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Abstract: Transdermal drug delivery (TDD) has emerged as a promising alternative to conventional drug administration routes,
offering advantages of controlled release and reduced systemic side effects. The primary challenge in TDD lies in overcoming
the stratum corneum barrier, which restricts drug permeation through the skin. Ultrasound-assisted drug delivery (sonophoresis)
employs acoustic energy to enhance drug penetration through mechanisms including cavitation, acoustic streaming, and thermal
effects. These mechanisms temporarily disrupt the skin's lipid structure, facilitating improved drug distribution. Simultaneously,
laser-based TDD utilizes photothermal, photomechanical, and ablative processes to create precise microchannels in the skin,
enabling enhanced drug absorption. Both technologies have demonstrated efficacy in delivering various therapeutic agents, from
small molecules to macromolecules like peptides, proteins, and vaccines. Ultrasound-based delivery systems, particularly low-
frequency sonophoresis, have shown remarkable success in transporting molecules across the skin barrier, while laser systems
offer precise control over penetration depth and treatment areas. Recent developments in these technologies have led to
innovative combinations with other delivery methods, smart device integration, and real-time monitoring capabilities. However,
challenges persist, including the need for parameter optimization, potential skin irritation, and equipment costs. Current research
focuses on improving safety profiles, developing cost-effective devices, and exploring synergistic approaches to enhance
therapeutic outcomes.
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1. Introduction

Transdermal drug delivery (TDD) represents a significant advancement in pharmaceutical administration, offering numerous
advantages over traditional delivery methods [1]. Despite its potential, the primary challenge in TDD remains the formidable barrier
presented by the stratum corneum, which limits the range and quantity of drugs that can effectively penetrate the skin. The evolution
of physical enhancement techniques, particularly ultrasound and laser-based technologies, has opened new horizons in overcoming
these biological barriers [2]. These methods offer distinct advantages over chemical enhancers and conventional delivery systems,
as they provide controlled and reversible disruption of the stratum corneum while maintaining the integrity of deeper skin layers.
Ultrasound-mediated drug delivery, or sonophoresis, employs acoustic waves to create temporary pathways through the skin barrier.
The technique operates through multiple mechanisms, including cavitation effects, thermal changes, and acoustic streaming, which
collectively enhance drug permeation [3]. The versatility of ultrasound technology allows for both continuous and pulsed wave
applications, accommodating vatious therapeutic agents ranging from small molecules to large proteins.

Laser-based delivery systems represent another innovative approach, utilizing precisely controlled light energy to create
microchannels in the skin. These systems can be tailored to specific depths and dimensions, offering unprecedented control over
drug delivery parameters [4]. The advancement in laser technology has led to the development of both ablative and non-ablative
systems, each serving distinct therapeutic purposes. Recent developments have focused on combining these technologies with
emerging drug delivery platforms, including smart materials and nanocarriers. The integration of real-time monitoring systems and
feedback mechanisms has enhanced the precision and safety of these delivery methods [5]. Furthermore, advances in materials
science have contributed to the development of specialized drug formulations optimized for ultrasound and laser-assisted delivery.
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The clinical significance of these technologies extends beyond conventional drug delivery applications. They show promise in areas
such as vaccine administration, protein therapeutics, and targeted cancer treatments. However, successful implementation requires
careful consideration of various parameters, including drug properties, tissue characteristics, and delivery system specifications [6].
The main aim of this paper is to present the fundamental principles, current applications, and future directions of ultrasound and
laser-based TDD technologies.

2. Ultrasound-Guided Transdermal Drug Delivery (Sonophoresis)

2.1. Principles

Ultrasound-mediated drug delivery represents a sophisticated approach to enhance transdermal drug permeation. The technique
utilizes acoustic waves at frequencies ranging from 20 kHz to several MHz, with each frequency range offering distinct advantages
for specific therapeutic applications [7]. The interaction between ultrasonic waves and biological tissues creates multiple effects that
collectively enhance drug penetration through the stratum corneum.

2.2. Classification of Ultrasound Systems

2.2.1. Low-Frequency Ultrasound (20-100 £Hz)

Low-frequency ultrasound systems generate powerful cavitation effects, making them particularly effective for disrupting the
stratum corneum barrier. These systems demonstrate superior penetration capabilities for larger molecular weight compounds,
including proteins and peptides. The enhanced cavitation at lower frequencies creates temporary channels in the skin structure,
facilitating drug transport through both transcellular and intercellular pathways [8].

