.  In addition, the appendages 

represent only 0.1–1% of the total skin surface area, varying from the forearm to the 

forehead.  In recent years, there has been renewed interest in targeting the skin 

appendages, in particular targeted follicular delivery.  This can be achieved by either 

manipulating the formulation or modifying the target molecule to target delivery.  

Formulation approaches have included particle-/vesicle-based dosage forms and the 

use of sebum-miscible excipients, while molecular modification involves optimizing 
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physicochemical properties such as size, lipophilicity, solubility parameter, and 

charge. 

2.3.2. Permeation via the stratum corneum: transcellular route 

The transcellular route (Figure 2.6) has been regarded by some as a polar 

route through the stratum corneum.  While the corneocytes contain an intracellular 

keratin matrix that is relatively hydrated and thus polar in nature, permeation requires 

repeated partitioning between this polar environment and the lipophilic domains 

surrounding the corneocytes.  Based on the large body of permeation data, the view of 

most skin scientists is that transport through the stratum corneum is predominantly by 

the intercellular route. 

2.3.3. Permeation via the stratum corneum: intercellular route 

While the intercellular lipid bilayers occupy only a small area of the 

stratum corneum, they provide the only continuous route through the stratum corneum 

(Fig 2.6).  Evidence of the importance of the intercellular route has been generated 

over many years.  This includes studies investigating the effects of solvents capable of 

delipidizing the stratum corneum bilayers and microscopic studies providing direct 

evidence of the histological localization of topically applied compounds.  The 

structure of the stratum corneum lipids contributes to the barrier properties of the skin.  

Within the intercellular lipid domains, transport can take place via both lipid 

(diffusion via the lipid core) and polar (diffusion via the polar head groups) pathways.  

The diffusional rate-limiting region of very polar permeants is the polar pathway of 

the stratum corneum, which is fairly independent of their partition coefficient, while 

less polar permeants probably diffuse via the lipid pathway, and their permeation 

increases with increase in lipophilicity.  Clearly the relative contribution of these three 

pathways to skin permeation will depend on the physicochemical characteristics of 

the permeant.  Most molecules penetrate through skin via intercellular micro route 

and therefore many enhancing techniques aim to disrupt or bypass its elegant 

molecular architecture [18, 24-26]. 
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Figure 2.6 Simplified diagram of stratum corneum and two microroutes of drug 

penetration. 

Source: Barry, B. W.  (2001).  "Novel mechanisms and devices to enable successful 

transdermal drug delivery."  European Journal of Pharmaceutics and 

Biopharmaceutics 14: 101-114. 

2.4. The influence of permeant physicochemical characteristic 

The permeation process involves a series of processes starting with release of 

the permeant from the dosage form, followed by diffusion into and through the 

stratum corneum, then partitioning to the more aqueous epidermal environment and 

diffusion to deeper tissues or uptake into the cutaneous circulation.  These processes 

are highly dependent on the solubility and diffusivity of the permeant within each 

environment.  Release of the permeant from the dosage form vehicle and uptake into 

the stratum corneum is dependent on the relative solubility in each environment, and 

hence the stratum corneum–vehicle partition coefficient.  The diffusion coefficient or 

speed at which the permeant moves within each environment is dependent on the 

permeant properties including the molecular size, solubility and melting point, 

ionization and potential for binding within the environment, and factors related to the 
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environment such as its viscosity and tortuosity or diffusional path length.  An ideal 

of drug that fits in the criteria of permeated to the skin as shown in Table 2.3 [3].  

Although the thickness of the stratum corneum is only 10–15 μ m, the intercellular 

route is highly tortuous and may be in excess of 150 μ m.  Given that the intercellular 

pathway is predominant, factors that influence movement into and within this 

environment are of greatest importance. 

Table 2.3 Parameters of ideal drug. 

Parameters Ideal limits 

Aqueous solubility >1 mg/ml 

Lipophilicity 10<Ko/w<1000 

Molecular weight <500 Daltons 

Melting point <200 °C 

pH of aqueous saturated solution 5-9 

Dose deliverable <10 mg/day 

Source Hiren, J.P. et al.  (2011).  “Penetration enhancers for transdermal drug delivery 

system: A review.”  IJPI’s Journal of Pharmaceutics and Cosmetology 1, 2: 68- 

80. 

The permeation of an infinite dose of a molecule applied to the skin surface in 

an in vitro experiment can be measured over time and plotted as cumulative amount 

permeating (Q) versus time.  Steady-state permeation or flux (J) can be viewed fairly 

simplistically based on Fick’s laws of diffusion: 

 

h
DCvJ

dt
dQ  (1) 

 

where Q is the amount permeating a unit area of skin, D is the diffusion coefficient of 

the permeant in the skin, P is the partition coefficient between the stratum corneum 

and the vehicle, Cv is the applied concentration of permeant, and h is the diffusional 

path length.  As the stratum corneum is the main barrier for most permeants, diffusion 
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coefficient within and the path length of the intercellular route through the stratum 

corneum are most relevant. 

A number of groups have developed more complex mathematical approaches to 

describe and/or predict skin permeation under a range of conditions and readers are 

referred to some of the more recent reviews of this area.  These models take into 

account key parameters such as partition coefficient, molecular size and aqueous 

solubility, and other factors such as ionization and permeant binding within the 

stratum corneum. 

a) Partition coefficient 

The first step in the skin transport process is partitioning of the permeant 

from the applied vehicle to the intercellular lipid domains of the stratum corneum, 

followed by diffusion within this relatively lipophilic environment.  Many studies 

have demonstrated that increasing lipophilicity increases skin permeation, with log P 

(o/w) of 2–3 being optimal.  It is likely that these molecules with intermediate 

lipophilicity can permeate via both the lipid and polar microenvironments within the 

intercellular route.  Very lipophilic molecules will have high solubility in the 

intercellular lipids but will not readily partition from the stratum corneum to the more 

aqueous viable epidermis, thus limiting their skin permeation rate. 

b) Molecular size 

The size and shape of the permeant will influence the diffusivity within the 

stratum corneum.  It has been shown that there is an inverse relationship between 

permeant size and skin permeation.  As a general rule, permeants selected for topical 

and transdermal delivery tend to be less than 500 Da, as larger molecules permeate 

poorly.  Consequently, although molecular size is important and is incorporated as a 

parameter in many mathematical models, when considering the physicochemical 

factors influencing permeation of the molecules that tend to be applied to the skin 

(generally in the sub 500 Da range), other factors such as partition coefficient and 

ionization are more influential.  It is important to note that large molecules such as 

proteins and peptides are not good candidates for topical and transdermal delivery 

unless their transport can be facilitated (usually by physical disruption of the barrier). 
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c) Solubility 

The solubility of the permeant in the intercellular pathway will influence 

the diffusion coefficient within the stratum corneum.  Lipophilic compounds have 

increased solubility in the intercellular domains and thus increased flux.  However, 

the skin permeation rate is also dependent on the concentration of soluble permeant in 

the applied vehicle.  Thus, if a lipophilic compound has limited solubility in a topical 

vehicle, the compound may readily partition into the stratum corneum, resulting in 

depletion in the vehicle and thus reducing permeant flux.  Therefore, the ideal 

permeant requires lipid solubility (high diffusion coefficient) but also reasonable 

aqueous solubility (high donor concentration) to maximize flux.  In mathematical 

models, melting point is frequently used as a predictor of aqueous solubility.  

d) Hydration 

Increasing stratum corneum hydration increases skin permeability.  Indeed, 

water is considered to be a natural skin penetration enhancer in topical formulation.  

This has been applied in the use of transdermal patches, occlusive dressings (e.g., 

Tegaderm dressing with EMLA ™ cream; Tegaderm, 3M, Maplewood, MN; EMLA, 

AstraZeneca, Wilmington, DE), and occlusive or hydrating topical formulations.  The 

formulation of topical and transdermal products, and their influence on skin hydration 

and permeability [18]. 

2.5. Skin penetration enhancement techniques 

At the present numerous methods of overcoming the skin barrier have been 

described.  Enhancers increase the penetration of permeants by disrupting the 

structure of skin’s outer layer i.e. stratum corneum and increasing penetrant solubility.  

Disruption either by means of chemical which may affect both the intracellular and 

extracellular structure.  Disruption may be due to protein denaturation, fluidization 

and randomization of intercellular lipids or intercellular delamization and expansion.  

They can be divided in to three main categories defined as particulate system, 

chemical enhancers and physical enhancers.   
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2.5.1. Particulate system  

The enhancers of transdermal drug delivery system are liposomes, 

microemulsion, transfersome, niosomes and nanoplarticles are the examples of 

particulate mean of enhancement. 

2.5.2. Chemical enhancers 

The enhancers of transdermal drug delivery system by means of 

chemicals are ethanol, sulphoxides, glycols, alkanols, terpenes, azones, urea etc.  

Chemicals that promote the penetration of topically applied drugs are commonly 

referred to as accelerants, absorption promoters, or penetration enhancers.  Chemical 

enhancers include compounds that interact with the lipid matrix of the stratum 

corneum to alter its nanostructure.  Moreover, surfactant, such as sodium dodecyl 

(lauryl) sulfate and vehicles extract lipids and create extensive expansion of pre-

existing lacunar domains.  Chemical enhancers act by increasing the drug 

permeability through the skin by causing reversible damage to the stratum corneum 

and by increasing the partition coefficient of the drug to promote its release from the 

vehicle into the skin.  But they have generally been unable to significantly impact 

delivery of new classes of molecules or macromolecules such as protein, gene-based 

medicines and vaccines.  The advantages of chemical enhancers are that they are 

typically low cost can be incorporated into a conventional patch or topical 

formulation, and do not require the complexity of a battery-power device. The 

primary disadvantage of chemical enhancers is that they are often associated with skin 

irritation or toxicity when present at high concentrations and with long exposure times 

[20, 21].  

