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Abstract  

Iontophoresis and sonophoresis are emerging non-invasive transdermal drug delivery techniques 

that enhance drug permeation using electrical current and ultrasound waves, respectively. This 

review explores their mechanisms, pharmaceutical applications, clinical efficacy, and regulatory 

challenges while highlighting recent innovations such as nanocarriers, microneedles, and smart 

transdermal patches. Iontophoresis is effective for charged and hydrophilic drugs, whereas 

sonophoresis facilitates the absorption of both hydrophilic and lipophilic compounds. Clinical 

studies support their use in pain management, hormone therapy, dermatology, and ocular drug 

delivery, though standardization and regulatory hurdles remain. Future advancements in wearable 

technologies and combination therapies may further enhance their therapeutic potential. 

Keywords: Iontophoresis, Sonophoresis, Transdermal drug delivery, Nanotechnology, Smart 

patches, Microneedles. 

1. Introduction 

Effective drug delivery is essential to ensuring that therapeutic agents reach their target sites with 

optimal efficacy and minimal side effects. Traditional drug administration methods, such as oral 

and injectable routes, have been widely used but pose several challenges. Oral drug delivery often 

suffers from poor bioavailability due to enzymatic degradation in the gastrointestinal tract and 

hepatic first-pass metabolism, leading to reduced therapeutic efficiency [1]. Furthermore, certain 

drugs, particularly peptides and proteins, degrade rapidly in the digestive system and thus require 

alternative delivery mechanisms [2]. 

Injectable drug administration, while ensuring rapid systemic drug availability, has notable 

drawbacks such as pain, risk of infection, the need for trained medical personnel, and potential 

patient non-compliance [3]. Frequent injections can also result in tissue damage, hypersensitivity 

reactions, and an increased risk of needle-stick injuries among healthcare workers [4].  
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1.1 Need for Alternative Drug Delivery Systems 

To overcome the limitations of conventional drug delivery methods, researchers have focused on 

developing innovative non-invasive techniques. Transdermal drug delivery [TDD] has emerged as 

a promising alternative by enabling direct systemic drug absorption while bypassing the 

gastrointestinal tract [5]. However, the outermost layer of the skin, the stratum corneum, acts as a 

formidable barrier, restricting the penetration of most drugs [6]. 

Various physical enhancement techniques, including iontophoresis and sonophoresis, have been 

developed to improve transdermal drug permeation [7]. These approaches offer a controlled, non-

invasive means of delivering both hydrophilic and lipophilic drugs, including macromolecules 

such as peptides and proteins, which typically require injectable administration [8]. 

1.2 Role of Iontophoresis and Sonophoresis in Transdermal Drug Delivery 

1.Iontophoresis: Drug Delivery Using Electrical Current 

Iontophoresis is a transdermal drug delivery technique that employs a low-intensity electrical 

current to drive ionized drug molecules through the skin [9].  

1. Precise Dose Control: The drug delivery rate can be adjusted by modulating the electrical 

current intensity and duration. 

2. Reduced Systemic Side Effects: Unlike oral and injectable routes, iontophoresis enables 

localized drug delivery, minimizing systemic toxicity. 

3. Minimally Invasive Nature: It provides a needle-free alternative for administering peptides, 

local anesthetics, and pain medications [10]. 

Iontophoresis has been investigated for applications such as transdermal insulin delivery in 

diabetic patients, local anesthesia administration, and the controlled release of anti-inflammatory 

drugs [11]. Recent studies have also explored its potential for delivering chemotherapeutic agents 

transdermal, reducing the need for intravenous injections [12]. 

2. Sonophoresis: Drug Delivery Using Ultrasound 

Sonophoresis, also known as phonophoresis, employs ultrasound waves to enhance drug 

permeation through the skin by temporarily disrupting the stratum corneum’s lipid structure [13].  

The primary mechanisms of sonophoresis include: 

1. Cavitation: Formation and collapse of microscopic bubbles in the intercellular lipid layer, 

creating microchannels for drug penetration. 
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2. Acoustic Streaming: Movement of skin fluids that enhances drug diffusion across the 

dermal layers. 