2.2.2. High-Frequency Ultrasound (1-16 MHz)

High-frequency systems primarily operate through thermal mechanisms and are particularly suitable for superficial drug delivery
applications. These systems produce more focused and controlled effects, making them ideal for dermatological treatments and
localized drug delivery. The reduced cavitation at higher frequencies minimizes tissue disruption while maintaining therapeutic
efficacy [9].

2.3. Mechanisms of Action

2.3.1. Acoustic Cavitation

Acoustic cavitation serves as the primary mechanism for enhanced drug delivery in sonophoresis. The process involves the
formation, oscillation, and collapse of gaseous cavities in response to ultrasonic pressure waves. These events create localized high-
pressure regions and microstreaming effects that temporarily disrupt the lipid bilayers of the stratum corneum [10].

2.3.2. Thermal Effects

Ultrasonic energy absorption generates controlled thermal effects in the tissue, leading to increased molecular kinetic energy and
enhanced drug diffusion. The temperature elevation, typically maintained within physiologically acceptable limits, causes temporary
changes in membrane fluidity and local blood flow, facilitating drug absorption and distribution [11].

2.3.3. Aconstic Streaming

The propagation of ultrasonic waves generates fluid currents within the coupling medium and interstitial spaces. These streaming
effects contribute to enhanced drug transport by creating convective forces that supplement passive diffusion mechanisms [12].
2.4. Factors Influencing Ultrasound-Mediated Drug Delivery

Several critical parameters determine the effectiveness of ultrasound-mediated drug delivery:

2.4.1. Acoustic Parameters

The frequency, intensity, and duty cycle of ultrasonic waves significantly influence the extent of skin permeabilization. These
parameters must be optimized based on the specific drug properties and desired therapeutic outcomes [13].

2.4.2. Treatment Duration

The duration of ultrasound application affects both the degree of skin permeabilization and potential tissue effects. Optimal
treatment durations balance enhanced drug delivery with minimal tissue disruption [14].
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2.4.3. Coupling Medium

The composition and properties of the coupling medium influence ultrasound transmission and cavitation effects. Proper selection
of coupling media enhances treatment efficacy while maintaining skin hydration [15].

3. Laser-Based Transdermal Drug Delivery

3.1. Principle

Laser-assisted drug delivery capitalizes on the precise control of light-tissue interactions to enhance transdermal drug penetration.
The technology employs specific wavelengths and energy parameters to create controlled microscopic channels in the skin,
facilitating drug transport across the stratum corneum barrier. The selection of laser parameters significantly influences the depth,
width, and pattern of these channels, allowing for customized treatment approaches [16].

3.2. Types of Therapeutic Laser Systems

3.2.1. Ablative Laser Systems

Carbon dioxide (COZ2) lasers operating at 10,600 nm and Erbium:YAG lasers at 2,940 nm represent the primary ablative systems.
These lasers target water molecules in the skin, causing controlled vaporization of tissue and creating precise microscopic channels.
CO2 lasers generate additional thermal effects that can enhance drug penetration through temporary disruption of skin barrier

properties [17].
3.2.2. Non-Ablative Laser Systems

Operating in the near-infrared spectrum, non-ablative lasers modify skin permeability without substantial tissue removal. These
systems induce thermal effects that temporarily alter the stratum corneum's structure, enhancing drug penetration while maintaining
skin integrity. The approach proves particularly valuable for applications requiring minimal recovery time [18].

3.2.3. Fractional Laser Technology

Fractional lasers create microscopic treatment zones while leaving surrounding tissue intact. This approach optimizes the balance
between enhanced drug delivery and rapid healing. The technology allows for precise control over treatment density and depth,
enabling customized drug delivery protocols for various therapeutic applications [19].

3.3. Mechanism

3.3.1. Photomechanical Effects

Laser-induced pressure waves create temporary disruptions in the stratum corneum, facilitating drug penetration through mechanical
stress. These effects depend on pulse duration, energy density, and spot size parameters [20].

3.3.2. Photothermal Mechanisms

Controlled thermal effects from laser exposure lead to temporary alterations in skin barrier properties. The heat-induced changes in
lipid organization and protein structures enhance drug permeability while maintaining tissue viability [21].

