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ABSTRACT: 
            Transdermal drug delivery systems (TDDS) have emerged as a promising, non-invasive alternative to conventional drug 
administration routes due to their ability to deliver therapeutics through the skin and into systemic circulation in a controlled 
manner. This approach avoids first-pass metabolism, minimizes gastrointestinal irritation, enhances bioavailability, and improves 
patient compliance, particularly in populations that struggle with oral or parenteral dosage forms. The structural complexity of 
human skin, especially the stratum corneum, presents a major barrier to drug permeation, making the design of efficient 
transdermal systems highly dependent on understanding skin anatomy, physiology, and barrier characteristics. Over the years, 
significant advancements have been made in the development of formulation strategies and penetration-enhancing techniques to 
improve drug flux across the skin. Various types of transdermal patches including single-layer, multi-layer drug-in-adhesive, 
reservoir, and matrix systems have been widely explored and optimized for different therapeutic needs. Complementary 
technological interventions such as microneedles, iontophoresis, ultrasound (sonophoresis), thermal enhancement, and laser 
microporation have further expanded the applicability of TDDS to deliver macromolecules, peptides, and hydrophilic drugs that 
traditionally showed poor permeability. In parallel, formulation innovations involving chemical enhancers, natural permeation 
agents, eutectic mixtures, Nano emulsions, liposomes, and solid lipid nanoparticles have significantly enhanced drug solubility 
and transdermal penetration. Evaluation parameters such as folding endurance, moisture content, tack, peel adhesion, and weight 
uniformity remain critical to ensuring patch quality, performance, and patient acceptability. TDDS have been successfully 
commercialized for various therapeutic indications including pain management, hormone replacement therapy, smoking 
cessation, cardiovascular diseases, and neurological disorders. This review highlights the fundamentals, technological advances, 
formulation approaches, evaluation methods, and current applications of TDDS, emphasizing their growing relevance in modern 
drug delivery. Continued research in material science, penetration enhancement, and nanotechnology will further broaden the 
scope of transdermal therapeutics and contribute to more effective, patient-friendly drug delivery solutions. 

Key Words: Transdermal Drug Delivery System, Skin Barrier, Penetration Enhancers, Transdermal Patches, Nanocarriers, 
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INTRODUCTION 

The oral route is sometimes the best, most convenient, and ideal 
means of medication administration because of its several 
advantages. This approach of medication delivery, however, 
also has certain drawbacks including low absorption and 
bioavailability, gastrointestinal irritation, enzymatic 
breakdown in the gastrointestinal system, and so on. Some 
drugs are also dangerous when given orally. People getting 
injections parenterally, both children and adults, frequently 
have needle phobia; there is also a risk of infection when the 
medicine is given [1]. Through the layers of the skin, these 
patches are meant to be applied to the skin while releasing a 
therapeutic dose of one or more active components into the 
systemic circulation[2-3]. Transdermal drug delivery system 
(TDDS) has been a better interest in the drug administration by 
the skin for both local therapeutic effects and for systemic 
delivery of drugs[4]. Transdermal drug delivery offers many 
benefits over other traditional routes of administration 

including non-invasiveness, accessibility, avoidance of first-
pass metabolism, compliance, ease of drug input termination in 
problematic cases and controllable drug delivery rates[5-6].There 
is widespread penetration. Combinations of enhancer 
excipients are favored in external formulations because they 
can improve the effect of the active ingredient by ensuring 
effective drug delivery through the skin[7]. The first transdermal 
System was FDA-approved in 1979 for preventing Nausea and 
vomiting. Confirmation of percutaneous drug Absorption can 
be established through measurable blood Levels, detect 
excretion of the drug and its metabolites In urine, observing the 
patient’s clinical response to the Administered drug 
therapy[8].Although there are many other choices available, 
some of the most frequently used polymers in patches are 
cellulose derivatives (such as hydroxypropyl methylcellulose 
(HPMC)), polyvinyl pyrrolidone (PVP), PVA, polyacrylates, 
acrylate derivatives, and chitosan[9]. Transdermal drug delivery 
is a very successful way to give medications. The transdermal 
drug delivery system (TDDS) is a cutting-edge method in the 
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pharmaceutical industry for administering medications since it 
has numerous benefits over other methods of drug 
administration. In order to have therapeutic effects, 
conventional drug delivery system formulations need higher 
dosages and regimens, and prolonged regimens may result in 
significant adverse effects and, eventually, poor patient 
adherence[10]. 
 