3. Thermal Effects: Mild heating caused by ultrasound application increases skin 

permeability by loosening lipid bilayers [14]. 

Sonophoresis has been widely studied for transdermal drug delivery applications, including pain 

management [topical NSAIDs], hormone replacement therapy [transdermal estrogen and 

testosterone], and the delivery of systemic drugs such as insulin [15]. Additionally, combining 

sonophoresis with other enhancement methods, such as iontophoresis and microneedles, has been 

shown to significantly improve drug penetration [16]. 

Recent advancements in transdermal drug delivery suggest that combining iontophoresis and 

sonophoresis can further enhance drug absorption efficiency. Studies indicate that the 

simultaneous application of ultrasound and an electric current significantly improves drug 

permeation compared to using each technique independently [17]. 

The future of transdermal drug delivery lies in optimizing these technologies for clinical 

application. The development of wearable iontophoretic patches and portable sonophoresis 

devices is being explored to facilitate patient-centered drug administration [18]. Additionally, 

ongoing research aims to expand the range of transdermal deliverable drugs, particularly biologics 

such as monoclonal antibodies and RNA-based therapeutics [19,20]. 

2. The Skin as a Barrier to Drug Delivery 

2.1 Structure and Function of the Skin 

The skin is the largest organ of the human body, primarily functioning as a protective barrier 

against external physical, chemical, and microbial insults. It consists of three main layers: the 

epidermis, dermis, and hypodermis. The epidermis, the outermost layer, is the primary barrier to 

drug penetration, primarily due to its stratum corneum [SC], a highly ordered lipid matrix 

embedded with corneocytes [21]. This layer is hydrophobic and restricts the penetration of 

hydrophilic and large molecular weight drugs. Below it, the viable epidermis and dermis provide 

additional selective permeability and metabolic activity, while the hypodermis provides structural 

support and houses blood vessels that facilitate systemic absorption of drugs [22]. 

Key Features of the Skin Barrier 

1. The stratum corneum has a "brick-and-mortar" structure, where corneocytes [bricks] 

are surrounded by lipid bilayers [mortar], limiting passive drug diffusion [23]. 

2. Epidermal enzymes, including esterases, peptidases, and oxidases, can degrade drugs 

before they reach systemic circulation [24]. 
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3. The dermis contains capillaries that can transport drugs into the bloodstream if they 

penetrate deeply enough [25]. 

2.2 Limitations of Conventional Transdermal Drug Delivery 

Barriers to Transdermal Drug Absorption 

1. Molecular Size and Hydrophobicity: Only small [<500 Da] and lipophilic drugs passively 

diffuse through the SC [26]. 

2. Low Permeability Coefficient: The SC’s highly structured lipids limit the passive diffusion 

of most therapeutic compounds [27]. 

3. Metabolic Activity of the Skin: Drug-metabolizing enzymes in the epidermis can degrade 

drugs before absorption [28]. 

4. Inter-individual Variability: Age, hydration, ethnicity, and anatomical site influence drug 

penetration [29]. 

5. Limited Drug Reservoir Capacity: Only a few milligrams of a drug can be delivered 

transdermally, limiting its use for high-dose therapies [30]. 

 

2.3 Strategies to Enhance Skin Permeability 

Chemical Enhancement Strategies 

1. Lipophilic Permeation Enhancers: Fatty acids [e.g., oleic acid] and alcohols disrupt 

lipid bilayers, improving drug diffusion [31]. 

2. Surfactants and Cyclodextrins: Reduce SC lipid order and improve drug solubilization 

[32]. 

3. Iontophoresis and Sonophoresis: Utilize electric fields and ultrasound waves to 

temporarily alter skin permeability [33]. 

Physical Enhancement Techniques 

1. Microneedles: Create microchannels that bypass the SC barrier without causing pain 

or irritation [34]. 

2. Electroporation: Uses high-voltage pulses to create transient aqueous pores in the SC 

[35]. 