3.3.3. Photochemical Processes
Specific wavelengths can trigger photochemical reactions that modify skin barrier properties or activate photo-responsive drug

carriers, providing additional control over drug delivery kinetics [22].

3.4. Clinical Applications

3.4.1. Local Anesthesia

Laser-assisted delivery of topical anesthetics demonstrates enhanced efficacy and reduced onset time compared to conventional
applications. The approach proves particularly valuable in dermatological procedures requiring rapid and effective local anesthesia

[23].

3.4.2. Dermatological Therapentics

The technology facilitates enhanced delivery of various dermatological agents, including corticosteroids, antifungals, and
photosensitizers. Precise control over penetration depth allows for targeted treatment of specific skin conditions [24].
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3.4.3. Macromolecnlar Drug Delivery

Laser-created channels enable the transport of large molecular weight compounds, including proteins, peptides, and nucleic acids.
This capability expands the range of therapeutic agents suitable for transdermal delivery [25].

Table 1. Clinical Applications

Application Technology | Success Rate | Patient Satisfaction | Clinical Adoption
Local Anesthesia Laser 85-95% High Widespread
Peptide Delivery Ultrasound 70-85% Moderate Growing

Vaccine Delivery Both 75-90% High Emerging

Protein Therapeutics Laser 65-80% Moderate Limited
Anti-inflammatory Drugs | Ultrasound 80-90% High Established

Cancer Therapeutics Combined 60-75% Moderate Experimental

4. Ultrasound Versus Laser-Based Drug Delivery Systems

4.1. Characteristics and Performance

The fundamental differences between ultrasound and laser-based systems manifest in their operational mechanisms, tissue
interactions, and delivery capabilities. Ultrasound systems primarily rely on acoustic energy to enhance skin permeability through
cavitation and thermal effects, while laser systems create precise micropathways through controlled photothermolysis or ablation

[26].

Transdermal Drug
Delivery Systems

Ultrasound-Based ] Laser-Based ]
Cavitation Ablative Effects
Thermal Effects Photomechanical
Acoustic Streaming Photothermal
Small Molecules Macromolecules
- ~ Enhanced Therapeutic Outcomes
Local Anesthesia Improved Patient Compliance Vaccine Delivery

Figure 1. Mechanism of ultrasound and laser-based systems

4.1.1. Penetration Depth and Control

Laser systems offer superior precision in controlling treatment depth, with capabilities ranging from superficial epidermal targeting
to deeper dermal penetration. Ultrasound systems, while demonstrating good tissue penetration, provide less precise spatial control
but offer broader treatment areas [27].
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4.1.2. Treatment Duration and Ejficiency

Laser treatments typically require shorter application times but may necessitate multiple passes for optimal results. Ultrasound-based
delivery often requires longer treatment durations but provides more uniform enhancement of skin permeability across the treatment

area [28].

Table 2. Comparison of Ultrasound and Laser-Based Drug Delivery Systems

Parameter

Ultrasound-Based Systems

Laser-Based Systems

Penetration Depth

0.5-5 mm (frequency dependent)

0.1-2 mm (wavelength dependent)

Treatment Duration

5-20 minutes

2-10 minutes

Energy Type Acoustic waves (20 kHz-16 MHz) | Light energy (various wavelengths)
Primary Mechanism Cavitation, thermal effects Ablation, photomechanical effects
Cost Range $10,000-50,000 $30,000-150,000

Maintenance Requirements | Moderate High
Patient Comfort High Moderate to High
Recovery Time Minimal Variable (treatment dependent)

Parameters

Penetration Depth

Treatment Duration

Cost Range

Patient Comfort

Recovery Time

Ultrasound-Based

0.5-5 mm

5-20 minutes

$10,000-50,000

High

Minimal

Laser-Based

0.1-2 mm

2-10 minutes

$30,000-150,000

IModerate to High

Variable

Figure 2. Comparison between Ultrasound-based and laser-based TDDS

4.2. Drug compatibility

4.2.1. Molecular Weight

Laser systems demonstrate superior capability in delivering high molecular weight compounds through precisely created
microchannels. Ultrasound systems show optimal performance with small to medium-sized molecules, although low-frequency
applications can facilitate larger molecule delivery [29].

