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Neuropathic pain (NP) is a chronic ailment due to somatosensory system 
dysfunction, affecting 7–8% of the global population. Conventional oral 
anticonvulsants like gabapentin, pregabalin, and carbamazepine exhibit limitations, 
including poor bioavailability, systemic side effects, and patient non-compliance. 
Nanoemulsion-based transdermal delivery systems offer a novel approach to 
overcoming these challenges by enhancing drug solubility, stability, and skin 
penetration. These isotropic colloidal systems, with droplet sizes of 20–200 nm, 
incorporate oils, surfactants, and cosurfactants to bypass the gastrointestinal tract, 
reduce first-pass metabolism, and achieve sustained drug release. Formulation 
techniques such as ultrasonication, microfluidization, and spontaneous 
emulsification ensure stable and uniform nanoemulsions for efficient transdermal 
drug delivery. This strategy addresses the limitations of oral administration while 
minimizing systemic side effects, improving patient compliance, and enabling 
localized pain relief. Despite these advantages, challenges persist, including 
stability issues, scalability, and regulatory hurdles. Future innovations, such as 
smart nanoemulsions, personalized medicine approaches, and green formulations, 
are poised to transform chronic pain management and enhance therapeutic 
outcomes. 
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INTRODUCTION 
Neuropathic pain (NP) is among the most 
debilitating forms of chronic pain, representing a 
major unmet medical challenge. It results from 
damage or dysfunction of the somatosensory 
nervous system, leading to abnormal pain signal 
processing [1]. The International Association for 
the Study of Pain (IASP) defines NP as "pain 
arising as a direct consequence of a lesion or 
disease affecting the somatosensory system [2]. 
Chronic neuropathic pain (CNP), characterized 
by spontaneous pain, hyperalgesia, and sensory 
abnormalities, persists for more than three 
months and significantly impairs both physical 
and mental well-being [3]. 
 

Globally, NP affects approximately 7–8% of the 
population, and its prevalence varies by region 
and underlying conditions. In India, key 
contributing factors include diabetes, traumatic 
injuries, infections, and chronic illnesses. A 
survey using the DouleurNeuropathique 4 (DN4) 
questionnaire estimated that about 10% of  
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individuals experiencing chronic pain also 
display neuropathic characteristics [4]. National 
data further indicate that approximately 13% of 
Indians live with chronic pain, with neuropathic 
components identified in nearly 30% of these 
cases [5]. Diabetic peripheral neuropathy (DPN), a 
prominent form of NP linked to diabetes 
mellitus, affects an estimated 29.2% of Indian 
patients with type 2 diabetes, though rates vary 
widely depending on diagnostic criteria [6]. 
 

NP arises from complex mechanisms at the 
peripheral and central levels [7]. Peripheral 
sensitization, triggered by nerve injury, induces 
inflammatory responses involving cytokines and 
prostaglandins, leading to increased excitability 
of peripheral neurons [8, 9]. This involves the 
upregulation of ion channels, such as sodium 
(Nav1.7, Nav1.8) and calcium channels, causing 
ectopic discharges and heightened pain 
sensitivity [10]. Central sensitization amplifies 
these signals through over activation of NMDA 
receptors and increased release of excitatory 
neurotransmitters like glutamate. Structural and 
functional changes in the spinal cord and brain, 
including altered synaptic connectivity and  
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Table 1: Limitations of Oral Anticonvulsants 

Limitation Description Example Drugs Reference 

Poor Bioavailability Limited absorption in the GI tract; bioavailability 
decreases with higher doses. 

Gabapentin [19] 

First-Pass 
Metabolism 

Extensive liver metabolism reduces therapeutic 
efficacy, necessitating higher doses. 

Carbamazepine [20] 

Systemic Side 
Effects 

Non-specific distribution causes side effects like 
drowsiness, fatigue, and hepatotoxicity. 

Pregabalin, Valproic Acid [21] 

Drug Interactions Enzyme induction leads to interactions, reducing 
efficacy or increasing toxicity of co-administered 
drugs. 

Carbamazepine [22] 

Variability in 
Plasma Levels 

Fluctuations in drug levels cause suboptimal 
outcomes, including breakthrough seizures or pain 
episodes. 

Topiramate [23] 

GI Irritation Causes discomfort such as nausea and vomiting, 
reducing patient compliance. 

Various Oral Drugs [24] 

Poor Patient 
Compliance 

Frequent dosing and side effects lead to poor long-
term adherence, especially in elderly or comorbid 
patients. 

