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Skin provides an attractive route for drug delivery, as transdermal delivery 

systems can ensure noninvasive and sustained delivery of medication across the skin into 

systemic circulation. Although the skin is a convenient site for drug administration, it 

only permits passive penetration of permeants with certain physicochemical properties. 

As a result, different strategies or devices have been developed to enhance the drug 

permeation into and across skin. 

The first aim of this study was to evaluate the efficacy of multiple dosing of 

trolamine salicylate (TS) as a topical analgesic on in vitro skin permeation. Also, the 

effect of sonophoresis on topical delivery of analgesic was evaluated. Results suggested 

that the multiple dosing (17.4 ± 4.1 μg/cm2) delivered a significantly higher amount of 

drug than the single dose (6.5 ± 0.6 μg/cm2). Also, the use of ultrasound enhances topical 

absorption of TS into and across skin.  

In the second aim, we focused on developing a new formulation to reduce the 

frequency of application of topical analgesics. A Poly lactic-co-glycolic acid (PLGA) 

based bio-adhesive polymeric solutions were prepared successfully and formed a thin 
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film upon application in situ. A significantly higher amount of TS was delivered from a 

formulation containing 20% PLGA (45 ± 4 µg/cm2) as compared to PLGA-free 

counterpart (0.6 ± 0.2 µg/cm2). 

In the third aim, hyaluronic acid (HA) microneedles (MNs) were fabricated with 

and without magnesium ascorbyl phosphate (MAP) to facilitate the delivery of the active 

agent into and across the skin. The results showed that successful fabrication of HA MN, 

and the application of the current MN technology enhanced the delivery of MAP into 

skin (96.8±3.9 µg/cm2) compared to passive delivery (44.9±16.3 µg/cm2). 

In the fourth aim, the feasibility of transdermal delivery of heparin, a hydrophilic 

macromolecule, through laser-microporated skin was investigated. There was no passive 

permeation of heparin across the skin. However, permeation of heparin from the laser-

treated group delivered 13.4 ± 0.62 µg/cm2 after 24 h. Furthermore, heparin was not 

delivered to either the epidermis or dermis passively, whereas the laser-treatment group 

enabled delivery of heparin to the epidermis as well as the dermis. 
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CHAPTER 1 

INTRODUCTION

In the early nineteenth century, natives of Peru used topical analgesics to relieve 

their gum pain, which was recorded as the first use of topical formulation. Corticosteroids 

are the oldest form of the oral/systemic drugs that were used to treat dermatoses in the 

mid-nineteenth century. Sulzberger and Witten first developed hydrocortisone topical 

formulation to treat skin inflammation due to the known side effects profile of 

oral/systemic delivery of corticosteroids. This encouraged the idea to try using effective 

existing molecules in topical formulations, wherever relevant. These investigations 

included topical corticosteroids (1952), retinoids (1962), antifungals (1967), non-

steroidal anti-inflammatories (NSAIDs;1971), antivirals (1983), vitamin D3 derivatives 

(late 1980s), and immunosuppressants (1992), which were then developed in topical 

formulations (Trottet & Maibach, 2017). Numerous studies have been performed by 

different groups to show the effectiveness of topical delivery. Therefore, the studies 

demonstrated an endogenous molecule shown to be orally active can be effective 

topically for the same indication. 

Topical drug delivery provides many advantages compared to systemic drug 

delivery, such as minimizing systemic side effect, bypassing the first-pass metabolism, 

and a better patient compliance. However, dermal drug delivery is limited to certain drug 

molecules due to its barrier function to protect our body from foreign substances. The 
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outer most layer of skin, stratum corneum, generally allows some permeation of 

molecules that are of molecular weight < 500 Da, log P between 1-3 with a melting point 

of < 250 °C (Ajay K Banga, 2011).  

Among the developed topical formulations, NSAIDs constitute the second largest 

class of topical drugs, followed by corticosteroids. Efficacy of topical corticosteroids 

showed successful treatment of inflamed skin conditions. In contrast, the effectiveness of 

topical NSAIDs to treat pain is still controversial due to the subjective nature of measured 

endpoint despite the successful controlled trials. Therefore, the controlled trials to 

demonstrate the efficacy were especially important for this class. Approximately 18 

topical NSAIDs molecules are available on the market around the world, and some of the 

examples include diclofenac, methyl salicylate, salicylic acid, and ketoprofen. 

Topical analgesics are used to relieve muscular and joint pains such as arthritis, 

backache, muscle strains, sprains, and bruises. They are generally preferred by patients 

and prescribers due to frequent gastrointestinal side effects associated with oral NSAIDs. 

Topical salicylates are known to be absorbed by the tissues and have been reported to be 

effective in relieving local pain. TS is a derivative of salicylate that inhibits cyclo-

oxygenase enzymes and reduces inflammation. Unlike other topical analgesics, such as 

menthol and camphor, it offers many benefits including no distinct odor, low systemic 

absorption upon dermal or topical administration, and low skin-irritant properties. 

Although topical salicylates are widely used, compliance is low due to their frequent 

dosing regimen (three to four times a day). The objective of this study was to evaluate the 

efficacy of multiple dosing vs. single application of topical analgesics on in vitro skin 

permeation across porcine ear skin.  
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Sonophoresis also has been used as one of the enhancement techniques to deliver 

drug molecules into skin. When the sound energy is applied to the skin barrier, it creates 

small gaseous cavities (cavitation), resulting in the disordering of the lipid bilayers in the 

stratum corneum through which drugs can permeate (Boucaud et al., 2001). Due to many 

advantages of sonophoresis, such as its non-invasiveness and ease of application, studies 

have been performed to show its ability to enhance the skin permeation of several drugs 

and therapeutic agents (Huang, Chen, & Rupenthal, 2018; Ueda, Mutoh, Seki, Kobayashi, 

& Morimoto, 2009). Sonophoresis-mediated skin permeability depends on several 

ultrasound parameters, including frequency, intensity, and duration of the ultrasound 

application. Previously, the effects of using different coupling media for sonophoresis, the 

minimum effective ultrasound application time, duty cycle, and distance of ultrasound horn 

from skin were studied (Herwadkar, Sachdeva, Taylor, Silver, & Banga, 2012). In this 

study, the optimized parameters (2 min application, 100% duty cycle, 0.3 cm distance 

between horn and skin, 1% SLS as coupling medium) were chosen to evaluate sonophoretic 

enhancement effects on TS delivery into skin. The goal of this study was to compare the 

permeation profile of TS in a simple solution and a 1% hydroxypropyl methylcellulose 

(HPMC) gel with and without sonophoretic enhancement.  

The development of topical formulations has made an important contribution to 

the medical practice and provides an alternative to oral delivery and hypodermic 

injections. However, it is limited to very few compounds, namely small, lipophilic low-

dose drugs.  Furthermore, conventional vehicles provide a poor control of both the 

amount of drug applied and the area of skin exposed, and only small quantities are 

delivered. As a result, the use of topical formulations to deliver molecules to systemic 
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circulation was less than ideal, and added variability in the extent and duration of drug 

effect (Wiedersberg & Guy, 2014). To overcome the shortcoming of skin drug delivery, 

Alza Corporation pioneered a transdermal patch in which system design and explicit 

control of the surface area led to improved passive drug delivery to systemic circulation 

at a predetermined rate. The development of a transdermal patch established a successful 

controlled release technology, which resulted in reducing dosing frequency and 

maintaining the drug level within the therapeutic window. In addition, the patch is 

removable in situations where drug input is no longer needed. Since the first development 

of the scopolamine patch in 1979, the use of transdermal patch systems gradually 

increased in a clinical setting for small molecule delivery into systemic circulation. 

However, there is some limitation with the transdermal patch system. 

The transdermal patch is recommended to be applied to a flat surface area to 

ensure the adhesion to skin for a prolonged period. However, in case of arthritis and other 

joint pain, the use of a patch is not suitable due to the uneven surface of application sites. 

Pain-associated with arthritis will require the drug application at the pain region, which 

usually is difficult to cover with conventional patches. In addition, a few clinical trials 

showed that topical application of NSAIDs delivered drugs at a higher concentration to 

the tissues compared to the plasma levels and resulted in better pain management 

(Ciccone, Leggin, & Callamaro, 1991; Hill & Richardson, 1989).  

An in situ film-forming system would be able to provide extended release as well 

as flexibility on the application sites. Bioadhesive film-forming solutions provide many 

advantages: higher dosing flexibility, higher patient compliance, and improved cosmetic 

appearance. In addition, the films are more convenient than the conventional topical drug 
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delivery systems such as lotions, ointments, and gels, with respect to the application as 

well as due to a lower potential of loss of formulation by rubbing. PLGA is one of the 

most promising polymeric candidates that is used to fabricate devices for drug delivery 

and tissue engineering applications. It is biocompatible and biodegradable, FDA 

approved, and its properties such as erosion time and mechanical strength can be 

controlled as needed. In this study, a PLGA-based in situ bioadhesive film-forming 

system for transdermal delivery of TS was designed and evaluated for drug permeation 

across dermatomed porcine ear skin. Bioadhesive film could facilitate drug delivery into 

skin; however, permeants are still needed to cross the rate-limiting barrier, which limits 

the number of drugs that could be developed as films. The objective of this study is to 

develop and optimize a new topical bio adhesive film to reduce the frequency of 

application of topical analgesics. 

In recent years, there has been an extensive effort for developing transdermal 

systems that can facilitate a wide range of molecules, including large hydrophilic 

molecules, proteins and peptides, vaccines, and DNA vaccines (Ajay K Banga, 2011). 

Due to the limitation of physicochemical properties of permeants, the next generation 

delivery systems using chemical enhancers, non-cavitational ultrasound, and 

iontophoresis have been researched to enhance drug delivery into and across the skin 

(Prausnitz & Langer, 2008). However, the passive permeation of permeants is still 

limited due to the barrier properties of skin. The focus of transdermal drug delivery has 

expanded to microporation-mediated transdermal delivery. Physical enhancement using 

these techniques to enhance transdermal delivery led to increased use of these systems on 

a variety of drugs. Enhancement can be achieved by creating micropores on skin, which 
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breach the barrier so permeants can bypass the rate-limiting step. 

Skin microporation by MNs is one of the widely investigated strategies for 

enhancing drug delivery into the skin. Among the different types of MN matrices, 

dissolving polymers are preferred due to their biocompatible and biodegradable nature. 

Microchannels result in delivery of drug molecules directly into the skin layers, unlike 

with the use of topical formulations. The goal of this study was to fabricate, characterize 

HA MNs with and without magnesium ascorbyl phosphate (MAP), and evaluate the 

enhancement capacity of the MNs to deliver the active agent into across the porcine ear 

skin.  

HA is a dissolving polymer with a high biocompatibility, viscoelastic nature and 

has skin moisturizing effect. Low-grade PLGA was chosen as the substrate for the MN 

backing to ensure its flexibility and biocompatibility. It is desirable for two reasons: 1) to 

avoid the “bed of nails” effect, 2) to minimize skin irritation. MN-facilitated drug 

delivery into skin made it possible to deliver hydrophilic molecules across the skin. MAP 

is a water-soluble derivative of vitamin C (L-Ascorbic acid mono-dihydrogen phosphate 

magnesium salt), which is more photo-stable and less susceptible to oxidation compared 

to vitamin C. These compounds are well known for antioxidant and anti-aging activity on 

skin. However, it has low permeability across the skin due to its hydrophilic nature. In 

this study, HA MNs were fabricated with and without MAP to facilitate the delivery of 

the active agent into and across the skin. The performance of MNs should be evaluated 

before its use to ensure its capability to pierce the skin and its safety in human use. It can 

be characterized in different aspects, including physical characterization, drug loading 

capacity, drug stability, and skin irritation possibility. Visual and microscopy inspection 
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such as light microscopy (Gill & Prausnitz, 2007) and scanning electron microscopy 

(SEM) (Gill, Denson, Burris, & Prausnitz, 2008)  can be performed to characterize MN 

geometry, including the size of an apex, needle length, and the shape of MN, which can 

affect the force of needle insertion into the skin. An ex vivo study on excised skin tissue 

can be performed to evaluate the actual depth and shape of the microchannel by confocal 

microscopy and hematoxylin and eosin staining (H&E), respectively. In addition, the 

channel uniformity can be calculated by the pore permeability index technique (Hiep X 

Nguyen & Banga, 2015).  

Furthermore, investigation of other microporation technologies has gained interest 

in recent years to deliver therapeutic agents through the skin. Some of the examples are 

thermal, radio-frequency, and laser microporation and the use of a powder jet injector 

(Ajay K Banga, 2011). The use of lasers for breaching the outermost layer of skin is 

gaining popularity and seems to be a promising physical enhancement technique (Song, 

Hemmady, Puri, & Banga, 2018).  

The use of physical technologies involves a temporary physical disruption of the 

skin barrier to create superficial pores that typically reach the viable epidermis. It is 

considered to be a minimally invasive technique due to its circumvention of the pain 

nerve in the dermis layer of skin. The channels could facilitate delivery of molecules that 

are generally difficult to permeate passively. There is an increasing number of pre-

clinical and clinical trials to demonstrate transdermal delivery of macromolecules, 

including peptides and proteins, vaccines, and gene delivery utilizing the techniques 

mentioned above (K. Lee, Lee, & Jung, 2011). In recent years, transdermal delivery of 

macromolecules has been investigated widely as an option to treat skin diseases. One of 
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the good examples is topical use of heparin. Heparin is an anticoagulant that is commonly 

injected through intravenous routes to treat venous thromboembolism. It blocks the blood 

clotting pathway by the formation of antithrombin III, which inhibits both the formation 

and activity of thrombin.  

There have been numerous research studies on the delivery of heparin into skin to 

treat thrombophlebitis, a condition where inflammation and clotting are observed inside a 

vein below the skin surface (Loira-Pastoriza, Sapin-Minet, Diab, Grossiord, & Maincent, 

2012). The rationale to develop a topical formulation of heparin is to reduce the possible 

side effects of heparin intravenous injection, including increased risk of bleeding, pain at 

injection site, and bruising. Thus, noninvasive and local delivery of anticoagulants would 

be preferable for the treatment of conditions occurring in proximity to or on the skin. 

The objective of this study was to investigate the feasibility of transdermal 

delivery of heparin, a hydrophilic macromolecule, through laser-microporated skin. 

Important parameters, fluency (energy per unit area) was varied in the Precise Laser 

Epidermal System (P.L.E.A.S.E.), and its effect on transdermal permeation of heparin 

was evaluated and compared in an in vitro setting. Also, the microporation of skin using 

different parameters of P.L.E.A.S.E. laser system was characterized by calcein imaging, 

confocal laser scanning microscopy, and histology studies.
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CHAPTER 2

REVIEW OF LITERATURE 

Transdermal and Topical Delivery Systems 

Skin is the largest organ of the human body, covering about two square meters, 

and contributes 10% of the total body mass of an average person. The primary function of 

the skin is to protect the body from the external environment, such as ultraviolet 

radiation, chemicals, allergens and microorganisms, and the loss of moisture and body 

nutrients. Also, skin regulates body temperature and acts as an important sensory organ in 

touch, sensing stimulation in the form of temperature, pressure, and pain (Benson, 

Watkinson, & Wiley, 2012). Because skin protects against foreign agents, it was 

considered an impermeable barrier. However, it is now recognized that intact skin can be 

used as a site for the administration of selective therapeutic compounds for local and 

systemic effects (Ajay K Banga, 2011).  

Transdermal and topical drug delivery offers many advantages compared to other 

routes of administration. When drugs are administered through the skin, they bypass the 

hepatic first pass effect, which is problematic in some orally administered drugs. Also, 

transdermal patches can provide sustained drug delivery with short half-lives, which 

usually require frequent dosing. Finally, this route of administration is preferred by 

patients and prescribers due to non-invasiveness, convenience, and ease of 

administration, as well as the discontinuation of treatment when it is needed (Ajay K 
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Banga, 2011; Benson et al., 2012). Despite many advantages of transdermal and topical 

delivery systems, skin is a substantial barrier impermeable to most compounds. To design 

optimal topical and transdermal forms of delivery, it is necessary to understand the 

mechanisms by which compounds permeate the skin, as well as the structure and function 

of healthy human skin. 

Skin Structure 

Human skin is composed of three different layers: the epidermis, dermis, and 

subcutis (Ajay K Banga, 2006). The entire epidermis layer is avascular and is supported 

by the underlying dermis and subcutis. It can be differentiated further into the five 

different epidermal layers (in order from least superficial to most superficial): the stratum 

basale, stratum spinosum, stratum granulosum, stratum lucidum, and the stratum 

corneum. The stratum basale is where keratinocytes originate, and it separates the 

epidermis from the dermis. This layer contains Langerhans cells, melanocytes, and 

Merkel cells, where viable epidermis cells are present. The stratum corneum is the major 

barrier to foreign substances across the skin, including drugs, despite its thickness only 

being about 10 to 15 µm. This layer of skin is composed of cornified and dead cells 

similar to the structure of bricks and mortar. It is enriched with a lipid matrix, which is 

responsible for substantial barrier functions (Finnin & Morgan, 1999; Franz, 1975). 

Corneocytes are composed of cross-linked keratin fibers and are connected to each other 

by corneodesmosomes, which give structural stability to the stratum corneum. The 

extracellular matrix, such as cholesterol, ceramides, and a mixture of free amino acids, 

support the barrier properties of this layer (Ajay K Banga, 2011; Ita, 2014; Prausnitz, 

Mitragotri, & Langer, 2004). The epidermis also plays an important role in first defense 
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mechanisms when the physical barrier is damaged. Upon immunological response 

initiation, keratinocytes start producing antimicrobial peptides and inflammatory 

cytokines and interferons. In addition, epidermal Langerhans and dendritic cells can 

induce adaptive immunity as well. Understanding the anatomy and physiology of skin is 

important as therapeutic targets of each drug can be varied in different types of skin 

disease. 

The dermis is about 2 to 5 mm thick, is composed of loose connective tissue, and 

contains collagen and elastin fibers. Within this matrix, there are a few different types of 

cells, including fibroblasts that produce collagen, laminin, fibronectin, and vitronectin; 

mast cells that play a role in immune and inflammatory response; and melanocytes 

responsible for pigment production (Ajay K Banga, 2011). Due to this structure, this 

layer is more permeable to drugs than the epidermis but may be a substantial barrier for 

very lipophilic drugs. Also, many appendages are contained or originate in the dermis, 

including blood and lymph vessels, nerve endings, hair follicles, sebaceous glands, and 

sweat glands (Benson et al., 2012; Ita, 2014).  

The subcutaneous tissue consists of a layer of lipocytes, where most of the body’s 

fat (80%) is stored. Functions of this layer of skin are heat insulation and protection 

against physical shock. Fat cells also provide some endocrine functions by releasing 

leptin hormone, which is responsible for appetite and controls metabolic energy 

(Alkilani, McCrudden, & Donnelly, 2015; Ita, 2014).  

Skin Permeation 

Although transdermal delivery provides many advantages over other routes of 

drug administration, as explained in the introduction section, it cannot be used in every 
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situation due to various reasons. To deliver a molecule of interest into and across the 

skin, one needs to understand the different types of drug transport pathways in the skin, 

the therapeutic target sites within the skin, and the proper physicochemical properties of 

the molecules. 

Drugs can potentially permeate into and across the skin via three different routes: 

transcellular, intercellular, and transappendageal. For a molecule to be absorbed into and 

across the skin, it must pass through the outermost region of the epidermis, the stratum 

corneum. The stratum corneum is a thin layer (10-15µm), but it is a very well-organized 

lipophilic barrier protecting our body from transepidermal water loss, which becomes a 

major challenge to the percutaneous absorption of drug molecules. When drug molecules 

move through the area between cells into deeper layers of skin, it is considered an 

intercellular route. The drugs will permeate through the continuous route into the stratum 

corneum, which is filled with lipids contents. This route is considered the predominant 

pathway for drug transport.  

Drugs can also penetrate the stratum corneum through protein-filled cells. These 

drugs will pass through the stratum corneum by partitioning between the polar 

environment (inside the corneocytes) and the lipophilic areas (lipids contents between the 

corneocytes).  

Lastly, drugs can be delivered into the skin through epidermal appendages, such 

as hair follicles, hair shafts, and sebaceous glands. Drugs can enter the epidermis and 

dermis layer through hair follicles; however, the density of follicular openings is very 

low, and the secretion of sebum from the follicular openings can interfere with drug 

delivery. This route is more suitable for drugs that need to target the follicles, and this can 
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be accomplished by developing formulations that can be preferentially taken up by the 

follicles. It is important to understand that the molecule may permeate by one pathway or 

a combination of pathways, depending on the physicochemical properties of the 

permeating molecule.  

When therapeutic molecules are delivered into and across the skin, the therapeutic 

target sites within the skin must be considered. Clearly, drug molecules related to skin 

disorders need to reach the superficial layer of skin, such as sunscreens or acne 

medication. To target systemic delivery, the drug molecules must reach the dermis layers 

of skin, such as with hormone therapy drugs, pain management drugs, and antihistamines. 

Also, when disorders take place in appendages, the drug molecule needs to be delivered 

into the appendages, such as with antiperspirants and hair growth promoters. 

It is important that the molecule possesses the proper physicochemical properties 

to have significant passive permeation into the skin. For the drug to permeate into the 

skin, it needs to be released from its dosage form and diffused into and through the 

stratum corneum before partitioning to the more aqueous epidermal and dermal tissues. 

The drugs need suitable solubility and diffusivity for each environment to be able to 

reach the target tissues. Also, the molecule’s permeant properties, including the 

molecular size, solubility, and melting point, ionization, and potential for tissue binding 

also may affect the permeation process. For example, drugs should be small, moderately 

lipophilic (typically, log P of about 1 to 3, molecular weight less than 500 Da) to diffuse 

passively through the skin. Further, drugs that have lower melting points (<200°C) have 

greater solubility in skin, and, therefore, the flux increases (Ajay K Banga, 2011). A drug 
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with an aqueous solubility of >1 mg/mL at a dose of <20 mg/day is usually considered 

ideal for developing transdermal delivery systems. 

To design a product for topical and transdermal drug delivery, it is necessary to 

understand the nature of transdermal drug systems as well as the structure of skin. In the 

past, many compounds have been investigated and developed for a wide range of 

disorders, including scopolamine for travel sickness, nitroglycerin for cardiovascular 

disorders, estradiol for hormone replacement therapy, fentanyl for pain management, 

nicotine for smoking cessation, rivastigmine for Alzheimer’s disease, and 

methylphenidate for attention deficit hyperactivity disorder.  