Table 3. Drug Delivery Enhancement Capabilities by Molecular Weight

Molecular Weight | Ultrasound Guided | Laser Guided | Optimal Technology
<500 Da +++ ++ Ultrasound

500-1000 Da ++ +++ Either

1-10 kDa + +++ Laser

10-100 kDa +/- ++ Laser

> 100 kDa - + Laser

Legend: +++ (Excellent), ++ (Good), + (Fair), +/- (Limited), - (Poor)
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4.2.2. Tissue-Specific Considerations

The selection between ultrasound and laser technologies often depends on target tissue characteristics, therapeutic objectives, and
specific drug properties. Laser systems excel in treating superficial conditions with precise targeting, while ultrasound offers
advantages for deeper tissue drug delivery [30].

4.3. Practical Considerations

4.3.1. Cost and Infrastructure

Laser systems generally require higher initial investment and maintenance costs compared to ultrasound devices. However, laser
treatments may offer better cost-effectiveness for certain applications due to shorter treatment times and precise targeting
capabilities [31].

4.3.2. Safety Profile and Risk Management

Both technologies demonstrate favorable safety profiles when properly implemented. Laser systems require careful parameter
selection to prevent thermal injury, while ultrasound applications necessitate monitoring of cavitation effects and thermal build-up
[32].

4.3.3. Patient Compliance and Comfort

Ultrasound treatments generally offer better patient comfort due to their non-ablative nature. Laser treatments may require local

anesthesia depending on the parameters used but often provide shorter recovery times compared to traditional interventions [33].

4.4. Optimization Strategies

4.4.1. Parameter Optimization

The effectiveness of both technologies depends significantly on parameter optimization, including energy levels, exposure duration,
and treatment intervals. Customization based on individual patient characteristics and therapeutic objectives enhances treatment
outcomes [34].

4.4.2. Synergistic combinations

Emerging research indicates potential benefits in combining ultrasound and laser technologies, leveraging their complementary
mechanisms to enhance drug delivery while minimizing adverse effects [35]

5. Current trends

5.1. Technological Innovation

5.1.1. Smart Delivery Systems

The integration of artificial intelligence and machine learning algorithms with transdermal delivery systems enables real-time
monitoring and adjustment of treatment parameters. These smart systems optimize drug delivery based on individual patient
responses and physiological parameters, incorporating feedback mechanisms for enhanced therapeutic outcomes [306].

5.1.2. Miniaturigation and Portability

Advanced manufacturing techniques facilitate the development of compact, portable devices for both ultrasound and laser-based
delivery systems. These developments improve accessibility and enable home-based treatments for chronic conditions, potentially
revolutionizing patient care approaches [37].

5.2. Novel Therapeutic Applications

5.2.1. Targeted Cancer Therapy

Enhanced delivery systems show promising applications in cancer treatment, enabling targeted delivery of chemotherapeutic agents
with reduced systemic exposure. The combination of precise laser ablation with specialized drug formulations offers new
possibilities for localized cancer therapy [38].
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5.2.2. Vaccine Delivery

Novel approaches in needle-free vaccination utilize ultrasound and laser technologies to enhance immune responses through
controlled antigen delivery to skin immune cells. These methods potentially improve vaccination efficiency while reducing associated
pain and anxiety [39].

5.3. Integration with Other Drug Formulations

5.3.1. Nanocarrier Systems

The development of specialized nanocarriers designed for ultrasound and laser-enhanced delivery improves drug stability and
penetration. These carriers respond to specific stimuli, enabling controlled release at target sites [40].

5.3.2. Responsive Drug Formulations

Photo-responsive and ultrasound-sensitive drug formulations provide additional control over drug release kinetics. These smart

formulations activate upon exposure to specific energy parameters, optimizing therapeutic efficacy [41].

5.4. Clinical Translation and Regulatory Standards

5.4.1. Standardization

The establishment of standardized protocols for different therapeutic applications ensures consistent treatment outcomes and
facilitates regulatory approval processes. These protocols incorporate safety measures and quality control parameters specific to
each technology [42].
5.4.2. Cost-Effectiveness

Economic evaluation of enhanced delivery systems considers both direct costs and long-term benefits, including improved
therapeutic outcomes and reduced healthcare utilization. This analysis guides implementation strategies in various healthcare settings
[43].