Various Oral Drugs [25] 

 
Table 2: Components of nanoemulsions [30] 

Component Role Examples 

Oils Provide a solubilizing medium for lipophilic 
drugs. 

Medium-chain triglycerides (MCTs), 
isopropyl myristate, castor oil. 

Surfactants Reduce interfacial tension between oil and 
water phases. 

Tween 20, Tween 80 (non-ionic 
surfactants). 

Co-surfactants Enhance emulsification by further reducing 
interfacial tension. 

Ethanol, propylene glycol, polyethylene 
glycol. 

Drug Molecules Loaded into the oil phase (hydrophobic or 
amphiphilic drugs). 

Depends on the specific drug being 
delivered. 

 
microglial activation, contribute to the 
persistence of pain. The loss of inhibitory control 
in the spinal cord further exacerbates 
nociceptive transmission [11, 12]. 
 

Anticonvulsants commonly prescribed for 
neuropathic pain include gabapentin, pregabalin, 
carbamazepine, oxcarbazepine, and lamotrigine. 
Gabapentin works by targeting the α2δ subunit 
of voltage-gated calcium channels, effectively 
reducing excitatory neurotransmitter release, 
particularly in conditions like postherpetic 
neuralgia [13]. Pregabalin, a more potent 
derivative of gabapentin, offers improved 
efficacy and bioavailability, making it suitable for 
diabetic neuropathy, fibromyalgia, and spinal 
cord injury-related pain [14, 15]. Carbamazepine 
and oxcarbazepine block voltage-gated sodium 
channels, stabilizing hyperexcited neuronal 
membranes, and are particularly effective for 
trigeminal neuralgia [16, 17]. Lamotrigine, which 
inhibits voltage-gated sodium channels and 
reduces glutamate release, is used for post-
stroke pain and painful diabetic neuropathy [18]. 
These anticonvulsants, with their distinct 

mechanisms, play a crucial role in alleviating 
chronic neuropathic pain symptoms. 
 
Limitations of Oral Anticonvulsants  
Table 1 shows the major limitations of oral 
anticonvulsant drugs.  
 
Nanoemulsion-Based Transdermal Systems: 
Formulation Aspects 
Nanoemulsions are isotropic, thermodynamically 
stable colloidal systems (20–200 nm droplet 
size) composed of oil, water, surfactants, and 
cosurfactants [26]. Their nanometric size provides 
high solubilization for hydrophobic drugs, optical 
clarity, and kinetic stability, making them ideal 
for transdermal drug delivery [27, 28]. By 
overcoming the skin barrier, nanoemulsions 
enhance drug penetration into systemic 
circulation through mechanisms like improved 
diffusion via small droplet size and increased 
permeability by surfactants disrupting the 
stratum corneum's lipid bilayer [29]. Table 2 
shows components of nanoemulsions. 
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Formulation Techniques 
Nanoemulsions for transdermal delivery are 
formulated using high-energy methods like 
ultrasonication and homogenization, or low-
energy techniques such as phase inversion and 
spontaneous emulsification. These methods 
produce stable, uniform nanoemulsions that 
enhance drug penetration through the skin, 
enabling controlled, sustained release with 
reduced systemic side effects [31, 32]. 
 
High-energy Approach  
1) High-pressure Homogenization 
The most common technique for producing 
nanoemulsions uses a high-pressure or piston 
homogenizer (Fig. 1), achieving particle sizes as 
small as 1 nm [33]. A macroemulsion is forced 
through a narrow orifice at 500–5000 psi, where 
hydraulic shear, turbulence, and cavitation 
create ultra-small droplets [34]. 
 
2) Microfluidization 
Microfluidization is a high-pressure mixing 
technique using a microfluidizer (Fig. 2). It forces 
a coarse emulsion (created by blending aqueous 
and oily phases) through microchannels at 
pressures of 500–20,000 psi, breaking it into fine 
particles in the sub-micron range. The emulsion 
is processed repeatedly to achieve the desired 
particle size and then filtered under nitrogen to 
produce a stable and uniform nanoemulsion [35]. 
 
3) Ultrasonication 
Ultrasonic emulsification is a high-energy 
method utilizing sound waves (>20 kHz) and 
acoustic cavitation via a sonotrode (Fig. 3). 
Collapse of cavitation bubbles generates shock 
waves that break coarse droplets into nano-sized 
ones [36, 37]. Droplet size is controlled by 
optimizing oil concentration, emulsifier 
concentration, oil-to-surfactant ratio, viscosity, 
emulsification time, and energy input. Megasonic 
irradiation (MHz range) enables surfactant-free, 
stable, transparent nanoemulsions [38]. 