Theoretical Basis of Percutaneous Absorption 

The transport mechanism of drug transport through skin is governed by Fick’s 

first law of diffusion as:  

J = DKΔC/h 

 

Where J = Flux per unit area 

 

D = Diffusion coefficient in the skin 

 

K = Skin – vehicle partition coefficient 

 

ΔC = Concentration gradient across the skin 

 

h = Diffusional pathlength 

 

Based upon the Fick’s first law, the flux of drug permeation can be influenced by 

concentration gradient, diffusion coefficient, partition coefficient and length of diffusional 

pathway. 
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Permeation Studies using In Vitro Franz Diffusion Cells 

The most common in vitro method employed in studying transdermal and dermal 

permeation of compounds is diffusion cells. In general, these diffusion cells consist of a 

donor compartment and receptor compartment that is separated by a membrane (typically 

ex vivo human or animal skin, or an artificial polymeric membrane). Formulations 

containing the permeants of interest are typically introduced into the donor compartment 

that diffuse across the membrane of choice and into the receptor compartment. The 

permeant that has diffused into the receptor compartment are then analyzed by means of 

analytical techniques such as high-performance liquid chromatography (HPLC).  

Typically, diffusion cells are classified into two main types: static (Franz-type) 

and flow-through (Bronaugh-type). In static diffusion cells, permeants partition into a 

fixed-volume receptor compartment that is thermostatically controlled. In addition, the 

receptor media is continuously mixed via a magnetic stirrer bar in order to maintain a 

sink condition within the receptor compartment (Moss, Gullick, & Wilkinson, 2015). In 

static diffusion cells, a defined volume of the receptor media is manually sampled at 

predefined intervals and replaced with an equal volume of fresh receptor media. Such 

sampling procedure allows the investigator to plot the permeation profile of the 

investigated compound over time.  

Franz-type diffusion cells can be further sub-classified into side-by-side or upright 

based on how the skin is orientated in the diffusion cell. The earliest type of diffusion cell 

used in percutaneous absorption studies was the side-by-side static diffusion cells. In 

these diffusion cells both skin surfaces - stratum corneum and dermis are fully immersed 

in donor solution and receptor media, respectively, with both solutions being stirred 
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simultaneously by means of stirrer bars. However, the side-by-side diffusion cells is 

rarely used in skin permeation study nowadays as the skin is more susceptible to damage 

with such experimental set up. There is the possibility of overestimating the permeation 

profile of compounds due to excessive and prolonged hydration of the stratum corneum 

by the donor compartment. In addition, the selection of formulations that are suitable to 

be investigated in side-by-side diffusion cells is limited to simple drug solutions. 

Nevertheless, the side-by-side static diffusion cells are occasionally used when evaluating 

drug delivery systems such as electroporation, iontophoresis and sonophoresis (Chilcott 

& Price, 2008).  

Due to the limitation of the side-by-side diffusion cells, another variant of the 

static diffusion cells known as the upright diffusion cell emerged in 1975. This type of 

diffusion was known as the Franz diffusion cell which was named after Thomas James 

Franz who invented the apparatus (Franz, 1975). In this setup, the skin is clamped 

between a receptor compartment that contains the receptor media while the stratum 

corneum side faces the donor compartment and is open to the ambient laboratory 

environment. Such experimental set up mimics the typical environment that the stratum 

corneum experiences (Benson et al., 2012; Moss et al., 2015).  

The second type of diffusion cells is the flow-through cells which was introduced 

Robert Bronough and Raymond Stewart in 1984. Unlike the static diffusion cells, the 

flow-through cells maintain a sink condition by utilizing a peristaltic pump which ensures 

continuous flow of the receptor media through the receptor chamber. Such continuous 

flow beneath the skin mimics the dermal blood circulation that carries exogenous 

compound away from the absorption site. In addition, these cells can employ automatic 
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sampling that overcome labor intensive sampling time points while enabling continuous 

monitoring of absorption profiles (Bronaugh & Stewart, 1985). Despite these advantages, 

the Franz-type static diffusion is more commonly used in percutaneous studies as the 

flow-through cells are inherently more complex and costly (Moss et al., 2015). 

Permeation Enhancement Strategies 

Drugs that do not possess the proper physicochemical properties have limited 

passive permeability into and across skin (Ajay K Banga, 2011). A limited number of 

active pharmaceutical ingredients have such properties. Several techniques have been 

studied to enhance the percutaneous absorption of drugs. Passive techniques include the 

use of chemical penetration enhancers, eutectic mixtures, or prodrugs for formulation 

development (Ajay K Banga, 2011; Ghosh & Banga, 1993). Also, formulating vesicular 

or carrier-based delivery systems such as using liposomes, microemulsions, and 

nanoparticles provides a passive approach to enhance drug delivery across the skin 

(Kogan & Garti, 2006; Santander-Ortega et al., 2010; Schreier & Bouwstra, 1994). Some 

of the examples of the physical enhancement techniques are iontophoresis, 

electroporation, sonophoresis, microneedling, laser microporation, microdermabrasion, 

radiofrequency, and thermal ablation (Alkilani et al., 2015; A. K. Banga, Katakam, & 

Mitra, 1995; Herwadkar et al., 2012; W.-R. Lee, Shen, Wang, Hu, & Fang, 2003; 

Weaver, Vanbever, Vaughan, & Prausnitz, 1997). 

Sonophoresis 

Sonophoresis refers to the use of ultrasound (outside of hearing range, >20 kHz) 

for transdermal drug delivery enhancement (Herwadkar et al., 2012). Ultrasound can be 

classified based on frequency as high (>3 MHz), medium (1 to 3 MHz), and low 
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frequency (20 to 100 kHz). High-frequency ultrasound is generally used for clinical 

imaging, such as in sonography for fetal imaging. Medium frequency ultrasound is often 

used in physical therapy clinics to release certain muscle and joints pains, and low 

frequency ultrasound has become one of the prominent enhancement techniques in 

transdermal drug delivery systems, known as sonophoresis. When the sound energy is 

applied to the skin barrier, it creates small gaseous cavities (cavitation), resulting in the 

disordering of the lipid bilayers of the stratum corneum through which drugs can 

permeate (Boucaud et al., 2001). Ueda et al. described how cavitation plays a major role 

in enhancing skin permeability and is inversely related to frequency (Ueda et al., 2009). 

Due to the many advantages of sonophoresis, such as non-invasiveness and ease of 

application, numerous studies have shown the enhancement in skin permeability to 

various drugs and therapeutic agents. Although numerous studies of sonophoresis have 

demonstrated the measurable enhancement of different molecules, Mitragotri et al. 

demonstrated how the sonophoretic enhancement for drugs’ percutaneous absorption 

significantly varies from drug to drug due to the wide range of physicochemical 

properties of permeants (Mitragotri, Blankschtein, & Langer, 1997). 

The efficacy and safety of sonophoresis can be affected by parameters like 

ultrasound application time, duty cycle (continuous or fractional), coupling medium, and 

the distance of ultrasound horn from the skin. Herwadkar et al. performed an experiment 

to optimize the parameters of low frequency sonophoresis to enhance the delivery of 

ketoprofen into and across skin (Herwadkar et al., 2012). In this study, the minimum 

effective application time was investigated at a constant frequency and intensity. 

Application times of 0.5 min and 1 min did not show a significant enhancement in 
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transdermal and topical delivery of ketoprofen over passive delivery. However, 2 min of 

ultrasound application resulted in significantly higher amounts delivered into and across 

hairless rat skin. Also, authors demonstrated that using a pulsed ultrasound (50% duty 

cycle) is equally effective as the continuous application (100% duty cycle) by comparing 

the cumulative absorption of ketoprofen with each application. In addition to the intensity 

and time of application, the distance between the transducer and skin is another factor 

that affects sonophoresis. Terahara et al. measured skin conductivity and found that it is 

inversely related to the distance from the horn (Terahara, Mitragotri, Kost, & Langer, 

2002). A similar result was found in the study carried out by Herwadkar et al. Therefore, 

the main factors that affect transdermal and topical delivery are the frequency, intensity, 

duty cycle, and application time. 

Different drug classes have been investigated for delivery by sonophoresis, 

including small molecules, macromolecules, oligonucleotides, DNAs, and vaccines by 

sonophoresis. Some of the small molecules that showed enhanced delivery by 

sonophoresis include 5-fluorouracil, hydrocortisone, ibuprofen, and lidocaine (Brucks, 

Nanavaty, Jung, & Siegel, 1989; Meidan, Docker, Walmsley, & Irwin, 1998; Meidan, 

Walmsley, Docker, & Irwin, 1999; Tachibana & Tachibana, 1993). Several studies 

reported the successful delivery of macromolecules and protein by sonophoresis. For 

example, Mitragotri et al. showed it is possible to deliver high molecular weight 

molecules by low frequency ultrasound such as insulin, interferon ƛ, and erythropoietin 

across human skin (Mitragotri, Blankschtein, & Langer, 1995). Sonophoresis itself can be 

used as an effective physical enhancement technique to enhance transdermal and topical 

drug delivery. 
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Microporation-Mediated Transdermal Drug Delivery 

Microneedles  

Fabrication of different types of microneedles  

The microfabrication technology started thriving and expanding in the mid-1990s. 

The exponential rise in various armamentarium used in the microfabrication industry led 

to the creation of variety of microscopic devices, and it ultimately resulted in the 

invention of microneedle application in drug delivery (Gill & Prausnitz, 2007). The 

concept of the microneedle was first introduced and patented by ALZA Corporation in 

1976 (Ryan F. Donnelly et al., 2010). However, the fabrication of microneedles intended 

for transdermal drug delivery applications was not demonstrated in scientific literature 

until 1998 due to later advent of high precision microstructure technology and 

microfabrication tools (Henry, McAllister, Allen, & Prausnitz, 1998). Since then, a large 

number of studies have been reported concerning the use of different techniques for 

manufacture of various types of microneedles (Y. C. Kim, Park, & Prausnitz, 2012). 

During fabrication the shape of needle tips and lengths and widths need to be optimized 

for ease of insertion into the tissue (McAllister et al., 2003). The tips can be either 

symmetrical or beveled depending on the microfabrication methods with shapes ranging 

from cylindrical (McAllister et al., 2003), rectangular (Rodriguez et al., 2005), pyramidal 

(McAllister et al., 2003), conical (Roxhed, Griss, & Stemme, 2008), to octagonal (Wu, 

Qiu, Zhang, Qin, & Gao, 2008). Details of each method will be described in later parts of 

this section. In general, the types of microneedles are divided into five classifications 

(Rzhevskiy, Singh, Donnelly, & Anissimov, 2018). 
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Solid Microneedles 

Solid microneedles (SMNs) are fabricated with a variety of materials into a range 

of needle shape and length. Microneedles are fabricated on a flat surface in an array that 

ranges from 5×5 to 20×20, which resembles a spiked plate. SMNs can be directly cut 

from a solid material by laser cutting (W. Martanto et al., 2004) and mechanical/chemical 

etching (McAllister et al., 1999). They can also be made from a master mold by casting 

and electroplating (McAllister et al., 2003). This type of microneedles is used as a skin 

pretreatment. Microchannels are created by inserting and removing microneedles on the 

skin surface across the epidermis and dermis, which can facilitate the drug diffusion 

pathways into the body (McAllister et al., 2003; Naguib, Kumar, & Cui, 2014). 

Therefore, successful fabrication of SMNs depends on the two factors that can be 

affected by selection of materials, method of fabrication and shape (geometry) of the 

needles: sufficient mechanical strength and needle tip sharpness to reduce the force 

needed to insert into the tissue. The materials commonly used for fabrication can be 

classified into four groups: metals, non-degradable polymers (titanium dioxide (Cormier 

et al., 2004)), degradable polymers, and water-soluble compounds. When SMNs are 

fabricated with degradable polymers and water-soluble materials such as maltose (Gujjar 

& Banga, 2014), galactose (R. F. Donnelly et al., 2009), polyvinyl alcohol (PVA) (H. X. 

Nguyen et al., 2018), or hyaluronic acid (S. Liu et al., 2012) they can be categorized as 

dissolving/polymeric microneedles and will be discussed in the following section.  

The first SMN was fabricated with silicon using a reactive ion etching 

microfabrication technique by Henry et al (Henry et al., 1998). Also, it was the first study 

that was published using fabricated microneedles to enhance the transdermal drug 
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delivery. A 20×20 array of silicon microneedles was fabricated with the length of 150 

µm. An in vitro permeation experiment of calcein delivery into human skin with or 

without microneedle application was as carried out and showed 1,000 to 25,000-fold 

increases to calcein permeability. They found that permeability increase was dependent 

on the time of microneedle insertion. The longer the microneedles was inserted, the less 

amount of calcein was detected in the receptor solution - more calcein penetrated when 

the microneedles were removed 1 h after insertion compared with microneedles were not 

removed from the skin. An explanation for this is that occupation of the microchannels 

with microneedle arrays delayed the diffusion rate of permeants (Henry et al., 1998). In 

addition to the in vitro study, in vivo study was performed with human volunteers to 

evaluate the safety and efficacy of the microneedle system. The volunteers reported that 

insertion of the microneedle array was not painful. In addition, no serious adverse 

reactions were observed at the application site including erythema and edema. 

McAllister et al. (McAllister et al., 2003) published substantial work on 

microneedle fabrications utilizing different micro-electro-mechanical systems (MEMS) 

techniques with many different materials. Solid silicon microneedle was fabricated with 

the same method introduced by Henry et al. (Henry et al., 1998). Molds are prepared first, 

then microneedles can be fabricated by electrodeposition or polymer injection molding. 

Using a mold to fabricate microneedles has a benefit of forming exact replicas each time 

over directly etching or laser cutting the materials (Ryan F. Donnelly et al., 2010). 

Various parameters that affect drug delivery following application of SMNs have 

been explored by different groups. In a study conducted by McAllister et al. (McAllister 

et al., 2003), four molecules with different radius (calcein, <1 nm; bovine serum albumin 
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(BSA) and insulin, 1 - 10 nm; and nanospheres of 25 and 50 nm) permeated at rates of 

10-2, 10-3, and 10-4 (cm/h), respectively, into skin after metal microneedle insertion. The 

molecule with the lowest molecular radius (calcein) had the highest permeation followed 

by BSA, insulin, and the nanospheres showed the lowest permeation. Overall, molecular 

diffusivity was found to be inversely proportional to molecular radius. Martanto et al. (W. 

Martanto et al., 2004) fabricated solid stainless steel microneedles by laser-cutting to 

facilitate the skin delivery of insulin in diabetic rats. In this study, different parameters 

were evaluated for the rate of insulin delivery - insulin concentration, needle insertion 

time, and number of insertions. The highest glucose drop was observed with higher 

insulin concentration (500 U/ml), shorter time of insertion (10 s versus 10 min and 4 h), 

and single insertion. Li et al. (W. Z. Li et al., 2010) also fabricated SMN with silicon by 

wet etching and delivered galantamine into the skin. Different arrays (8×8, 10×10, and 

12×12) were assessed for the skin permeability of galantamine; however, it did not show 

significant differences between the groups. The results aligned with other studies 

conducted by Martanto et al. (W. Martanto et al., 2004).  

Hollow Microneedles 

When conventional hypodermic needles are reduced to micron-sized in length and 

diameter, it would be a good representation of a hollow microneedle (HMN). It can be a 

single needle or multiple needles attached to a plate/base that can be connected to a 

device which provides an external driving force to inject fluid or drug through the 

internal bore or lumen (Brazzle, Papautsky, & Frazier, 2000). Having a long history of 

use of hypodermic needles and syringes in the practice of medicine, HMNs were 

researched extensively in the early stage of microneedle development (Shawn P. Davis, 
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Landis, Adams, Allen, & Prausnitz, 2004; Paik et al., 2004). HMN uses the existing 

injectable formulations for drug delivery, so it does not require additional research to 

develop new formulations (Harvey et al., 2011). Additionally, it allows the dose to be 

easily controlled based on patients’ need (S. P. Davis, Martanto, Allen, & Prausnitz, 

2005). However, the rate of delivery and volume of drug solution can be limited due to 

compaction of the skin (W. Martanto et al., 2006). Recent studies have shown that this 

limitation can be overcome by partial retraction or use of hyaluronidase (Wijaya 

Martanto, Moore, Couse, & Prausnitz, 2006; Wang, Cornwell, Hill, & Prausnitz, 2006). 

Also, it is worth noting that lumen of the HMNs can get clogged when they are inserted 

into the skin due to the dense nature of dermal tissues. Therefore, a design of the HMN 

could have an impact on drug delivery. Bodhale et al. (Bodhale, Nisar, & Afzulpurkar, 

2010) investigated on a novel HMN design by placing the lumen hole on the side of 

microneedle array to avoid the clogging. Also, the clogging of the lumen holes can be 

prevented by tapering the needle shaft rather than utilizing a straight-walled HMNs 

(Chua, Desai, Tierney, Tamada, & Jina, 2013).   

Early research of the fabrication method was focused on demonstrating the 

concept and introducing possible applications of the HMNs. Henry et al. (Henry et al., 

1998) was the first group that fabricated three-dimensional tapered shaft out of plane 

HMN arrays for transdermal drug delivery. Brazzle et al. (Brazzle et al., 2000) used 

micromachining technologies to fabricate hollow metallic fluid coupled needles arrays 

for biomedical applications. Microneedles fabricated by Henry et al. (Henry et al., 1998) 

with silicon were used as a mold to fabricate HMNs and a step by step processes of 

fabricating HMNs and microtubes are shown in their study. The HMNs were fabricated 
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utilizing multiple MEMS techniques: photolithographic processes, silicon etching, metal 

electroplating, and micro-molding. For the ease of understanding, an analogy is discussed 

here.  

A three-dimensional pyramidal-shaped ice (a silicon microneedles array) is 

covered with clay (epoxy SU-8) only exposing the apex of the pyramid 

(photolithographic process) . After the ice (SU-8) is melted away (silicon etching, using 

SF6 plasma or an HNO3/HF solution), the clay is left with the negative shape of the 

pyramid (the negative of the microneedles with a small diameter hole) with a hole at the 

top . Further, the inside of the clay wall is pretreated with oil (Ti-Cu-Ti) and is covered 

with thick paper (metal electroplating, using NiFe, Au, or Cu, etc) . Once the clay is 

removed by hand (Reactive Ion Etching, using O2/CHF3 Plasma), it leaves the pyramidal-

shaped paper which can be used as the mold for HMNs. This whole process is called 

micro-molding and as a result, the HMN was successfully fabricated with a dimension of 

150 µm in height, 80 µm base diameter, 10 µm tip diameter, and 150 µm needle to needle 

spacing to penetrate the human epidermis (McAllister et al., 1999). 

Glass HMNs were fabricated by conventional draw-glass micropipette techniques. 

In a study by McAllister et al. (McAllister et al., 2003), glass microneedles were used to 

inject insulin into diabetic rats for evaluation of transdermal delivery. The microinjection 

resulted in a 70% glucose level drop compared to 0% with the controls (either saline 

injection or insulin application on the skin). Wang et al. (Wang et al., 2006) demonstrated 

effective transdermal drug delivery utilizing the microfabricated glass HMNs. Also, this 

study introduced a partial extraction of the needle after insertion and a vibrating-the-

microneedle-array method to increase the infusion flow rate into skin. After the partial 
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extraction of the needle, the flow rate of insulin into diabetic rat increased from 5 ± 1 µL 

to 29 ± 12 µL over the 30 min infusion period. Vibrating the microneedle array also 

delivered more dye than without vibration. 

Although there has been some remarkable advancement in the fabrication of 

HMNs, such as the digitally controlled HMN injection system (K. van der Maaden et al., 

2018), most of previously conducted vaccine studies utilizing HMNs did not extend their 

research in developing HMNs due to the complexity and lengthy process of fabrication 

(Laurent, Bourhy, Fantino, Alchas, & Mikszta, 2010; Mikszta et al., 2006; Ogundele & 

Okafor, 2017; Verbaan et al., 2007). Instead, many vaccine delivery studies have been 

carried out with micron-sized hypodermic needles with dimensions of 1000-1500 µm in 

length and 30-34 gauge of outer diameter mounted on a syringe (Henry et al., 1998). 

Research in the area of HMN-mediated vaccine delivery culminated with the FDA 

approval of BD SoluviaTM and MicronJet®  for vaccination purposes. Microneedle 

mediated vaccines take the advantage that delivery by microneedle gains easy access to 

the dermal lymphatics, which is discussed in more detail in the later part of this section.   

Coated Microneedles 

High molecular weight molecules can be delivered into the skin in a rapid bolus 

manner by utilizing coated microneedles fabricated with various biodegradable and 

biocompatible materials. In addition, studies have shown that drugs coated on 

microneedles in a solid phase can be stable in the long-term (Tuan-Mahmood et al., 

2013). Cormier et al. (Cormier et al., 2004) reported desmopressin coated on 

microneedles was stable for 6 months at room temperature when stored under nitrogen. 

Commonly, metal or silicon microneedles are used as the base structure to ensure 
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sufficient mechanical strength to puncture the skin. However, the generation of 

biohazardous waste post needle insertion that necessitate meticulous and proper needle 

disposal still remains as a limitation. To coat the microneedles successfully, a few factors 

need to be considered. First, uniform coating and accurate placement of coating solution 

on needle arrays are required to provide reproducibility, accurate dose control, and 

maximize the dose. Proper materials and coating conditions are needed to maintain drug 

integrity. Coating methods and materials need to be optimized to provide good adhesion 

of the coating so to prevent wiping off on the skin surface during insertion. Lastly, 

dissolution kinetics in the skin affects the delivery profile such as rapid vs. sustained 

release. (Gill & Prausnitz, 2007) 

Various coating methods such as dip coating, roll coating, layer-by-layer coating 

and spray coating are reported (J. Chen, Qiu, Zhang, Yang, & Gao, 2015; Kusamori et 

al., 2016; Ma & Gill, 2014; McGrath et al., 2011). Among them, dip coating is the most 

popular method because of its cost effectiveness and simplicity (Du et al., 2018). Du et 

al. (Zhao, Ukidve, Dasgupta, & Mitragotri, 2018) performed an in vivo mice study of 

nanoparticle coated microneedle-mediated immunization with diphtheria toxoid. The 

silicon microneedles were coated with nanoparticles using layer-by-layer coating method. 