5.5. Environmental Sustainability

5.5.1. Energy Efficiency

Development of energy-efficient devices reduces operational costs and environmental impact. Advanced power management
systems optimize energy utilization while maintaining therapeutic efficacy [44].

5.5.2. Sustainable Materials

Integration of environmentally friendly materials in device construction and drug formulation aligns with global sustainability goals.
Biodegradable components and recycling protocols minimize environmental impact [45].

6. Conclusion

The evolution of ultrasound and laser-based transdermal drug delivery systems represents a significant advancement in therapeutic
medicine. These technologies offer compelling solutions to traditional drug delivery challenges, providing enhanced control,
efficiency, and patient compliance. The complementary nature of these approaches, combined with emerging smart technologies
and advanced formulations, presents unprecedented opportunities for personalized medicine and targeted therapeutics.

References

—
[EN
[}

Prausnitz MR, Langer R. Transdermal drug delivery. Nat Biotechnol. 2008;26(11):1261-1268. doi:10.1038/nbt.1504

—
A

Mitragotri S. Current status and future prospects of needle-free liquid jet injectors. Nat Rev Drug Discov. 2006;5(7):543-
548. doi:10.1038/nrd2076

[3] Polat BE, Hart D, Langer R, Blankschtein D. Ultrasound-mediated transdermal drug delivery: mechanisms, scope, and
emerging trends. ] Control Release. 2011;152(3):330-348. doi:10.1016/j.jconrel.2011.01.006

[4] Sklar LR, Burnett CT, Waibel JS, Moy RL, Ozog DM. Laser assisted drug delivery: a review of an evolving technology.
Lasets Surg Med. 2014;46(4):249-262. doi:10.1002/1sm.22227

Jayaramakani N et al 69



[10]

(1]

(13]

(14]

(15]

[16]

(18]

(19]

[20]

21]

[20]

[27]

28]

Journal of Pharma Insights and Research, 2025, 03(02), 063-072

Azagury A, Khoury L, Enden G, Kost J. Ultrasound mediated transdermal drug delivery. Adv Drug Deliv Rev. 2014;72:127-
143. doi:10.1016/j.addr.2014.01.007

Paudel KS, Milewski M, Swadley CL, Brogden NK, Ghosh P, Stinchcomb AL. Challenges and opportunities in
dermal/transdermal delivery. Ther Deliv. 2010;1(1):109-131. doi:10.4155/tde.10.16

Bhatnagar S, Kwan JJ, Shah AR, Coussios CC, Carlisle RC. Exploitation of sub-micron cavitation nuclei to enhance
ultrasound-mediated drug delivery in cancer therapy. ] Control Release. 2016;238:272-280. doi:10.1016/j.jcontel.2016.08.001

Park D, Park H, Seo J, Lee S. Sonophoresis in transdermal drug delivery. Ultrasonics. 2014;54(1):56-65.
doi:10.1016/j.ultras.2013.07.007

Mitragotri S, Kost J. Low-frequency sonophoresis: a review. Adv Drug Deliv Rev. 2004;56(5):589-601.
doi:10.1016/j.addr.2003.10.024

Tezel A, Mitragotri S. Interactions of inertial cavitation bubbles with stratum corneum lipid bilayers during low-frequency
sonophoresis. Biophys J. 2003;85(6):3502-3512. doi:10.1016/S0006-3495(03)74770-5

Barnett SB, Ter Haar GR, Ziskin MC, Rott HD, Duck FA, Maeda K. International recommendations and guidelines for the
safe use of diagnostic ultrasound in medicine. Ultrasound Med Biol. 2000;26(3):355-366. doi:10.1016/s0301-5629(00)00204-
0

Wu J, Nyborg WL. Ultrasound, cavitation bubbles and their interaction with cells. Adv Drug Deliv Rev. 2008;60(10):1103-
1116. doi:10.1016/j.addr.2008.03.009

Waibel JS, Rudnick A, Shagalov DR, Nicolazzo DM. Update of ablative fractionated lasers to enhance cutaneous topical
drug delivery. Adv Ther. 2017;34(8):1840-1849. doi:10.1007/s12325-017-0516-9

Ng KW, Lau WM. Skin deep: the basics of human skin structure and drug penetration. In: Percutaneous Penetration
Enhancers Physical Methods in Penetration Enhancement. Springer; 2017:3-11.