3. Thermal Ablation: Uses controlled heat to disrupt the SC, enhancing hydrophilic drug 

delivery [36]. 
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Biological Enhancement Strategies 

1. Nanoparticle-based Delivery Systems: Liposomes, ethosomes, and solid lipid 

nanoparticles facilitate drug penetration [37]. 

2. Enzyme Inhibitors: Block epidermal enzymes that degrade drugs before absorption 

[38]. 

3. Fundamentals of Iontophoresis in Drug Delivery 

Iontophoresis is a non-invasive technique used to enhance the transdermal transport of charged 

drug molecules by applying a low electrical current. This method is particularly beneficial for 

delivering hydrophilic and charged drugs, which would otherwise face significant barriers crossing 

the stratum corneum, the outermost layer of the skin. Iontophoresis operates based on 

electrochemical principles, utilizing an anode and a cathode to drive ionized molecules into the 

skin through electrostatic repulsion. The current applied typically ranges from 0.1 to 0.5 mA/cm², 

ensuring controlled and sustained drug release [39]. 

The mechanism allows for precise dosing and eliminates common limitations associated with oral 

and injectable routes, such as first-pass metabolism and patient discomfort. Unlike passive 

transdermal drug delivery, iontophoresis actively propels drugs into systemic circulation or 

localized tissues, making it an effective strategy for administering macromolecular drugs like 

peptides and proteins [40,41]. 

3.1 Mechanisms of Iontophoresis 

1. Electro-repulsion [Nernst–Planck effect]: The main driving force in iontophoresis, electro-

repulsion occurs when charged drug molecules experience direct repulsion from an 

electrode of the same charge. For example, positively charged drugs are repelled by the 

anode and move through the skin into the body [42]. 

2. Electro-osmosis: This secondary mechanism involves the movement of solvent [water] 

through the skin due to an applied electric field. The skin, having a net negative charge at 

physiological pH, facilitates convective transport from the anode to the cathode, enhancing 

the delivery of neutral or weakly charged drugs [43]. 

3. Increased skin permeability: The electrical current applied during iontophoresis disrupts 

the skin’s lipid bilayers, temporarily enhancing permeability. This effect allows larger drug 

molecules to penetrate the skin more efficiently than in passive transdermal systems [44]. 
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3.2 Factors Influencing Iontophoresis Efficacy 

1. Drug Properties: The molecular weight, charge, and solubility of a drug influence its 

transport. Generally, molecules under 500 Da with high aqueous solubility demonstrate 

superior iontophoretic permeability [45]. 

2. Current Strength and Duration: The efficiency of drug transport is proportional to the 

intensity of the applied current. However, excessive current [>0.5 mA/cm²] can cause skin 

irritation or burns, necessitating optimized parameters to balance efficacy and patient 

comfort [46]. 

3. Electrode Design: The composition and positioning of electrodes impact drug delivery 

efficiency. Silver-silver chloride [Ag/AgCl] electrodes are commonly used due to their 

stability and ability to minimize unwanted electrochemical reactions [47]. 

4. Skin Hydration and Condition: Hydrated skin exhibits lower electrical resistance, 

facilitating improved drug penetration. However, damaged or keratinized skin may reduce 

iontophoretic efficiency [48]. 

 

3.3 Applications in Drug Delivery 

1. Local Anesthesia: Iontophoretic delivery of lidocaine provides rapid pain relief for 

dermatological and minor surgical procedures without the need for injections [49]. 

2. Transdermal Insulin Delivery: Iontophoresis has been studied as a non-invasive alternative 

for insulin administration in diabetes management, showing promising results in 

preclinical and clinical trials [50]. 

3. Ophthalmic Drug Delivery: Iontophoresis enhances the corneal penetration of antibiotics 

and anti-inflammatory agents, offering a targeted approach for treating ocular infections 

[51]. 

4. Dermatological Treatments: It is widely used in treating hyperhidrosis [excessive 

sweating] and psoriasis, improving drug penetration and therapeutic outcomes [52]. 

5. Musculoskeletal Disorders: Iontophoresis facilitates the localized delivery of 

corticosteroids, such as dexamethasone, for treating inflammatory conditions like tendinitis 

and arthritis [53,54]. 