ADVANTAGES OF TRANSDERMAL DRUG 

DELIVERY SYSTEM 

 To prevent first-pass metabolism, transdermal 
delivery Ensures a sustained and continuous 
permeation of a Substance over an extended period[11]. 

 Reduce fluctuations of drug in plasma levels. Utilize 
drug candidates with short half-life and Low 
Therapeutic index [12]. 

 Transdermal drug delivery can be used as an 
alternative route of Administration to accommodate 
patients who cannot tolerate oral Dosage forms[13]. 

 The transdermal drug delivery system allows for the 
utilization of drug candidates with short half-life and 
low therapeutic index[14]. 

 
DISADVANTAGES TRANSDERMAL DRUG 

DELIVERY SYSTEM 

 The patch's longer stay on the skin Surface leads to a 
higher risk of skin maceration and negative cutaneous 
reactions[15]. 

 Many drugs with a hydrophilic structure permeate the 
skin too slowly to be of therapeutic benefit[16]. 

  It is possible that the skin will get irritated, and the 
reaction will be hypersensitive[17]. 

 Ionic medicines cannot be delivered by a transdermal 
drug delivery method[18]. 

 
ANATOMY AND PHYSIOLOGY OF SKIN LAYER 

The anatomy and physiology of the skin can be used to guide 
the creation of strong methods for drug delivery systems. In 
humans, the skin is the biggest organ. One-third of all the blood 
that passes through the human body is found in the skin, which 
has a total area of 20 square feet[19]. 
Human skin is made up of epidermis, dermis, subcutaneous 
tissue, sebum, and sweat glands. The stratified epithelium 
known as the epidermis is made up of layers of spinous and 
basal granular cells that combine to form the stratum corneum. 
The stratum corneum, which is between 15 and 20 layers thick 
and has a dense interlocking structure with proteins and lipids 
that look like bricks and mortar, is compacted with 
metabolically inert cells. Important lipids found in it include 
fatty acids, cholesterol, and ceramides, with ceramides making 
up about half of the lipids. Free fatty acids (10–15%) are 
saturated and have a very long chain. These lipids are essential 
to the Stratum corneum barrier’s function[20]. 

 
Fig 1: Skin Anatomy 

Epidermis 

The epidermis, the outermost layer of skin, acts as a vital tissue 
barrier. Keratinocytes, which proliferate in the suprabasal area 
with basal differentiation, make up the stratified epithelium. 
Although the thickness of the epidermis varies, it is often 
approximately 0.8 mm thick on the soles of the feet and the 
palms of the hands. The epidermis is made up of many layers 
of epithelial cells, and the viable epidermis is the name given 
to the lower layers. Most epidermal cells are keratinocytes [21]. 
 

Dermis 
The dermis, which is in the middle of the skin [23]. The dermis 
is a complicated fibro-elastic structure that gives the skin its 
mechanical strength. A vast network of nerves and blood 
arteries may be found inside this stratum. Pain Possible harm to 
the nerve endings in the dermis during parenteral medication 
delivery may be experienced[22]. 
 
Hypodermis 

The hypodermis, also known as subcutaneous adipose tissue, is 
essential for maintaining the integrity of the dermis and 
epidermis. It functions as a fat storage area, aids in temperature 
control, provides nutritional support, and offers physical 
protection. This layer may contain sensory pressure organs in 
addition to significant nerves and blood vessels that reach the 
skin. The medication must pass through all three layers 
[epidermis, dermis, and hypodermis] to enter the systemic 
circulation through transdermal drug delivery. In contrast, the 
main need for topical drug delivery is penetration through the 
stratum corneum, with the goal of keeping the drug in the skin 
layers[23]. 
 