They reported that repeating the coating steps from three to five times have increased the 

amount of the loaded drug.  

Gill and Prausnitz. (Gill & Prausnitz, 2007) examined different coating methods 

that can be applied to coat a broad range of molecules onto the microneedles. The 

chemical entities coated onto the microneedles included a range of substances such as 

vitamin B, calcein, BSA, plasmid DNA, attenuated vaccinia virus and microparticles with 
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diameter of 1-20 µm. By developing a novel micro-dip-coating apparatus to isolate the 

needle arrays and the base, the active pharmaceutical ingredient in the coating solution 

was isolated to the needle shaft which resulted in a tight dose control. All the molecules 

were able to be delivered into the skin except the molecule with the highest molecular 

weight (20 µm diameter), which was wiped off onto the skin surface. This study also 

emphasized that the drug needs to be potent to be used with coated microneedles since 

the maximum amount drug that can be coated onto microneedle was 1 mg. 

Dissolving Microneedles 

Advancement in polymer chemistry has recently led to unprecedented control 

over polymer physicochemical properties. The breakthrough led to the development of 

numerous dissolving polymeric microneedles with control over the drug delivery rate. 

Such polymers also display biocompatibility, biodegradability, strength, toughness, and 

optical clarity (W. Chen et al., 2014; Y. K. Demir et al., 2017; Sullivan, Murthy, & 

Prausnitz, 2008; Ye, Yu, Wen, Kahkoska, & Gu, 2018). In addition, the cost-effective 

fabrication and reproducibility of polymeric microneedles provide the advantages 

compared to typical MEMS processes (Ryan F. Donnelly et al., 2010). Polymeric 

microneedles can be fabricated by a variety of mold-based techniques, such as casting, 

hot embossing, injection molding, and investment molding (Han et al., 2009; Pérennès et 

al., 2006; Sammoura, Kang, Heo, Jung, & Lin, 2007). Matrix materials include PVA (H. 

X. Nguyen et al., 2018), poly(vinyl pyrrolidone) (PVP) (M. Dangol et al., 2016; D. Liu et 

al., 2018), poly (D,L-lactic acid) (PLA) (M. C. Chen, Huang, Lai, & Ling, 2013), poly 

(D,L-lactic-co-glycolic acid) (PLGA) (Demuth, Garcia-Beltran, Ai-Ling, Hammond, & 

Irvine, 2013), carbohydrates (R. F. Donnelly et al., 2009) and sodium carboxymethyl 
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cellulose (Ono et al., 2017). Depending on the matrix materials, these microneedles can 

be used to deliver drugs in bolus or in sustained manner into the skin.  

Dissolving microneedles can be differentiated into slow dissolving (days to 

months) and fast-dissolving/water soluble (minutes to hours) microneedle depending on 

the properties of matrices and design of the microneedles (W. Chen et al., 2014). Fast-

dissolving microneedles dissolve in a short period of time upon application and leave the 

partial or entire microarrays in the skin. Materials commonly used for fabrication of this 

type of microneedles include hyaluronic acid or carbohydrates (Manita Dangol et al., 

2017; Z. Zhu et al., 2014). Slow-dissolving microneedle use lipophilic polymers as their 

matrix which creates micro channels and releases drugs slowly as the polymer degrades 

in the skin. For example, different grades of PLGA demonstrate wide range of drug 

release profiles and degradation time, which could control release profiles of the 

encapsulated drug (J. H. Park, Allen, & Prausnitz, 2006). The benefit of this type of 

microneedles is that the drug is loaded within the microneedle arrays which obviate the 

need for a two-step drug administration process. On the other hand, the limitation of 

dissolving microneedle is that the drug needs to possess physicochemical properties 

compatible with the fabrication process. The fabrication process cannot include high 

temperature or light if the drug is sensitive to heat and/or light (R. F. Donnelly et al., 

2009).  

Nguyen et al. (H. X. Nguyen et al., 2018) investigated the utility of using 

dissolving PVA microneedles for the transdermal delivery of doxorubicin in the 

treatment of solid tumor. Doxorubicin was loaded in various locations – either the base or 

the needle shafts of the microneedle arrays. Different amount of the drug could be loaded 
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in different locations, which resulted in varying extent of drug delivery. For example, 

more drug could be loaded when it was loaded on both the surface of the base and the 

needle shafts, and 3-fold higher drug delivery could be achieved. This study showed that 

the magnitude of drug delivery is affected not only by the needle dimensions but also by 

the drug localization within the microneedle array. 

McGrath et al. (McGrath et al., 2014) introduced a novel method to fabricate 

dissolving microneedle using an atomized spray process which might overcome 

shortcomings of conventional methods. The atomized spray process had been used in 

manufacturing different biopharmaceutical products, and it was used in microneedle 

fabrication for the first time. This novel method demonstrated that dissolving 

microneedles from various materials including sugars and polymers (i.e. trehalose, 

polyvinyl alcohol, and sodium alginate) could be fabricated successfully. The method 

only requires one step with a short drying time which can be easily scaled up for mass 

production, therefore offering more simplicity compared to the vacuum and 

centrifugation mold filling method. It also avoids extreme conditions such as high 

pressure or temperature so that substances including proteins and vaccines can be 

incorporated into the microneedles. In addition, trehalose, which absorbs water, stabilizes 

proteins by avoiding protein aggregation. Despite its benefits over conventional methods, 

only 17% of the drug (ketoprofen) was delivered into and across skin, which was not 

significantly higher than other studies that ranged between 16 to 47%. It demonstrated 

that the methods of fabrication have less impact than the geometric properties such as 

microneedle array lengths and number of needles (volume of the arrays) on the amount of 

drug delivered (Al-Qallaf & Das, 2009). 
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Other possible benefits of dissolving microneedles include self-administration, 

reduced risks associated with improper needle disposal and cold chain distribution, and 

higher patient compliance. Nevertheless, there are many challenges remaining including 

but not limited to the maximum drug loading without compromising the mechanical 

strength, scale up process, packaging, distribution, and regulations (J. W. Lee, Park, & 

Prausnitz, 2008).  

Hydrogel-forming microneedles 

This class of microneedles is prepared from hydrogel-forming polymeric 

matrices. Donnelly and co-workers were pioneers in developing this class of 

microneedles. Such microneedle arrays rapidly absorb interstitial fluid upon insertion into 

the skin which causes hydrogel swelling (Eltayib et al., 2016). This generates continuous, 

unblocked hydrogel conduits for drug permeation into the skin. Additionally, the rate of 

drug delivery can be tuned by the crosslink density of hydrogel fibers, permitting 

controlled drug delivery kinetics (Dimatteo, Darling, & Segura, 2018). Also, such 

microneedles have also been utilized for bio-diagnostic purposes through the analysis of 

interstitial fluid that is absorbed by the microneedles upon insertion into the skin (Kiang, 

Ranamukhaarachchi, & Ensom, 2017). 

Hydrogel-forming microneedle technology has been proposed to overcome the 

limitation associated with other classes of microneedles. The one-step application of 

hydrogel-forming microneedle linked to a drug-loaded patch overcomes the cumbersome 

two-step application process associated with SMN skin pre-treatment (Migdadi et al., 

2018). It has frequently been reported that the rate of pore closure after SMN pre-

treatment differs considerably leading to considerable variation in drug delivery (Y. C. 
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Kim et al., 2012). Hydrogel-forming microneedles have the advantage of resisting pore 

closure while in place. They also have the added benefit of avoiding deposition of 

microneedle tip post-insertion (Ita, 2014). Deposition of such debris has been a 

contentious issue with regards to dissolving microneedles as well as SMNs that they may 

fracture upon insertion. The ability of such needles to be removed intact post insertion is 

attributed to viscoelastic properties conferred by the hydrogel materials used to fabricate 

the microneedles (Larrañeta et al., 2015). 

Hydrogel-forming microneedles could be considered as a subtype of polymeric 

microneedle where the polymers display physicochemical properties of the hydrogel (Y. 

K. Demir et al., 2017). As such, polymers which can be cross-linked and form hydrogel 

upon application would be good candidates for the microneedle fabrication (Larraneta et 

al., 2014). Due to similarities between those polymers, whether it has hydrogel properties 

or not, the possible fabrication methods are similar to each other. Mainly these types of 

microneedles are spin-casted onto the female molds utilizing centrifugation followed by 

vacuum application.  

Independent from the fabrication process, properties of polymers govern the drug 

release and permeation profiles. Some cross-linked polymers, i.e. via esterification, might 

not dissolve upon application, which results in a different drug release profile such as 

bolus release followed by sustained release of the drug (Larraneta et al., 2014). Upon skin 

insertion, the microneedle breaches the stratum corneum instantly and they act as a 

continuous drug delivery conduit or channel by drawing skin interstitial fluid to the skin 

surface where drug reservoir is located. Consequently, it allows rapid delivery of high 

doses of proteins (Larraneta et al., 2014). One of the first hydrogel-forming polymers that 
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demonstrated above characteristics was poly (methyl vinyl ether-co-maleic acid) 

(PMVE/MA) and polyethylene glycol (PEG). Larraneta et al. (Larraneta et al., 2014) 

fabricated the microneedle by a micro-molding and spin-casting method. Ibuprofen 

sodium and ovalbumin (OVA) were prepared in lyophilized drug reservoirs and applied 

on top of the hydrogel-forming microneedles. As a result, it was demonstrated that the 

dose is not limited to the loading capacity of the microneedles themselves and that 

controlled administration is feasible. In the same manner, Demir et al. (Y. K. Demir et al., 

2017) successfully fabricated hydrogel-forming microneedles by crosslinking PMVE/MA 

and pectin (10×10 arrays with approximately 700×200 µm, height×base). 

Characterization studies established its bio-adhesiveness, swelling performance, and the 

puncture force (0.15 ± 0.05 to 0.25 ± 0.04 N/needle). In terms of drug delivery and 

release profiles, further studies should be performed with various chemical entities of 

interest and compared to the non-hydrogel-forming polymers.   

Drug encapsulating location in the MN varies depending on the purpose of the 

microneedles. If the drug is loaded in the needles, it can immediately release the drug into 

skin and systemic circulation. Such design may be suited for bolus release of 

therapeutics. On the other hand, drugs in backing membrane can result in sustained drug 

release. The backing membrane (drug reservoir) swells and comes in contact with 

interstitial fluid through microchannels which provide diffusion pathways to the drugs 

(Gill & Prausnitz, 2007). When drug is loaded in both needles and the base, it is possible 

to increase the drug amount from µg up to a few mg (H. X. Nguyen et al., 2018). 
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Perspectives in fabrication of microneedles 

Since the invention of hollow needles in 1844, the hypodermic needles have been 

used for intravenous administration of drug to patients for nearly 170 years (Hauri, 

Armstrong, & Hutin, 2004). The impact of hypodermic needle as a device to systemically 

deliver drugs and bioactives remain strong till today despite the pain and psychological 

distress associated with hypodermic needles. Efforts devoted to revolutionizing the 

design of hypodermic needle into a painless drug delivery system has led to 

conceptualization of microneedles by Gerstel and Martin from Alza Corporation in 1976. 

Since then, there has been an exponential rise in the area of microneedles for improving 

intradermal and transdermal delivery of pharmaceuticals and cosmeceuticals. This has 

culminated with the development of new and intelligent microneedle systems. This is 

evidenced by the transition from the simple ‘poke and patch’ of solid microneedles 

fabricated from silicon and stainless steel to the development of bioresponsive systems 

such as hydrogel-forming and dissolving microneedles. Such evolution is catalyzed by 

the advancement made in the area of microfabrication technologies available in designing 

microneedles. As knowledge in microneedle fabrication expands, we are slowly seeing 

the emergence of hybrid microneedle systems which encompasses the properties of 

different classes of microneedles into one. This trend is attributed to the demand to 

overcome the limitations associated with each type of microneedle while tailoring the 

needs for an effective delivery system.  

A tremendous amount of work related to microneedle fabrication methods has 

been published in which many reported the major factors that affect microneedle 

performance such as material, tip radius, needle geometry, needle thickness, needle 
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height, and needle density. It is important to understand the relationships between the 

factors to optimize and fabricate microneedles which possess higher insertion and lower 

fracture force. Al-Qallaf et al. (Al-Qallaf & Das, 2009) investigated mathematical models 

to explore a variety of variables related to MNs performance on drug delivery into the 

skin. Although this is a theoretical model that needs to be validated experimentally, it 

would provide general information about the factors affecting drug delivery into and 

across the skin. Nevertheless, the design of such complex microneedle-based delivery 

system ought to be carefully characterized in order for formulation to meet its intended 

design. Examples of such characterization studies that ought to be performed are detailed 

in the next section. 

Characterization and evaluation of microneedles 

Physical characterization 

Visual Inspection and Microscopy to Characterize Microneedle Geometry 

The performance of microneedles is dictated by a multitude of interdependent 

factors ranging from materials for microneedle fabrication, manufacturing process and 

parameters as well as design and architecture of microneedle arrays. Microneedles need 

to possess appropriate mechanical strength, toughness and hardness to pierce the stratum 

corneum whilst at the same time be able to resist fracture and buckling failure. 

Previous studies have commonly evaluated microneedle geometry through visual 

inspection, stereo microscopy and scanning electron microscopy (SEM) (M. C. Chen et 

al., 2013; Gill et al., 2008; Gill & Prausnitz, 2007). Such characterization permits the 

visualization of microneedle dimensions, surface morphology and needle distribution 

pattern on the array. Of these parameters the radius of curvature is an integral 
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characteristic in microneedle design which dictates the efficiency of insertion (Chua et 

al., 2013; Kolli & Banga, 2008; H. S. Lee, Ryu, Roh, & Park, 2017). In addition, such 

examination of microneedle geometry is also critical in determining if the fabrication 

process produces needles of uniform geometry and sharp tip sharpness. Such uniformity 

may be a good indicator for the reliability of fabrication process. Any heterogeneity in 

the microneedle architecture may result in an inadequate penetration of the microneedle 

device in the skin (Raphael et al., 2016).  

Microneedle tip geometry plays a pertinent role in its performance. Early 

microneedle geometries mostly consisted of cone and pyramids. Davis et al. (Shawn P. 

Davis et al., 2004) were the first to explore how HMN tip design and geometry play 

essential roles in microneedle insertion. Through experimental measurements along with 

analytical and finite element modeling, they identified that more efficient insertion may 

be achieved using microneedles when microneedle tip radius is reduced from 80 to 30 

µm. This was demonstrated by insertion force, the force needed to successfully breach 

the stratum corneum, which decreased from 3.04 to 0.08 N per needle. This is attributed 

to a smaller contact area between microneedle and the skin, thus generating a higher 

pressure at the tip which permits improved penetration. They also discovered that a HMN 

tip with a thick wall endows robustness to the microneedle patch against fracture upon 

insertion. 

The geometry of the microneedle itself has been shown to impact the insertion 

behavior. Bediz et al. (Bediz et al., 2014) have shown that solid microneedles with an 

obelisk design were more effective in enabling deeper and more reproducible insertion in 

comparison to pyramidal shaped microneedles. This was attributed to the increase in 
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insertion force with increasing depth for pyramidal microneedles. However, this specific 

parameter resulted in an opposite effect with HMNs. Insertion studies by Chua et al. 

(Chua et al., 2013) who found in their insertion studies that tapered/pyramidal hollow 

microneedles resulted in improved penetration compared to obelisk/straight hollow 

microneedles. In addition, the lumen of straight HMNs were more likely to be occluded 

than that of tapered HMNs as skin materials are displaced during insertion. 

The use of fluorescently labelled molecules and dyes have been shown to aid the 

identification of molecules that have been successfully incorporated into the microneedle 

patch (Ryan F. Donnelly et al., 2010; Shu Liu et al., 2016; Zhao et al., 2018). Successful 

incorporation of fluorescently labelled molecules and dyes may be visualized by confocal 

laser scanning microscopy (CLSM), fluorescent microscopy or even visual inspection. 

Such inspection is pertinent as this provides preliminary information on the location of 

the incorporated molecules along the microneedle structures - tip, shaft or even the 

backing layer (Koen Van Der Maaden et al., 2015). 

Fracture Test  

In order for microneedles to perforate the skin and promote permeation of 

therapeutics, the device ought to possess sufficient mechanical strength to pierce the skin. 

The skin is well known for its inherent viscoelastic property which reduces the piercing 

capabilities of microneedles (H. X. Nguyen et al., 2018). Should a microneedle device 

possess poor tensile strength, this will result in skin folding around the needle tips leading 

to poor penetration and microneedle tip buckling (W. Martanto et al., 2006). 

It is of great importance that strength test coupled to insertion studies is 

performed to evaluate the penetration capability of microneedles. The failure force per 
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needle needs to exceed the force required for successful microneedle insertion into the 

skin to result in successful microneedle application. The required insertion force for 

microneedles into the skin barrier is approximately 0.098 N/needle to penetrate the 

stratum corneum (J. Y. Lee, Park, Seo, Lee, & Ryu, 2015; W. Yu, Jiang, Liu, et al., 

2017). However, a study by Donnelley et al. (Ryan F. Donnelly et al., 2012) have 

indicated that an insertion force as low as 0.03 N/needle may suffice in piercing the 

stratum corneum.   

The most common test typically employed in evaluating the mechanical strength 

of microneedle is the axial compression test or the needle failure test (Larrañeta et al., 

2015). This analysis involves a microneedle array attached to a test probe which then 

presses the microneedle at a pre-determined speed onto a flat metal block of aluminum 

until a peak maximum is registered in the force-distance curve. This is also known as the 

fracture force of the microneedle (Larrañeta et al., 2015).  

After each mechanical compression test, the microneedles are visually inspected 

to assess any deformation (such as buckling or bending) that the microneedle may have 

endured during the compression stage of the test procedure. The compression test is 

frequently carried out to ascertain the mechanical strength that a microneedle can 

withstand before it deforms. This is done by measuring the maximum force registered by 

the texture analyzer before the microneedles are deformed. The mechanical strength of 

microneedles is frequently reported as “force per needle”. This property is calculated 

from the maximum force registered on the texture analyzer divided by the number of 

needles per array. However, in doing such calculations, the investigator is assuming that 

all the needles will break simultaneously at the maximum force registered. The 
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assumption that all of the microneedles will simultaneously break at the same force may 

not be appropriate as some needles in an array may buckle or break prematurely during 

the compression test. This may lead to an overestimation of the microneedle tensile 

strength.  

Performance evaluation 

Insertion Studies 

It is well known that complete insertion of the whole microneedle length is 

difficult to achieve due to the inherent viscoelastic properties of the skin. The depth of 

microneedle insertion falls under two categories: true depth and estimated depth. 

Methods which provide true depth include confocal microscopy, X-ray transmission 

computational tomography and optical coherence tomography (OCT). On the other hand, 

method such as histological cross sectioning and staining provide estimated depth of 

microneedle insertion. The advantages and limitation of these techniques are highlighted 

in this section. 

Microneedle insertion studies have been carried out using excised animal  

(Demuth et al., 2013; Kochhar et al., 2013; H. S. Lee et al., 2017) or human skin (Gill & 

Prausnitz, 2007; Verbaan et al., 2008). This involves placing excised skin with the 

stratum corneum facing upwards on a flat surface such as parafilm or a wooden cork to 

mimic the underlying soft tissue. The desired treatment site is then gently stretched to 

even out any skin folds while microneedles are manually applied into the skin. After the 

microneedles are inserted and removed, the investigator will then apply a dye to the 

treatment site. Common dyes used to stain microneedle channels include gentian violet 

(Gill et al., 2008), methylene blue (Kolli & Banga, 2008) and trypan blue (Verbaan et al., 
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2008). Should successful microneedle insertion take place, one may observe the staining 

of microneedle channels. Upon puncturing the skin, these hydrophilic dyes will flow 

down and reside within the hydrophilic channels generated allowing visualization of 

microneedle channels. In addition, such staining also arises from the ability of some dyes 

such as methylene blue and gentian to selectively bind to the nucleus of the underlying 

epidermal and dermal cells but not the anucleated stratum corneum.   

Ex vivo, microneedle insertion studies may be accompanied with histological 

sectioning that allows visualization of the depth of microneedle pores and estimation of 

microneedle penetration. Should the fabricated microneedle contain fluorescently 

labelled molecules, the microneedle insertion site may be visualized using fluorescent or 

confocal microscopy (Y. C. Kim et al., 2012; Ling & Chen, 2013; W. Yu, Jiang, Zhang, 

et al., 2017). In addition, the Z-stack function offered by confocal microscopy allows 

evaluation of the actual depth of the microneedle channels generated upon insertion (H. 

X. Nguyen et al., 2018). Despite the popularity of visualizing microneedle channels using 

histological sectioning and microscopy, caution ought to be exercised when preparing 

such samples as the propensity of altering the skin structure may arise during the freezing 

and sectioning steps leading to erroneous estimation of the microneedle penetration into 

the skin (Loizidou, Inoue, Ashton-Barnett, Barrow, & Allender, 2016; H. X. Nguyen et 

al., 2018) .  

Due to the limitation of histological sectioning in investigating microneedle 

insertion, alternative techniques have been explored in an effort to elucidate the true 

depth of microneedle insertion into the skin in a non-invasive manner. Insertion of 
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microneedles may be observed in real time using OCT which is a non-invasive method 

for characterizing skin structure (Ryan F. Donnelly et al., 2010).  

Laser Microporation 

The use of lasers for cosmetic and reconstructive procedures has become popular 

and is a potential approach for skin microporation technology. Laser energy is used to 

rapidly heat and vaporize the stratum corneum at a focused site, and the resulting 

microchannels in the stratum corneum facilitate the drug delivery into and across the 

skin. There are many chemical and physical enhancement technologies to improve drug 

permeation via the stratum corneum, such as penetration enhancers, prodrugs, 

nanomedicine, tape stripping, ultrasound, and iontophoresis. However, the area and 

ablated depth cannot be accurately controlled by some of the techniques. The use of 

lasers can overcome these limitations by controlling the laser parameters, including 

wavelength, pulse energy, frequency, and width (Lin, Aljuffali, & Fang, 2014).  