4. Fundamentals of Sonophoresis in Drug Delivery 

Sonophoresis, also referred to as phonophoresis, is a non-invasive drug delivery technique that 

utilizes ultrasound waves to facilitate the transdermal transport of drugs. This method has gained 

attention as a viable alternative to conventional oral and injectable routes, particularly for drugs 

with poor skin permeability [55]. The fundamental working principle of sonophoresis involves the 
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application of ultrasonic energy to the skin, which temporarily alters the structure of the stratum 

corneum, the outermost barrier of the skin, allowing for enhanced drug penetration [56]. 

Typically, ultrasound frequencies ranging from 20 kHz to 16 MHz are employed in sonophoresis, 

with lower frequencies [20–100 kHz] demonstrating greater efficacy in enhancing drug delivery 

due to their ability to induce pronounced mechanical effects on the skin [57]. The effectiveness of 

this technique is influenced by ultrasound parameters such as frequency, intensity, and duty cycle, 

as well as the physicochemical properties of the drug and formulation [58]. 

4.1 Mechanisms of Sonophoresis 

The enhanced drug permeation achieved through sonophoresis is primarily attributed to three key 

mechanisms: cavitation, thermal effects, and microstreaming.[59,60,61] 

1.Cavitation: Cavitation is a major contributor to the sonophoretic effect and refers to the 

formation, expansion, and collapse of microscopic bubbles within the medium due to ultrasound 

waves [59]. This phenomenon generates localized mechanical stress on the skin, disrupting lipid 

bilayers in the stratum corneum and creating transient aqueous channels that facilitate drug 

transport [60]. Studies have shown that cavitation-driven sonophoresis significantly enhances the 

permeability of both hydrophilic and hydrophobic drugs [61]. 

2.Thermal Effects: Ultrasound application generates localized heating, which increases the kinetic 

energy of skin lipids, leading to temporary disorganization of the stratum corneum structure [62]. 

This enhances drug diffusion by reducing the resistance of the skin barrier. The extent of the 

thermal effect depends on ultrasound intensity and exposure duration, with higher intensities [≥2 

W/cm²] promoting greater permeability enhancement [63]. However, excessive heating can cause 

skin irritation or tissue damage, necessitating careful optimization of parameters [64]. 

3.Microstreaming: Microstreaming refers to the formation of microscale fluid currents induced by 

ultrasonic waves. These currents facilitate the mixing of drug molecules in the application site, 

improving their penetration into the skin [65]. Additionally, microstreaming can enhance the 

diffusion of large macromolecules that would otherwise be hindered by the skin’s tight junctions 

[66]. 

4.2 Factors Affecting Sonophoresis Efficacy 

1. Frequency and Intensity: The frequency and intensity of ultrasound waves significantly 

impact the depth and extent of drug permeation. Low-frequency ultrasound [≤100 kHz] is more 

effective in enhancing transdermal drug transport due to its greater cavitation activity, while 

higher frequencies [≥1 MHz] primarily induce thermal effects [67]. The intensity of ultrasound 
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determines the energy delivered to the skin, with moderate intensities [0.5–2 W/cm²] being 

optimal for transdermal drug enhancement without causing excessive skin irritation [68]. 

2. Drug Formulation: The physicochemical properties of the drug and its formulation play a 

crucial role in determining its suitability for sonophoretic delivery. Hydrophilic drugs tend to 

benefit more from ultrasound-enhanced permeation compared to hydrophobic compounds due 

to their ability to utilize aqueous channels created by cavitation [69]. Formulations 

incorporating penetration enhancers, such as surfactants and liposomes, further improve drug 

transport efficiency [70]. 

3. Skin Hydration and Integrity: Skin hydration enhances the efficacy of sonophoresis by 

facilitating cavitation and reducing the resistance of the stratum corneum [71]. Conversely, the 

presence of thickened or damaged skin may hinder drug absorption. Pre-treatment methods, 

such as occlusion or mild exfoliation, have been explored to improve sonophoretic drug 

delivery in cases of hyperkeratotic skin conditions [72]. 