2.5.3. Physical enhancers 

There are a numerous of physical methods to increase drug delivery via 

the skin, many of which require the use of devices and some of which hold the 

promise to significantly expand the spectrum of drugs that can be administered 

transdermal to include water-soluble molecules and macromolecules.  The enhancers 

of transdermal drug delivery system are the microneedle, ultrasound (sonophoresis), 

iontophoresis, electrophoresis techniques are examples of physical means of 
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enhancement that have been used for enhancing percutaneous penetration (and 

absorption) of various types of therapeutic agents [20, 21]. 

While all these enhancers have been individually shown to enhance 

transdermal drug transport, their combinations have been hypothesized to be more 

effective compared to each of them alone.  At the present several papers have been 

published to support this hypothesis.  Specially, the following combinations have 

been used for transdermal drug delivery such as chemical + iontophoresis, chemical + 

electroporation, electropolation + iontoporation, chemical + ultrasound, iontoporation 

+ ultrasound or electroporation + ultrasound.  In addition to increasing transdermal 

transport, a combination of enhancers should also reduce the severity of the enhancers 

required to achieve the desirable drug flux.  Specifically, the enhancement induced by 

these enhancers depends on their strength.  However, the highest strength of the 

enhancers that can be applied on the skin is typically limited by safety.  By combining 

two or more enhancers, one can reduce the strength of individual enhancers required 

to achieve the desired enhancement.  Hence, a combination of two or more enhancer 

may not only increase the total enhancement, but can also increase the safety of 

enhancers [27]. 

2.6 Microneedles 

The concept of an array of miniaturized needles for drug delivery purposed 

essentially dates back to 1976 and a patent (filed 1971) from Gerstel and Place at Alza 

corp.  In this patent, a drug delivery device featuring miniaturized projections (i.e. 

microneedles) and a drug reservoir is claimed.  The needles are small enough to 

penetrate only the stratum corneum and can be either solid or hollow.  Delivery from 

the device may occur through diffusion or through convection by applying a force to 

the backing of the reservoir.  Figure 2.7 shows a drawing from the original document 

illustrating the device.  To insert microneedle arrays with a large number of needles 

into the skin without using a special insertion tool (e.g.  a high-velocity plunger), the 

insertion force needed to pierce the tissue has to be minimized.  In addition, since the 

patch is aimed to deliver drugs, it should penetrate regardless of skin type or age of 

the subject, or the present humidity.  All these factors may change the needed 
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penetration force considerably.  Thus, it is reasonable to believe that safety margins of 

3–5 times may be required, in Davis et al. study, penetration of microneedles into the 

skin is strongly linked to the interfacial area between the microneedles and the skin.  

A small interfacial area gives a low insertion force.  In other words, a sharp needle, 

where the interfacial area is minimal, will penetrate the tissue better than a blunt 

needle [28].  Microneedles can be fabricated in a number of different ways using a 

variety of materials to produce a range of different geometries, including both solid 

and hollow needles.  Initial studies emphasized solid needles made of silicon, but 

more recent efforts have shifted to hollow needles made of polymer or metal to pierce 

the skin for drug release from a patch or to delivery drug from a coating on the needle 

itself [29].  The advantages and disadvantages of microneedles are summarized in 

Table 2.4 [28-30] 

 
Figure 2.7 A microneedle-based transdermal patch from the patent of Gerstel and 

Place 

Source: Pawar, R. G. et al.  (2012).  "Microneedles: novel approach to transdermal 

drug delivery system "  Journal of Drug Delivery & Therapeutics 2, 1: 76-

80. 

Table 2.4 Advantages and disadvantages of microneedles. 

Advantages Disadvantages 
 Reduces the chance of pain, infection and 

injury 
 Lead to great patient satisfaction 
 Frequency dosage is not required 
 Avoidance of first-pass metabolism 
 Rapid penetration of drugs into the 

systemic circulation 
 By pass the gastrointestinal tract 

 The needles are very small and much 
thinner than the diameter of hair, so the 
tips of microneedle can be broken off and 
left under the skin 

 Difficult to apply on the skin 
 Skin irritation may result because of 

allergy or sensitive skin 
 Local inflammation may result it the 
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 Controlled delivery of small molecules, 
macromolecules, vaccines, or nuclei 
acids into the viable epidermis 

 A relatively large surface area can be 
treated 

 Singles-use needles are easily disposable 
and potentially biodegradable. 

 Minimally invasive 
 Drug can be administered at constant rate 

for a longer period 
 Easy to use  
 Enabling continuous and sustained 

delivery at therapeutic levels 
 Controlled release 
 Safety handling 

amount of drug is high under the skin 

 

2.6.1 Mechanism of microneedles 

The mechanism of action depends on the microneedles design and is 

summarized in (Figure 2.8).  All types of microneedles are typically fabricated as an 

array of up to hundreds of microneedles over a base substrate [30].  A number of 

delivery strategies have been employed to use the microneedles for transdermal drug 

delivery.  These are as follows 

2.6.1.1 Poke with patch approach: It involves piercing an array of 

solid microneedles into the skin followed by application of the drug patch at the 

treated site.  Transport of drug across skin can occur by diffusion [30].  

2.6.1.2 Coat and poke approach: In this approach needles are first 

coated with the drug and then inserted into the skin for drug release by dissolution.  

The entire drug to be delivered is coated on the needle itself [30].  In this technique, 

withdrawal speed, drying time, and temperature need to be controlled to ensure 

homogeneity across microneedles [13]. 

2.6.1.3 Biodegradable microneedles: It involves encapsulating the 

drug within the biodegradable, polymeric microneedles, followed by the insertion into 

the skin for a controlled drug release. 

2.6.1.4 Hollow microneedles: It involves injecting the drug through 

the needle with a hollow bore.  This approach is more suggestive of an injection than 

a patch. 
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2.6.1.5 Dip and scrape: Bring microneedles are first dipped into a 

drug solution and then scraped across the skin surface to leave behind the drug within 

the microabrasions created by the needles [30, 31].  These abrasions provide pathways 

for the drug to permeate the skin in much higher concentration than would be seen by 

topical administration [13]. 

2.6.2 Materials used for fabrications 

2.6.2.1 Silicon: One of first the microneedles, although not 

transdermal, was presented 1993 by Dizon et al., were fabricated using silicon to have 

sharp and hard microneedles because of greater mechanical strength.  The array, 

featuring pyramidal-shaped silicon spikes at densities of thousands per square 

centimeter, represents one of the most basic designs of microneedles.  The needles are 

etched in potassium hydroxide (KOH) solution and the geometry is defined by 

controlled undercutting of the etch mask in combination with the anisotropic etch 

rates in monocrystalline silicon.  Through the controlled etch (with intersecting crystal 

planes), the needles have an extremely sharp apex with a tip radius below 100 nm 

[28].  Fabrication by microneedles is costly because it requires clean room 

microfabrication for processing.  Silicon is brittle and can break [30]. 

2.6.2.2 Metal: Metal is used for fabrication as they have good 

mechanical strength, cost is low, metal used are stainless steel, titanium, nickel and 

iron.  Titanium is generally used for its biocompatible characteristic.  They are 

already approved by the FDA.   

2.6.2.3 Glass: Glass is physically capable of insertion into the tissue 

and it has high drug loading capacity and one can see how much amount of drug 

delivered after use.  Applications also have used glass to fabricate microneedles for 

the variety in designs and geometries. 

2.6.2.4 Polymer: Biogradable polymer used are polylactic acid and 

polyglycolic acid and Engineer plastics, such as polycarbonate and paralyne because 

they are cost effective, given the low cost of many bulk polymers and the possibility 

of mass production by adapting existing molding and surface modification process for 

continuous, high-speed fabrication.  However, they are generally weaker than those 
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prepared silicon or metal and to improve safety in the event microneedles breaks off 

in the skin, biodegradable needles can be used to encapsulate drugs within the needle 

matrix for rapid or controlled release drug delivery. [29-31].   

 

Figure 2.8 Schematic representation of different microneedle designs for transdermal 

drug delivery: A) solid microneedles, B) solid microneedles coated with 

dry drugs, C) polymeric microneedles with encapsulated drug or vaccine 

and D) hollow microneedles for injection of drug solution 

Source: More, S., Ghadge, T., and Dhole, S.  (2013).  "Microneedle: an Advanced 

Technique in Transdermal Drug Delivery System."  Asian Journal of 

Research in Pharmaceutical Sciences 3, 2: 141-148. 
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2.6.3 Microneedle types: Classification depends upon the fabrication process 

2.6.3.1 Solid microneedles: Solid microneedles are fabricated in 750-

1000 μm in length 15-20° tappered tip angle.  Microneedles geometry and height 

have been varied to further strengthen and sharpen the tip, reducing both the force 

required for microneedles insertion and the probability of microneedles breakage [13].  

They could eventually be used with drug patches to increase diffusion rates.  Increase 

the permeability by pocking the holes in skin, rub drug over area or coat needle with 

drug.  Wear time is short, ranging from 30 seconds to 10 minutes [30]. 

 
Figure 2.9 Solid microneedles 

Source: More, S., Ghadge, T., and Dhole, S.  (2013).  "Microneedle: an Advanced 

Technique in Transdermal Drug Delivery System."  Asian Journal of 

Research in Pharmaceutical Sciences 3, 2: 141-148. 