Transdermal patches 
Patches continue to be helpful for longer than tablets, reducing 
the need for frequent dosage, and several patients struggle with 
taking tablets or receiving injections. Patches are used in a 
variety of therapeutic fields, including hormone replacement 
therapy, smoking cessation, pain management, heart disease 
treatment, and motion sickness management[24]. 
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Fig 2: Drug-in-Adhesive Multi-Layer 

 

TYPES OF TRANSDERMAL PATCHES 
1. Single-layer Drug-in-Adhesive: The medication is included 
in the adhesive layer of this device. The adhesive layer in this 
kind of patch is not just responsible for holding the entire 
system to the skin and the different layers together, but it is also 
in charge of releasing the medication. 
 

2. Multi-layer Drug-in-Adhesive: The multi-layer drug-in 
adhesive patch is comparable to the single-layer System in that 
the adhesive layers of both systems are also in charge of the 
medication release. The medication is released immediately 
from one layer, while the other layer regulates the drug release 
from the reservoir. 
 

3. Reservoir: In contrast to the Multi-layer and Single-layer 
Drug-in-adhesive systems, the transdermal reservoir system 
has a separate layer for the drug. The Drug layer, which is a 
liquid compartment, is separated from a drug solution or 
suspension by the adhesive layer. 
 

4. Matrix: The Matrix system consists of a semisolid matrix 
that contains either a drug solution or suspension. The adhesive 
layer of this patch partially envelops the drug layer, resting on 
top of it. 
 

Evaluation of transdermal patches 

Physical appearance[25] 

Each of the formulated patches underwent visual inspection to 
assess factors such as color, clarity, opacity, transparency, 
Flexibility, and smoothness. 
 

Folding endurance[26] 

Folding endurance is assessed by repetitively folding a strip of 
the patch or film at a specific area until it either breaks or is 
folded up to 300 times. The number of times the patch can Be 
folded without breaking provides the folding endurance of the 
patch. This measurement indicates the flexibility of The patch. 
 

Weight uniformity[27-28] 

The patches are dried at 60◦C before weighing. To assess 
weight uniformity, 1 cm2 pieces are cut from three patches and 
weighed individually. The weight variation is calculated, 
ensuring that the individual weights do not significantly deviate 

from the average weight. The average weight of the three pieces 
is considered the weight of the patch. 

 

Percentage Moisture content [29-30] 

The prepared films are to be weighed individually and to be 
kept in a Desiccators containing fused calcium chloride at room 
temperature for 24 hrs. After 24 hrs the films are to be 
reweighed and determine the Percentage moisture content from 
the below mentioned formula. 
% Moisture content = Initial weight – Final weight x100 
                                                   Final weight 
 

Rolling ball tack test[31] 

This test measures the softness of a polymer that relates to talk. 
In This test, stainless steel ball of 7/16 inches in diameter is 
released on an inclined track so that it rolls down and meets 
Horizontal, upward facing adhesive. The distance the ball 
travels Along the adhesive provides the measurement of tack, 
which is Expressed in inch 
 

Peel Adhesion test[32] 

In this test, the force required to remove an adhesive coating 
from a Test substrate is referred to as peel adhesion. Molecular 
weight of Adhesive polymer, the type and number of additives 
are the Variables that determined the peel adhesion properties. 
A single Tape is applied to a stainless-steel plate or a backing 
membrane of Choice and then tape is pulled from the substrate 
at a 180º angle, And the force required for tape removed is 
measured. 
 

APPLICATIONS OF TRANSDERMAL DRUG 

DELIVERY SYSTEM 

 Nicotine transdermal patch marketed as Nico dermis 
to help in smoking cessation. It is the highest selling 
Patch in United State. 

 Two opioid medications Fentanyl (marketed as 
Duragesic) and Buprenorphine (marketed as BuTrans) 
Used to provide round-the-clock relief for severe pain 
Available in patch form 

 Nitroglycerin transdermal patches for the treatment of 
angina pectoris, prescribed in place of sublingual pills. 