4.3 Applications of Sonophoresis in Drug Delivery 

1.Localized Drug Delivery: One of the primary applications of sonophoresis is the localized 

delivery of anti-inflammatory and analgesic agents. This technique has been widely utilized in 

physical therapy and dermatology for enhancing the penetration of corticosteroids, nonsteroidal 

anti-inflammatory drugs [NSAIDs], and anesthetics into deeper tissue layers [73]. Sonophoretic 

drug delivery has demonstrated superior efficacy in conditions such as arthritis, tendinitis, and 

localized pain management [74]. 

2.Systemic Drug Delivery: Sonophoresis has shown promise in achieving systemic drug 

absorption via the transdermal route. Studies have explored its application for delivering insulin, 

hormones, and cardiovascular drugs, offering an alternative to injections for chronic disease 

management [75]. By optimizing ultrasound parameters and formulation design, researchers have 

achieved sustained plasma drug concentrations comparable to conventional administration routes 

[76]. 

3.Transdermal Immunization: Recent advancements in sonophoresis have extended its 

application to vaccine delivery. Low-frequency ultrasound has been investigated for facilitating 

the transdermal administration of protein-based vaccines, potentially eliminating the need for 

injections [77]. This approach holds promise for improving patient compliance and accessibility, 

particularly in mass immunization programs [78]. 
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5. Comparative Analysis: Iontophoresis vs. Sonophoresis 

Iontophoresis relies on an electric field to facilitate the movement of ionized drug molecules 

through the skin via electro-repulsion [also called the Nernst–Planck effect], electro-osmosis, and 

increased skin permeability [71]. The applied electric current causes charged drug molecules to 

migrate towards the opposite-charged electrode, allowing for targeted and controlled drug 

delivery. This method is particularly effective for delivering small, charged molecules, such as 

peptides and certain antibiotics, directly into systemic circulation or localized tissues [72]. 

Sonophoresis, on the other hand, utilizes ultrasound waves to create mechanical effects on the skin, 

enhancing permeability by disrupting lipid bilayers and forming aqueous channels in the stratum 

corneum. It operates through three primary mechanisms: cavitation [formation and collapse of 

microbubbles], thermal effects [localized heating that disrupts lipid structure], and microstreaming 

[fluid turbulence that enhances molecular transport] [73]. Sonophoresis is particularly effective for 

both hydrophilic and hydrophobic drugs, making it suitable for larger biomolecules like proteins 

and vaccines [74]. 

5.1 Drug Types Suitable for Each Technique 

 Iontophoresis is most effective for small, ionized drugs [<500 Da] with high aqueous 

solubility [75]. Examples include local anesthetics [e.g., lidocaine], anti-inflammatory 

agents [e.g., dexamethasone], and peptides [e.g., insulin]. 

 Sonophoresis is more versatile, allowing the delivery of both hydrophilic and hydrophobic 

drugs, including large macromolecules [>500 Da] such as proteins, hormones, and vaccines 

[76]. It is particularly useful for dermatological drugs, pain management, and transdermal 

immunization. 

 

Property Iontophoresis Sonophoresis 

Ideal Drug Type Small, charged molecules 
Large, hydrophilic/hydrophobic 

drugs 

Molecular 

Weight 
<500 Da >500 Da 

Solubility Water-soluble 
Both water-soluble and lipid-

soluble 

Examples 
Lidocaine, insulin, 

dexamethasone 
Corticosteroids, proteins, vaccines 

A comparison of drug compatibility is summarized in Table 1 below. 

5.2 Advantages and Limitations of Both Methods 
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Advantages 

1. Iontophoresis enables precise control over drug dosing due to its reliance on electric current, 

making it a highly targeted and reproducible method [77]. It is widely used for localized drug 

delivery in treating arthritis, hyperhidrosis, and localized infections. 

2. Sonophoresis offers a broader range of drug compatibility, including hydrophobic molecules 

and macromolecular therapeutics. It is particularly advantageous for vaccine delivery and 

transdermal pain management without injections [78]. 