Lasers can be categorized into two types, ablative and non-ablative, based on the 

affinity of the wavelength for water (Allemann & Kaufman, 2010). The lasers that emit 

wavelengths highly absorbed by water are categorized as ablative lasers, for examples, 

erbium:yttrium-gallium-garnet (Er:YAG, 2940 nm) and CO2 (10,600 nm) lasers, whereas 

those with only moderately absorbed wavelengths are called non-ablative lasers (1410, 

1440, 1540, and 1550 nm).  

The wavelength emitted by non-ablative lasers penetrates the deeper tissues 

without affecting the stratum corneum, thus requiring only short recovery times (Tanzi, 

Lupton, & Alster, 2003). Recently, Ganti et al. showed enhanced delivery of diclofenac 

sodium and sumatriptan succinate using these lasers (Ganti & Banga, 2016). Also, 
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Leyden et al. performed clinical testing of the non-ablative laser in 124 human volunteers 

and showed the efficacy, safety, and usability of the device (Leyden, Stephens, & 

Herndon Jr, 2012). However, non-ablative lasers have not been investigated in the 

permeation of large molecular weight compounds.  

Different types of ablation lasers were used to enhance transdermal drug delivery. 

The Er:YAG laser emits a wavelength of 2940 nm, which is highly absorbed by water 

molecules. By vaporizing the water in the skin, it creates microscopic channels through 

the stratum corneum and epidermis, resulting in enhanced permeation of drugs. However, 

the full ablation was associated with undesired effects, such as pain and longer recovery 

times. In order to reduce the undesired effects, partial or fractional lasers were 

introduced. The benefits of fractional ablative lasers are less erythema and pigmentation, 

as well as a quicker healing time (Alexiades-Armenakas, Dover, & Arndt, 2008; El-

Domyati et al., 2013). Er:YAG and CO2 fractional lasers have been introduced to 

enhance drug delivery into the skin. The Precise Laser Epidermal System (P.L.E.A.S.E.) 

contains an ablative laser that emits laser light with a wavelength of 2940 nm. It is also 

composed of a diode-pumped fractional Er:YAG laser that effectively forms 

microchannels without prominent damage to the skin (Y. Bachhav et al., 2010).  

The effect of the P.L.E.A.S.E. laser on the percutaneous transport of human 

growth hormone (hGH) was studied (Song et al., 2018). Modifications in the laser 

parameters, such as fluence and pore density, controls the depth and extent of ablation of 

the stratum corneum. Increased influence and pore density result in an increased depth in 

and number of micropores created in a given area, respectively. The permeation profile of 

hGH showed a linear correlation to the number of micropores. Also, as the depth of the 
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pore increased, drug permeation also increased, while the lag time decreased into and 

across the skin. Also, Bachhav et al. investigated the effects of pore number and depth of 

P.L.E.A.S.E. on lidocaine delivery into the skin. Histological sections of porcine skin 

depicted that fluence could affect the pore depth: low energies (4.53 and 13.59 J/cm2) 

resulted in stratum corneum removal; intermediate energy (22.65 J/cm2) created pores 

that reached to the vial epidermis; high energy (45.30 J/cm2) produced pores that reached 

the dermis. In addition, Bachhav et al. have studied the effects of the number of 

micropores on the diclofenac permeation profile into the skin. Cumulative diclofenac 

permeation across skin increased proportionally as the pore number increased from 150, 

300, 450, and 900 (Y. G. Bachhav, Heinrich, & Kalia, 2011). 

In parallel, the CO2 laser was also designed to partially ablate the stratum 

corneum to enhance transdermal drug delivery. Lee et al. investigated laser-assisted 

delivery of vitamin C. The flux of vitamin C was significantly increased by treating skin 

with 1.4 J/cm2 compared to the passive delivery (W.-R. Lee et al., 2003). 

Fractional lasers also have been shown to enhance transdermal permeation of a 

number of hydrophilic drugs and macromolecules such as prednisone, imiquimod, 

peptides, siRNA, and plasmid DNA (W.-R. Lee et al., 2014; Song et al., 2018; J. Yu et 

al., 2010).
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CHAPTER 3

TOPICAL DELIVERY OF TROLAMINE SALICYLATE: EFFECT OF MULTIPLE 

DOSING AND ULTRASOUND USING IN VITRO DIFFUSION CELLS 

Abstract 

For many years, sonophoresis-mediated delivery of topical analgesic has been a 

widely used and well-accepted physical therapy treatment for the management of muscle 

and joint pain. Trolamine salicylate (TS) is one of the most common topical nonsteroidal 

anti-inflammatory drugs (NSAIDs). Although topical NSAIDs are preferred over oral 

NSAIDs due to their gastrointestinal-related side effects, their compliance is low due to 

the required frequent dosing regimen. This study determined the difference between 

single- and multi-dosing of TS delivery across porcine ear skin using vertical Franz 

diffusion cells. Also, ultrasound-enhanced delivery of TS gel was investigated in an in 

vitro setting. Results showed that the multiple dosing (17.4 ± 4.04 μg/cm2) delivered 

significantly more drug than single dose (6.5 ± 0.6 μg/cm2). Also, the application of TS 

gel with pretreatment of an ultrasound reduced the lag time. Thus, a multiple-dosing 

regimen will deliver more TS compared to a single-dose regimen, which supports the 

clinical practice. Also, the use of ultrasound enhances the topical absorption of TS into 

and across skin. 
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Introduction 

Topical analgesics are used to relieve muscular and joint pains, such as arthritis, 

backache, muscle strains, sprains, and bruises. They are generally preferred by patients 

and prescribers due to frequent gastrointestinal side effects associated with oral NSAIDs. 

Trolamine salicylate (TS) is absorbed by the tissues and has been reported to be effective 

in relieving local pain. TS is a derivative of salicylate that inhibits cyclo-oxygenase 

enzymes and reduces inflammation. Unlike other topical analgesics, such as menthol and 

camphor, it offers many benefits, including having an unaromatic odor, a low systemic 

absorption upon dermal or topical administration, and low skin-irritant properties. 

Although topical salicylates are widely used, compliance is low due to their frequent 

dosing regimen (three to four times a day).  

Despite the need of topical analgesics to be applied multiple times a day for better 

efficacy, the quantitative difference in percutaneous absorption between a single 

application and multiple applications has not been studied in an in vitro setting. In this 

study, the difference between a single dose and multiple doses (3 times over 24 h) was 

determined. 

Low-intensity and low-frequency ultrasound (LILFU) is a type of ultrasound that 

delivers sound energy at an intensity (< 3 W/sq.cm) and frequency (20-200 kHz), which 

is typically used in therapeutic medicine for inhibiting inflammatory responses and 

reducing muscle pain (Xin, Lin, Lei, Lue, & Guo, 2016). For example, LILFU is one of 

the common treatment modalities in physical therapy to alleviate muscle and soft tissue 

pain and inflammation. However, the effectiveness of therapeutic ultrasounds is 

controversial due to the subjective measured endpoints, despite the successful controlled 
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trials (Ciccone et al., 1991; Nakamura et al., 2011; Wong, Schumann, Townsend, & 

Phelps, 2007).  

LILFU also has been used as one of the enhancement techniques to deliver drug 

molecules into skin. When sound energy is applied to the skin barrier, it creates small 

gaseous cavities (cavitation), resulting in the disordering of the lipid bilayers in the 

stratum corneum through which drugs can permeate (Boucaud et al., 2001). Due to many 

advantages of sonophoresis, such as its non-invasiveness and ease of application, 

numerous studies have been performed to show the ability to enhance the skin 

permeability to various drugs and therapeutic agents. Although numerous studies of 

sonophoresis have demonstrated the measurable enhancement of different molecules, 

Mitragotri et al. demonstrated the sonophoretic enhancement for drugs’ percutaneous 

absorption significantly varies from drug to drug due to the wide range of 

physicochemical properties of permeants (Mitragotri et al., 1997). 

Topical delivery of TS was studied across porcine ear skin, in vitro, using static 

vertical Franz diffusion cells. The effect of a single application and multiple applications 

were studied over a period of 24 h, and drug levels in the receptor compartment and in 

the skin were quantified. The permeation profile of TS in a simple solution and a 1% 

hydroxypropyl methylcellulose (HPMC) gel with and without sonophoretic enhancement 

was also studied. 

Materials  

TS and HPMC were purchased from Sigma (St. Louis, USA). Propylene glycol 

was obtained from EKI Industries (Illinois, USA). Porcine ear skin was procured from a 
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local slaughterhouse. Phosphate-buffered saline (PBS; 10 mM, pH 7.4) and acetonitrile 

were purchased from Fisher Scientific (Bridgewater, USA).  

Methods 

Skin preparation and evaluation of skin integrity  

After the porcine ears were procured from a local slaughterhouse, the outer region 

of the ear skin was removed carefully with a scalpel. The skin was then washed with 10 

mM PBS (pH 7.4), dried, wrapped with parafilm, and stored at -80°C until used. The 

porcine ear skin was dermatomed using the Dermatome 75 mm (Nouvag AG, Goldach, 

Switzerland). The average thickness of the dermatomed skin pieces was 0.51 ± 0.03 mm. 

The integrity of the skin membrane was evaluated by measuring the skin 

resistance value. The skin membrane was mounted on vertical Franz diffusion cells, then 

300 µL of PBS was added to the donor compartment. A silver electrode was placed in the 

receptor, and a silver chloride electrode was inserted to the donor compartment. The 

electrodes were connected to a digital multimeter (34410A 6 ½  digit multimeter; Agilent 

Technologies, Santa Clara, CA) and waveform generator (Agilent 33220A, 20 MHz 

function/arbitrary waveform generator). The resistance (Rs) was calculated according to 

the following formula:  

 

Rs = VsRL/(V0 – Vs) 

 

where RL and V0 were 100 kΩ and 100 mV, respectively. Skin pieces with a resistance 

lower than 10 kΩ were discarded. 

Pretreatment of skin with sonophoresis  
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Sonophoresis was performed using a low-frequency sonicator (a power generator 

connected to an ultrasound transducer, operating at a frequency of 20 kHz and intensity 

of 2.9 W/cm2, VCX 500, Sonics & Materials, Newtown, CT, USA) for two minutes with 

100% duty cycle, 0.3 cm distance between the horn and the skin surface, 1% (w/v) 

sodium lauryl sulfate (SLS, surfactant solution) as the coupling medium to transmit the 

ultrasound energy to the skin, and 30% amplitude. The resistance was measured before 

and after pretreatment of sonophoresis. 

1% Hydroxypropyl methylcellulose (HPMC) gel preparation  

HPMC was slowly dissolved in distilled (DI) water in a small vial. TS was added 

after complete dissolution of HPMC. The gel was left in rotor overnight for the complete 

dissolution of the drug and HPMC. The 1% HPMC gel formulation was used to compare 

TS permeation profile with and without sonophoresis pretreatment.  

In vitro permeation studies  

Permeation studies were performed with jacketed Franz diffusion cells (Figure 1) 

having a 0.64 cm2 diffusion area (PermeGear Bethlehem, PA, USA). Either ultrasound 

pretreated or intact dermatomed porcine ear skin was clamped between the receptor 

chamber and the donor compartment with the stratum corneum in contact with the donor 

solution. TS solution was prepared in a 50:50 (propylene glycol: DI water) solution, and 

each formulation (10 µL/cm2) was added to the donor compartment using the Rainin 

positive displacement pipette. PBS (10 mM), pH 7.4 was used as the receptor solution (5 

mL). The receptor temperature was maintained at 37°C, bringing the skin surface 

temperature to about 32°C. The amount of drug permeated was determined by removing 

aliquots of 300 µL at predetermined time points for 24 h. The receptor solution was 
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replenished immediately with the same volume of receptor solution. The samples were 

analyzed and sampled using high-performance liquid chromatography (HPLC). 

 

 

 

 

Figure 1. A digital image of Franz cell apparatus. Franz cell stirrer with the acrylic cell holders, the sampling needles, 

and the skin specimens mounted on the Franz cells (PermeGear Inc, Hellertown, PA, USA) (Yusuf K Demir, Akan, & 

Kerimoglu, 2013).  

 

 

 
Table 1. Experimental set-up of in vitro permeation studies (n=4) 

 0.1% TS Solution 0.1% TS HPMC gel 
0.1% TS HPMC gel  

+ Sonophoresis 

Donor 10 µg in PG:H2O (50:50 v/v) 10 µg in HPMC gel 10 µg in HPMC gel 

Receptor 5 mL PBS (10 mM) 5 mL PBS (10 mM) 5 mL PBS (10 mM) 

Skin Pretreatment No treatment No treatment 2 min LFLIU, 100% duty cycle 
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To design the dosing frequency study, the parameters of the study were optimized 

by running the in vitro permeation study with three concentrations (0.1, 1, and 10%) of 

TS solution for 3 days.  

Based on the results of the concentration study, the 0.1% TS formulation was 

selected for the dose frequency study as the corresponding flux showed recovery over the 

72 h study period, thereby establishing this as a finite dose for investigating the effects of 

multiple applications.  

Single Dosing vs. Multiple Dosing 

For the single-dose group, the formulation was only applied once, whereas in the 

multiple-dose group, skin surface wash was performed carefully, and the new 

formulation was reapplied every 8 h. The samples were taken at predetermined time 

points. Before the reapplication of formulation, the excess formulation was wiped off 

from the skin surface with two cotton buds dipped in receptor solution. The skin was 

dried with two cotton buds, and four cotton buds used in the procedure were pooled and 

extracted with 5 mL receptor solution. Samples were shaken for 4 h followed by filtration 

using a 0.45 μm Millipore membrane nylon filter and an analysis by HPLC. 

Skin extraction study 

After the last samples were taken, residual donor formulation was removed with 

two dry cotton swabs followed by two cotton swabs soaked in receptor solution. All 

cotton swabs were analyzed and recorded as an unabsorbed formulation. The epidermis 

and dermis were separated using forceps and scissors, and it was minced individually and 

placed in 1 mL of receptor solution in a scintillation vial. The samples were allowed to 
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shake for 4 h at 150 rpm followed by filtration through 0.45 µm syringe filters. Finally, 

the samples were analyzed using HPLC. 

Quantitative analysis 

TS was quantified by HPLC analysis. A Waters Alliance HPLC system (2795 

Separating Module; Waters Co., Milford, USA) equipped with a photodiode detector 

(Waters 2475) and a Kinetex EVO C18 column (5µm, 100 Å , 150 x 4.6 mm; 

Phenomenex, Torrance, USA) was used. The mobile phase consisted of a 70/30 (v/v) 

mixture of acetonitrile and 0.1% of trifluoroacetic acid in DI water. The injection volume 

and the flow rate were set to 20 µL and 1.0 mL/min, respectively, and the detection 

wavelength of TS was 304 nm. The reversed-phase HPLC method provided a linear 

range of 0.1 – 100 µg/mL (R2 = 0.999). 

Statistical analyses 

All results were reported as the mean with the standard error of the mean (SE) 

from at least three replicates. Statistical calculations were performed with GraphPad 

Prism Version 8.0. The t-test and one-way ANOVA and the Tukey HSD posthoc test 

were applied to compare the results of different groups. Statistically significant 

differences were denoted by p < 0.05. 

Results 

Effect of single dosing vs. multiple dosing  

The in vitro percutaneous absorption of TS was 8.98 ± 0.39 μg/cm2, 57.97 ± 3.42 

μg/cm2, and 275.55 ± 36.14 μg/cm2 from 0.1%, 1%, and 10% TS, respectively (Figure 

2a). The percent delivery was the highest in 0.1% TS at 89.78 ± 3.85%, and it decreased 

gradually to 65.53 ± 3.27% in the 1% TS group and 38.63 ± 3.9% in the 10% formulation 
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at the end of the 72 h (Figure 2b). Based on the results of the concentration study, the 

0.1% TS formulation was selected for the dose frequency study as the corresponding flux 

showed recovery over the 72 h study period, thereby establishing this as a finite dose for 

investigating the effects of multiple applications.  

 

 

 

 

Figure 2. Permeation profiles of TS through porcine ear skin to investigate the different concentrations of TS solution. 

The group is representative of different concentration (0.1%, 1%, and 10% TS solution, n=4). (a) Cumulative amount 

(b) Total drug absorbed (%) in the receptor solution, epidermis, and dermis. 

 

 

 

The amount of TS delivered in the receptor solution after 24 h was found to be 6.5 

± 0.6 μg/cm2 in the single-dose group and 17.4 ± 4.04 μg/cm2 in the multiple-dose group 

(Figure 3a). The results showed that there was a significant difference in the receptor 

solution between the two groups. The drug level in the receptor reached a plateau with 

the single-dose group, whereas the multiple-dose group showed an increasing trend at the 

end of 24 h. However, the amount of drug delivered in the skin (Figure 3b) did not show 

a statistically significant result between the two groups (p > 0.05). 
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Figure 3. Permeation profiles of TS through porcine ear skin to study the effect of single application vs multiple 

application. (a) Cumulative amount (b) Average amount in the epidermis, dermis, and total skin (* indicated statistical 

difference from the single application group, mean ±SE, n=4, p<0.05). 

 

 

 

Effect of sonophoresis on TS permeation 

The average resistance of the skin membrane was 21.4 ± 4.8 kΩ before 

sonophoresis treatment, and it dropped to 3.9 ± 0.6 kΩ upon two min of sonophoresis 

treatment (n = 4). The percent decrease in skin resistance was 81.08 ± 1.4%.  

LFLIU significantly enhanced the cumulative delivery, flux, and permeability 

coefficient of TS as compared to passive delivery (p < 0.05). The cumulative amount of 

TS after 24 h was 7.4 ± 1.1 µg/cm2 in the sonophoresis pretreatment group, while TS was 

not delivered in the receptor compartment without the treatment (n = 4, p < 0.05). The 

percent delivery was the highest in sonophoresis group at 95.03 ± 9.03%, and it was 

significantly lower in the passive group at 22.6 ± 5.04%. The TS solution without 
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pretreatment of sonophoresis delivered 4.2 ± 0.8 µg/cm2, and the lag time was 5.5 h as 

calculated from the linear portion of permeation profile (Figure 4a). The receptor 

compartment did not show significant enhancement by applying sonophoresis with 1% 

HPMC gel formulation; however, drug was detected as early as the first sampling time 

point (0.25 h) with the sonophoresis treatment group. Flux values were calculated during 

steady state absorption in the receptor fluid and are expressed as (mass transfer/unit area 

of skin)/unit time (namely, [µg/cm2]/h). The apparent permeability coefficient (Kp) = 

absorption (µg)/(surface area × concentration formulations). Table 2 shows the data 

calculated for all formulations. The sonophoresis treatment group significantly increased 

the penetration of TS compared to the passive group. 
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Figure 4. Permeation profiles of TS through porcine ear skin to study the effect of sonophoresis. The group is 

representative of different treatment groups (0.1% TS solution passive delivery, 0.1% TS HPMC gel passive delivery, 

and 0.1% TS HPMC gel + sonophoresis, n=4) (a) Cumulative amount (b) Average flux profile (c) Total drug absorbed 

(%) in the receptor solution, epidermis, and dermis (* indicated statistical difference, mean ± SE, n=4, p<0.05). 

 

 

 
Table 2. Transdermal delivery and flux of in vitro permeation of Trolamine Salicylate (TS) through dermatomed 

porcine ear skin (mean ± SE, n = 4)  

Group Q24(µ g/sq.cm) ± SE Jss(µ g/sq.cm/h) ± SE 

0.1% TS Solution 4.2 ± 0.8 0.22 ± 0.04 

0.1% TS HPMC gel - - 

0.1% TS HPMC gel 

+ Sonophoresis 
7.4 ± 1.1 0.38 ± 0.19 
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Discussion 

TS is an excellent candidate for dermal drug delivery and has good 

physicochemical properties. Many preclinical studies reported that topical salicylates 

permeate well into and across the skin to relieve local pain without introducing high 

concentration into the systemic circulation (Barkin, 2013; Cross, Anderson, & Roberts, 

1998; Marren, 2011). A few clinical studies investigated the topical absorption of TS by 

collecting serum and urine samples from a small number of people. It demonstrated the 

capability of absorption, but the extent of absorption was not accurately measured 

(Ciccone et al., 1991; Morra et al., 1996). Also, the effects of multiple applications of TS 

were not studied in an in vitro setting. Meanwhile, the in vitro permeation study on 

vertical Franz diffusion cells with dermatomed porcine ear skin is a well-established 

model to investigate the delivery of drug molecules into and across the skin (Barbero & 

Frasch, 2009; Dick & Scott, 1992; Raney, Franz, Lehman, Lionberger, & Chen, 2015; S. 

Singh, Zhao, & Singh, 2002).  

In this study, percutaneous absorption of TS demonstrated the concentration-

dependent permeation profile. The formulation with the highest TS concentration 

delivered the most amount of drug into and across skin; however, the percentage of 

delivery was decreased gradually as the formulation concentration increased. Similarly, 

Wester et al. demonstrated that the higher concentration formulation resulted in higher 

absorption; however, the efficiency of absorption decreased (Wester & Maibach, 1976). 

The results demonstrated that a relationship exists between the concentration of the 

topical dose and percutaneous absorption. The relationship suggests that the lowest 
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topical concentration would be a better option if it can achieve desirable pharmacologic 

effects. 

Penetration of TS in a solution vehicle through porcine ear skin was significantly 

lower after a single dose compared to multiple applications. After a single dose of the 

solution, the drug concentration reached a plateau, but the multiple-dosing group 

presented an increasing trend after 24 h. Repeated application of TS solution may keep 

the higher concentration gradient, which helps the transfer of TS through skin into the 

receptor fluid. Therefore, a multiple-dosing regimen created a more sustained delivery of 

TS over 24 h than that of a single dose. This increasing absorption rate of topical 

formulation has been demonstrated previously in vivo after multiple dosing (Sioufi et al., 

1994), which is what was observed in our studies. In addition, Wester et al. reported that 

repeated application of azone to human volunteers enhanced the drug delivery due to 

drug accumulation within the skin (Wester, Melendres, Sedik, & Maibach, 1994). 

However, Bucks et al. reported that some drugs, such as hydrocortisone and estradiol, did 

not show a significant difference between a single dose and multiple doses in humans 

(Bucks, Maibach, & Guy, 1985). The author suggested that the conflicting report may be 

due to the environmental factors, such as variability in skin condition. The study 

concluded that transdermal penetration of drug molecules after a single dose and multiple 

doses may vary based on penetrants’ physicochemical properties. 