 Transdermal patch of the selegiline (MAO inhibitor) 
Became the first transdermal delivery agent for major 
Depressive disorder 

 Estradiol patches available as Estraderm for treating 
menopausal symptoms as well as postmenopausal 
osteoporosis. It is also available in combination with 
levonorgestrel as Climara Pro for menopausal 
symptoms. 
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MECHANISM OF TRANSDERMAL DRUG DELIVERY 

SYSTEM 

Fig 3: methods of transdermal drug delivery system 

Fig 2: Mechanism of transdermal drug delivery system 
 

1.Mechanism Method 

Microneedle 
 

Microneedles (MNs) create microchannels in the stratum 
corneum enabling painless delivery of peptides, proteins, 
vaccines, and hydrophilic drugs. Dissolving MNs release drug 
upon skin insertion, while coated MNs provide rapid onset[33]. 
Perforation 
 

Mechanical perforation devices produce micro-holes that 
disrupt the skin barrier. This increases penetration of large  
molecular drugs[34]. 
 
Skin Stretching 

 

Skin stretching transiently disrupts lipid packing in the 

stratum corneum, enhancing passive diffusion[35]. 
 

2.Physical Method 

Ultrasound (Sonophoresis) 
Low-frequency ultrasound induces cavitation, increases 
fluidity, and enhances drug diffusion across the skin[36]. 

Radiation 

Lasers (CO₂, Er:YAG) remove the stratum corneum in 
controlled micrometer layers, improving permeability for 
macromolecules[37]. 

Thermophoresis 

Heating the skin increases kinetic energy, improves 
vasodilation, and enhances drug flux[38]. 
 

3.Electrical Method 

Iontophoresis 

Low electrical current drives charged molecules into the skin, 
suitable for peptides, insulin, anti-inflammatory drugs[39]. 

Electrophoresis 

Electric fields move ions across skin barriers, improving 
penetration of hydrophilic molecules [40]. 

Radiofrequency (RF) 

RF uses alternating current to create microchannels by 
localized heating, enhancing drug permeation[41]. 
 

4.Drug/Vehicle Approach 
Prodrug Approach 

Chemical modification increases lipophilicity and 
permeability before conversion to active drug in systemic 
circulation[42]. 
 

Chemical Enhancers 
Surfactants, alcohols, terpenes, and fatty acids disrupt lipid 
bilayers and enhance solute diffusion [43]. 

Natural Enhancers  

Eucalyptus oil, menthol, clove oil, aloe vera improve 
permeability with lower irritation potential.[44]. 

Ion Pairing 

Ion pairs increase permeability of ionic drugs by improving 
lipophilicity[45]. 

Eutectic Mixtures 

Eutectic systems reduce melting point and enhance solubility 
(e.g., lidocaine–prilocaine)[46]. 
5.Formulation Approach 

Patch 

Patch systems allow sustained and controlled drug release 
(matrix, reservoir, adhesive dispersion)[47]. 

Gel 
Gels hydrate skin and increase drug diffusion. They are 
suitable for topical NSAIDs, hormones, and anesthetics[48]. 
Ointment 

Ointments form occlusive layers, increasing skin hydration 
and penetration[49]. 

Cream 

Creams offer improved patient compliance and suitability for 
both hydrophilic and lipophilic drugs [50]. 
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Nano emulsion 

Nano-sized droplets improve solubility, enhance permeation, 
and increase stability [51]. 
6.Lipid Carrier Systems 

Liposomes 

Phospholipid vesicles that improve incorporation of 
hydrophilic/lipophilic drugs and enhance penetration[52]. 

Solid Lipid Nanoparticles (SLNs) 

SLNs offer controlled release, occlusive effect, high stability, 
and increased drug penetration[53]. 

Nano emulsion 

Nano emulsions enhance solubility, stability, and permeation 
of poorly soluble drug. 