Limitations 

1. Iontophoresis is limited by its dependence on drug charge—neutral and non-polar drugs cannot 

be delivered efficiently. Additionally, prolonged application can cause skin irritation or burns 

at high current densities [79]. 

2. Sonophoresis requires careful optimization of ultrasound frequency and intensity to avoid 

excessive thermal effects or tissue damage. It may also require formulation additives to 

enhance drug solubility and stability during sonophoretic treatment [80]. 

 

5.3 Synergistic Use of Iontophoresis and Sonophoresis 

Recent studies have explored the combined use of iontophoresis and sonophoresis to maximize 

drug permeation. By applying ultrasound waves before iontophoresis, the stratum corneum can be 

pre-treated to enhance its permeability, allowing for increased electrophoretic transport of drugs 

[81]. This hybrid approach has been particularly effective for delivering peptides, pain 

medications, and topical corticosteroids [82]. 

Furthermore, combining both techniques has been shown to significantly improve drug retention 

in target tissues, reduce systemic side effects, and enable lower drug dosages while maintaining 

therapeutic efficacy [83].  

 

6. Pharmaceutical Applications of Iontophoresis and Sonophoresis 

1. Transdermal Drug Delivery: Transdermal drug delivery has gained prominence as a non-

invasive alternative to oral and injectable administration. Iontophoresis and sonophoresis 

enhance drug penetration through the stratum corneum, overcoming the natural barrier 

properties of the skin. These techniques have been extensively explored for pain 

management, anti-inflammatory drugs, and hormone therapy. 
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2. Pain Management: Iontophoresis is widely used to deliver local anesthetics and analgesics 

such as lidocaine and fentanyl for pain relief [84]. The application of an electric current 

allows charged drug molecules to penetrate deeper layers of the skin, ensuring rapid onset 

of action. Sonophoresis, on the other hand, enhances drug permeation via acoustic 

cavitation, making it suitable for delivering NSAIDs and opioids through the skin without 

the need for injections [85]. 

3. Anti-inflammatory Drugs: Nonsteroidal anti-inflammatory drugs [NSAIDs] such as 

diclofenac and ketoprofen have shown increased transdermal absorption via iontophoresis 

due to electro-repulsion effects [86]. Similarly, sonophoresis has been investigated for its 

ability to enhance localized delivery of anti-inflammatory agents, particularly in 

rheumatoid arthritis and sports injuries [87]. 

4. Hormone Therapy: Transdermal hormone therapy has gained traction in treating endocrine 

disorders. Iontophoresis effectively delivers insulin, estradiol, and testosterone, offering a 

promising alternative to daily injections [88]. Sonophoresis has demonstrated potential for 

enhancing estradiol permeability, thereby improving therapeutic outcomes in hormone 

replacement therapy [HRT] [89]. 

5. Peptide and Protein Delivery: The delivery of large biomolecules, including peptides and 

proteins, is one of the major challenges in pharmaceutical sciences. Traditional oral 

administration is inefficient due to enzymatic degradation and poor gastrointestinal 

absorption. Iontophoresis and sonophoresis have emerged as effective strategies for non-

invasive peptide and protein drug delivery. 

Iontophoresis facilitates the transport of insulin, calcitonin, and growth hormone-releasing 

peptides by applying a controlled electric current, preventing enzymatic degradation and 

enhancing systemic absorption [90]. Sonophoresis, on the other hand, enhances skin permeability 

through cavitation effects, making it useful for delivering monoclonal antibodies and protein-based 

drugs [91]. 

6.1 Drug Delivery in Dermatology and Cosmeceuticals 

Both iontophoresis and sonophoresis have found extensive applications in dermatological and 

cosmeceutical drug delivery. Iontophoresis is used to treat hyperhidrosis, acne, and 

hyperpigmentation, while sonophoresis has been extensively utilized in anti-aging treatments and 

the delivery of antioxidants [92]. 

Iontophoresis has been shown to increase the penetration of vitamin C, retinoids, and 

hydroquinone, making it a valuable technique in dermatology and cosmetic medicine [93]. 