2.6.3.2 Hollow microneedles: The first hollow out-of-plane 

microneedles were presented by McAllister et al. in 1999.  They are fabricated with 

lumen diameter 30 μm and height 250 μm and used continuously to carry the drug in 

to the body by diffusion.  The apparent advantage of this is that large amount of drug 

are delivered to obtain therapeutic effect.  Hollow microneedles is also used to 

remove the fluid from the body for analysis such as blood glucose measurements and 

then supply microliter volumes of insulin or the other drug as required.  The hollow 

needles designs include tapers and beveled tips, and could eventually be used to 

delivery microliter quantities of drugs to very specific locations [30].  Additionally, 

pressure-driven delivery adds the possibility to precisely steer the flow rate and to 
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obtain a more controlled delivery [28].  The researchers demonstrated that an array of 

400 microneedles can be used to pierce human skin delivering drug macromolecules.  

Very small microneedles could provide highly targeted drug administration to 

individual cells.  These are capable of very accurate dosing, complex release patterns, 

local delivery and biological drug stability enhancement by storing in a micro volume 

that can be precisely controlled [31]. 

 
Figure 2.10 Hollow microneedles 

Source: More, S., Ghadge, T., and Dhole, S.  (2013).  "Microneedle: an Advanced 

Technique in Transdermal Drug Delivery System."  Asian Journal of 

Research in Pharmaceutical Sciences 3, 2: 141-148. 

De, P. K., and Biswas, K.  (2012).  "Microneedle: an advanced technology of 

transdermal application."  International Journal of Pharmaceutical 

Research and Development 4, 1: 57-66. 

2.6.3 Application of microneedles 

Microneedles have been used in many different applications, ranging 

from neurostimulation to gene delivery into individual cells.  A common goal is to 

create a pathway to an object by physically circumventing some kind of barrier.  In 

most applications this barrier is the skin.  The rationale of using microneedles, as 

opposed to macroscale devices, is motivated either by the size of the target or the 

benefit of piercing in a minimally invasive manner [28].  Various scientific groups 

have demonstrated delivery of high molecular weight compounds such as insulin 

delivery, insulin is one of the most challenging drug of all times for the drug delivery 

technologists.  Martano et al. used micro arrays for the delivery of insulin to diabetic 
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hairless rats.  Solid microneedles of stainless steel having 1 mm length and tip width 

of 75 μm were inserted into the rat skin and delivered insulin using poke with patch 

approach.  Over a period of 4 h, blood glucose level steadily decreased by as much as 

80% with the decrease in glucose level being dependent on the insulin concentration 

[30].  The hollow microneedles technique has also been used for delivering insulin.  

McAllister et al. demonstrated a 70% drop in blood glucose level over a period of 5 h 

after insertion-loaded single glass microneedles into diabetic hairless rat skin.  

Although, the results of this study are inherently weaker than their solid counterparts, 

therefore making their design and fabrication is difficult.  However, Nordquist et al. 

that offers the possibility of insulin delivery that can not only be controlled but also 

exhibits patient compliance.  Another study of insulin delivery by microneedles was 

shown by Ito et al. who designed self-dissolving insulin-loaded microneedles.  The 

self-dissolving insulin-loaded microneedles were derived from dextrin and shown a 

dose-dependent hypoglycemic effect in mice with insulin physiological availabilities 

of 97.7%, 93.3% and 91.3% at dose of 0.5, 1.0, and 2.5 IU/kg, respectively [13].  

Next, DNA vaccine delivery, the cells of Langerhans present in the skin serve as the 

first level of immune defense of the body to the pathogens invading from the 

environment.  These cells locate the antigens from the pathogens and present them to 

T-lymphocytes, which in turn stimulate the production of antibodies.  Mikszta et al. 

reported the delivery of a DNA vaccine using microneedles technology prepared with 

the dip and scrape approach.  The arrays were dipped into a solution of DNA and 

scrapped multiple times across the skin of mice in vivo.  Expression of luciferase 

reporter gene was increased by 2800 folds using microneedles arrays.  In addition, 

microneedles delivery induced immune responses were stronger and less variable 

compared to that induced by the hypodermic injections.  Another sample 

macromolecule delivery is desmopressin delivery, Cormier, M. et al. examined the 

use of microneedles to deliver desmopressin, a potent peptide hormone used in the 

treatment of nocturnal enuresis in young children, as well as for the treatment of 

diabetes insipidus and haemophilia A.  Microneedles were coated by an aqueous film 

coating of desmopressin acetate on titanium microneedles of length 200 μm, a 

maximal width of 170 μm and a thickness of 35 μm.  Microneedle patch was inserted 
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into the skin with the help of an impact applicator.  A target dose of 20 μg of 

desmopressin was delivered to hairless guinea pig from 2 cm2 microneedles array 

within 15 min.  The next is protein and peptide vaccine delivery, Matriano et al. 

examined the use of microneedles to deliver ovalbumin as a model protein antigen 

coated onto the needle surface.  Microneedles were prepared with a dry-film coating 

of antigen and then inserted into the skin of hairless guinea pigs in vivo using a high 

velocity injector.  Insertion depth was shown to average 100 Am, with 300 Am as the 

maximum depth.  A range of doses was given by varying the antigen solution 

concentration coated onto the needles and the number of needles used.  Antigen 

release from the needle surface was found to occur quickly, where up to 20 Ag could 

be released within 5s.  Using a prime-plus-boost protocol, antibody responses were 

found to be similar for microneedles delivery and intradermal injection, and up to 50-

folds greater than subcutaneous or intramuscular injection of the same antigen doses.  

The greater immune responses to the two intracutaneous delivery methods is proposed 

to be caused by the presence of antigen presenting Langerhans cells in the basal 

epidermis.  Coating microneedles with both antigen and a glucosaminyl muramyl 

dipeptide adjuvant increased antibody responses further [30].  Other large molecular 

weight compounds such as human growth hormone, oligonucleotides, Bovine serum 

albumin (BSA) have also been delivered successfully by the microneedles approach.  

Besides systemic and local delivery of the active substance at tissue and organ level, 

microneedles can also be used to delivery drug at the cellular level.  Molecules to be 

delivered are either coated on to probes or the active substances are in the solution 

around the cells when microprobes are inserted.  Microprobes have been reported to 

deliver genetic material into plant, nematode, and mammalian cells [13]. 

The microneedles require a very low insertion force to be inserted into skin, 

potentially allowing arrays with hundreds of such microneedles to be inserted into 

skin by hand without any aids.  It can penetrate human skin in vivo at clinically 

relevant sites.  It can be hermetically sealed through thin membranes and be opened at 

the time of delivery by applying pressure or inserting the sealed needles into skin 

tissue.  It can be fabricated with high process yield.  Microneedles also combine the 

advantages of transdermal patch as well as needles [28]. 
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Optimal design of microneedles requires balancing a number of different 

constraints.  Microneedles need to be made using cost-effective and large-scale 

manufacturing that is capable of making the desired needle geometry.  Microneedles 

also need to be made from a material that is strong enough to insert into skin without 

breaking, safe for the skin, nondamaging to the drug, and manufacturable.  

Microneedles should have a geometry small enough to avoid causing pain, but large 

enough to be easily inserted into the skin without expert handling.  They should be 

integrated into a device that facilitates drug storage, needle insertion, and patient 

convenience.  Finally, microneedles must deliver the correct drug dose with the 

correct pharmacokinetics [22]. 

2.7 Sonophoresis 

The use of ultrasound to deliver therapeutic compounds through the skin is 

generally referred to as sonophoresis (also known as phonophoresis), and dates back 

to the 1950s.  In these early studies, the most common applications involved the use 

of therapeutic such as noninvasive treatment of neurological disorders including 

Parkinson’s disease [15] or high-frequency sonophoresis (HFS, frequencies ≥0.7 

MHz) for the local delivery of corticosteroids.  Ultrasound has been used in the 

medical field for several decades and can be divided into three major categories; (i) 

high frequency (2-10 MHz) or diagnostic ultrasound, (ii) medium frequency (0.7-2 

MHz) or therapeutic and (iii) low frequency (5-100 kHz) or power [32].  Mitragotri et 

al. hypothesized that low-frequency sonophoresis (LFS), in the range of 20–100 kHz, 

should be more effective than HFS in enhancing skin permeability.  In these studies, it 

was shown that LFS at 20 kHz is up to three orders of magnitude more effective than 

HFS at 1 MHz.  In the past decade, research has focused primarily on the use of LFS 

for transdermal drug delivery, due to the much greater enhancement ratios attained at 

these lower frequencies [16].   

An ultrasound wave is a longitudinal compression wave with frequency above 

that of the audible range of human hearing (above 20 kHz) and is created by first 

generating an electric signal which is subsequently amplified before being sent to the 

ultrasound horn.  Once the electric signal reaches the ultrasound horn, it is converted 
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into a mechanical wave by piezoelectric crystals (which change their static 

dimensions in response to an electric field through the tip of the transducer, which is 

then transmitted to the desired medium.  Sound waves propagate by causing local 

oscillatory motion of particles through the medium through which they are traveling.  

As the wave displaces particles at a given location, the local density and pressure of 

the medium increase or decrease depending on whether that location is in a 

rarefaction (low pressure) or compression (high pressure) cycle of the wave.  Many 

interesting phenomena occur in aqueous solution [16, 32]. Advantages and 

disadvantages of sonophoresis are shown in Table 2.5. 

Table 2.5 Advantages and disadvantages of sonophoresis. 

Advantages Disadvantages 
 Enhanced drug penetration (of selected 

drugs) over passive transport 
 Allows strict control of transdermal 

penetration rates 
 Permits rapid termination of drug delivery 

through termination of ultrasound 
 Skin remain intact, therefore low risk of 

introducing infection 
 Less anxiety provoking or painful than 

injection 
 In many case, greater patient satisfaction 
 Not immunologically sensitizing 
 Less risk of system absorption than 

injection 

 Can be time-consuming to administer 
 Minor tingling, irritation, and burning 

have been reported (these effects can often 
be minimized or eradicated with paper 
ultrasound adjustment) 

 SC must be intact for effective drug 
penetration 

Source: Escobar-Chavez, J., D. et al.  (2009).  "The use of sonophoresis in the 

administration of drugs throughout the skin."  Journal of Pharmacy and 

Pharmaceutical Sciences 12, 1: 88-115. 