 
Fig 4 : transdermal patch types and skin penetration 

CONCLUSION 

Transdermal drug delivery systems represent a significant 
advancement in modern pharmaceutics by offering a non-
invasive, controlled, and patient-friendly method of drug 
administration. The unique ability of TDDS to bypass first-pass 
metabolism, maintain steady plasma concentrations, and 
improve therapeutic outcomes makes them highly 
advantageous compared to traditional oral and parenteral routes. 
Despite the natural barrier posed by the stratum corneum, 
continuous progress in formulation technologies—such as 
chemical enhancers, lipid-based carriers, nano emulsions, and 
advanced physical enhancement methods like microneedles, 
iontophoresis, and sonophoresis—has expanded the range of 
drugs that can be successfully delivered through the skin. 
Furthermore, innovations in patch design, including matrix, 
reservoir, and drug-in-adhesive systems, have enabled 
improved drug loading, enhanced adhesion, and better patient 
compliance. 
 Transdermal patches have already demonstrated clinical 
success in areas such as pain management, hormonal therapy, 
cardiovascular disorders, and smoking cessation. As research 
in material science, nanotechnology, and transdermal 
enhancement strategies continues to grow, TDDS are expected 
to support the delivery of more complex molecules such as 

peptides, proteins, and vaccines. Overall, transdermal systems 
hold great promise for future drug delivery, offering safer, more 
effective, and more convenient therapeutic options for diverse 
patient populations. 
 
REFERENCES 

1. P. Karande, S. Mitragotri, Enhancement of 
transdermal drug delivery via synergistic action of 
chemicals, Biochim. Biophys. Acta 1788 (11) (2009) 
2362–2373. 

 
2.  Peddapalli, H.; Ganta, R.P.; Boggula, N. Formulation 

and evaluation of transdermal patches for antianxiety 
drug. Asian J. Pharm.2018, 12, 127–136. 

 
3.  Hadžiabdi´c, J.; Šejto, L.; Rahi´c, O.; Tucak, A.; 

Hindija, L.; Sirbubalo, M. Transdermal Patches as 
Noninvasive Drug DeliverySystems. In Proceedings 
of the International Conference on Medical and 
Biological Engineering, Mostar, Bosnia and 
Herzegovina,21–24 April 2021; pp. 395–402. 

 
4. Richard, H.G. 2007. Transdermal sciences and 

technology an update. Drug Delivery Systems 22, 
442-449. 

 
5. Azeem A, Khan ZI, Aqil M, Ahmad FJ, Khar RK, 

Talegaonkar S. Microemulsions as a surrogate carrier 
for dermal drug delivery. Drug Deliv. Ind Pharm. 
2009; 35: 525–47. 

 
6. Brown MB, Martin GP, Jones SA, Akomeah FK. 

Dermal and transdermal drug delivery Systems: 
current and future prospects. Drug Deliv. Ind Pharm. 
2006; 13: 175–87. 

 
7. Bando, H.; Yamashita, F.; Takakura, Y.; Hashida, M. 

Skin Penetration Enhancement of Acyclovir by 
Prodrug-Enhancer Combination. Biol. Pharm. Bull. 
1994, 17, 1141–1143. [CrossRef] 

 
8. Kumar P, Sankar C, Mishra B. Delivery of 

macromolecules through Skin. Indian Pharm. 
2004;5(3):7–17. 

 
9. Valenta, C.; Auner, B.G. The use of polymers for 

dermal and transdermal delivery. Eur. J. Pharm. Bio 
pharm. 2004, 58, 279–289.[CrossRef] 

 
10. D.A. Drachman, Novel drug delivery systems: 

opportunities and caveats, Neurobiol. Aging 10 (5) 
(1989) 632–633, discussion 648-50. 

 
11. Zhang Y, Yu J, Kahkoska AR, Wang J, Buse JB, Gu 

Z, et al. Advances In transdermal insulin delivery. Adv 
Drug Deliv Rev. 2019;139:51–
70.Doi:10.1016/j.addr.2018.12.006. 