Additionally, sonophoresis enhances the absorption of hyaluronic acid, peptides, and collagen, 

which are commonly used in skin rejuvenation therapies [94]. 
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6.2 Ocular and Systemic Drug Delivery 

1. Ocular Drug Delivery: Iontophoresis has been explored for the delivery of antibiotics, 

corticosteroids, and anti-glaucoma drugs, significantly enhancing intraocular penetration 

[95]. Sonophoresis, through the use of low-frequency ultrasound, has demonstrated 

improved permeation of cyclosporine, timolol, and dexamethasone, suggesting its potential 

for treating dry eye syndrome and glaucoma [96]. 

2. Systemic Drug Delivery: The ability of iontophoresis to transport charged molecules across 

biological membranes has led to its application in systemic drug delivery, including the 

administration of opioids, peptides, and cardiovascular drugs [97]. Sonophoresis, due to its 

ability to enhance vascular permeability, has been investigated for the transdermal delivery 

of chemotherapeutic agents and neuroactive compounds [98]. 

7. Clinical and Regulatory Perspectives 

Over the years, iontophoresis and sonophoresis have evolved into clinically viable drug delivery 

methods, with several FDA-approved systems demonstrating safety and efficacy. Iontophoresis-

based transdermal drug delivery is primarily used for localized pain relief, wound healing, and 

drug administration in dermatology, while sonophoresis is explored for enhanced transdermal 

transport of various therapeutics. 

One of the first FDA-approved iontophoretic systems was Ionsys®, which delivers fentanyl for 

post-operative pain management, using a self-activated iontophoretic patch [99]. The Sumatriptan 

iontophoretic patch, used in migraine treatment, was another major regulatory milestone, proving 

iontophoresis as an effective alternative to traditional routes [100]. In sonophoresis, low-intensity 

continuous ultrasound [LICUS] has received regulatory approval for its role in bone regeneration 

and enhanced transdermal drug absorption [101]. However, despite promising clinical outcomes, 

the adoption of sonophoresis in mainstream medicine is less widespread than iontophoresis due to 

regulatory concerns and standardization challenges [102]. 

7.2 Clinical Trials and Efficacy Studies 

Numerous clinical trials have evaluated the safety, efficacy, and pharmacokinetics of iontophoretic 

and sonophoretic systems. For instance, a randomized clinical trial on iontophoresis-delivered 

dexamethasone demonstrated its effectiveness in treating inflammatory conditions such as 

tendonitis and bursitis, with minimal systemic side effects [103]. Another double-blind study on 

sonophoresis-mediated insulin delivery showed that ultrasound-assisted transdermal insulin 

absorption could provide a non-invasive alternative to subcutaneous injections for diabetes 

management [104]. 
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In dermatology, clinical research has demonstrated the efficacy of iontophoretic lidocaine patches 

for local anesthesia, significantly reducing pain in minor dermatological procedures [105]. 

Similarly, low-frequency sonophoresis [LFS] has been investigated for transdermal drug delivery 

of chemotherapy agents, with trials confirming enhanced permeability and reduced systemic 

toxicity [106]. Despite these successes, long-term clinical data and larger-scale trials are still 

required for regulatory bodies to broaden approvals of sonophoretic technologies in drug delivery 

[107]. 

7.3 Regulatory Challenges and FDA Approvals 

1. Safety concerns – The potential for skin irritation and burns in iontophoresis and 

ultrasound-induced tissue damage in sonophoresis has raised regulatory concerns [108]. 

2. Standardization issues – Variability in drug formulations, device parameters, and patient 

response makes it difficult to set universal regulatory guidelines [109]. 

3. Lack of large-scale trials – Although small-scale studies indicate promising results, 

regulatory bodies require extensive clinical validation before approving new iontophoretic 

and sonophoretic drug formulations [110]. 

4. High costs – The development and approval of transdermal delivery devices require 

substantial investment, which limits the commercial viability of these technologies [111]. 

Recent advances, such as microneedle-enhanced sonophoresis and combination iontophoretic drug 

patches, are under active regulatory review for their potential to overcome these challenges [112].  