2.7.1 Mechanism of sonophoresis 

Although sonophoresis is known to increase skin permeability, the 

fundamental mechanism is still not clearly understood or characterized.  Several 

proposed mechanisms of sonophoresis include thermal effects by absorption of 

ultrasound energy and cavitation effects caused by collapse and oscillation of 

cavitation bubbles in the ultrasound field.  Between these two effects, cavitation is 

believed to be the predominant mechanism responsible for sonophoresis. 
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2.7.1.1  Thermal effects: When ultrasound passes through a medium, 

energy is partially absorbed.  In the human body, ultrasound energy absorbed by 

tissue causes a local temperature increase that is dependent upon ultrasound 

frequency, intensity, area of the ultrasound beam, duration of exposure [32], and the 

rate of heat removal by blood flow or conduction.  The resultant temperature increase 

of the skin may enhance permeability due to i) an increase in diffusivity of the skin, 

ii) dilating points of entry of the skin (e.g., hair follicles and sweat glands), iii) 

facilitating drug absorption, and iv) enhancing circulation of blood in the treated area 

[15].  However, thermal effects have therefore been shown not to play a significant 

role in low frequency sonophoresis studies.  For example, Polat et al. have shown that 

heating a solution to 37°C does not increase the skin uptake of sodium lauryl sulfate 

(SLS) to a statistically significant extent, compared to controls at 25°C, in 20 min of 

exposure (a typical duration for an in vitro low frequency sonophoresis treatment, 

with replacement of the coupling every 2 min).   

2.7.1.2 Cavitation: Cavitation refers to the creation of cavities as well 

as expansion, contraction, and distortion of pre-existing gaseous bubbles in coupling 

medium.  Acoustic cavitation occurs due to the nucleation of small gaseous cavities 

during acoustic pressure cycles.  The likelihood of cavitation occurrence is closely 

related to ultrasound frequency as well as bubble characteristics such as size and 

shape.  Since cavitation nuclei in biologic environments are random in size, type, and 

shape, the likelihood of cavitation is unpredictable.  Cavitation can be further 

classified into two categories, stable and inertial cavitation, according to the activity 

of gaseous bubbles in relation to the acoustic field [16]. 

2.7.1.2.1 Stable cavitation: Stable cavitation corresponds to 

a continuous oscillation of bubbles around the equilibrium radius in response to 

relatively lower acoustic pressures in an acoustic field.  Bubble oscillation around 

asymmetric boundary conditions by stable cavitation leads to a phenomenon called 

microstreaming, which can generate high velocity gradients and hydrodynamic shear 

stresses.  Microstreaming results from the unidirectional flow of fluid in response to 

bubble dynamics in an acoustic field which increase the bioavailability of the drugs 

[32].  The characteristics of microstreaming are determined by fluid properties such as 
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acoustic attention, viscosity, and density, as well as the ultrasound characteristics 

including temporal average intensity, frequency, transducer aperture size, and 

pressure amplitude.  The velocity of microstreaming decreases with increasing fluid 

viscosity and increases with increasing acoustic attenuation.  The states of uniform 

shear stress and divided two types of divergence.  Theoretical and experimental 

studies have shown that microstreaming near a cell boundary can affect a cell 

membrane.  Second-order microstreaming flow may generate flow fields that develop 

shear stresses over a cell membrane, resulting in tension and stretching on membrane 

walls that cause channel activation.  Figure 2.10 shows possible sites in which the 

cavitation effect may occur.  Cavitation nuclei and air pockets in TDD can be formed 

in intracellular and/or intercellular structures [15] and leads to the disordering of the 

lipid bilayers and formation of aqueous channels in the skin through which drug can 

permeate [32].  In addition, bubbles can be formed on the skin and coupling medium 

at the skin surface.  Therefore, cavitation may preferentially occur within the coupling 

medium between the ultrasound transducer and skin surface and may locally increase 

skin permeability. 

 
Figure 2.11 Schematic sketching of cavitation occurring in a coupling medium, skin 

surface, and skin tissue.  Cavitation occurs preferentially at the interface 

between keratinocytes and lipid bilayers 
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Source: Park, D. et al.  (2014).  “Sonophoresis in transdermal drug delivery.”  

Ultrasonics 54, 1 (January): 56-65. 

2.7.1.2.2 Inertial cavitation: Inertial cavitation corresponds 

to the violent growth and collapse of bubbles that can occur within a period of a single 

cycle or a several cycles and is dependent on acoustic pressure as well as frequency 

and the size of bubble.  For inertial cavitation, lower frequencies give bubbles more 

time to grow in the expansion cycle and consequently produce a more violent collapse 

during the compression cycle.  The violent collapse of cavitation bubbles may 

generate either shock waves in the bulk of the liquid or a micro-jet near a boundary, 

which is referred to as asymmetric bubble collapse.  Figure 2.11 schematically shows 

the shock wave and micro-jet produced by inertial cavitation events.  When a bubble 

collapses asymmetrically near a boundary, it generally produces a well–defined, high 

velocity micro-jet.  Micro-jet distortion due to bubble collapse depends on the surface 

encountered by the bubble.  If the surface is larger than the resonant size of the bubble 

(at approximately 5 MHz–20 kHz), the resulting collapse will be in the form of a 

micro-jet (Figure 2.11).  As shown in Figure 2.10, inertial cavitation has the potential 

to take place in keratinocytes, lipid bilayer regions, and hair follicles filled with 

coupling medium.  Shock waves generated by inertial cavitation can cause structural 

alterations in the surrounding keratinocyte-lipid interface regions, resulting in the 

creation of diffusion channels through which drugs may be potentially delivered.  

Furthermore, impact pressure of the micro-jet on the skin surface may enhance 

permeability by disrupting stratum corneum lipid bilayers.  A micro-jet possessing a 

radius approximately one-tenth of the maximum bubble diameter impacts the stratum 

corneum surface without penetrating.  When combined, these factors lead to lipid 

bilayer disorder and formation of aqueous channels in the skin through which drugs 

can permeate.  Although skin damage due to cavitation needs to be researched further, 

some of the primitive in vitro studies may provide further information.  Zhong et al. 

presented evidence of cavitation damage and cell membrane recovery after ultrasound 

exposure using scanning electron microscopy.  In normal cells, morphologic changes 

were not observed in overall shape, but randomly positioned pores 0.1–0.5 m in 
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diameter appeared on cell membranes exposed to sonicated ultrasound.  Cells allowed 

1 min recovery times after ultrasound sonication showed evidence that membranes 

were mostly resealed.  Additionally, sonicated cells fixed 1 h after ultrasound 

exposure showed minimal evidence of pores on the membrane surface.  These results 

suggest that cell membranes exposed to sonicated ultrasound may eventually recover 

to normal intact forms.  Although this observation was limited to temporary damage 

and recovery of cells by ultrasound sonication, it could provide a general idea of 

temporal responses of various biologic barriers to cavitation.  The correlation between 

the applied ultrasound frequency and resonant frequency of cavitation nuclei on the 

skin plays a major role in enhancing cavitation effects.  However, resonant 

frequencies of cavitation nuclei on the skin cannot be predicted.  Therefore, adopting 

low frequency (e.g., 100 kHz) ultrasound is considered suitable to increase cavitation 

effects in transdermal drug delivery [15]. 

 
Figure 2.12 Three possible modes through which inertial cavitation may enhance SC 

permeability.  (a) Spherical collapse near the SC surface emits shock 

waves, (b) impact of an acoustic micro-jet on the SC surface, and (c) 

micro-jets physically penetrating into the SC. 

Source: Park, D. et al.  (2014).  “Sonophoresis in transdermal drug delivery.”  

Ultrasonics 54, 1 (January): 56-65. 

Cavitation is the principal mechanism of low frequency sonophoresis, it 

has been possible to determine how different variables affect transport enhancement.  

The magnitude of enhancement depends upon four principal parameters; frequency, 

intensity, duty cycle, and application time.  In general, enhancement increases with 
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decreasing ultrasound frequency and also increasing intensity.  The duration of 

application time or a greater duty cycle in the case of pulsed ultrasound will similarly 

tend to increase enhancement.  Table 2.6 summarizes the relationship between these 

parameters and their expected effects [14].  However, other mechanisms of 

enhancement have also been reported in the literature such as: decrease skin electrical 

resistance, increase water permeability, and sustained permeability enhancement post-

treatment [16]. 

Table 2.6 Ultrasound parameters and the resulting effects on sonophoresis 

enhancement 

Increasing of parameter Expected effect 
enhancement 

Comments 

Frequency Decrease Auditory sensitivity to 
high-pitched sounds poses 
a lower threshold on 
frequency 

Intensity Increase There is a lower threshold 
intensity and upper 
decoupling in 

Application time Increase Prolonged durations may 
cause excess tissue heating 

Duty cycle Increase High duty cycles may 
cause tissue heating 

2.7.2 Application of sonophoresis 

Numerous studies have been performed to confirm an enhancement of 

permeability by sonophoresis.  Various applications of sonophoresis in transdermal 

drug delivery including parameter optimization, mechanisms and, delivery of 

numerous drugs such as (Table 2.7) 

 

 

 

 

 



48 

 
 



49 

 
 

 



50 

 
 

 
 



51 

 
 

 



52 
 

 
 

2.7.3  Safety of sonophoresis 

Selection of appropriate parameters is crucial for the safe use of 

sonophoresis.  Several parameters including frequency, intensity, duty cycle and 

application time, determine the window of safe operation.  Additional parameters, 

including tissue type and environmental conditions can also influence these results.  