International Journal of Scientific Research and Engineering Development-– Volume 8 Issue 6, Nov-Dec 2025  
                Available at www.ijsred.com                                 

ISSN : 2581-7175                             ©IJSRED: All Rights are Reserved Page 2221 

 
12. Williams AC, Barry BW. Penetration enhancers. Adv 

Drug Deliv Rev.2012;64(5):128. 
13. Heather AE. Transdermal Drug Delivery: Penetration 

Enhancement Techniques. Current Drug Delivery. 
2005; 2:23-33. 

 
14.  Pausnitz MR and Langer R. Transdermal drug 

delivery. National Biotechnology. 26(11); 2008: 
1261-1268. 

 
15. Keleb E, Sharma RK, Mosa E and Aljahwi A-a. 

Transdermal Drug delivery system-design and 
evaluation. International Journal of Advances in 
Pharmaceutical Sciences. 1(1); 2010: 201-211. 

 
16. Gandhi K, Dahiya A, Monika, Kalra T and Singh K. 

Transdermal Drug delivery- a review. International 
Journal of Research in Pharmaceutical Sciences. 3(3); 
2012: 379-388. 

 
17. Karbhari V N, Tanuja W. Transdermal drug delivery 

system: A Review. World J Pharm Res. 2016; 
5(9):1733-42. 

 
18. Sharma N. A brief review on transdermal patches. Org. 

Medi Chem Int. J. 2018; 7(2):01-5. 
 
19. A.C. Williams, B.W. Barry, Penetration enhancers, 

Adv. Drug Deliv. Rev. 56 (5) (2004) 603–618. 
 
20.  J.A. Bouwstra, G.S. Gooris, K. Cheng, A. Weerheim, 

W. Bras, M. Ponec, Phase behavior of isolated skin 
lipids, J. Lipid Res. 37 (5) (1996) 999–1011. 

 
21. Bajpai, S., Butola, K., & Bisht, V. Recent 

Advancement on TDDS [Transdermal Drug Delivery 
System]. Journal for research in Applied Sciences and 
Biotechnology,2022; 1[5], 59–67. 
https://doi.org/10.55544/jrasb.1.5.6 

 
22.  Bariya, S. H., Gohel, M. C., Mehta, T. A., & Sharma, 

O. P. Microneedles: an emerging  transdermal drug 
delivery  system. The Journal of pharmacy and 
pharmacology, 2012; 64[1], 11–29.doi: 
10.1111/j.2042-7158.2011.01369.x 

 
23.  Umesh D. Jirole, Dhanashree U. Jirole, Sohel M. 

Shaikh, Yuvraj P. Shelake, Shreya S. Kadam, Shweta 
S. Hajare, Abhijeet S. Kulkarni, “ Microneedles : A 
Smart Approach for Transdermal Drug Delivery 
System”, International Journal of Scientific Research 
in Science and Technology[IJSRST],2023; 
10[1,].612-
623doi :https://doi.org/10.32628/IJSRST2310165 

 

24. Jain NK. Transdermal Drug Delivery. In: Introduction 
To Novel Drug Delivery System.     Vallabh 
Prakashan;. P. 97–115. 

 
25.  Singh J, Tripathi KT, Sakia TR. Effect of penetration 

enhancers on the Invitro transport of ephedrine 
through rate skin and human epidermis From matrix 
based Transdermal formulations. Drug Dev Ind Pharm. 
1993;19:1623–8 

 
26. Shinde AJ, Garala KC, More HN. Development and 

Characterization of Transdermal Therapeutics System 
of Tramadol Hydrochloride. AAPS Pharm Sci 
Technol. 2008;2(4):2659. 

 
27. Das A, Ghosh S, Dey B, Das S. A Novel Technique 

for Treating the Type-II Diabetes by Transdermal 
Patches Prepared by Using Multiple Polymer 
Complexes. Int J Pharm Res Dev. 2010;2:195–204. 

 
28.  Ubaidulla U, Reddy MV, Rukmani K, Ahmad FJ, 

Khar RK. Transdermal Therapeutic System of 
Carvediol: Effect of Hydrophilic And Hydrophobic 
Matrix On in-vitro and in- vivo Characteristics. AAPS 
Pharm Sci Tech. 2007;8(1):E13–20. 