8. Future Prospects and Innovations 

8.1 Nanotechnology and Microfabrication in Iontophoresis and Sonophoresis 

The integration of nanotechnology and microfabrication into iontophoretic and sonophoretic drug 

delivery systems has the potential to revolutionize transdermal therapy. Nanocarriers, including 

liposomes, nanoemulsions, and polymeric nanoparticles, have been widely studied for their ability 

to enhance drug solubility, stability, and controlled release [113]. These nanocarriers can be 

incorporated into iontophoresis and sonophoresis-based formulations to improve drug permeation 

and retention in the skin, reducing systemic side effects [114]. 

Microfabrication technologies, such as microelectromechanical systems [MEMS] and 

nanoelectrodes, have been explored to enhance the efficiency of iontophoretic devices. By 

miniaturizing electrodes and optimizing charge distribution, researchers have improved the 

precision and targeted delivery of charged molecules into the skin [115]. Similarly, microbubble-

based sonophoresis has been introduced, where ultrasound waves interact with gas-filled 

microbubbles, increasing drug transport via cavitation effects [116]. 
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8.2 Wearable and Smart Transdermal Patches 

The development of wearable and smart transdermal patches represents a significant leap forward 

in non-invasive drug delivery. These devices integrate wireless technology, biosensors, and 

automated drug release mechanisms, enabling real-time monitoring and personalized dosing [117]. 

Recent advances have led to the creation of self-regulating iontophoretic patches that deliver drugs 

in response to physiological conditions, such as glucose levels in diabetic patients [118]. Similarly, 

wearable ultrasound patches are being developed to enhance sonophoretic drug penetration, 

allowing for continuous drug delivery over extended periods without the need for repeated 

application [119]. 

A promising example is the IontoPatch, a wireless iontophoretic system used for localized 

corticosteroid delivery in sports medicine and dermatology [120]. Additionally, wearable 

sonophoretic patches have been investigated for hormone therapy and pain management, 

demonstrating enhanced patient compliance compared to conventional drug administration 

methods [121]. 

8.3 Combination Therapies with Microneedles and Nano-Carriers 

Combining iontophoresis and sonophoresis with microneedles and nano-carriers has shown 

significant promise in enhancing transdermal drug delivery efficiency. Microneedles create 

microchannels in the skin, reducing stratum corneum resistance, while iontophoresis and 

sonophoresis further drive drug molecules into deeper tissues without causing patient discomfort 

[122]. 

Recent studies have demonstrated that the combination of microneedles and iontophoresis 

improves the delivery of biologic drugs, including insulin, monoclonal antibodies, and vaccines 

[123]. Similarly, the integration of nanocarriers [such as lipid nanoparticles and polymeric 

hydrogels] with sonophoresis has enabled the targeted release of chemotherapy agents, reduced 

systemic toxicity and improved therapeutic outcomes in skin cancer treatments [124]. 

The future direction of transdermal therapy lies in multi-modal drug delivery systems that leverage 

iontophoresis, sonophoresis, microneedles, and nanocarriers to optimize drug absorption, reduce 

adverse effects, and improve treatment efficacy [125]. 
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9. Conclusion 

In conclusion, this review highlights that both iontophoresis and sonophoresis present promising 

avenues as alternatives to traditional drug delivery methods, such as oral administration and 

injections. Iontophoresis, leveraging the use of electrical current, provides a mechanism for precise 

control over drug dosing, making it particularly well-suited for the delivery of small, charged 

molecules. On the other hand, sonophoresis, which employs ultrasound waves, demonstrates the 

capability to effectively deliver a broader range of drugs, including both hydrophilic and 

hydrophobic compounds, and critically, large macromolecules. The potential for synergistic 

effects through the combined use of iontophoresis and sonophoresis, alongside ongoing 

advancements in the fields of nanotechnology and microfabrication, paves the way for further 

enhancements in transdermal drug delivery. Looking ahead, future research endeavors should 

prioritize the development of wearable and smart transdermal patches, the exploration of 

innovative combination therapies, and the expansion of the range of drugs that can be effectively 

delivered through these advanced methodologies. 
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