Significant efforts have been made to evaluate the safety of low frequency 

sonophoresis exposure in several clinical and laboratory studies.  Using optical and 

electron microscopy, Boucaud et al. evaluated structure modifications in human skin 

after exposure to 20 kHz ultrasound.  Human skin samples exposed to intensities 

lower than 2.5 W/cm2 showed no modifications in vitro, while 5.2 W/cm2 resulted in 

epidermal detachment and edema of the upper dermis.  Histological modifications 

such as detachment of the epidermis and dermal necrosis were seen after exposure to 

continuous ultrasound at 4 W/cm2.  In order to safety apply LFS in a clinical setting, 

continuous monitoring of skin’s permeability has been proposed as a parameter for 

determining safe levels of ultrasound exposure [33].  However, it must be realized 

that ultrasound, like any other energy source, is likely to exhibit a window safe 

application can be practiced [34].  Accordingly, a careful selection of parameters must 

be performed in sonophoresis studies. 

At the present, evidence suggests that sonophoresis are promising 

methods of enhancing topical delivery of both dermatologic and nondermatologic 

drugs.  Further controlled studies of this modality are necessary to determine optimal 

technique and conditions for safe and efficacious utilization.  Future interest may also 

focus on systemic sonophoresis delivery of peptide and protein drugs.  Studies on the 

physics of sonophoresis as an enhancer of transcutaneous drug delivery must also be 

continued.   
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3.1 Materials 

1) Fluorescein isothiocyanate (FITC)-dextrans 4,000; FD-4 (Sigma 

Aldrich®, St. Louis, MO, USA) 

2) Di-Sodium hydrogenorthophosphate 12-water; Na2HPO4.12H2O 

(Ajax Finechem, Australia) 

3) Potassium dihydrogenorthophosphate; KH2PO4 (Ajax Finechem, 

Australia) 

4) Sodium chloride; NaCl (QReC Chemical, New Zealand) 

5) Potassium chloride; KCl (Ajax Finechem, Australia) 

6) Sodium hydroxide; NaOH (Ajax Finechem, Australia) 

7) Hydrochloric acid 37%; HCl (QReC Chemical, New Zealand) 

8) Methyl salicylate; C6H4 (HO) COOCH3   
9) Pig skin, Adult (Nakhon Pathom, Thailand) 

 

3.2 Equipments 

1) Acupuncture needle 32 gauge; thickness 0.25 mm (DongBang 

acupuncture Inc., Boryeong, Korea) 

2) Silicone sheet; thickness 2 mm 

3) An ultrasonic transducer (Vibra-cell™, VCX130 PB, Sonics and 

Materials, Inc., Newtown, CT, USA) 

4) Inverted Zeiss LSM 510 META microscope (Carl Zeiss, Jena, 

Germany) 

5) Centrifuge (Sorvall® Biofuge Stratos) 

6) Digital thickness gauge (Type 25 mm – 0.001/1" – .00005, Sylvac, 

Switzerland) 

7) Suction Catheter (ch/fr 8; diam 2.67 mm; 50 cm, Suzhou Yudu 

Medical, China) 

8) Fluorescence spectrophotometer (RF 5300PC; Shimadzu, Kyoto, 

Japan) 

9) Thermo-regulated water bath 
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10) Franz diffusion cell 6 ml 

11) Micropipette (20-200 l, 100-1000 l, 1-5 ml) and micropipette tip 

12) Magnetic stirrer and Magnetic bar 

13) Analytical balance (Model CP224S and CP3202S, SARTORIUS, 

Germany) 

14) pH meter (Mettler Toledo) 

15) Parafilm (BEMIS , WI, USA) 

16) Vortex mixer (VX100, Labnet) 

17) Kimwipes  disposable wipers (Kimberly-Clark Professional, 

Australia) 

18) Beaker; 50, 100, 250, 1000, 2000 ml (PYREX , USA) 

19) Cylinder (PYREX , USA) 

20) Microcentrifuge tube 1.7 mL; Costar  tubes (CORNING ; Corning 

Incorporated, NY, USA)  

21) Centrifuge tube 15 mL; RUNLA  

22) Refrigerator 

23) Stopwatch 

24) Adhesive tape 

25) Scissor 

26) Fine forceps 

27) Freezer/Refrigerator –20°C 

28) Silicone tube 

29) Aluminium foil 

30) Thermometer  

31) Dropper  

32) Electric clipper 

33) Watch glass 

34) Paraffin sheet 

35) Glass slide and cover slip 

36) Groves 
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3.3 Methods 

3.3.1. Preparation of solid microneedle plate 

The solid microneedle plate was made from acupuncture needles 32 

gauge (thickness 0.25 mm), length 30 mm (DongBang acupuncture Inc., Boryeong, 

Korea) and a silicone sheet with thickness 2 mm, and size 15 x 15 mm.  Each 

acupuncture was cut into 4 mm length and punctured vertical with a silicone sheet.  

The tips of acupuncture were out of a silicone sheet approximately 1,000 μm in 

length.  The other end of acupuncture needle was bended in order to anchor the 

acupuncture needle.  Acupuncture needle 9 pieces having center to center spacing of 4 

mm, were used per solid microneedle plate.  Then the solid microneedle plate was 

fixed with an adhesive tape to ensure that the acupuncture needles remained 

stationary.  The solid microneedle plate is shown in Figure 3.1. 

 

Figure 3.1 Schematic of solid microneedle plate. 

3.3.2. Preparation of skin 

The pig skin was used in this study due to their similar physiological 

properties with the human skin [35].  The pig skin was obtained from slaughterhouse 

at Nakhon Pathom province.  The skin was excised from abdomen of adult pig 

immediately after the pig was sacrificed.  The excised skin was fixed on top of a 
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paraffin sheet with the epidermis layer facing up.  The adhering fat and other visceral 

debris in the skin were then carefully removed.  The underlying subcutaneous fat was 

gently scraped off until the skin was about 2.0- 2.5 mm thick.  The preparation skin 

was washed with phosphate buffer solution, wrapped in aluminum foil, and stored at -

18° C. 

3.3.3. Preparation of phosphate buffer solution 

The phosphate buffer solution (PBS) used in this study was prepared by 

dissolving inorganic salts; KCl, KH2PO4, Na2HPO4.12H2O and NaCl in distilled 

water and mixed them until the clear solution was obtained.  Then, the solution was 

placed onto a magnetic stirrer and measured for the pH simultaneously.  The 

phosphate buffer solution was used to adjust the pH of solution to 7.4 by adding 0.1 N 

hydrochloric (HCl) or sodium hydroxide (NaOH) solution. 

3.3.4. In vitro skin permeation studies 

Franz diffusion cell apparatus was used in in vitro permeation studies.  

The skin samples were placed between the donor and receptor compartment, which 

were fixed by clamper, with a 32±1 ºC water bath to control the temperature. The 

receptor compartment was filled approximately with 6.0 ml of phosphate buffer 

solution (pH 7.4) and continuously stirred by using magnetic stirrer at 400 rpm.  The 

donor compartment was filled with 1 ml of FD-4 solution at concentration 2.5 mg/ml, 

and then covered the top of donor compartment with parafilm .  To investigate the 

cumulative permeation profiles, 500 μL aliquot of receptor was withdrawn at time 

interval of 5, 15 and 30 min, 1, 2, 4, 6, 8, 12, 16, 20 and 24 h, and the same volume of 

fresh phosphate buffer solution (pH 7.4) was replaced into the receptor compartment.  

The samples were then analyzed by fluorescence spectrophotometer.   The skin 

permeation experiment was performed under various conditions as follow.   

3.3.4.1. Skin permeation using microneedles  

An in-house microneedles system was specifically 

manufactured to provide a reproducible force on microneedle plate for insertion onto 

pig skin.  The schematic of application of device on microneedle plate for insertion 
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onto pig skin sample is shown in Figure 4.1. The plastic bottle filling with solution 

was used to construct the force of our device.  The amount of solution was used to 

obtain the required force: 2.5, 5.0, 10.0, 20.0 and 30.0 N.  A variation of forces 

applied on microneedle plate was conducted on pig skin sample for 2 min in vitro to 

ascertain the amount of FD-4 permeated when the microneedle plate was used for 

pretreatment.  The untreated skins were used as control.  

 
Figure 3.2 Schematic of application of device on microneedle plate for insertion onto 

pig skin sample. 

3.3.4.2. Skin permeation using sonophoresis  

Low frequency ultrasound at 20 kHz was delivered from a 

commercially available sonicator (Vibra-cell™, VCX130 PB, Sonics and Materials, 

Inc., Newtown, CT, USA).  The ultrasound transducer was located approximately 3 

mm from surface of the skin.  The parameters studied for sonophoresis were as 

follows: 

 Effect of amplitude of ultrasound at 25, 50, and 75%.  

The amplitude of ultrasound was calculated to power by using sound energy and 

application time was duration time of ultrasound that treated with skin, and then 

power and skin surface that treated with ultrasound were calculated to intensity as 

follows, 
 

 

Insertion 
force 
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  Power (Watts)  =   Sound energy (joules)    (2) 

                Application time (second) 
  

  Intensity (Watts/cm2) =      Power    (3) 

             Area of skin 

 Effect of the radiating diameter of transducer at 3.0 and 

6.0 mm.  

 Effect of application time that the skin was treated with 

ultrasound for 1, 2, and 5 min by using continuous mode.   

 Effect of continuous (100% duty cycle) and 

discontinuous modes (50% duty cycle) of ultrasound by setting the pulse on 5 s and 

pulse off 5 s mode. 

The sample skin was placed on the Franz diffusion cell.  Before 

the ultrasound was applied, the donor compartment was filled with the FD-4 solution, 

and was as a coupling medium. 