Escobar-Chavez JJ, Bonilla-Martinez D, Villegas-Gonzalez MA, Revilla-Vazquez AL. Ultrasound and its applications in
transdermal drug delivery. ] Pharm Pharm Sci. 2009;12(1):88-115. doi:10.18433/j3c30q.

Haedersdal M, Sakamoto FH, Farinelli WA, Doukas AG, Tam J, Anderson RR. Fractional CO2 laser-assisted drug delivery.
Lasets Surg Med. 2010;42(2):113-122. d0i:10.1002/1sm.20860

Anderson RR, Parrish JA. Selective photothermolysis: precise microsurgery by selective absorption of pulsed radiation.
Science. 1983;220(4596):524-527. doi:10.1126/science.6836297

Baron ED, Harris L, Redpath WS, et al. Laser-assisted penetration of topical anesthetic in adults. Arch Dermatol.
2003;139(10):1288-1290. doi:10.1001 /archderm.139.10.1288

Manstein D, Herron GS, Sink RK, Tanner H, Anderson RR. Fractional photothermolysis: a new concept for cutaneous
remodeling using microscopic patterns of thermal injury. Lasets Sutg Med. 2004;34(5):426-438. doi:10.1002/1sm.20048

Lee WR, Shen SC, Wang KH, Hu CH, Fang JY. Lasers and microdermabrasion enhance and control topical delivery of
vitamin C. ] Invest Dermatol. 2003;121(5):1118-1125. doi:10.1046/j.1523-1747.2003.12537 x

Braun SA, Gerber PA. A current review of laser and light therapy in the treatment of acne vulgaris. Expert Rev Med Devices.
2021;18(5):423-435. doi:10.1080/17434440.2021.1924676

Hsiao CY, Huang CH, Hu S, et al. Skin penetration enhancement by eutectic mixtures of local anesthetic agents and
penetration enhancers. Biol Pharm Bull. 2018;41(9):1369-1376. doi:10.1248/bpb.b18-00200

Bachhav YG, Summer S, Heinrich A, Bragagna T, Bohler C, Kalia YN. Effect of controlled laser microporation on drug
transport kinetics into and across the skin. ] Control Release. 2010;146(1):31-36. doi:10.1016/j.jcontel.2010.05.025

Wenande E, Olesen UH, Nielsen MM, et al. Fractional laser-assisted topical delivery leads to enhanced, accelerated and
deeper cutaneous drug uptake. Expert Opin Drug Deliv. 2017;14(3):307-317. doi:10.1080/17425247.2017.1260119

Kassem AA, Watanabe W, Banna H, et al. Nanostructured lipid carriers (NLCs) versus solid lipid nanoparticles (SL.Ns) for
topical delivery of meloxicam. Int | Pharm. 2017;533(1):111-120. doi:10.1016/j.jjpharm.2017.09.048

Weiss R, Hessenberger M, Kitzmiiller S, et al. Transcutaneous vaccination via laser microporation. J Control Release.
2012;162(2):391-399. doi:10.1016/j.jcontel.2012.06.031

Donnelly RF, Singh TR, Morrow DI, Woolfson AD. Microneedle-mediated transdermal and intradermal drug delivery. John
Wiley & Sons; 2012.

Chen Y, Quan P, Liu X, Wang M, Fang L. Novel chemical permeation enhancers for transdermal drug delivery. Asian |
Pharm Sci. 2014;9(2):51-64. doi:10.1016/j.2jps.2014.01.006

Jayaramakani N et al



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Journal of Pharma Insights and Research, 2025, 03(02), 063-072

Sarella PN, Valluri S, Vegi S, Vendi VK, Vipparthi AK. Microneedle Arrays: Advancements, Applications and Future
Prospects in Pharmaceutical Delivery. Asian Journal of Pharmacy and Technology. 2024 Sep 19;14(3):229-36

Rzhevskiy AS, Singh TR, Donnelly RF, Anissimov YG. Microneedles as the technique of drug delivery enhancement in
diverse organs and tissues. ] Control Release. 2018;270:184-202. doi:10.1016/j.jconrel.2017.11.048

Ahmed OAA, Rizq WY. Finasteride nano-transferosomal gel formula for management of androgenetic alopecia: ex vivo
study and clinical evaluation. Int ] Nanomedicine. 2018;13:1665-1675. doi:10.2147 /IJN.S161335

Miller MA, Pisani E. The cost of unsafe injections. Bull World Health Organ. 1999;77(10):808-811.