 
29. Aggarwal G, Dhawan S. Development, Fabrication 

and Evaluation of Transdermal Drug Delivery System 
– A Review. Pharmainfo.net. 2009; 7(5). 

 
30.  Rhaghuram RK, Muttalik S, Reddy S. Once daily 

sustained-Release matrix tablets of nicorandil: 
formulation and in vitro Evaluation. AAPS Pharm. 
SciTech. 2003; 4(4):480–488. 

 
31. Baichwal MR. Polymer films as drug delivery systems, 

Advances in drug delivery systems. Bombay, MSR 
Foundation; 1985; 136-147. 

 
32. Transdermal drug delivery system of nicotin suitable 

for use in Smoking cessation. Indian Journal of 
pharmaceutical sciences. 2006; 68:179-184. 

 
33. Donnelly RF, Singh TRR, Woolfson AD. 

Microneedle-based drug delivery systems: 
Microfabrication, drug delivery, and safety. Drug Dev 
Ind Pharm. 2010. 

 
34. Kalluri H, Banga AK. Transdermal delivery of 

proteins. AAPS J. 2011. 
 
35. Kushner J et al. Mechanical skin stretching as a 

method to enhance transdermal delivery. J Control 
Release. 2007. 

 



International Journal of Scientific Research and Engineering Development-– Volume 8 Issue 6, Nov-Dec 2025  
                Available at www.ijsred.com                                 

ISSN : 2581-7175                             ©IJSRED: All Rights are Reserved Page 2222 

36. Polat BE et al. Ultrasound-mediated transdermal drug 
delivery: mechanisms, scope, and emerging trends. J 
Control Release. 2011. 

 
37. Lee WR et al. Er:YAG laser enhances transdermal 

delivery of drugs. Lasers Surg Med. 2001. 
 
38. Prausnitz MR. Thermal-assisted transdermal drug 

delivery. Adv Drug Deliv Rev. 2004. 
 
39. Kalia YN et al. Iontophoretic drug delivery. Adv Drug 

Deliv Rev. 2004. 
 
40. Singh P, Maibach H. Iontophoresis: an alternative to 

injection. Clin Pharmacokinet. 1997. 
 

41. Lee WR et al. Radiofrequency enhances transdermal 
delivery. Br J Dermatol. 2010. 

 
42. Rautio J et al. Prodrugs: design and applications in 

drug delivery. Nat Rev Drug Discov. 2008. 
 
43. Williams AC, Barry BW. Penetration enhancers. Adv 

Drug Deliv Rev. 2004. 
 
44. Cornwell PA et al. Natural permeation enhancers in 

transdermal drug delivery. Pharm Pharmacol 
Commun. 1997. 

 
45. Shao J, Fang JY. Ion pairs in transdermal delivery. J 

Pharm Pharmacol. 2010. 
 

46. Sheth P et al. Eutectic mixtures in dermatological 
delivery. Pharm Res. 1997. 

 
47. Prausnitz MR, Langer R. Transdermal drug delivery. 

Nat Biotechnol. 2008. 
 
48. Barry BW. Mode of action of topical formulations. Int 

J Pharm. 2001. 
 
49. Walters KA. Dermatologic and transdermal 

formulations. Marcel Dekker. 2002. 
 
50. Osborne DW et al. Topical formulations: 

characteristics and performance. Cosmet Toilet. 2010. 
 
51. Shakeel F et al. Nanoemulsions for transdermal drug 

delivery. Colloids Surf B. 2008. 
 
52. Honeywell-Nguyen PL, Bouwstra JA. Vesicles and 

TDDS. J Liposome Res. 2005. 
 
53. Müller RH et al. SLNs in dermal and transdermal 

application. Eur J Pharm Biopharm. 2002. 
 
54. Paul BK, Moulik SP. Nanoemulsions: composition 

and stability. J Colloid Interface Sci. 2001. 

 

 

 