3.3.4.3. Skin permeation using the combination of microneedles and 

sonophoresis  

First, the skin samples were punctured by the solid 

microneedles with 10.0 N for 2 min, then the solid microneedle plate was removed 

from the skin, and the skin was immediately placed on the Franz diffusion cell.  

Sonophoresis was then applied on the skin.  Before the ultrasound was applied, the 

donor compartment was filled with the FD-4 solution, as a coupling medium.  The 

ultrasound transducer was located approximately 3 mm. from surface of the skin.  The 

parameters studied for microneedles and sonophoresis were as follows: 

 Effect of amplitude of ultrasound at 25, 50, and 75%. 

 Effect of the radiating diameter of transducer at 3.0 and 

6.0 mm.  

 Effect of application time that the skin is treated with 

ultrasound for 1, 2, and 5 min.  
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 Effect of continuous (100% duty cycle) and 

discontinuous modes (50% duty cycle) of ultrasound by setting the pulse on 5 s and 

pulse off 5 s mode. 

 

3.3.5. Quantitative Analysis 

The amount of FD-4 in the solution was determined using a fluorescence 

spectrophotometer (RF 5300PC; Shimadzu, Kyoto, Japan) at excitation and emission 

wavelengths of 495 and 515 nm [36], respectively. 

The cumulative amount of FD-4 permeated per unit skin surface area was 

plotted against time, and the slope of the linear portion of the plot was calculated as 

the flux value ( g/cm2/h). 

Enhancement ration (ER) referring the penetration enhancing activity of 

the enhancers, was calculated as follows, 

  ER  = Flux of FD-4 with enhancers  (4) 

        Flux of passive diffusion 

3.3.6. Confocal laser scanning microscope studies 

The sample skins treated with microneedles or sonophoresis and 

combination of microneedles and sonophoresis were evaluated with CLSM.  After in 

vitro skin permeation for 10 min, the sample skins were washed by phosphate buffer 

saline.  Then the skin was directly sandwiched between a glass slide and a cover slip, 

and examined by using an inverted Zeiss LSM 510 META microscope (Carl Zeiss, 

Jena, Germany).   

3.3.7. Statistical analysis 

Data were expressed as the mean ± standard error (SD) of the mean.  

Statistical significance of differences between groups of the flux was examined using 

one-way analysis of variance (ANOVA).  The value of p<0.05 was considered 

statistically significant. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Effect of microneedles insertion force. 

4.2 Effect of amplitude of ultrasound. 

4.3 Effect of the radiating diameter of transducer.  

4.4 Effect of application time of ultrasound. 

4.5 Effect of continuous and discontinuous modes of ultrasound.  

4.6 Confocal laser scanning microscope for visualization of fluorescent studies. 
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4.1 Effect of microneedles insertion force  

The effect of microneedles insertion force on the in vitro permeation of FD-4 is 

shown in Figure 4.1.  The insertion force of 30.0 N showed the most enhancing effect 

on the skin permeation of FD-4, followed by 20.0, 10.0, 5.0 and 2.5 N, respectively.  

These results indicated that insertion force could increase insertion distance, thus an 

increase in insertion force significantly increased the amount of FD-4 permeated 

through pig skin.  When compared with untreated skin (passive diffusion), the mean 

flux of FD-4 (Table 4.1) in the skin treated with microneedles using insertion force of 

30.0, 20.0, 10.0, 5.0 and 2.5 N increased approximately 13, 9.7, 6.4, 3.5 and 1.9-folds, 

respectively.  However, the flux of FD-4 in the skin treated with microneedles using 

insertion force of 5.0 and 2.5 N was not significantly different when compared with 

untreated skin.  This might be due to an insufficient force (5.0 and 2.5 N) to facilitate 

FD-4 pass through pig skin, and these force caused only being buckled or slightly 

pierced in the skin.  Cheung et al. [45] found that the microneedle force applied to 

porcine skin related with the amount of insulin permeated.  The amount of insulin 

permeated using microneedle insertion force of 17.3 N and 34.6 N was undetectable, 

whereas the amount of insulin permeated was approximately 3 g and 25 g, 

respectively when using microneedle insertion forces of 60.5 N and 69.1 N.  In our 

study, the insertion force of 10.0 N was chosen to further use for combination with 

low frequency sonophoresis, as this insertion force was a minimum force that 

significantly enhanced the skin permeability of FD-4 compared with passive 

diffusion.   
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Figure 4.1 Effect of various insertion forces on the in vitro permeation (A) Permeation 

profile of FD-4 and (B) Flux of FD-4 ( g/cm2/h).  All data presented as 

mean + S.D (n = 5-7).  

* p < 0.05 compared with passive diffusion. 

A 

*

*

*
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Table 4.1 Flux of FD-4 under passive diffusion and various insertion forces.  

Insertion force (N) Flux + S.D. ( g cm-2 h-1) 

30.0 3.96 + 1.0 

20.0 3.21 + 1.0 

10.0 2.12 + 0.6 

5.0 1.17 + 0.2 

2.5 0.62 + 0.1 

Passive diffusion 0.33  + 0.01 

 

4.2 Effect of amplitude of ultrasound  

To study the effect of amplitude, the diameter of probe at 6.0 mm, using 

continuous mode and the application time of 2 min was set.  The flux of FD-4 through 

the skin treated 25 %, 50 % or 75 % amplitude sonophoresis alone were not 

significantly different when compared with passive diffusion.  In contrast, the flux of 

FD-4 through the skin treated with combination of microneedles and 25 %, 50 % or 

75 % amplitude sonophoresis significantly increased when compared with passive 

diffusion and microneedles alone (Figure 4.2 B).  The mean flux of combination of 

microneedles and sonophoresis at 75 %, 50 %, and 25 % increased up approximately 

13.3-folds, 12.9-folds, and 14.4-folds, respectively when compared with passive 

diffusion (Table 4.2).  No significant difference was observed in the flux of FD-4 with 

using the combination of microneedles with three different amplitudes of 

sonophoresis (25 %, 50 % and 75 %), however the most enhancing effect on the 

permeation of FD-4 was found in the combination of microneedles and 75 % 

amplitude sonophoresis followed by 50 % and 25 %, respectively (Figure 4.2 A).  

This result indicated that the amplitude of sonophoresis affected the skin permeation 

of FD-4, especially when combination with microneedles.  Amplitude of sonophoresis 

is related with intensity (equation 2 and 3, Table 4.3).  At higher intensities, 

sonophoresis could lead to stable cavitation, to a continuous oscillation of bubbles in 

an acoustic field [15] and transient cavitation, rapid growth and collapse of bubbles.  
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When high intensities of sonophoresis encounters a gas nucleus in solution, the 

nucleus could rapidly expand after which the bubble implodes with high velocities.  If 

a bubble collapses near a surface, non-uniformity in the surrounding pressure leads to 

the formation of a high-velocity microjet which could enhance the skin permeation of 

permeant [37].  Additionally, increasing intensity of sonophoresis increases the 

energy put into the skin, and might affect to change the morphological in epidermis.  

Jia-You Fang [38] reported that the enhancement of ultrasound intensity on the flux of 

clobestasol 17-propionate through hairless mouse skin increased in the order to 0 < 

0.1 < 0.3 < 0.2 W/cm2  
The enhancement induced by the sonophoresis techniques depended on their 

strength, however, the highest strength of sonophoresis that can be applied on the skin 

was typically limited by safety [27].  Thus, the combination of transdermal techniques 

may not only enhance the skin permeability, but also be safety for the skin.  In our 

study, the amplitude of 25 % was used to study the effect of radiation diameter of 

probe, application time and duty cycle, as during treatment pig skin with 75 % 

amplitude low frequency sonophoresis, the temperature of the probe was increased 

and the oscillation of bubbles in the medium was observed. 

 

 
 

A 
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Figure 4.2 Effect of amplitude on the in vitro permeation (A) Permeation profile of 

FD-4 and (B) Flux of FD-4 ( g/cm2/h). All data presented as mean + S.D 

(n= 3-9).   

* p < 0.05 compared with passive diffusion.   
** p < 0.05 compared with MN alone. 

 

Table 4.2 Flux of FD-4 under skin treated in various conditions of amplitude of 

sonophoresis and microneedles.  

Condition Flux + S.D. ( g cm-2 h-1) 

SN 75 % + MN 4.34 + 1.5 

SN 50 % + MN 4.24 + 1.2 

SN 25 % + MN 4.75 + 1.3 

MN 10 N 2.12 + 0.6 

SN 75 % 0.55 + 0.1 

SN 50 % 0.22 + 0.01 

SN 25 % 0.45 + 0.2 

Passive diffusion 0.33  + 0.01 

 

* 

* 
* * ** **** 
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Table 4.3 Intensity value of various amplitude. 

Amplitude Intensity (Watt/cm2) 

25 % 3.72 

50 % 9.66 

75 % 19.55 

4.3 Effect of the radiating diameter of probe 

In order to study the effect of the radiation diameter of probe, the 25% 

amplitude sonophoresis was used, and the experiment was divided into 4 groups; 

Group A: continuous mode and applied 2 min, Group B: continuous mode and applied 

1 min, Group C: discontinuous mode and applied 2 min and Group D: discontinuous 

mode and applied 1 min.  The flux of the diameter probe at 3 and 6 mm on in vitro 

permeation are shown in Figure 4.4 and Table 4.4.  The flux of skin treated with only 

sonophoresis (3 and 6 mm diameter probe) in all groups were not significantly 

different however, the flux of skin treated with combination of microneedles and 

sonophoresis (3 and 6 mm diameter probe) significantly increased when compared 

with passive diffusion. 

Group A and C, the flux of FD-4 through the skin treated with the combination 

of microneedles and sonophoresis with diameter probe 6 mm was increased up 

approximately 1.83-folds and 1.68-folds, respectively when compared with 

microneedles alone, whereas no significant difference was observed in the skin treated 

with the combination of microneedles and sonophoresis with diameter probe 3 mm.  