In case of muscle soreness and joint pains, either sonophoresis treatment alone or 

topical TS treatment (three to four times a day) alone demonstrated positive therapeutic 

effectiveness in physical therapy practice (Ciccone et al., 1991; Hill & Richardson, 

1989). Also, LILFU has been used for therapeutic purposes due to its biological effects 
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on tissues, including accelerating soft tissue regeneration and inhibiting inflammatory 

responses (Ikai et al., 2008; Nakao et al., 2014; Zhou et al., 2004). Despite the clinical 

benefits of sonophoresis, the use of sonophoresis in physical therapy has been debated 

due to its subjective endpoint, and the benefits were uncertain. In this study, the 

quantitative results of TS absorption with and without sonophoresis were compared. 

Sonophoresis is one of the enhancement techniques that can facilitate drug 

delivery into and across skin. Recent reports in the literature have suggested that 

sonophoresis may be a promising approach to facilitate transdermal drug delivery 

(Herwadkar et al., 2012; Schoellhammer et al., 2015). It also offers many benefits, such 

as noninvasiveness and high patient acceptability. Sonophoresis-mediated skin 

permeability depends on several ultrasound parameters, including frequency, intensity, 

and duration of the ultrasound application. Previously, the effects of using different 

coupling media for sonophoresis, the minimum effective ultrasound application time, 

duty cycle, and distance of ultrasound horn from skin were studied. Herwadkar et al. 

optimized parameters (2 min application, 100% duty cycle, 0.3 cm distance between horn 

and skin, 1% SLS as coupling medium) could enhance transdermal and topical delivery 

of ketoprofen in comparison to passive delivery (Herwadkar et al., 2012). In this study, 

the same parameters were chosen to evaluate sonophoretic enhancement effects on TS 

delivery into skin. 

LFLIU significantly enhanced the cumulative delivery and flux of TS compared 

to passive delivery (p < 0.05). Low-frequency sonophoresis-mediated permeability of 

skin was caused by several mechanisms such as radiation pressure, cavitation, and 

acoustic microstreaming effects (Ajay K Banga, 2006). Mechanistically, ultrasound 



59 

 

pretreatment might disorder the lipid bilayer of skin and open new pathways for 

transdermal drug transport (Le, Kost, & Mitragotri, 2000). In this study, skin integrity 

was evaluated by measuring skin resistance before and after sonophoresis treatment. The 

skin resistance was reduced by 80%, which could be explained by the disorder of the 

lipid bilayer of skin (Kalia & Guy, 1995), which may increase the delivery of TS through 

the pass ways. Also, the sonophoresis with 1% HPMC gel group reduced the lag time, 

which can be a significant benefit to relieve muscle pain and inflammation in a short 

amount of time. However, sonophoresis with 1% HMPC gel group was not superior to 

passive delivery of TS solution. It might be due to the difference in the in vitro drug 

release profile between the solution and gel formulation. Gratieri et al. showed that the 

drug release profile linearly correlated with drug permeation profile (Gratieri, Gelfuso, de 

Freitas, Rocha, & Lopez, 2011). The gel formulation showed a lower release efficiency, 

which could result in a lower permeation rate into the system. 

Conclusions 

In this study, in vitro permeation of TS across skin showed a concentration-

dependent profile over 3 days, and the 0.1% formulation provided a finite dose showing 

flux recovery. Single vs. multiple application of the 0.1% TS formulation showed a 

significant difference in the amount of drug delivered at 24 h. Sonophoresis treatment 

with 1% HPMC gel also enhanced the delivery of TS into and across the skin.



60 

CHAPTER 4

DESIGN AND EVALUATION OF A POLY(LACTIDE-CO-GLYCOLIDE) BASED IN 

SITU FILM-FORMING SYSTEM FOR TOPICAL DELIVERY OF TROLAMINE 

SALICYLATE 

Abstract 

Trolamine salicylate (TS) is a topical anti-inflammatory analgesic used to treat 

small joint pain. The topical route is preferred over the oral one, owing to gastrointestinal 

side effects. In this study, a poly(lactide-co-glycolide) (PLGA)-based in situ bio-adhesive 

film-forming system for transdermal delivery of TS was designed and evaluated. 

Therefore, varying amounts (0, 5, 10, 20, and 25% (w/w)) of PLGA (EXPANSORB®  

DLG 50-2A, 50-5A, 50-8A, and 75-5A), ethyl 2-cyanoacrylate, poly(ethylene glycol) 

400, and 1% of TS were dissolved together in acetone to form the bio-adhesive polymeric 

solution. In vitro drug permeation studies were performed on a vertical Franz diffusion 

cell and dermatomed porcine ear skin to evaluate the distinct formulations. The bio-

adhesive polymeric solutions were prepared successfully and formed a thin film upon 

application in situ. A significantly higher amount of TS was delivered from a formulation 

containing 20% PLGA (45 ± 4 µg/cm2) and compared to PLGA-free counterpart (0.6 ± 

0.2 µg/cm2). Furthermore, the addition of PLGA to the polymer film facilitated an early 

onset of TS delivery across dermatomed porcine skin. The optimized formulation also 

enhanced the delivery of TS into and across the skin. 
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Introduction 

Topical drug delivery has many advantages over systemic drug administration, 

such as minimizing side effects, bypassing first-pass metabolism, and ensuring better 

patient compliance (G. Singh, 1998). However, dermal drug delivery is usually limited to 

certain drug molecules, owing to the well-known barrier function of the skin. The 

outermost layer of the skin, the stratum corneum, generally only allows permeation of 

molecules with a molecular weight <500 Da, a logP between 1 and 3, and a melting point 

of <250 °C (Ajay K Banga, 2011). 

Among the available topical formulations, non-steroidal anti-inflammatory drugs 

(NSAIDs) constitute approximately 18 world-wide marketed molecules (some examples 

include diclofenac, methyl salicylate, salicylic acid, and ketoprofen) (Trottet & Maibach, 

2017). As an example, topical salicylates are known to be absorbed by the dermal tissue 

and have been reported to be effective in relieving local pain (Cross et al., 1998). 

Trolamine salicylate (TS), a derivative of salicylic acid offers many benefits over other 

topical analgesics including a lack of distinct odor, low systemic absorption upon dermal 

or topical administration, and low skin irritation (Barkin, 2013). Although topical 

salicylates are widely used, compliance is often an issue, owing to the frequent dosing 

regimen (three to four times per day). 

The development of topical formulations has made an important contribution to 

medical practice. To deliver active pharmaceutical ingredients into or through the skin, 

various types of formulations are known, such as gels and emulsions. The type of vehicle 

chosen depends on the properties of the drug and the intended target area. In addition, the 

hydrophilicity and lipophilicity of the drug must be compatible with the vehicle. 
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“Conventional” vehicles are inelegant and have the drawback of poor control of both the 

amount of drug applied and the area of skin exposed (Alkilani et al., 2015). As a result, 

the use of topical formulations to deliver molecules to systemic circulation is less than 

ideal, thus resulting in substantial variability in the extent and duration of drug effects 

(Wiedersberg & Guy, 2014). To overcome the shortcomings of skin drug delivery, the 

former Alza Corporation pioneered a transdermal patch in which system design and 

explicit control of the surface area led to improved passive drug delivery to the systemic 

circulation at a predetermined rate. Transdermal patches are recommended to be applied 

to a flat surface area to ensure adhesion to skin over a prolonged period of time. 

However, in the case of arthritis and other joint pain, the use of a patch is not suitable 

because of the uneven surface at the application sites. Pain associated with arthritis 

requires drug application at the pain region, which is usually difficult to cover with 

conventional patches (Haroutiunian, Drennan, & Lipman, 2010). In addition, a clinical 

trials have shown that topical application of NSAIDs delivers drugs at a higher local 

concentration to the tissue, resulting in better pain management (Cagnie, Vinck, Rimbaut, 

& Vanderstraeten, 2003). 

Bioadhesive in situ film-forming systems provide many advantages such as higher 

dosing flexibility, extended release properties, higher patient compliance, improved 

cosmetic appearance, and less chance for loss of formulation by rubbing (Schroeder, 

Franke, Schaefer, & Lehr, 2007). 

Poly(lactide-co-glycolide) (PLGA) is one of the most promising polymers used 

for the fabrication of drug delivery devices and tissue engineering applications (Lü et al., 

2009). PLGA is biocompatible and biodegradable, and its properties such as the erosion 
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profile and mechanical strength can be controlled as needed. Furthermore, PLGA can be 

engineered to control the drug release behavior by changing the polymer molecular 

weight and the molar ratio of lactide to glycolide (Allison, 2008; Mohamed & van der 

Walle, 2008; Mundargi, Babu, Rangaswamy, Patel, & Aminabhavi, 2008). However, a 

detailed characterization of such systems is required to prevent potential dose dumping, 

and an inconsistent drug release profile (Makadia & Siegel, 2011). 

In this study, a PLGA-based in situ bioadhesive film-forming system for 

transdermal delivery of TS was designed and evaluated for drug permeation across 

dermatomed porcine ear skin. Different types of plasticizer and solvents were screened to 

optimize the film forming behavior. The effects of different ingredients were studied on 

the permeation profile of TS. The optimized formulation was developed by finding a 

proper ratio between polymer, adhesive, and plasticizer and showed enhancement of TS 

delivery into and across the skin.  

Materials  

All polymers (Table 3) were kindly donated by Merck KGaA (Darmstadt, 

Germany). Trolamine salicylate and ethyl-2-cyanoacrylate were purchased from Sigma 

(St. Louis, MO, USA). Glycerol and Poly(ethylene glycol) 400 was purchased from 

VWR (Richmond, BC, Canada) and Acros organics (Morris Plains, NJ, USA), 

respectively. Propylene glycol was obtained from EKI Industries (Joliet, IL, USA). 

Porcine ear skin was procured from a local slaughterhouse. Phosphate-buffered saline 

(PBS; 10 mM, pH 7.4), acetonitrile, ethyl acetate, and acetone were purchased from 

Fisher Scientific (Waltham, MA, USA).  
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Table 3. Properties of the utilized PLGA polymers 

PLGA polymer Lactide/glycolide 

molar ratio 

End group Molecular weight 

(indicative range, kDa) 

EXPANSORB®  DLG 50-2A 1:1 -COOH 5–20 

EXPANSORB®  DLG 50-5A 1:1 -COOH 42–65 

EXPANSORB®  DLG 50-8A 1:1 -COOH 80–130 

EXPANSORB®  DLG 75-5A 3:1 -COOH 37–84 

 

 

 

Methods 

Development of film-forming polymeric solutions 

Screening of components 

To choose a compatible solvent for PLGA, 1 g of PLGA and 0.25 g of 

cyanoacrylate (CA) were dissolved together in 1 g of four different solvents (ethanol, 

ethyl acetate, propylene glycols, and acetone) and left overnight mixing. To select a 

proper plasticizer, we added a few drops (0.25 g) of one of the three different plasticizers 

namely glycerol, poly(ethylene glycol) 400 (PEG 400), and propylene glycol to the 

polymeric mixture to increase the flexibility of the film. Each formulation (6.4 µL) was 

then applied on the dermatomed porcine ear skin, and the film forming behavior was 

investigated. 

Optimization of formulations 

Optimized film-forming solutions were prepared by addition of the PLGA and 

CA to the solvent. After obtaining a clear solution, the plasticizer and the drug were 

added. The solutions were left overnight mixing in glass vials to allow the drug to 

dissolve completely at room temperature. A detailed composition of each formulation can 

be found in Table 4. 
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Effect of plasticizer PEG 400, types of PLGA, and various concentration of PLGA for 

topical delivery of TS 

PLGA, 50-2A, was used to test the effects of plasticizer on the permeation 

profiles of TS. The ratio of PLGA to CA was kept at four to one. Then, the proportion of 

the plasticizer was increased from 0 to 3. The highest amount PEG 400 was added to F7, 

at 11.25 g (11.25% (w/w)), then reduced to 8.75 g (F6; 8.75% (w/w)), 5 g (F’1; 5% 

(w/w)), and finally to no PEG 400 in F5 (Table 4).  

For the comparison of different types of PLGA, the ratio of each component was 

kept at 4:1:1 (PLGA:cyanoacrylate:PEG 400). To investigate the effects of different 

amounts of PLGA in TS permeation profiles, we incorporated different amounts of 

PLGA into formulations. PLGA 50-2A was used in all formulations, and the ratio of PEG 

400 and cyanoacrylate was kept at 1:1. To increase the amount of PLGA, the amount of 

cyanoacrylate was decreased from 25 to 0 in increments of 5.  
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Table 4. Composition of the distinct formulations (% (w/w)) 

  Different Types of PLGA  Different Amounts of PEG 400  Different Concentrations of PLGA 

  F1 F2 F3 F4  F1’ F5 F6 F7  F1’’ F8 F9 F10 F11 

Code  50-2A 50-5A 50-8A 75-5A  4:1:1 4:1:0 4:1:2 4:1:3  20% 0% 5% 10% 25% 

Polymer  50-2A 50-5A 50-8A 75-5A  50-2A 50-2A 50-2A 50-2A  50-2A 50-2A 50-2A 50-2A 50-2A 

PLGA  20 20 20 20  20 24 17 15  20 0 5 10 25 

Cyanoacrylate  5 5 5 5  5 6 4.25 3.75  5 15 12.5 10 2.5 

Plasticizer                 

PEG 400  5 5 5 5  5 0 8.75 11.25  5 15 12.5 10 2.5 

Solvent                 

Acetone  69 69 69 69  69 69 69 69  69 69 69 69 69 

Drug                 

Trolamine 

Salicylate 

 1 1 1 1  1 1 1 1  1 1 1 1 1 

                 

 

 

 

Evaluation of the formulations 

Crystallization study and solvent evaporation study 

To observe the crystallization of the drug in the films, we placed 6.4 µL of 

formulations on a microscopic slide and evaluated the samples under a microscope after 

the evaporation of acetone.  To study the extent and time of solvent evaporation, 6.4 µL 

of F1 formulation was placed on a microscopic slide using a positive displacement 

pipette. The slides were left in a convection oven (32 °C) for a pre-determined time and 

weighed at 2 min, 1 h and 24 h to calculate the percent evaporation of the solvent over 

time. 

In vitro TS release study 

The release profiles of TS from the formulations F1, F2, F3, and F4 (different 

PLGA types) were determined to study the impact of the polymer properties on the drug 
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release kinetics. Polymer films containing 64 µg of TS (equal to a surface area of 0.64 

cm2) was added to the bottom of a glass vial. Then 5 mL of PBS were added and left 

under constant shaking at 150 rpm and 30 °C. Samples (300 µL) were withdrawn from 

the vials at predetermined time points, and the same amount of fresh receptor solution 

was replaced. The samples were analyzed by high-performance liquid chromatography 

(HPLC) as outlined below. 

In vitro permeation studies 

Skin preparation 

The outer region of full-thickness ear skin was removed carefully with a scalpel. 

The skin was then washed with PBS, dried, wrapped with Parafilm, and stored at -80 °C 

until use. The porcine ear skin was dermatomed with a Dermatome 75 mm (Nouvag AG, 

Goldach, Switzerland) prior to use. The average thickness of the dermatomed skin pieces 

was 0.50 ± 0.02 mm. 

Evaluation of skin integrity 

Before conducting a permeation study, we evaluated the integrity of the skin 

membrane by measuring the skin resistance value. The skin was mounted on a vertical 

Franz diffusion cell with the stratum corneum side facing up, and then 300 µL of PBS 

was added to the donor compartment. A silver electrode and silver chloride electrode 

were placed in the donor and the receptor chambers, respectively, without touching the 

skin membrane. Two electrodes were connected to a digital multimeter (34410A 6 ½  

digit multimeter; Agilent Technologies, Santa Clara, CA) and waveform generator 

(Agilent 33220A, 20 MHz function/arbitrary waveform generator) (Bakshi et al., 2018). 
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The resistance of the employed skin (Rs) was calculated according to the following 

formula: 

 

Rs = VsRL/(V0 – Vs) 

 

where RL and V0 were 100 kΩ and 100 mV, respectively. Skin pieces with a resistance 

lower than 10 KΩ were discarded. 

Next, permeation studies were performed on a jacketed Franz diffusion cell with a 

diffusion area of 0.64 cm2 (PermeGear, Bethlehem, PA, USA) on dermatomed porcine ear 

skin. PBS was used as the receptor solution (5 mL). The skin was clamped between the 

donor and receptor chambers of a vertical diffusion cell with the stratum corneum side in 

contact with the donor solution. The distinct formulations (64 µg of TS per 0.64 cm2) was 

added in the donor compartment. The temperature of the receptor medium was maintained 

at 37 °C, and the skin surface temperature was about 32 °C. The amount of drug diffused 

over the dermatomed porcine ear skin was determined by removal of aliquots of 300 µL at 

pre-determined time points over 72 h from the receptor compartment. The volume was 

immediately replaced with the same amount of fresh buffer. The samples were analyzed 

by HPLC as outlined below. A skin extraction study was carried out to determine the drug 

amount penetrated into the skin. After 72 h, the skin samples were removed from Franz 

diffusion cell and the residual polymer film was removed with D-squame tape. The skin 

surface was wiped off with two cotton buds dipped in receptor solution. Then, the skin was 

dried with two cotton buds. The utilized tape and the four cotton buds were pooled and 

extracted with 30 mL of receptor solution. After the cleaning procedure, the epidermis and 
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dermis were separated. The tissue was minced manually and added to 1 mL of receptor 

solution. Samples were shaken for 4 hours followed by filtration using a 0.45 µm 

membrane filter and analyzed by HPLC. 

Quantitative analysis 

TS was quantified by HPLC analysis. A Waters Alliance HPLC system (2795 

Separating Module; Waters Co., Milford, USA) equipped with a Photodiode detector 

(Waters 2475) and a Kinetex EVO C18 column (5µm, 100 Å , 150 x 4.6 mm; 

Phenomenex, Torrance, USA) was used. The mobile phase consisted of a 70/30 (v/v) 

mixture of acetonitrile and 0.1% of trifluoroacetic acid in distilled water. The injection 

volume and the flow rate were set to 20 µL and 1.0 mL/min, respectively, and the 

detection wavelength of TS was 304 nm. The reversed-phase HPLC method provided a 

linear range of 0.1 – 100 µg/mL (R2 = 0.999). 

Statistical analyses 

All results are reported as the mean with the standard error of the mean (SE) from 

at least three replicates. Statistical calculations were performed with GraphPad Prism 

Version 8.0 (GraphPad Software, Inc., San Diego, CA, USA). One-Way ANOVA 

followed by Tukey HSD post hoc test was applied to compare the results of different 

groups. Statistically significant differences were denoted by p <0.05. 

Results 

In situ film-forming behavior 

PLGA and CA did not dissolve completely in propylene glycol and ethanol. 

Complete dissolution was achieved in ethyl acetate and acetone. However, ethyl acetate 

did not evaporate upon application and the obtained polymer films were difficult to handle. 
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Therefore, acetone was chosen as the solvent for the system. A successful film formation 

behavior on the dermatomed porcine ear skin was observed with the plasticizer PEG 400. 

Upon administration, the solvent evaporated instantaneously and left a thin and transparent 

film layer behind. 

Crystallization study and solvent evaporation study 

Formulation (F1-F11) was observed under the light microscope after complete 

evaporation of the solvent. No drug crystals were observed in the polymer films during 

the slide crystallization study, indicating the solubility of TS in the film matrix after 

evaporation of the organic solvent (Figure 5). After 2 min in the convection oven, the 

result demonstrated 75.3 ± 4.1% (n=3) solvent evaporation, and it did not further 

evaporate for 24 h.  

 

 

 

 
Figure 5. Microscopic images of the 20% PLGA formulation (F1) on glass sides (a) without and (b) with added drug 

(10x magnification) did not show drug crystallization after complete evaporation of the solvent.  

 

 

 

In vitro release study for different types of PLGA 

In the first hour, F3 and F4 released 34% and 38%, respectively. In contrast, a 

smaller amount was released after 1 h with F1 and F2 (20% and 13%, respectively). After 
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72 h, the drug release from F1, F2, and F3 was completed (>90%), whereas only 68% of 

TS was released from F4 (Figure 6). 

 

 

 

 
Figure 6. In vitro drug release profile from different types of PLGA (n = 6) 

 

 

 

Effects of each ingredient and permeation study 

Effects of plasticizer 

Four formulations with different amounts of PEG 400 were prepared, and a thin 

film was formed upon application on the skin. The amount of TS delivered in the receptor 

solution after 72 h was found to be 16 ± 3 µg/cm2 and 24 ± 3 µg/cm2 in F5 and F7, 

respectively. A significantly higher amount of TS was delivered to the receptor with F1’ 

(47 ± 8 µg/cm2) and F6 (47 ± 5 µg/cm2)(Figure 7a). Moreover, formulation without any 

plasticizer (F5) delivered only 2.7 ± 0.3 μg/cm2, the least amount of drug into the skin 

(Figure 7b). The highest amount of PEG 400 facilitated the largest amount of TS delivery 

into the skin (individual values in Table 5). Because there was no significant difference 
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between the F1’ and F6 groups in the amount of drug in the receptor, the F1’ ratio was 

chosen to carry out permeation studies to investigate the effects of different types of 

PLGA. 

 

 

 
Table 5. Amounts of TS extracted after 72 h in the epidermis and dermis and the total amount of TS for all groups 

 Groups Epidermis (μg/cm2 ± SE) Dermis (μg/cm2 ± SE) Total (μg/cm2 ± SE) 

Different types of 

PLGA 

50-2A (F1) 10.4 ± 1.4 1.5 ± 0.4 11.9 ± 1.7  

50-5A (F2) 12.6 ± 2.5 1.3 ± 0.4 13.9 ± 2.4 

50-8A (F3) 8.6 ± 1.3 1.1 ± 0.4 9.8 ± 1.5 

75-5A (F4) 8.7 ± 0.5 1.0 ± 0.2 9.7 ± 0.7 
 

   

 

Effect of plasticizer 

4:1:1 (F1 )́ 8.6 ± 0.6 1.6 ± 0.3 10.1 ± 0.6  

4:1:0 (F5) 2.5 ± 0.2 0.3 ± 0.1 2.7 ± 0.3 

4:1:2 (F6) 14.3 ± 2.5 1.9 ± 0.5 16.2 ± 2.8 

4:1:3 (F7) 14.2 ± 0.7 3.7 ± 0.6 17.9 ± 1.0 

     

Different amount 

of PLGA 

20% (F1´́ ) 9.1 ± 2.0 18.2 ± 4.0 27.4 ± 6.0  

0% (F8) 6.3 ± 0.6 0.40 ± 0.1 6.7 ± 0.5 

5% (F9) 9.9 ± 1.0 0.62 ± 0.2 10.5 ± 1.2 

10% (F10) 11.5 ± 1.5 22.9 ± 3.0 34.4 ± 4.5 

25% (F11) 9.5 ± 0.8 1.9 ± 0.4 11.4 ± 1.1 

 

 

 

 
Figure 7. Permeation profiles of TS through porcine ear skin to study the effects of plasticizer. The group is 

representative of the ratio between PLGA:CA:PEG 400. (a) Cumulative amount (b) Average amount in the epidermis, 

dermis, and total skin. 