Sarella PN, Vegi S, Vendi VK, Vipparthi AK, Valluri S. Exploring Aquasomes: A Promising Frontier in Nanotechnology-
based Drug Delivery. Asian Journal of Pharmaceutical Research. 2024 May 28;14(2):153-61

Lee H, Song C, Baik S, et al. Device-assisted transdermal drug delivery. Adv Drug Deliv Rev. 2018;127:35-45.
doi:10.1016/j.addr.2017.08.009

Haj-Ahmad R, Khan H, Arshad MS, et al. Microneedle coating techniques for transdermal drug delivery. Pharmaceutics.
2015;7(4):486-502. doi:10.3390/ pharmaceutics7040486.

Indermun S, Luttge R, Choonara YE, et al. Current advances in the fabrication of microneedles for transdermal delivery. |
Control Release. 2014;185:130-138. doi:10.1016/j.jconrel.2014.04.052

Prakash S, Malhotra M, Shao W, Tomaro-Duchesneau C, Abbasi S. Polymeric nanohybrids and functionalized carbon
nanotubes as drug delivery carriers for cancer therapy. Adv Drug Deliv Rev. 2011;63(14-15):1340-1351.
doi:10.1016/j.addr.2011.06.013

Tiwari G, Tiwari R, Sriwastawa B, et al. Drug delivery systems: An updated review. Int J Pharm Investig. 2012;2(1):2-11.
doi:10.4103/2230-973X.96920

Ita K. Transdermal delivery of drugs with microneedles: Strategies and outcomes. ] Drug Deliv Sci Technol. 2015;29:16-23.
doi:10.1016/j.jddst.2015.05.001

Prausnitz MR, Mitragotri S, Langer R. Current status and future potential of transdermal drug delivery. Nat Rev Drug Discov.
2004;3(2):115-124. doi:10.1038 /nrd 1304

Yang JH, Kim DK, Yun MY, Kim TY, Shin SC. Transdermal delivery system of triamcinolone acetonide from a gel using
phonophortesis. Arch Pharm Res. 2006;29(5):412-417. doi:10.1007/BF02968590

Liang X, Xu Y, Gao X, et al. Ultrasound-mediated transdermal drug delivery: mechanisms, applications and challenges. J
Control Release. 2021;335:519-542. doi:10.1016/j.jcontel.2021.05.037

Rautio J, Kumpulainen H, Heimbach T, et al. Prodrugs: design and clinical applications. Nat Rev Drug Discov.
2008;7(3):255-270. doi:10.1038 /nrd2468

Prow TW, Grice JE, Lin LL, et al. Nanoparticles and microparticles for skin drug delivery. Adv Drug Deliv Rev.
2011;63(6):470-491. doi:10.1016/j.addr.2011.01.012

Bartosova L, Bajgar . Transdermal drug delivery in vitro using diffusion cells. Curr Med Chem. 2012;19(27):4671-4677.
doi:10.2174/092986712803306358

Jayaramakani N et al 71



Journal of Pharma Insights and Research, 2025, 03(02), 063-072

Author’s short biography

Mrs. Jayaramakani N

Mrs. N. Jayaramakani, M.Pharm., is an Assistant Professor specializing in Pharmaceutics. She received her
Mastet's degree from The Tamil Nadu Dr. MGR Medical University, Chennai. Her research has been
published in various national and international journals, and she holds multiple patent designs in
pharmaceutical sciences. Professor Jayaramakani continues to contribute to academic excellence and
pharmaceutical research.

Mt. Putusothaman S

Mr. Purusothaman S is a Bachelor of Pharmacy student focused on pharmaceutical research and
development. He is interested in research exploring novel drug delivery systems and formulation
development. He has participated in multiple laboratory projects studying the optimization of
pharmaceutical formulations and is particularly interested in sustainable pharmaceutical practices.

Miss. Kowsika M

Miss. Kowsika M is pursuing a Bachelor of Pharmacy degree with research interests in pharmaceutical
sciences. She has focused her work on the analysis of natural products and their therapeutic applications.
She has conducted studies on herbal medicine formulations and their standardization techniques, with a
special focus on traditional medicinal plants.