However Group B and D, the flux of FD-4 through the skin treated with combination 

of microneedles and sonophoresis of both diameter probe 3 mm and 6 mm was not 

significantly different when compared with microneedles alone.  These results 

indicated the importance of diameter of probe and application time in application of 

sonophoresis.  Diameter of probe corresponds to a phenomenon called 

microstreaming, which bubbles oscillation around asymmetric boundary conditions 

by stable cavitation and can generate high velocity gradients and hydrodynamic shear 

stress.  Stable cavitation may occur within the coupling medium between the 
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ultrasound probe and skin surface [15].  Therefore, larger diameter of probe and 

longer application of sonophoresis could increase skin permeability. 

 

Figure 4.3 Effect of the radiating diameter of probe on permeation profile of FD-4 in 

various groups; Group (A) continuous mode and application time 2 min, 

(B) continuous mode and application time 1 min (C) discontinuous mode 

and application time 2 min, (D) discontinuous mode and application time 1 

min.  Symbols: ( ) MN+SN 6 mm, ( ) MN+SN 3 mm, ( ) MN, ( ) SN 

6 mm, (×) SN 3 mm and ( ) Passive diffusion (n= 3-11).  
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Figure 4.4 Effect of the radiating diameter of probe on flux of FD-4 under various 

groups; Group (A) continuous mode and application time 2 min, (B) 

continuous mode and application time 1 min, (C) discontinuous mode and 

application time 2 min and (D) discontinuous mode and application time 1 

min.  All data presented as mean + S.D.  Symbols: ( ) Passive diffusion, 

( ) SN 3 mm and, ( ) SN 6 mm, ( ) MN, ( ) MN+SN 3 mm and ( ) 

MN+SN 6 mm. 

* p < 0.05 compared with passive diffusion. 

** p < 0.05 compared with MN alone.  

*** p < 0.05 compared with MN+SN 3 mm. 
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4.3 Effect of application time of ultrasound 

In order to study the effect of application time, the sonication device was set at 

diameter of probe at 6.0 mm and applied continuous mode in all study.  The flux of 

FD-4 through the skin treated with only sonophoresis for 1, 2 and 5 min was not 

significantly different however, the flux of FD-4 through the skin treated with 

microneedles and sonophoresis for 1, 2 and 5 min was significantly increased when 

compared with passive diffusion (Figure 4.5).  The flux of FD-4 through the skin 

treated with combination of microneedles and sonophoresis for 2 and 5 min was 

significantly increased when compared with microneedles alone and combination of 

microneedles and sonophoresis for 1 min.  The flux of FD-4 through the skin treated 

with combination of microneedles and sonophoresis for 5 min increased up 

approximately 1.33-folds and 3.79-folds when compared with combination of 

microneedles and sonophoresis for 2 min and 1 min, respectively (Table 4.5).  These 

results might be caused from the thermal effect from ultrasound energy.  When 

ultrasound passes through a coupling medium, ultrasound energy is partially 

absorbed.  The increase of temperature of coupling medium may enhance 

permeability due to an increase in diffusion of the skin.  Merino et al. [39] reported 

that enhanced transdermal permeability of mannitol caused by the increased 

temperature.  The skin temperature was increased about 20° C with low frequency 

ultrasound (frequency 20 kHz, intensity 15 W/cm2) applied for 2 h, and significantly 

enhanced skin permeability about 35-folds.  Herwadkar et al. [40] reported that 

application sonophoresis in time of 2 min significantly increased ketoprofen 

permeation about 6.56-folds, no significant enhancement was observed in the 

application time of 0.5 and 1 min.  In additional, the amount of ketoprofen 

accumulating in skin increased significantly form 35 g (passive diffusion) to 212 g 

(applied ultrasound 5 min).  Boucaud et al. [41] also reported that skin permeation of 

insulin was enhanced, as the total application time increased. 

The thermal effect may not be the main factor for enhancing skin permeation, 

even though the increased temperature may affect the skin permeability.  Merino et al. 

[39] found that enhancement of mannitol increased only 25% when using simple 
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heating of the diffusion cell.  The cavitational effect may be synergistic effect with the 

thermal effect to enhance the skin permeation. 

 

Figure 4.5 Effect of application time on the in vitro permeation (A) Permeation profile 

of FD-4 and (B) Flux of FD-4 ( g/cm2/h).  All data presented as mean + 

S.D (n= 3-11).   

* p < 0.05 compared with passive diffusion.   
** p < 0.05 compared with MN alone. 

*** p < 0.05 compared with MN + SN 1 min 

* * 

*** 
** 
*

B *** 
** 
*

A 
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Table 4.5 Flux of FD-4 under skin treated in various conditions of application time of 

sonophoresis and microneedles. 

Condition Flux ( g cm-2 h-1) + S.D. 

SN 5 min + MN 6.34 + 1.8 

SN 2 min + MN 4.75 + 1.3 

SN 1 min + MN 1.67 + 0.4 

MN 10 N 2.12 + 0.5 

SN 5 min 0.57 + 0.3 

SN 2 min 0.45 + 0.2 

SN 1 min 0.45 + 0.1 

Passive diffusion 0.33  + 0.01 

 

4.5 Effect of continuous (100 % duty cycle) and discontinuous (50 % duty 

cycle) modes of ultrasound 

In order to study the effect of duty cycle, the 25 % amplitude sonophoresis was 

set, and the experiment was divided into 4 groups; Group A: diameter probe 6 mm 

and applied 2 min, Group B: diameter probe 6 mm and applied 1 min, Group C: 

diameter probe 3 mm and applied 2 min and Group D: diameter probe 3 mm and 

applied 1 min.  To set sonophoresis at 50 % duty cycle, the total time of ultrasound 

exposure was kept constant at 1 and 2 min, and the pulsed treatment was carried out 

for a total time of 2 and 4 min, with ultrasound being active for 1 and 2 min, in pulse 

of 5 s, respectively.  The permeation profile and flux of FD-4 through the skin treated 

with sonophoresis at the duty cycle (50 % and 100 %) are shown in Figure 4.6, 4.7 

and Table 4.6, respectively.  The flux of FD-4 through the skin treated with only 

sonophoresis (duty cycle of 50% and 100%) in all groups was not significantly 

different when compared with passive diffusion.  However, the flux of FD-4 through 

the skin treated with both microneedles and sonophoresis significantly increased when 

compared with passive diffusion.  Only in group A (the skin treated both 

microneedles and sonophoresis by continuous mode), the flux of FD-4 significantly 

increased when compared with microneedles alone.  Han, T. et al. [42] reported that 

sonophoresis alone could not provide sufficient permeability enhancement in the 
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delivery of large molecules (BSA), and the combination of microneedles and 

sonophoresis resulted in higher skin permeation of BSA than treated sonophoresis 

alone.  Chen, B. et al. [35] found that hollow microneedles together with ultrasound 

treatment could greatly enhance transdermal drug delivery system of calcein and 

bovine serum albumin.  In group A and C, the flux of FD-4 with 100% duty cycle 

significantly increased when compared with 50% duty cycle.  This may be result from 

thermal effect; using continuous mode could increase in temperature of coupling 

medium in the faster rate than discontinuous mode.  Herwadkar et al. [40] reported 

that no significant difference was observed in the skin permeation of ketoprofen after 

continuous and discontinuous ultrasound treatments, however intradermal 

accumulation of ketoprofen in the continuous ultrasound treatment was significantly 

higher than in the discontinuous ultrasound treatment.  In contrast group B and D 

treated by discontinuous and continuous mode, no significant difference was observed 

in permeation of FD-4.  These results indicated that cavitation and thermal effect of 

sonophoresis might be decreased as using less application time. 

As sonophoresis using discontinuous mode with high intensities does not 

increase the skin temperature [43], many researchers still pay attention to study about 

effect of duty cycle for enhancing skin permeation.  Mitragotri et al. [37] suggested 

that conductivity enhancement in the skin treated with a short application time with 

high duty cycle may be similar to that treated with a long application time at low duty 

cycle.  Since skin conductance is an excellent indicator of skin barrier properties.  

They found that the enhancement of skin conductivity in sonophoresis corresponding 

enhancement of skin permeability to mannitol.  Fang et al. [38] found that the 

application of discontinuous mode for 4 h was more effective than continuous mode 

in enhancing clobestasol 17-propionate permeation.  The flux obtained by applying 

discontinuous mode (on/off) of 30 min/10min and 30 min/20 min were higher than 

the continuous mode.  According to the cell damage after applied ultrasound may be 

reversible.  Application time 10 and 20 min ultrasound off durations may not be 

enough to allow the skin to recover from abnormal status which may explain the 

higher clobestasol 17-propionate permeability in these two modes. 
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Figure 4.6 Effect of the duty cycle on permeation profile of FD-4 in various groups; 

Group (A) diameter probe 6 mm and application time 2 min, (B) diameter 

probe 6 mm and application time 1 min, (C) diameter probe 3 mm and 

application time 2 min and (D) diameter probe 3 mm and application time 1 

min.  Symbols: ( ) MN+SN 100% duty cycle, ( ) MN+SN 50% duty 

cycle, ( ) MN, ( ) SN 100% duty cycle, (×) SN 50% duty cycle and ( ) 

Passive diffusion (n= 3-11).  
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Figure 4.7 Effect of the duty cycle on flux of FD-4 under various groups; Group (A) 

diameter probe 6 mm and application time 2 min, (B) diameter probe 6 mm 

and application time 1 min, (C) diameter probe 3 mm and application time 

2 min and (D) diameter probe 3 mm and application time 1 min.  All data 

presented as mean + S.D.  Symbols: ( ) Passive diffusion, ( ) SN 50% 

duty cycle, ( ) SN 100% duty cycle, ( ) MN, ( ) MN+SN 50% duty 

cycle and ( ) MN+SN 100% duty cycle.  