 

 

 

Effects of different types of PLGA 

All formulations were able to form a polymeric solution, and then a thin layer of 

film was formed upon application on the skin. After 72 h, all three formulations with the 

one to one ratio (G/L) delivered 17 ± 3, 17 ± 3, and 19 ± 3 µg/cm2, respectively, and no 
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significant difference was observed in the cumulative amount of TS in the receptor. In 

contrast, F4 delivered 11 ± 1 µg/cm2, a significantly lower amount than was observed for 

the other three groups (Figure 8a). There was no significant difference in the drug amount 

delivered into the skin (Figure 8b). 

 

 

 

 

Figure 8. Permeation profiles of TS through porcine ear skin for the different types of PLGA. The group is 

representative of different types of PLGA: (a) Cumulative amount (b) Average amount in the epidermis, dermis, and 

total skin 

 

 

 

Effects of concentration of PLGA 

All formulations were able to form a polymeric solution and formed a thin layer 

of film after complete evaporation of the solvent. The highest amount of TS (45 ± 4 

µg/cm2) was delivered with 20% PLGA (F1´́ ), followed by the formulation with 25% of 

PLGA (F11) (21 ± 4 µg/cm2). The formulations with 0, 5, and 10% PLGA delivered a 

significantly lower amount of TS, at 0.6 ± 0.2, 1.6 ± 0.3, and 5.6 ± 0.7 µg/cm2, 

respectively (Figure 9a). The formulation with 10% (F10) and 20% (F1´́ ) PLGA 

delivered significantly higher amounts into the skin. However, the 0, 5, 25% PLGA 

formulations delivered a lower amount of TS into the skin (values in Table 5). 
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Figure 9. Permeation profiles of TS through porcine ear skin for different concentrations of PLGA. The group is 

representative of different concentrations of PLGA: (a) Cumulative amount (b) Average amount in the epidermis, 

dermis, and total skin. 

 

 

 

Discussion 

Parameters for the development of film-forming polymeric solutions 

Limitations of conventional formulations for topical drug delivery include poor 

adherence to the skin, poor permeability, and a low compliance rate (Kathe & Kathpalia, 

2017). Bio adhesive film, because it is an intermediate between transdermal patches and 

semisolid dosage forms, has the advantages of both systems, such as transparency, no 

stickiness, convenience, less frequent dosing, sustained drug release, and resistance to 

wiping off. In addition, incorporating cosmetic or therapeutic agents is more convenient 

with this system than conventional topical drug delivery systems, owing to lower 

potential loss of the formulation by rubbing.  

First, the most important parameters for polymeric solutions are the polymers. 

Suitable polymers for successful film forming systems may possess transparency, 

flexibility, and drug encapsulation ability at moderate temperature. To develop a suitable 

formulation to decrease the frequency of application of topical analgesics, common film-

forming polymers, such as hydroxypropyl, methylcellulose, polyvinyl pyrrolidine, and 

acrylate copolymer, were searched in the literature. However, many of the polymers were 
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hydrophilic and might not provide water resistance in daily life. PLGA was chosen to be 

incorporated in the polymeric solution because of its many benefits, such as its water 

resistance, nonirritating and nonallergic qualities, and capability for drug incorporation 

(Makadia & Siegel, 2011). To provide an efficient local drug delivery system, Eskandari 

et al. have investigated the use of butyl-2-cyanoacrylate (Eskandari, Ozturk, Eskandari, 

Balli, & Yilmaz, 2006). To ensure good adhesion of the film to the skin, CA, which is 

compatible with PLGA, was chosen. CA gets stiffened by polymerization process in the 

presence of moisture (Amarante, Constantinescu, O'Connor, & Yaremchuk, 1995; 

Ambrose et al., 2004; Bonutti, Weiker, & Andrish, 1988). When the polymeric film is 

applied on the skin, the film is formed upon polymerization of PLGA and CA due to the 

moisture of the skin. Polymerized CA is an excellent polymer candidate for drug delivery 

because it is a biodegradable, hemostatic, nonallergenic tissue adhesive with local 

antibacterial properties, and it is inexpensive and widely available (Amarante et al., 1995; 

Bonutti et al., 1988; Cheski & Matthews, 1997). In addition, it is commonly used and is 

acceptable to the public, owing to its use in liquid bandage formulations (Meskin et al., 

2005). Currently, CA is used in surgical and clinical adhesives in various surgical 

procedures such as the treatment of arteriovenous malformation, retinal ruptures, and skin 

graft placements (Shermak et al., 1998; Trott, 1997). Eskandari et al. have shown that CA 

can successfully incorporate drugs for slow release of antibiotics to specific areas without 

causing an inflammatory response (Eskandari et al., 2006). 

Solvents play an important role in film formation. The solvent used in the film 

forming system is responsible for drug-polymer solubility and also affects drug 

permeation. Some common solvents used in polymeric solutions are ethanol, ethyl 
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acetate, propylene glycols, and acetone (WILLIAMS, 1998). The combination of the 

PLGA and the adhesive was tested for dissolution in different solvents such as acetone, 

ethyl acetate, and ethanol. All the ingredients were dissolved readily in acetone and 

formed a film upon application to the skin. Acetone is approved in use of topical 

formulation per the inactive ingredient list of FDA (Naves et al., 2017). Also, toxicology 

report by U.S. Department of Health and Human Services reported that dermal exposures 

of acetone did not affect the human health negatively (Hansen & Wilbur, 1994). 

Apart from the polymer and solvent, other excipients such as plasticizers must be 

added into the formulation. Plasticizers are low molecular weight resins that may interact 

with polymer chains and affect polymer-polymer bonding (Gal & Nussinovitch, 2009). 

These interactions may affect film flexibility as well as the permeability toward drug 

substances. The commonly used plasticizers in polymeric solutions include fatty acid 

esters, glycol derivatives, phthalate esters, and phosphate esters (Bharkatiya, Nema, & 

Bhatnagar, 2010). The plasticizer used should be compatible with the polymers and 

should have low skin permeability. Hence, choosing a proper plasticizer is important for 

the polymeric matrix. In addition, determining the right amount of plasticizer is critical 

for film-forming polymeric solutions. After the selection of two polymers to form the 

polymeric solution, proper plasticizers were screened for tolerance to mechanical stress, 

which may be exerted on the formed film by the movement of the skin. In selecting an 

appropriate plasticizer, compatibility with the polymers and plasticization efficiency were 

considered. After application on dermatomed porcine skin, the acetone evaporated, and a 

thin transparent film was formed in situ. On the basis of the results, PEG 400 was 
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incorporated as a plasticizer to enhance the mechanical properties and flexibility of the 

film. 

Characterization methods for film-forming polymeric solutions 

In transdermal delivery systems, drug solubility in the polymer matrix system is a 

critical factor that may affect the rate and extent of drug permeation (Jain & Banga, 

2013). If a drug is not soluble in a polymer matrix, it will become supersaturated and 

hence unstable. Moreover, when a drug is successfully incorporated in a polymeric 

matrix, many studies have reported that the stability of the drug improves (Duncan, 2006; 

Liechty, Kryscio, Slaughter, & Peppas, 2010). PLGA formulations are widely used in 

transdermal and dermal delivery and have a safety profile showing a lack of skin 

irritation and uniform drug dosing (Makadia & Siegel, 2011; Naves et al., 2017). 

The drug was successfully dissolved in the polymeric matrix, and the absence of 

crystallization, which might hinder drug permeation into the skin, was verified. In patch 

development, to improve the permeation and release profiles of drugs, the investigation 

of the supersaturated state is an important step. A possible strategy to study the solubility 

of a drug is to disperse it uniformly into a polymeric matrix to prevent drug 

crystallization (Marsac, Shamblin, & Taylor, 2006). Different techniques have been 

described to determine the solubility of drugs in polymer matrixes (Jain & Banga, 2013; 

J.-H. Kim & Choi, 2002; Mahieu, Willart, Dudognon, Danède, & Descamps, 2013). Such 

solubility testing can be time consuming and difficult. Among different techniques, Jain 

et al. have compared two different methods to predict drug solubility in the polymeric 

matrix: differential scanning calorimetry and slide crystallization study (Jain & Banga, 

2013). In that study, the author found that the experimental solubility potential and the 
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theoretical values from a solubility calculator were similar. In addition, low drug 

solubility in the drug-polymer matrix was shown to negatively affect drug release. The 

author concluded that simple slide crystallization was able to predict the saturation 

solubility of a drug in the polymer. In the present study, after complete evaporation of 

solvents from our drug-polymeric matrix, crystallization of the drug was not observed 

under a light microscope, and we confirmed the drug solubility and stability in the 

system. The complete TS solubility in the polymer matrix system after evaporation of 

acetone was studied to ascertain that the stability and solubility of TS was not a factor 

affecting the rate and extent of drug permeation.  

The amount of residual solvent was also measured and calculated. Instant solvent 

evaporation and complete dryness of the formulation was observed after 2 min. As a 

result, approximately 25% of the residual solvent was left on the application site. Per the 

International Conference on Harmonisation residual solvent guideline, solvents are 

classified in the three categories which set limits depending on toxicity data for each 

solvent. Acetone is categorized as a Class III solvent, which has a low toxic potential and 

is safe to use in human (Guideline, 2005). Furthermore, Baino et al. reported that the drug 

concentration increases upon evaporation of the solvent, which may result in a greater 

driving force to deliver the drug into the system (Baino, 2011). However, this variable 

was eliminated by keeping the solid content of all the formulations constant. Thus, 

residual solvent was not a factor that led to differences in the permeation profile of TS 

from the formulations tested. 
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In vitro release study for different types of PLGA 

In this study, the release profiles of TS from different PLGA polymers were 

determined to study the effects of the PLGA parameters on the drug release kinetics. In 

terms of developing a polymeric system, knowing the release mechanisms and the 

physicochemical properties is important. The two main release mechanisms related to 

drug release from a PLGA-based system are degradation and diffusion. Often, the release 

rate is initially determined by diffusion followed by degradation controlled at the final 

stage (D’Souza, Faraj, & DeLuca, 2005). PLGA systems commonly release the drug in a 

bi-phasic or a tri-phasic pattern. In this study, for higher molecular weight PLGA 

polymers, we observed a bi-phasic profile of drug release, with a burst release followed 

by relatively slow diffusion. Lower molecular weight PLGA groups showed a 

monophasic release profile, which is preferable for drug delivery systems because it 

follows a zero-order release profile (Fredenberg, Wahlgren, Reslow, & Axelsson, 2011). 

The formulation with higher molecular weight compounds 50-8A and 75-5A released 

almost 40% after 1 h, thus indicating dose dumping, whereas the release profiles for 50-

2A and 50-5A showed a gradual release until 72 h. In this study, the film was submerged 

in the receptor solution, which was more hydrophilic than the polymeric solution. 

Because the drug was hydrophilic, it may be preferentially located in the receptor 

solution over the PLGA system. Thus, the higher molecular weight, and hence more 

lipophilic PLGA, resulted in a more rapid release of the drug than was observed in the 

groups with lower molecular weight. Based on the result of the release study, 50-2A was 

chosen for the final formulation to avoid dose dumping effect as well as provide a 

gradual release of TS until 72 h. 
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In vitro permeation studies 

In vitro permeation studies, using the vertical Franz diffusion cell model, have been 

commonly used to evaluate drug delivery into and across the skin, and is well established 

as a reliable tool (Abd et al., 2016; Salamanca, Barrera-Ocampo, Lasso, Camacho, & 

Yarce, 2018). In addition, FDA recommends and endorses the use of an in vitro permeation 

test to evaluate topical products. FDA guidelines have included the merits of this approach 

and have established a strong correlation between the in vitro permeation test (IVPT) and 

in vivo bioavailability data with narrow inter- and intra-variability between data 

(Administration, 2019; Miranda, Sousa, Veiga, Cardoso, & Vitorino, 2018; Roberts, 2017). 

Effects of plasticizers 

Plasticizers are important components of film forming systems because they 

improve the appearance of the film, prevent film cracking, increase film flexibility, and 

confer desired mechanical properties (Wypych, 2004). By selecting an appropriate 

plasticizer and optimizing its concentration in the formulation, the release rate of a 

therapeutic compound can be controlled. To observe the effects of the plasticizer, we kept 

the formulation ratio between the polymer and the adhesive at 4 to 1 (PLGA:CA), and the 

same amounts of other components were included, i.e., solvents and drug concentrations. 

The ratio of plasticizer was increased from 0 to 4 (0, 5, 8.75, and 11.25% w/w). The 

polymeric films without any plasticizer and 11.25% w/w plasticizer delivered a 

significantly lower amount of TS after 72 h, than did those with 5 and 8.75% w/w PEG 

400. The films with a plasticizer concentration of 8.75% w/w did not significantly 

improve the diffusion of the drug in the receptor (as compared with the results with 5% 
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w/w plasticizer concentration). However, the amount of PEG 400 showed a linear 

relationship up to 8.75% w/w with regarding TS delivery into the skin. The formulation 

with 11.25% w/w did not show a significant increase over 8.75% w/w regarding TS 

delivery into the skin. Hence, 5% w/w was considered the optimum concentration for the 

plasticizer. These results may have been due to a polymer-plasticizer interaction that 

affected the release of the drug from the system. Barhate et al. have studied the carvedilol 

permeation profile with and without PEG 400 as a plasticizer and have found that the 

incorporation of PEG 400 increases the film flexibility and permeation rate (Barhate, 

Patel, Sharma, Nerkar, & Shankhpal, 2009). The results suggested that too little or too 

much plasticizer in the polymeric solution can negatively affect the permeation profile of 

TS. In formulating a polymeric solution, minor variations might be acceptable; however, 

major changes in the composition should be carefully considered, because they might 

unfavorably affect the properties of the film forming system and consequently the 

mechanical or cosmetic performance in drug delivery into the skin. 

Effects of different types of PLGA 

PLGA is one of the most commonly used biodegradable polymers in the field of 

biomedical devices because of its favorable degradation characteristics and the possibility 

for sustained drug delivery. It can be engineered to control drug release by changing the 

polymer molecular weight and ratio of lactide to glycolide. Commercially available 

PLGA combinations are 50:50, 65:35, 75:25, and 85:15 (LA:GA) in different molecular 

weights (Chereddy, Payen, & Préat, 2018). These physical properties affect the solubility, 

glass transition temperature, and inherent viscosity, thus resulting in tensile strength and 

polymer chain flexibility. These parameters help delivery systems or medical devices 
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achieve the desired dosage and release interval. However, evaluation of the system is 

required to minimize the potential toxicity from dose dumping, inconsistent release, and 

drug-polymer interactions (W. Martanto et al., 2004). In this study, four different types of 

PLGA were chosen and incorporated in the polymeric solution. Three formulations were 

50:50 (LA:GA) with different molecular weights. One of the formulations was 75:25 

(LA:GA). There was no significant difference among formulation groups with the same 

ratio of LA:GA, but the group with a higher proportion of lactide delivered less TS after 

72 h. Moreover, the amount of drug delivered into the skin did not show significant 

differences across all four groups. PGA is a hydrophilic and highly crystalline polymer 

with a relatively fast degradation rate. Although PGA and PLA are similar structurally, 

they exhibit different physicochemical properties because of the presence of a methyl 

group on the alpha carbon. Delayed release of the drug from the higher ratio of LA 

delivered fewer drugs to the receptor at the end of the study. However, the same ratio 

with different molecular weights did not show a difference in drug delivery to the 

receptor and skin. Farahani has investigated the degradation mechanism of PLGA (50:50) 

and has reported that up to 8 weeks are required for complete degradation (Farahani, 

Entezami, Mobedi, & Abtahi, 2005). In this study, drug diffusion was found to be 

important factor affecting in vitro release of the drug from the formulation; hence the rate 

of diffusion influenced drug delivery into and across the skin. Three formulations with 

50:50 (LA:GA, different molecular weights) did not result in a difference in permeation 

profile of TS into and across skin; however, the formulation with 75:25 (LA:GA) 

delivered a significantly lower amount of TS due to its slower diffusion rate. 
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Effects of different amounts of PLGA 

To test the effects of the amounts of PLGA in TS permeation profiles, we varied 

the amount of PLGA without changing the ratio between CA and plasticizer. The amount 

of PLGA was increased from 0 to 25% w/w. Formulations with 20% and 25% PLGA 

delivered significantly higher amounts than the other groups. Formulations with lower 

amounts of PLGA required more CA. CA has been used as a synthetic adhesive for tissue 

adhesive application since the 1980s. CA polymerizes rapidly in the presence of weak 

basic conditions, such as in water. The interaction between skin and the polymer results 

in the impressive adhesive strength of CA. Moreover, CA is superior to rival polymers in 

terms of its strong wet adhesion, drug incorporation, and rapid curing (Bré, Zheng, Pêgo, 

& Wang, 2013; Kull et al., 2009; Leonard, Kulkarni, Brandes, Nelson, & Cameron, 1966; 

Petersen et al., 2004). The trend in permeation profile was observed because the drug’s 

affinity toward CA was greater than that toward PLGA. Although CA has good adhesion 

to skin, the rapid polymerization of CA is associated with heat dissipation at the 

application site, and the brittleness can be problematic (Bhagat & Becker, 2017). PLGA 

content was increased while the amount of CA was reduced proportionally to maintain a 

similar solid content of all formulation. The cumulative drug amount linearly increased 

with an increase in the amount of PLGA in the formulation. In the optimized formulation, 

20% w/w PLGA was added, resulting in the highest delivery after 72 h without 

compromising its adhesive property. In this study, an in situ film forming system was 

developed by minimizing the CA component and maximizing the amount of PLGA in 

solution, thus enhancing the delivery of TS into and across the skin. 
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Conclusions 

Film forming solutions were successfully formulated with polymers from 

different chemical groups such as PLGA and polymerized CA. These formulations 

contained a combination of polymers, a volatile solvent, and other optional excipients 

such as plasticizers, and fixed concentrations were used for all excipients involved. The 

optimized formulation also enhanced the delivery of TS into and across the skin.
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CHAPTER 5

FABRICATION AND CHARACTERIZATION OF HYALURONIC ACID 

MICRONEEDLES TO ENHANCE DELIVERY OF MAGNESIUM ASCORBYL 

PHOSPHATE INTO SKIN 

Abstract  

Purpose  

This study investigated the in vitro transdermal delivery of magnesium ascorbyl 

phosphate (MAP) through porcine ear skin treated with hyaluronic acid (HA) 

microneedles (MNs).  

Methods  

In this study, the micro-molding method was used to fabricate HA MNs. HA 

solution (10% w/v) containing 3% (w/v) of MAP was placed onto a poly(dimethyl 

siloxane) mold to fill the microchannels under vacuum followed by drying in a 

desiccator. Scanning electron microscopy was performed to record the dimensions of the 

MNs. Skin microporation was demonstrated by dye binding. Histological skin sections 

revealed the shape of microchannels under hematoxylin-eosin staining. The actual depth 

of the microchannels and drug distribution pathways were studied by confocal 

microscopy.  

In vitro permeation on Franz diffusion cells were performed to determine the rate and 

extent of drug delivery into and across the skin.  
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Results 

SEM captured individual MNs from the array, and the length of each MN was 

found to be ~400 µm. The 10 x 10 MN array prepared, resulted in the formation of 95 to 

100 microchannels after 2 mins of treatment. In addition, the histological evaluations 

showed the formation of microchannels in the skin, complementary in shape to the MNs. 

The depths of the formed microchannels amounted to ~125 µm as determined by 

confocal microscopy. The application of the current MN technology enhanced the 

delivery of MAP into skin (96.8±3.9 µg/cm2) compared to the passive delivery strategy 

of MAP (44.9±16.3 µg/cm2). 

Conclusion 

HA MNs markedly enhanced the in vitro transdermal delivery of MAP into and 

across skin.   

Introduction 

Ascorbic acid is an essential vitamin in the skin, which plays an important role in 

the bio-synthesis of collagen. Recent studies have reported a reduced amount of collagen 

may affect the skin barrier functions which may cause many skin problems. Also, Kao et 

al. showed that collagen synthesis can be promoted by the anti-oxidative capability of 

ascorbic acid (Kao, Patterson, & Hall, 1985). However, ascorbic acid has limited stability 

and permeability. Development of ascorbic acid derivatives have been reported to 

improve the stability of the molecule, however, permeability of the compounds into and 

across skin were still found to be low (Campos, Gianeti, Camargo Jr, & Gaspar, 2012). 
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Magnesium ascorbyl phosphate (MAP) is a water-soluble derivative of vitamin C 

(L-Ascorbic acid mono-dihydrogen phosphate magnesium salt), which is more 

photostable and less susceptible to oxidation than its parent molecule. MAP is a well-

known antioxidant having anti-aging properties in the skin as it inhibits free radical 

activity (Campos et al., 2012). The magnesium salt of ascorbyl-2-phosphate was found to 

be equivalent to ascorbic acid in stimulating collagen synthesis in these assays, while the 

sodium salt required at least a tenfold greater concentration to produce the same effect as 

ascorbic acid (Geesin, Gordon, & Berg, 1993). Despite the benefits of a topical use of 

MAP, this drug is characterized by a low permeability across the skin due to the 

hydrophilic nature (W.-R. Lee et al., 2003). 

Microneedle (MN) technology has been extensively explored in the 

biopharmaceutical field. The benefits of MNs over hypodermic needles are well 

established, including noninvasiveness, ease of administration, storage and handling, and 

patient acceptability. Many studies have been performed to demonstrate the capability of 

MNs in different applications (Hirobe et al., 2015; W. Li et al., 2019). Generally, MN 

technique facilitates the drug delivery into systemic circulation by creating a hydrophilic 

channel into dermis layer where blood vessels are abundant. But, Tham et al. 

demonstrated that MN may facilitate the drug molecule into deep skin tissues in which 

the molecule’s site of action is the epidermis and dermis (Radhakrishnan, Kuppusamy, & 

Karri, 2018).  