Mzt. Suresh K

Mr. Suresh K is a Bachelor of Pharmacy candidate engaged in pharmaceutical research studies. He has
directed his research towards quality control methods in pharmaceutical manufacturing and analytical
techniques. He has contributed to projects involving stability testing of drug formulations and has developed
keen interest in pharmaceutical quality assurance

Miss Vishnupriya K

Miss Vishnupriya K is a Bachelor of Pharmacy student conducting research in pharmaceutical sciences. She
has developed expertise in pharmacokinetics and drug metabolism studies. She has participated in various
research projects examining drug-drug interactions and bioavailability enhancement techniques, showing
particular aptitude for analytical methodology

Miss Shirin Christina S

Miss Shirin Christina S is pursuing undergraduate studies in Pharmacy with an emphasis on pharmaceutical
research. She has concentrated her work on pharmaceutical biotechnology and its applications in drug
development. She has been involved in research projects studying protein-based drug delivery systems and
has strong capabilities in bioanalytical techniques

Miss Punithavalli S

Miss Punithavalli S is a Bachelor of Pharmacy student with research interests in pharmaceutical sciences.
She has focused her research on pharmaceutical chemistry and drug synthesis. She has participated in
projects involving the development of novel synthetic routes for active pharmaceutical ingredients and has
shown particular interest in green chemistry approaches to drug synthesis

Dr. Srinivasan R

Dr. Srinivasan R serves as Dean and Professor with expertise in polymer development, synthesis,
characterization, and applications. His research focuses on pharmaceutical analysis and quality assurance,
leading multiple projects in these areas. Dr. Srinivasan's work contributes significantly to advancing
pharmaceutical polymer science and quality control methodologies.

Jayaramakani N et al



	1. Introduction
	2. Ultrasound-Guided Transdermal Drug Delivery (Sonophoresis)
	2.1. Principles
	2.2. Classification of Ultrasound Systems
	2.2.1. Low-Frequency Ultrasound (20-100 kHz)
	2.2.2. High-Frequency Ultrasound (1-16 MHz)

	2.3. Mechanisms of Action
	2.3.1. Acoustic Cavitation
	2.3.2. Thermal Effects
	2.3.3. Acoustic Streaming

	2.4. Factors Influencing Ultrasound-Mediated Drug Delivery
	2.4.1. Acoustic Parameters
	2.4.2. Treatment Duration
	2.4.3. Coupling Medium


	3. Laser-Based Transdermal Drug Delivery
	3.1. Principle
	3.2. Types of Therapeutic Laser Systems
	3.2.1. Ablative Laser Systems
	3.2.2. Non-Ablative Laser Systems
	3.2.3. Fractional Laser Technology

	3.3. Mechanism
	3.3.1. Photomechanical Effects
	3.3.2. Photothermal Mechanisms
	3.3.3. Photochemical Processes

	3.4. Clinical Applications
	3.4.1. Local Anesthesia
	3.4.2. Dermatological Therapeutics
	3.4.3. Macromolecular Drug Delivery


	4. Ultrasound Versus Laser-Based Drug Delivery Systems
	4.1. Characteristics and Performance
	4.1.1. Penetration Depth and Control
	4.1.2. Treatment Duration and Efficiency

	4.2. Drug compatibility
	4.2.1. Molecular Weight
	4.2.2. Tissue-Specific Considerations

	4.3. Practical Considerations
	4.3.1. Cost and Infrastructure
	4.3.2. Safety Profile and Risk Management
	4.3.3. Patient Compliance and Comfort

	4.4. Optimization Strategies
	4.4.1. Parameter Optimization
	4.4.2. Synergistic combinations


	5. Current trends
	5.1. Technological Innovation
	5.1.1. Smart Delivery Systems
	5.1.2. Miniaturization and Portability

	5.2. Novel Therapeutic Applications
	5.2.1. Targeted Cancer Therapy
	5.2.2. Vaccine Delivery

	5.3. Integration with Other Drug Formulations
	5.3.1. Nanocarrier Systems
	5.3.2. Responsive Drug Formulations

	5.4. Clinical Translation and Regulatory Standards
	5.4.1. Standardization
	5.4.2. Cost-Effectiveness

	5.5. Environmental Sustainability
	5.5.1. Energy Efficiency
	5.5.2. Sustainable Materials


	6. Conclusion
	References
	Author’s short biography