* p < 0.05 compared with passive diffusion. 

** p < 0.05 compared with MN alone.  

*** p < 0.05 compared with MN + SN 50 % duty cycle.  
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4.6 Confocal laser scanning microscope for visualization of fluorescent studies 

Confocal laser scanning microscopy (CLSM) for visualization of fluorescent 

compounds permits simultaneous viewing of multiple fluorophores and increasing 

simplicity and accuracy of location identification of the fluorescent compounds in the 

skin [44].  CLSM was used to show enhanced epidermal deposit of fluorescent 

compounds.  The skin used in this study was the skin without any treatment (passive 

diffusion), the skin treated with sonophoresis, the skin treated with MN, and the skin 

treated with the combination of MN and sonophoresis.  In this study, the sonophoresis 

using radiation diameter of probe 6 mm and application time of 2 min by continuous 

mode was set.  After 10 min skin permeation study, the pig skin treated under various 

conditions was taken from the experiment, washed with PBS and scanned by CLSM 

from the skin surface (0 m) to vertical sections of skin until FD-4 could not be 

detected.  Confocal microcopy images of skin at different depths; untreated skin, 

applied sonophoresis alone, microneedles alone and combination of microneedles and 

sonophoresis, respectively are shown in Figure 4.8-4.11.  In passive diffusion (Figure 

4.8), and the skin treated with only sonophoresis (Figure 4.9), FD-4 was detected in 

the skin up to the depth of 120 m, and strong green-yellow color was observed in 

range of 50-90 m.  While the skin treated with microneedles alone (Figure 4.10) and 

the combination of sonophoresis and microneedles (Figure 4.11), FD-4 could be 

detected in the skin up to the depth of 160 m and 300 m, and strong green-yellow 

color was observed in range of 50-150 m and 70-270 m, respectively.  The circle 

characteristic observed in the skin treated with MN (Figure 4.10-4.11) indicated that 

microneedles actually pierced into the skin.  Figure 4.12 shows the plot between 

fluorescence intensity and depth of skin of various treatments.  The fluorescence 

intensity of FD-4 in skin treated with combination of microneedles and sonophoresis 

was the highest followed by microneedles alone, sonophoresis alone and passive 

diffusion, respectively.  These results confirmed the influence of microneedles, which 

creates holes on the skin, and low frequency sonophoresis, which results in thermal 

and cavitation effect, on skin permeation enhancement of FD-4.  Our results indicated 

the synergistic effect for skin permeation enhancement of hydrophilic 
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macromolecules in the skin treated with combination of microneedles and low 

frequency sonophoresis.  

 
Figure 4.8 Confocal microcopy images of passive diffusion. 

 
Figure 4.9 Confocal microcopy images of skin treated only low frequency 

sonophoresis. 
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Figure 4.12 Fluorescence intensity profile of FD-4 after permeation study for 10 min 

in skin.  Symbols: ( ) passive diffusion, (■) sonophoresis treatment, (▲) 

Microneedles treatment, and (●) Combination of microneedles and 

sonophoresis. 
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CHAPTER 5 

CONCLUSIONS 

 

The concept of combining microneedles and sonophoresis provides a feasible 

way for delivery of hydrophilic macromolecules and may become a painless 

alternative to the hypodermis injections for delivering large molecules.  For the 

purpose of this study, the parameters based on microneedles and sonophoresis i.e. 

insertion force of microneedle, amplitude, application time, radiation diameter of 

probe and duty cycle of sonophoresis were investigated to properly delivery of FD-4.  

Moreover, CLSM was also used to confirm the skin permeation experiment.  The 

results can be concluded as follows, 

As insertion force of microneedles increased, the amount of FD-4 permeated 

through skin increased.  The flux of insertion force 10, 20 and 30 N significantly 

increased when compared with passive diffusion. 

For treatment of sonophoresis alone, no significant difference was observed in 

the flux of FD-4 with different amplitudes (25 %, 50 % and 75 %), diameter of probe 

(3 and 6 mm), application time (1, 2 and 5 min) and duty cycle (50 and 100 %). 

The combination of microneedles and sonophoresis treatment, no significant 

difference was observed in the flux of FD-4 with three difference amplitudes of 

sonophoresis.  Diameter of probe 6 mm showed significantly enhanced FD-4 flux 

compared with diameter probe 3 mm when using application time of 2 min by 50% 

and 100% duty cycle.  Using application time of 2 and 5 min, the flux of FD-4 

significantly increased when compared with 1 min.  100 % duty cycle showed 

significantly increased FD-4 flux compared with 50 % duty cycle when using 

diameter of probe 3 and 6 mm and application time of 2 min.   

The highest flux of FD-4 was showed in the skin was treated the combination of 

microneedles (insertion force 10 N) and sonophoresis (25 % amplitude, diameter of 

probe 6 mm and application time of 5 min by 100 % duty cycle).  Finally, further 

study should be focused on the safety of using combination of microneedles and 

sonophoresis in clinical treatment. 
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Standard curve for the in vitro skin permeation study 

 

 

Figure A.1  Calibration curve of FD-4 for the in vitro skin permeation study. 
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In vitro skin permeation study 

Table B.1 Passive diffusion on in vitro skin permeation. 

Time 

(h) 

Cumulative amount of FD-4 permeated from skin ( g/cm2) 

1 2 3 mean. S.D. 

0.0833 0.00 0.00 0.00 0.00 0.00 
0.25 0.34 0.71 0.00 0.35 0.50 
0.5 0.79 1.14 0.45 0.79 0.49 
1 1.20 1.51 0.78 1.15 0.51 
2 1.43 2.01 1.05 1.53 0.67 
4 1.58 2.14 1.16 1.65 0.69 
6 2.29 2.69 1.84 2.26 0.60 
8 2.89 3.06 2.92 2.99 0.10 

12 4.18 4.17 4.19 4.18 0.02 
16 5.75 5.84 5.71 5.77 0.09 
20 7.04 7.34 6.78 7.06 0.40 
24 8.33 8.38 8.26 8.32 0.09 
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The fluorescence intensities 

 

Table C.1 Fluorescence intensity profile of FD-4 after permeation study 10 min 

Setting condition: Microneedle; insertion force 10 N for 2 min. 

Sonophoresis; 25% amplitude, diameter probe 6 mm and 

application time of 2 min by continuous mode. 

Skin 

dept 

( m) 

Fluorescence intensity (A.U.) 

Passive diffusion SN MN MN + SN 

mean S.D. mean S.D. mean S.D. mean S.D. 

0 17.25 2.61 17.71 1.95 18.93 3.28 19.48 3.06 
10 16.67 2.30 17.53 2.29 19.69 3.92 19.60 3.41 
20 17.18 2.34 17.88 2.16 20.77 4.22 19.94 3.38 
30 17.67 2.71 19.15 3.37 23.83 5.57 20.33 4.04 
40 18.24 3.38 28.05 6.92 34.87 8.84 22.08 4.56 
50 22.38 5.55 31.64 8.69 77.52 18.57 25.16 5.88 
60 32.87 16.11 26.37 7.66 85.91 24.35 37.48 9.15 
70 32.87 16.11 21.96 5.45 76.85 26.39 62.22 12.44 
80 24.86 11.03 20.02 4.24 63.05 26.50 92.50 33.19 
90 21.27 6.98 18.95 3.14 48.84 22.65 81.63 43.90 

100 19.63 5.14 18.35 3.06 38.38 18.83 71.58 45.70 
110 18.50 3.67 17.40 2.19 30.87 15.39 68.16 48.17 
120 17.70 2.91 17.38 2.02 25.99 10.56 65.17 47.97 
130     22.72 7.70 61.97 45.66 
140     21.34 5.52 59.44 43.92 
150     19.53 4.06 54.97 41.23 
160     19.25 4.04 51.13 39.02 
170       48.90 39.04 
180       46.34 37.10 
190       42.52 33.63 
200       40.26 32.15 
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Table C.1 (continued)  Fluorescence intensity profile of FD-4 after permeation study 

10 min. 

Skin 

dept 

( m) 

Fluorescence intensity (A.U.) 

Passive diffusion SN MN MN + SN 

mean S.D. mean S.D. mean S.D. mean S.D. 

210       39.07 31.52 
220       36.88 29.89 
230       34.11 26.63 
240       32.09 24.41 
250       28.76 20.11 
260       27.08 18.35 
270       24.59 14.12 
280       21.07 7.54 
290       19.73 4.59 
300       18.60 3.78 
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LIST OF ABBREVIATIONS 

 

C degree Celsius 

g microgram(s) 

L microliter(s) 

m micrometer(s) 

Am Amplitude Modulation 

cc cubic centimeter(s) 

cm2 square centimeter(s) 

e.g. exemplī grātiā (Latin); for example 

et al. and others 

FD-4 Fluorescein isothiocyanate (FITC)-dextrans MW 4,000 

h hour(s) 

I.U. International Unit 

Ko/w octanol-water partitioning coefficient 

kDa kilodalton 

kHz kilohertz 

kbar kilobar 

kg kilogram(s) 

m2 square meter(s) 

mg milligram(s) 

min minute(s) 

ml milliliter(s) 

mm millimeter(s) 

MHz megahertz 

MN microneedle(s) 

MW molecular weight 

nm nanometer(s) 

N newton 

pH potentia hydrogenii (Latin); power of hydrogen 

R2 coefficient of determination 
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LIST OF ABBREVIATIONS 

 

rpm revolutions per minute 

s sec(s) 

SC stratum corneum  

S.D. standard deviation 

SN sonophoresis 

UV Ultraviolet 

W Watt 
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