Several types of MNs have been developed for dermal drug delivery such as 

porous, solid, coated, dissolvable, and hollow MNs. However, in addition to rapid and 

controlled release of drug, dissolvable MNs offer additional advantages by eliminating 
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the cumbersome two-step application process associated with other types of MNs 

(McGrath et al., 2014). MNs can be made from different materials such as stainless steel 

(W. Martanto et al., 2004), silicon (Henry et al., 1998), glass (McAllister et al., 2003), 

and biodegradable polymers. Biodegradable polymers are preferred due to ease of 

manufacturing and ease of disposal after use, cost-effectiveness, and safety. Many 

researchers have explored polymers as MN matrix including hyaluronic acid (HA) (Shu 

Liu et al., 2016; Y. Park et al., 2015), different forms of carbohydrates (R. F. Donnelly et 

al., 2009), poly (vinyl alcohol) (H. X. Nguyen et al., 2018), poly(vinyl pyrrolidone) 

(Shim, Hwang, Park, Lee, & Kang, 2018), poly (lactide-co-glycolide) (PLGA) (H. X. 

Nguyen et al., 2018), and poly (lactide) (Demuth et al., 2013).  

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan (GAG), is most 

abundant in the dermis. It is one of the key molecules involved in maintaining skin 

moisture with a unique capacity to bind and retain water molecules (Iriarte, Awosika, 

Rengifo-Pardo, & Ehrlich, 2017). In biopharmaceutical fields, many attempts have been 

made to deliver HA into skin; however, the passive permeation was limited due to the 

high molecular weight and hydrophilic nature (W. Chen et al., 2014; Zhang, Jiang, Yu, 

Liu, & Xu, 2018). The use of HA dissolving MNs can enhance the delivery of active 

molecules into and across skin with an added benefit of the delivery of HA into the skin 

itself. Despite the benefit of using HA as a MN matrix, it is not the preferred material to 

fabricate MNs due to its high cost and brittleness. To overcome these shortcomings, in 

this study, HA was only used to make the MN arrays as a thin layer of backing where 

poly(lactide-co-glycolide) (PLGA) was chosen as the substrate for the backing to ensure 

the fabrication of a flexible, biocompatible and resilient MN. 
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Polymeric MNs can be fabricated by different micro-molding techniques such as 

casting, melting, centrifugation, vacuuming, drying, and hot embossing (Han et al., 2009; 

Pérennès et al., 2006; Sammoura et al., 2007). These techniques provide better 

reproducibility and are more cost-effective compared to machine engineering of stainless 

steel and silicon MNs. Among these techniques, drying and centrifugation avoid 

exposure to extreme temperature, pH, and pressure during fabrication, broadening the 

range of molecules that can be incorporated in the polymer matrix (Y. C. Kim et al., 

2012). Several studies carried out with HA demonstrated its suitability and safety as an 

MN matrix (Manita Dangol et al., 2017; Zhuangzhi Zhu et al., 2014). Additionally, HA is 

a water-soluble, biodegradable polymer, compatible with many water-soluble molecules 

which eases the process of encapsulating drugs in an MN matrix. 

In this study, MAP-loaded, hyaluronic acid-based MNs were fabricated to 

facilitate the delivery of the active agent, into and across the skin. After a 

physicochemical characterization of the MNs, the depth of the generated microchannels, 

and delivery of the active agent into and across the skin was tested in vitro using ear 

tissue samples from porcine source.  

Materials  

PLGA (EXPANSORB®  DLG 50-2A, D,L lactide/glycolide ratio of 50/50, 

inherent viscosity of 0.2 dl/g equal to a molecular weight of 15-30 kDa, acid capped) was 

kindly donated by Merck KGaA (Darmstadt, Germany). MAP and HA (lyophilized 

powder, molecular weight of <10 kDa) were purchased from Sigma Aldrich (St. Louis, 

MO, USA) and LIFECORE Biomedical (Cleveland, OH, USA) respectively. Dow 

Corning SYLGARD®  186 Silicone Base and Curing Agent were purchased from 
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Ellsworth Adhesives (Germantown, WI, USA). A master stainless steel MN structure 

(10x10 arrays of 500 µm) was purchased from Micropoint Technologies Pte Ltd 

(Singapore). D-Squame stripping discs D101 was purchased from CuDerm, (Dallas, TX, 

USA). Porcine ear skin was obtained from a local slaughter house. Phosphate buffer 

saline and acetonitrile were obtained from Fisher Scientific (Bridgewater, NJ, USA). 

Methods 

Fabrication of HA MNs arrays 

100 mg of HA with or without 30 mg of MAP were dissolved in 1 mL of 10 mM 

phosphate buffered saline (pH 7.0). In addition, PLGA was dissolved in a 1:1 (w/w) ratio 

in ethyl acetate. Both the HA-drug mixture and PLGA solution were stored overnight to 

ensure complete dissolution. Poly (dimethyl siloxane) molds were prepared as previously 

described by Nguyen et al. (H. X. Nguyen et al., 2018). SYLGARD®  186 Silicone 

Elastomer base and curing agent was mixed in 10:1 ratio by weight. The mixture was 

placed in a centrifuge tube and degassed by centrifugation at 4000 rpm for 20 minutes in 

25 °C. Then, a master stainless steel MN was placed on the bottom of the tube with the 

MN arrays facing down, followed by centrifugation in the same condition. The mixture 

with the MN structure was kept in a convection oven at 70 °C overnight to cure the 

PDMS mold. The MN structure was separated from the PDMS mold manually when it 

was completely cured. Next, 150 µL of the prepared HA-drug mixture was applied onto 

the PDMS mold containing 100 microchannels in order to form the MN tips. The mold 

was then placed under vacuum (~50 mbar) for 1 h at 23 °C to remove air from the HA-

drug mixture and to improve the microchannel filling. Subsequently, the mold was placed 

in a desiccator at room temperature for 24 h. Following the drying procedure, the 
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previously prepared PLGA polymer solution was applied on top of the microchannels to 

form a backing layer. The mold was then placed into a centrifuge (4000 rpm for 30 min at 

8 °C) followed by drying at 37 °C for 48 h. Finally, the fabricated MNs were separated 

from the PDMS molds and stored at room temperature in a desiccator until use. 

Skin preparation and MN treatments  

The outer region of full thickness skin was removed carefully from the pig ears 

with a scalpel. The skin was then washed with 10 mM phosphate buffered saline (pH 

7.4), dried gently, wrapped with parafilm, and stored at -80 °C until used. The porcine ear 

skin was dermatomed using a Dermatome 75 mm (Nouvag AG, Goldach, Switzerland). 

The skin samples were cut into 2 X 2 cm2 pieces for further studies. The thickness was 

measured with a thickness gauge, and the integrity of the skin used for in vitro 

permeation, was measured by screening the skin resistance value (kΩ) on a resistance 

meter (H. X. Nguyen et al., 2018). The excised skin tissues were treated with the MNs, 

prior to characterization of the microchannels created by in vitro permeation testing. The 

skin tissue was placed on a few layers of Parafilm®  with the stratum corneum side up. 

MN arrays were inserted into the skin for 2 min using the gentle force of a thumb, after 

which, applied pressure was removed and the MN backing was allowed to remain on 

skin. 

MN shape characterization 

To investigate the length of the needles, the diameter of the apex, and the distance 

between the individual needles, scanning electron microscopy (SEM) was performed. 

Fabricated MNs were mounted on a metal stub and sputter coated with a Au/Pd layer 

using a Hummer VI sputtering System (Anatech, USA). The primary beam accelerating 
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voltage was 15 kV and secondary ion images were collected. SEM images were further 

analyzed using Image-Pro®  (Media Cybernetics, Inc., USA).  

Histological and microscopic analysis of HA MN arrays 

To investigate the formation of microchannels following the HA MN treatments, 

histological sectioning and H&E staining was performed. Dermatomed porcine ear skin 

was treated by HA MNs for 2 min. The tissue was embedded in Tissue-Tek®  (OCT, 

Sakura Finetek USA Inc., Torrance, CA, USA) and vertically sectioned using Microm 

HM505E (Southeast scientific Inc., Dallas, GA, USA). The samples were sliced to a 

thickness of 10 µm and stained using a standard H&E staining protocol. The prepared 

tissue samples were visualized on a Leica DM 750 microscope at different magnifications 

(H. X. Nguyen et al., 2018). 

Visualization of micropores created by insertion of MNs arrays 

Dye binding studies were utilized to visualize the microchannels created by the HA 

MN arrays. Dermatomed porcine ear skin was treated by HA MNs for 2 min, followed by 

a 1 min surface application of few drops of 1% (w/v) of methylene blue or 0.35% 

Fluoresoft®  solution on the treated skin. Residual dye was blotted with tissue and alcohol 

swabs. Stained skin was visualized using a handheld light microscope system and a 

computerized Zeiss confocal laser microscope LSM410 (Goettingen, Germany). While 

obtaining fluorescent images, all samples were excited at 488 nm and X-Z sectioning was 

utilized to determine the permeation pathways. 

In vitro transdermal delivery of MAP by HA MN arrays 

Permeation studies were performed with a jacketed Franz diffusion cells having a 

0.64 cm2 diffusion area (PermeGear Bethlehem, PA, USA) on dermatomed porcine ear 
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skin. Phosphate buffered saline (10 mM, pH 7.4), was used as the receptor solution (5 

mL). The temperature was maintained at 37 °C and the skin surface temperature was 

maintained at about 32 °C. A 150 μL solution of 3% MAP solution was added on stratum 

corneum side of the skin in the control group (no MN treatment) and the first test group 

(HA MN treatment). The second test group included the skin treated with 3% MAP 

loaded HA MN. The MN arrays were manually pressed into skin for 2 min. Treated skin 

was then clamped between the donor and receptor chambers of a vertical diffusion cell 

with the stratum corneum side in contact with the donor solution. The amount of drug 

diffused was determined by removing aliquots of 300 µL at pre-determined time points 

for 24 h from the receptor compartments using a syringe and immediately replenishing 

with the same volume of fresh receptor solution. The samples were analyzed by high 

performance liquid chromatography (HPLC). After 24 h of permeation studies, MAP 

solution was removed from skin using two dry cotton swabs and two cotton swabs in 

receptor solution. The amount of MAP remaining in MNs was extracted by dissolving the 

array in 200 mL receptor solution, kept on a horizontal shaker at 100 rpm for two hours. 

Then, the skin was tape stripped two times with D-Squame discs to analyze the amount of 

unabsorbed drug on skin surface. In order to measure the drug levels in the skin, the 

epidermis and dermis of each skin piece were separated using forceps, manually minced 

with surgical scissors and collected individually in scintillation vials. Three mL of the 

receptor solution was added to each vial. The vials were then placed on a shaker at 100 

rpm for 4 h and filtered using 0.45 µm Millipore membrane nylon filter and analyzed by 

the HPLC method.  
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Table 6. Different groups studied for in vitro permeation. Different microneedle treatments and solution added to the 

donor chamber are described. 

Groups MN treatment Donor solution 

Control Group No treatment  3% w/w MAP solution 

Test Group 1 Blank HA MN inserted for 2 min 3% w/w MAP solution 

Test Group 2 3% w/w MAP loaded HA MN, inserted for 2 min None 

Note: MN = Microneedle; MAP = Magnesium ascorbyl phosphate; HA = Hyaluronic acid 

 

 

 

Quantitative analysis 

MAP contents were analyzed using HPLC. A Waters Alliance HPLC system 

(2795 Separating Module) equipped with Photoiodied detector (Waters 2475) (Waters 

Co., Milford, MA, USA). HILIC Kinetex®  5µm 100 Å , 150 x 4.6 mm (Phenomenex, 

Torrance, CA, USA) was used as stationary phase. Acetonitrile/buffer (5 mM ammonium 

acetate; pH adjusted to 6.5 by acetic acid) in a composition ratio of 90/10 (%, v/v) was 

used as mobile phase. The injection volume and the flow rate were set at 20 µL and 1.0 

mL/min respectively, and the absorption wavelength of MAP was 254 nm. The reversed-

phased HPLC method provided a linear range of 0.1-50 µg/mL (R2=0.999).  

Statistical analysis 

All results were reported as mean values with the standard error of the mean 

(SEM). Statistical calculations were performed with GraphPad Prism Version 8.0. One-

Way ANOVA followed by Tukey HSD post-hoc test was applied to compare the results 

of the different groups. Statistically significant difference was denoted by p < 0.05. 

Results 

Fabrication of MNs 
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HA MNs, with and without encapsulated MAP, were fabricated successfully. The 

HA solution filled all the 100 microchannels and the PLGA formed a thin backing layer. 

The drying conditions affected the needle shape and the mechanical strength. Optimized 

conditions were found to be as follows: 1) one day in a desiccator to dry the HA solution 

and 2) drying in a convection oven for two days to dry the PLGA backing base (Figure 

10b). Other drying conditions led to “wet” arrays, which bent during the separation from 

the PDMS mold (Figure 10a). These arrays resulted in dissatisfactory skin penetration 

properties.  

 

 

 

 
(a) 

 
(b) 

Figure 10. Optical images of HA MNs. (a) The tips of the arrays remained in the female PDMS molds during the 

separation after, 1 day of drying in a desiccator + 1 day in an incubator; (b) The image depicted 95 to 100 MN arrays 

upon separation from the PDMS mold after 1 day of drying in a desiccator + 2 days in a convection oven. 

 

 

 

Visualization of MNs 

The dimensions of the optimized MNs are presented in Figure 11. An individual 

MN from the array was captured and provided the actual length of 416.0 ± 2.6 μm (n=3). 

The diameter of the needle tip apex was 9.8 ± 1.3 μm and 523.0 ± 5.5 μm for the distance 

between two needle tips (n=3). Also, three dimensional views of 5x5 pyramidal shape 
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arrays of unbroken and sharp tips were observed which is required for successful 

penetration of skin.  

Figure 11. (a) SEM image of a single array of pyramidal shaped MAP MN (b) Top view of single array HA MN apex 

(c) SEM image of HA MN showing unbroken and sharp tips 

 

 

 

Visualization of microchannels 

Figure 13a shows the picture of dermatomed porcine ear skin stained by methylene blue 

dye after treatment with HA MNs. The channels created by the MNs took up the dye 

whereas the intact skin remained unstained. The 10 x 10 MN arrays resulted in 95 to 100 

microchannels after 2 mins of treatment with MNs (blank HA and MAP encapsulated 

HA). In addition, the histological evaluation showed the formation of microchannels in 

the skin complementary in shape to the solid MNs. One pore was an oval shape with a 

size measured to be 133 x 211 µm (Figure 13b). The depth of the microchannels, as 

determined by z-stack confocal microscopy, was found to be ~125 µm (Figure 12) 

 

 

 

 

 

 
 (a) 

 
 (b) 

 
 (c) 
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Figure 12. Z-stack of microchannels after HA MN array insertion for 2 mins depicted the depth of 125 µm (5 µm step-

size, n =25)  
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Figure 13. (a) Microscopic image of porcine ear skin after MAP encapsulated HA MN array insertion for 2 mins (b) 

Confocal image showing the dimensions of one representative microchannel. 

 

 

 

MN-mediated in vitro transdermal delivery of MAP 

The permeation studies were performed on porcine ear skin, and the number of 

replicates was five for all groups (Figure 14). The average thickness and resistance of the 

skin was 0.47 ± 0.18 mm and 30.1 ± 3.4 kΩ, respectively. The cumulative amount of 

MAP delivered in the receptor solution after 24 h was found to be 5.2 ± 0.5 μg/cm2 in the 

control group. A significantly higher amount (p < 0.05) of MAP was delivered from test 

group 1 (154.2 ± 22.0 μg/cm2) and the test group 2 (290.7 ± 52.1 μg/cm2). Also, the test 

group 2 resulted in significantly higher (p < 0.05) amount of MAP (96. 8 ± 3.9 μg/cm2) 

delivered into skin compared to the control and the test group 1 (44.9 ± 16.3 μg/cm2 and 

35.4 ± 14.44 μg/cm2, respectively; separate epidermis and dermis values presented in 

table 7). In contrast to group 1, a shorter lag time was absorbed with the test group 2, 1.5 

h and 0.33 h, respectively. The flux after 15 min with the test group 2 was 37.2 ± 5.7 

 
 (a) 

 
 (b) 
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μg/cm2/h. The percent delivery was 1.1 ± 0.4%, 4.2 ± 0.8%, and 8.6 ± 1.1% for the 

control, test 1, and test 2 groups, respectively.  
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Figure 14. Permeation profile of MAP through porcine ear skin. (a) Cumulative amount (b) Flux Profile (c) Average 

amount in Skin (n=5) 

 

 

 

Table 7. Amount of MAP extracted after 24 h in epidermis and dermis (n=5) 

Groups Epidermis (μg/cm2) ± SE Dermis (μg/cm2) ± SE  
Total (μg/cm2) ± 

SE 

Control Group 36.3 ± 14.5 8.6 ± 2.0 44.9 ± 16.3 

Test Group 1 25.4 ± 12.4 10.0 ± 2.6 35.4 ± 14.4 

Test Group 2 8.6 ± 2.0 96.8 ± 4.0 96.8 ± 3.9 

 

 

 

Discussion 

MN formulation and fabrication 

MN fabrication methods reported in previous studies include adding, removing, 

and copying microstructures. Among the different techniques, micro-molding technique 

offers many advantages compared to machine writing or engineering-based fabrication 

methods (Ryan F. Donnelly et al., 2010). Depending on the choice of polymers and the 

molecule of interest, manufacturing conditions need to be optimized to provide proper 
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mechanical strength for ease of insertion into the tissue of interest. In this study, HA was 

chosen as polymer matrix not just due to its biocompatible and biodegradable properties. 

The fabrication of HA MNs does not require harsh conditions such as an extreme 

temperature or photolithography. Accordingly, the chosen micro-molding approach was 

found suitable to incorporate the heat and photo-sensitive molecule MAP. Also, both HA 

and MAP are highly water soluble and hence, organic solvent was not required in the 

process. Furthermore, the micro-molding process provides better replication compared to 

machine writing processes which ensures the quality of the final product to be more 

uniform. Another important factor in MN fabrication is the drying time (McGrath et al., 

2014). In this study, HA MNs required 3 days of drying time which can be considered as 

a rate limiting step during large scale manufacturing. However, complete dryness of the 

MNs was required to ensure an appropriate mechanical strength. 

Not only the MN matrix material, but the geometry of MN can further affect the 

efficiency of the MNs. If the needle arrays are too close to each other, it creates a “bed of 

nails” effect which results in failure of penetration (Gittard, Ovsianikov, Chichkov, 

Doraiswamy, & Narayan, 2010). A stainless-steel master structure was chosen to prepare 

the female PDMS mold. The master structure possesses 100 pyramidal shape arrays and 

500 µm distance between needle tips which did not report the bed of nails effect from the 

previous study in our lab (H. X. Nguyen et al., 2018). Also, many reports in literature 

have correlated the shape of needles ranging from conical, octagonal, rectangular, 

cylindrical, and pyramidal and its effect on the necessary penetration force (Bal et al., 

2010). In general, a pyramidal shape exerted the highest puncture force resulting in easier 

application (McAllister et al., 2003). Lau et al. reported the pyramidal shape provided a 
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better drug release by increasing the contact area with skin (Lau, Fei, Liu, Chen, & Liu, 

2017).  

The drug loading capacity of dissolving MN can affect the permeation profile (H. 

X. Nguyen et al., 2018). Park et al. reported that the maximum total dose that can be 

loaded into microarrays is 1 mg, and it is one of the limitations of drug loaded MNs (J. H. 

Park et al., 2006). However, Donnelly et al. reported that loading the drug on the backing 

membrane as well as the MN arrays positively impacted the permeation profile (Ryan F. 

Donnelly et al., 2012). Here, MAP loaded MN had 4.5 mg of drug in MN arrays as well 

as in the thin HA backing layer, which helped to deliver more drug compared to the test 

group 1 (Table 7). 

Characterization of MAP MN arrays and microchannel 

Inserted arrays of MNs (blank MN and MAP encapsulated MN) into porcine ear 

skin created 95 to 100 percent using the gentle force of a thumb. Efficiency of the MNs 

can be evaluated by penetration study on skin. One of concerns with MN fabrication is 

the effect of drug loading on needle strength. Several incidences where the incorporation 

of active agents in the MNs have strengthened or weakened the needle strength, have 

been reported (J. H. Park et al., 2006). By inserting the MN in skin tissues and observing 

the number of microchannels created, the capacity of needle penetration was evaluated. 

In this case, encapsulation of MAP did not weaken the needle strength as it did not affect 

the number of pores created by the MN array. 

Additionally, the effect of different MN application methods on their performance 

in vitro and in vivo has been explored extensively (K. van der Maaden, Jiskoot, & 

Bouwstra, 2012). In order to minimize variation of insertion forces for the same MN 
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array, different types of applicators have been developed (Haq et al., 2009; Yang & Zahn, 

2004).  The consistency of the application force can be better with an applicator than a 

thumb when properly designed; however, the use of thumb pressure to insert a MN into 

skin has been a common mode of application, and several groups have previously 

demonstrated uniform and complete insertion of MN arrays using this method (J. W. Lee 

et al., 2008; Hiep X Nguyen & Banga, 2015; H. X. Nguyen et al., 2018). 

The performance of MNs can be evaluated by multiple techniques to ensure its 

mechanical strength, toughness and hardness to pierce the stratum corneum. Also, 

various microscopes can be utilized to inspect the needles visually. SEM images showed 

that the final HA MN was shorter than the master structure. It can be explained by the 

polymer filling capacity based on the viscosity of the polymer as well as the shrinkage 

during drying of the polymeric solution (Y. Park et al., 2015). Polymeric solutions having 

low viscosities are easier to fill into microchannels (Gill & Prausnitz, 2007).  

Confocal microscopy can be used to obtain horizontal and vertical optical sections 

in thick samples without fixing or cutting the specimen and thus it is possible to prepare 

and examine fresh skin samples without fixation artifacts or distortion. Therefore, the 

measurement of the depth can be more accurate than other techniques. The depth of the 

microchannel was 125 µm which is shorter than the MN length. It can be explained by 

skin elasticity. Due to its elasticity, pressing the MN against the skin causes indentation 

and only part of the needle penetrates the skin which creates shallower microchannels. 

The observation was consistent with earlier report in the literature (W. Martanto et al., 

2006). MNs offer benefits of noninvasiveness by not disturbing the nerve endings in 

dermis.  
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In vitro permeation studies 

MAP plays an important role in both viable epidermis and dermis layers of the 

skin. MAP was chemically modified from ascorbic acid to increase stability and 

permeability; however, the passive delivery of MAP and its stability in aqueous 

formulations is still limited. The stability of a molecule can be improved by incorporating 

the molecule in a polymeric solution, eliminating the presence of an aqueous 

environment that can contribute to instability. In addition to providing a non-aqueous 

environment, MNs may facilitate the MAP delivery across the skin by physical disruption 

of stratum corneum by creating hydrophilic pathways and transporting the molecule 

through these channels. 

In vitro permeation studies have been commonly used to evaluate drug delivery 

into and across the skin. In this study, dermatomed porcine ear skin was chosen because 

the main barrier to the permeation of MAP (hydrophilic molecule) is the stratum 

corneum. In addition, the presence of a partial dermis layer provided the necessary 

physical support for MN application.  

The passive permeation of MAP was compared to two different test groups: poke 

and MAP solution, and MAP encapsulated MN. Passive permeation of MAP was 

minimal and enhanced by 30 folds when skin was treated with MN prior to formulation 

application. Also, the test 2 group delivered 50 folds and 2 folds more MAP compared to 

the control and test group 1, respectively. The drug amount in epidermis for all three 

groups did not show any significant difference; however, the test 2 group delivered 2 

folds higher amount as a total into skin. This result demonstrated that MAP encapsulated 

MN increased disposition and retention of MAP in skin and enhanced drug delivery. 
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Furthermore, the enhanced delivery in the receptor compartment can also represent drug 

disposition in dermis (site of action) since the dermatomed skin is composed of epidermis 

and only a part of dermis.  

MAP loaded MN delivered MAP in the receptor in 15 min and reduced the lag 

time from 1.4 h to 0.33 h compared to the test group 1. Since the drug is encapsulated in 

the MN arrays, the drug starts to diffuse instantly upon application of MNs. The HA 

needles were completely dissolved upon 2 min of insertion in the tissue membrane which 

can support the reduction in lag time. The MAP encapsulated MN group delivered the 

highest amount of drug, into and across skin. As MAP was included not only in the 

needle arrays, but also in the thin layer of HA polymer backing in the MAP encapsulated 

MN group, the backing membrane acted as a drug reservoir, resulting in the highest 

delivery of MAP into skin for this group. Similar results have been observed in our lab in 

experiments conducted by Nguyen et al., where drug-encapsulation within the MNs array 

was found to show the highest percent drug delivery among the different types of MNs 

tested (H. X. Nguyen et al., 2018).  

Conclusions 

MAP delivery to and through the skin, which was found to be low during passive 

topical permeation, was significantly enhanced under application of MNs fabricated from 

HA. The present study, thus, demonstrated fabrication of HA MNs that were found to 

facilitate the delivery of MAP though skin.
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CHAPTER 6

TOPICAL DELIVERY OF HEPARIN VIA LASER-GENERATED MICROPORES 

Abstract 

Purpose 

Passive permeation of macromolecules across intact skin is not feasible due to the 

barrier function of the outer layer of the epidermis. In recent years, the investigation of 

microporation technologies has gained interest as a technique to deliver such therapeutic 

agents through the skin. Laser-assisted drug delivery involves a temporary physical 

disruption of the skin barrier to create superficial pores that typically reach the viable 

epidermis. Some advantages of laser techniques are non-invasiveness, increased 

bioavailability, and quick recovery of stratum corneum integrity.  

Heparin is an anticoagulant that is commonly administered through an 

intravenous route to treat venous thromboembolism. It blocks the blood clotting pathway 

by binding to antithrombin III, which inhibits both the formation and activity of 

thrombin. There have been numerous research studies on the delivery of heparin into the 

skin to treat thrombophlebitis, a condition where inflammation and clotting are observed 

inside a vein below the skin surface. The rationale to develop a topical formulation of 

heparin is to reduce the possible side effects of intravenous heparin injections, including 

an increased risk of bleeding, pain at the injection site, and bruising. Thus, noninvasive 
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and local delivery of anticoagulants would be preferable for the treatment of conditions 

occurring in proximity to or on the skin.  

In this study, the feasibility of the transdermal delivery of heparin, a hydrophilic 

macromolecule, through P.L.E.A.S.E. laser-microporated skin was investigated. An 

important parameter, fluence (energy per unit area), and its effect on transdermal 

permeation of heparin were evaluated and compared in an in vitro setting. Also, the 

microporation of the skin using different parameters of the P.L.E.A.S.E. laser system was 

characterized by light microscopy, confocal laser scanning microscopy, and histology 

studies. 

Methods 

Dermatomed porcine ear skin was placed at the focal length of laser (24.5 mm) 

and treated with two different fluence settings of 22.7 and 68.1 J/cm2 for 10 s. Skin 

microporation was demonstrated by dye binding. The treated skin was stained with 1% 

w/v methylene blue solution and observed under ProScopeHR Digital USB Microscopy 

(Bodelin Technologies, OR, USA). Histological skin sections revealed the shape of 

microchannels by hematoxylin-eosin staining. The actual depth of the microchannels and 

drug distribution pathways were studied by confocal microscopy. In vitro permeation on 

Franz diffusion cells were performed to determine the rate and extent of drug delivery 

into and across the skin. The control group was not treated with the laser, and the test 

group was treated with laser fluence at 22.7 J/cm2. Skin samples were mounted on 

vertical Franz diffusion cells (0.64 cm2), and heparin solution (200 µL of 0.3% w/v 

heparin solution) was added to the donor compartment. The receptor compartment 

contained 5 mL of 10 mM phosphate buffered saline (PBS; pH 7.4). The samples were 
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taken at predetermined times for 24 h and analyzed by Chromagenix®  Coatest Heparin. A 

skin extraction study was carried out to determine the drug amount in the skin. All results 

were reported as the mean with a standard error of the mean. One-Way ANOVA, 

followed by the Tukey HSD post hoc test, was applied to compare the results of different 

groups. Statistically significant difference was denoted by p < 0.05. 

Results 

The channels created by the laser took up the dye, whereas the intact skin 

remained unstained. Laser treatment created 90 to 100 microchannels, and they were not 

affected by fluence settings. The histological evaluation showed the formation of 

microchannels in the skin. The depth of the microchannels, as determined by z-stack 

confocal microscopy, was found to be 120 µm and 210 µm for 22.7 and 68.1 J/cm2, 

respectively. There was no passive permeation of heparin across the skin. However, 

permeation of heparin from the laser-treated group delivered 13.4 ± 0.62 µg/cm2 after 24 

h. Moreover, heparin was not delivered to either the epidermis or dermis passively, 

whereas the significantly higher amount of heparin was delivered to the epidermis (3.7 ± 

0.62 µg/cm2) and dermis (3.2 ± 0.01 µg/cm2) in the laser-treated group. 

Conclusions 

Laser-created micropores in the porcine ear skin were characterized by staining, 

histology, and confocal microscopy. The delivery of heparin into and across the skin was 

demonstrated, indicating the feasibility of transdermal delivery of macromolecules using 

laser treatment. 
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Introduction 

Heparin is a macromolecule, with a molecular weight varying from 2000 to 40000 

kDa, which plays an important role in the anticoagulation cascade in the body. It is 

composed of a repeating disaccharide unit along its structure known as a 

glycosaminoglycan. Despite the main role of heparin as an anticoagulant in medicine, it 

has been investigated in other therapeutic fields as well, for example, in wound healing, 

burn injury treatment, inhibition of inflammation, and metastatic spread of tumor cells 

(Hirsh & Fuster, 1994; Kratz et al., 1997; Torri & Naggi, 2016). In recent years, a topical 

formulation of heparin was developed for the treatment of spontaneous or chemotherapy-

induced superficial thrombophlebitis, a condition where inflammation and clotting are 

observed inside a vein below the skin surface (Cesarone et al., 2007).  

Transdermal or topical drug delivery offers an attractive route of drug 

administration due to its many benefits, such as minimization of pain, ease of 

administration, and ease of termination when it is necessary. Since heparin’s site of 

action for thrombophlebitis is below the skin surface, the noninvasive and local delivery 

of anticoagulants would be preferable (Motlekar & Youan, 2006). However, the poor 

absorption of the large hydrophilic molecules across the stratum corneum is a major 

challenge for the effective delivery of heparin.  

Various chemical and physical enhancement techniques were employed to show 

the percutaneous absorption of heparin (Lanke, Kolli, Strom, & Banga, 2009). However, 

skin absorption remained low even after the use of enhancement techniques, such as 

liposomes, iontophoresis, ultrasound, and microneedles (Betz, Nowbakht, Imboden, & 

Imanidis, 2001; Weaver et al., 1997). Also, tape stripping is one enhancement technique 
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studied to enhance various molecules into and across the skin. This technique enhances 

drug delivery into the skin by removing the stratum corneum, which is a primary barrier 

for molecules with low permeability. Among different trials to enhance the delivery of 

heparin through a transdermal route, Lanke et al. reported a significantly increased flux 

of heparin by implementing the tape stripping technique (Lanke et al., 2009). Although 

enhanced delivery was observed using the tape stripping method, it is not a practical 

alternative.  

Lasers have been a promising technique in biomedical uses, especially in 

dermatology. It can be used as a method to treat skin diseases, such as acne scars, 

rosacea, and warts, as well as perform hair removal. It also has been shown to enhance 

the transdermal permeation of small molecules as well as the hydrophilic 

macromolecules, such as hGH (Song et al., 2018).  

Lasers can be classified into two categories: non-ablative lasers, which can 

enhance transdermal delivery without removing the barrier layer of skin, and ablative 

lasers, which facilitate the delivery of molecules by removing the outermost layer of skin. 

Non-ablative lasers have demonstrated the delivery of small molecules (Ganti & Banga, 

2016); however, it may not enhance the delivery of large hydrophilic molecules because 

it does not remove the major barrier of skin. 

The Precise Laser Epidermal System (P.L.E.A.S.E.) contains an ablative laser that 

emits laser light with a wavelength of 2940 nm, which is part of the water absorption 

wavelength spectrum. It is also composed of a diode-pumped fractional Er:YAG laser, 

which effectively forms microchannels without prominent damage to the skin (Y. 

Bachhav et al., 2010). It has been utilized to enhance the delivery of peptides or protein, 
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which normally has minimum or no passive absorption into the skin (Gómez, Benito, 

Teijón, & Blanco, 2012).  

In this study, we investigated the feasibility of the topical delivery of heparin 

through laser-microporated skin. An important parameter, the fluence (energy per unit 

area), was varied, and microchannels were characterized by histology and dye binding 

studies to confirm the formation of micropores in the skin. An optimized laser setting was 

used to carry out the in vitro skin permeation study using dermatomed porcine ear skin.  

Materials 

Heparin was obtained from Sigma Aldrich (St. Louis, MO, USA). A Chromogenix 

Coatest Heparin kit was purchased from Diapharma Laboratories (West Chester, OH, 

USA). PBS (pH 7.4), and 96-well plates were purchased from MedSupply Partners (Atlanta, 

GA, USA). Porcine ear skin was procured from a local slaughterhouse. 

Methods 

Skin preparation and laser treatment 

The outer region of the full thickness skin was removed carefully from the pig 

ears with a scalpel. The skin was then washed with 10 mM PBS (pH 7.4), dried gently, 

wrapped with Parafilm, and stored at -80°C until used. The porcine ear skin was 

dermatomed using a Dermatome 75 mm (Nouvag AG, Goldach, Switzerland). The skin 

samples were cut into 2 cm2 pieces for further studies. The thickness was measured with 

a thickness gauge, and the integrity of the skin used for in vitro permeation was measured 

by screening the skin resistance value (kΩ) on a resistance meter. Prior to 

characterizations of the channels and the permeation study, the tissues were placed on a 

few layers of Parafilm, the stratum corneum side facing up. The dermatomed porcine ear 
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skin was placed at the focal length of the laser (24.5 mm) and treated with the two 

different settings (parameters displayed in Table 8).  

 

 

 
Table 8. Parameters of laser settings  

 Group 1 Group 2 

Pulse 175  

Rep. rate 200 hz  

Pulse per pore 2 6 

Pore array size 7 (mm)  

Density 10.00% 10.00% 

Fluency 22.7 J/cm2 68.1 J/cm2 

 

 

 

Analytical methods 

Heparin activity was measured using Chromogenic Coatest Heparin test kits. 

Standards of heparin were prepared in receptor media for in vitro permeation studies. The 

optical density was read at 405 nm using a Synergy HT Microplate Reader (BioTek 

Instruments, Winooski, VT, USA). 

Dye binding study 

The laser-treated site of the skin sample was stained with 1% w/v methylene 

blue solution and observed under a ProScopeHR Digital USB Microscope (Bodelin 

Technologies, Wilsonville, OR, USA). Microscopic images of the skin surface were 

obtained to show the skin poration.  

Confocal microscopy 

Laser-treated skin was placed on a few layers of Parafilm, the stratum corneum 

side facing up. A few drops of 0.35% Fluoresoft solution was applied on the treated skin 

for 1 min. Residual dye was blotted with tissue and alcohol swabs. Stained skin was 



112 

 

visualized using a computerized Zeiss confocal laser microscope LSM410 (Goettingen, 

Germany). While obtaining fluorescent images, all samples were excited at 488 nm, and 

X-Z sectioning was utilized to determine the permeation pathways.  

Histology study 

Histology studies were performed to confirm the formation and morphology of 

micropores in the skin. Laser-treated skin was embedded in the Tissue-Tek optical 

coherence tomography compound medium (Sakura Finetek USA, Inc., Torrance, CA, 

USA). The skin samples were then stored in -80 °C for 1 h and sectioned with Microm 

HM 505 E (Southeast Scientific Inc., Powder Springs, GA, USA) to obtain sections of 10 

µm thickness. The sectioned skin pieces were stained using the conventional hematoxylin 

and eosin and observed under a Leica DM 750 microscope. Once the microchannel 

formation was confirmed with both fluence settings, the lowest fluence level that created 

a microchannel was chosen to carry out further experiments. 

In vitro permeation studies 

The in vitro permeation study was performed on vertical Franz diffusion cells 

(0.64 cm2) with dermatomed porcine ear skin. Heparin solution (200 µL of 0.3% w/v 

heparin in deionized water) was added to the donor compartment and receptor 

compartment contained 5 mL in 10 mM PBS (pH 7.4). The control group was not treated 

with a laser, and test group 1 was treated with the laser fluence at 22.7 J/cm2.  

Treated skin was then clamped between the donor and receptor chambers of a vertical 

diffusion cell with the stratum corneum side in contact with the donor solution. The 

amount of drug diffused was determined by removing aliquots of 300 µL at 

predetermined times for 24 h from the receptor compartments using a syringe and 
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immediately replenishing with the same volume of receptor solution. All the samples 

were analyzed by a Chromagenix Coatest Heparin kit (Diapharma Laboratores, West 

Chester, OH, USA). 

Results and Discussion 

Characterizations of microchannels created by lasers 

Dye binding study 

The untreated skin was unaffected by the staining because the hydrophilic 

property of methylene blue precluded it from penetrating the intact skin.  

On the other hand, interstitial-fluid-filled microchannels absorbed the dye and 

demonstrated a successful microporation (Figure 15). Increasing the fluence from 22.7 

to 68.1 J/cm2 caused the pore size to become larger.  

 

 

 

 

Figure 15. Micropores created in porcine ear skin (a) untreated skin, (b) laser fluence at 22.7 J/cm2, and (c) laser 

fluence at 68.1 J/cm2 

 

 

 

Confocal microscopy 

Confocal microscopy can be used to obtain horizontal and vertical optical sections 

in thick samples without fixing or cutting the specimen; thus, it is possible to prepare and 

examine the fresh skin samples without fixation artifacts or distortion. Therefore, the 

(a) (b) (c) 
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measurement of the depth can be more accurate than other techniques. The depth of the 

microchannels, as determined by z-stack confocal microscopy, was found to be 120 µm 

and 210 µm for 22.7 and 68.1 J/cm2, respectively. These observations were close to the 

theoretically expected depths of micropores at 134 µm (Figure 16) and 273 µm (Figure 

17), respectively, which were shown by the laser system software. 

 

 

 

 

 

 

Figure 16. Z-stack of microchannels after P.L.E.A.S.E. laser fluence at 22.7 J/cm2 and a depth of 120 µm (10 µm step-

size, n = 12) 
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Figure 17. Z-stack of microchannels after P.L.E.A.S.E. laser fluence at 68.1 J/cm2 and a depth of 210 µm (10 µm step-

size, n = 21) 

  

 

 

Histology 

In the untreated skin, the stratum corneum, epidermis, and dermis layers 

appeared intact, while the laser-treated skin showed a broken stratum corneum. The 

results of the histological evaluation were similar to those reported by Song et al., 

where the lower fluence 34.1 J/cm2 setting ablated the stratum corneum and upper 
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layers of the epidermis, whereas higher fluence 68.1 J/cm2 setting resulted in deeper 

pores that reach the dermo-epidermal junction (Song et al., 2018) (Figure 18).  

 

 

 

 

Figure 18. Histological sectioning images of (a) untreated skin, (b) skin treated by laser fluence at 22.7 J/cm2, and (c) 

skin treated by laser fluence at 68.1 J/cm2 

 

 

 

In vitro permeation studies 

There was no passive permeation of heparin across the skin. However, permeation 

of heparin from the laser-treated group (13.40 ± 0.21 μg/cm2) showed a significantly 

higher amount of heparin delivery after 24 h. It can be attributed to breaching the 

outermost layer of skin. The aim of the study was to find the lowest fluence setting to 

enhance heparin delivery into the skin to minimize skin damage. Song et al. investigated 

the effects of different fluences in hGH delivery into the skin and reported that there was 

no significant difference in the amount of drug permeation between the low and high 

fluence setting (Song et al., 2018).  

Furthermore, laser treatment resulted in a shorter lag time of heparin permeation. 

The drug became detectable in the receptor at 15 min in the laser-treated group. However, 

no drug was detected in the receptor from the passive group. A faster onset of drug 

permeation by the laser treatment was also observed in the study conducted by Bachav et 

(a) (b) (c) 
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al., where lidocaine uptake was observed in the skin as well as in the receptor, after just 5 

min of laser treatment (Y. Bachhav et al., 2010). The delivery of heparin in the skin is 

depicted in Figure 19c. In the passive group, heparin was not delivered to either the 

epidermis or dermis, whereas a significantly higher amount of heparin was delivered to 

the epidermis (3.7 ± 0.62 μg/cm2) and dermis (3.2 ± 0.01 μg/cm2) in the laser-treated 

group.  
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Figure 19. The result for laser facilitated heparin delivery (a) permeation profile of heparin (b) flux profile of heparin 

(c) drug amount in skin 

 

 

 

Conclusions 

Laser-created micropores in porcine ear skin were characterized by staining, 

histology, and confocal microscopy. Increasing the fluence from 22.7 to 68.1 J/cm2 

caused the pore size to become larger, but the number of pores was not affected by the 
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fluence. The delivery of heparin into and across the skin was demonstrated, indicating the 

feasibility of transdermal delivery of macromolecules using laser treatment. These results 

are encouraging and demonstrate the possibility of transdermal delivery of heparin using 

laser technology. 
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CHAPTER 7

SUMMARY AND CONCLUSIONS 

The main objective of this work was to develop and characterize polymeric 

formulations and microneedles to enhance topical or transdermal delivery of cosmetic 

and therapeutic molecules and macromolecules with poor passive permeation properties. 

In these studies, patient-friendly dosage form/delivery technologies were investigated, 

using multidisciplinary integration of basic and applied research. The study was designed 

to enhance drug delivery by transdermal route, and convenience and ease of formulation 

application were major foci in these experiments.  

From the TS study, 0.1% concentration was determined as the finite dose of TS to 

further investigate the effect of multiple applications of TS and sonophoresis. Multiple 

applications (three doses) of TS solution on the porcine ear skin delivered a significant 

amount TS into and across skin compared to a single application. Therefore, a multiple 

dosing regimen created a more sustained delivery of TS over 24 h than a single dose. 

Also, low frequency ultrasound coupled with HPMC gel significantly enhanced the 

cumulative delivery and flux of TS as compared to passive delivery.  

A new and innovative approach has been investigated to reduce the dosing 

regimen for topical analgesics. A PLGA-based in situ bio adhesive film-forming system 

for transdermal delivery of TS was designed and evaluated for drug permeation across 

dermatomed porcine ear skin. This study demonstrated that lower molecular weight 
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PLGA has a better release efficiency compared to the high molecular PLGA, which 

affected the permeation profile of TS. The permeation profile was also affected by the 

percentage of PLGA and cyanoacrylate. The higher amount of PLGA in the formulation 

delivered a higher amount TS into and across the skin. 

Magnesium ascorbyl phosphate (MAP) plays an important role in both viable 

epidermis and dermis layers of the skin. MAP was chemically modified from ascorbic 

acid to increase stability and permeability; however, the passive delivery of MAP and its 

stability in aqueous formulations are still limited. Stability was improved by 

incorporating the molecule in a polymeric solution, thereby eliminating the presence of 

an aqueous environment that can contribute to instability. In addition to providing a non-

aqueous environment, MNs may facilitate the MAP delivery across the skin by physical 

disruption of stratum corneum by creating hydrophilic pathways and transporting the 

molecule through the channels. 

The use of intravenous heparin to treat skin conditions, such as thrombophlebitis, 

is discouraged due to its side effects, including increased risk of bleeding, pain at the 

injection site, and bruising. Thus, noninvasive and local delivery of anticoagulants is 

preferable for the treatment of conditions occurring in proximity to or on the skin. The 

delivery of heparin into and across the skin was demonstrated, indicating the feasibility of 

transdermal delivery of macromolecules using laser treatment. 

Overall, the investigated formulations have been development successfully. Also, 

the physical enhancement techniques for different actives successfully improved the 

delivery from their respective formulations into or across skin.  
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