 
Low Energy Approaches 
1) Spontaneous Emulsification 
Spontaneous emulsification is a low-energy 
technique for preparing nanoemulsions at room 
temperature without specialized equipment [39, 

40]. It involves gradually adding water to an oil-
surfactant mixture with gentle stirring to form 
oil-in-water (O/W) nanoemulsions (Fig 4). The 
process depends on factors like interfacial 
tension, viscosity, phase transitions, and 
surfactant properties [41]. However, its key 

limitations include a restricted oil phase and the 
use of solvents [42, 43]. 

2) The Phase Inversion Temperature (PIT) 
The Phase Inversion Temperature (PIT) method 
is a low-energy technique for producing 
nanoemulsions by adjusting surfactant curvature 
through temperature changes at constant 
composition (Fig. 5). Unlike Spontaneous 
Emulsification (SE), it avoids organic solvents [44, 

45] and surpasses the Phase Inversion 
Composition (PIC) method in achieving smaller 
droplet sizes and lower polydispersity index 
(PDI) [46]. 

3) Membrane Emulsification 
The membrane emulsion technique is a 
promising method for nanoemulsion 
preparation, leveraging controlled droplet 
formation through a porous membrane. In this 
approach, the dispersed phase is forced through 
the membrane pores into the continuous phase 
under controlled pressure, producing uniform 
droplets. This technique allows for precise 
control over droplet size and distribution, 
essential for stable and efficient nanoemulsions. 
The process is scalable, reproducible, and 
adaptable, offering significant advantages in 
pharmaceutical, cosmetic, and food applications 
for encapsulating hydrophobic drugs and 
nutrients [47, 48]. 

Advantages of Nanoemulsions  
1. Enhanced Solubility and Stability: 

Nanoemulsions improve the solubility and 
stability of hydrophobic drugs, reducing 
reliance on harsh organic solvents. 

2. Deeper Skin Penetration: Nanoscale 
droplet size facilitates effective delivery of 
both lipophilic and hydrophilic drugs 
through the skin. 

3. Improved Bioavailability: By bypassing 
the gastrointestinal tract, nanoemulsions 
minimize first-pass metabolism and 
enhance bioavailability. 

4. Safety and Minimal Irritation: 
Biocompatible excipients ensure safe 
application and reduce skin irritation [49]. 

5. Applications in Therapy: Effective in 
chronic pain management and hormone 
replacement therapy [50]. 

6. Gastrointestinal Side Effects Reduction: 
Improves solubility, permeability, and 
bioavailability of lipophilic drugs like 
valdecoxib, minimizing GI side effects [51]. 
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Figure 1: High-pressure homogenization 

 
Figure 2: Microfluidization 

 
Figure 3: Ultrasonication 

 
Figure 4: Spontaneous emulsification 

 
Figure 5: Phase Inversion Temperature (PIT) 

 

Transdermal Drug Delivery Systems in 
Chronic Pain Management 
Transdermal drug delivery systems (TDDS) have 
revolutionized chronic pain management by 
providing a non-invasive and effective means of 
drug administration. Chronic pain, typically 
lasting more than three months, requires 
sustained therapeutic regimens. TDDS have 
emerged as an advantageous alternative, offering 
unique benefits for patients and healthcare 
providers. 

1. Improved Drug Absorption & 
Bioavailability: TDDS bypass first-pass 
metabolism, enhancing bioavailability [52]. 

2. Sustained & Controlled Release: Ensures 
continuous drug release, reducing dosing 
frequency and improving compliance [53]. 

3. Reduction of Systemic Side Effects: 
Minimizes systemic side effects like 
gastrointestinal irritation with NSAIDs [54]. 
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4. Enhanced Patient Compliance: 
Convenient for chronic pain management, 
improving adherence. 

5. Localized Pain Relief: Targeted relief (e.g., 
lidocaine, NSAID patches) with minimal 
systemic exposure [55]. 

6. Versatility in Drug Candidates: Effective 
for opioids, analgesics, and adjuvants like 
gabapentin [56]. 

7. Reduced Risk of Drug Abuse: Prevents 
misuse through controlled, sustained 
release [57]. 

8. Minimized Dose-Dependent Fluctuations: 
Stabilizes plasma drug concentrations, 
reducing side effects [58].  
 

Examples of TDDS in Chronic Pain 
Management 
Several FDA-approved transdermal systems 
demonstrate clinical efficacy in chronic pain: 

 Fentanyl and Buprenorphine Patches: 
These are widely used for managing severe 
pain, especially in oncology settings [59]. 

 Lidocaine Patches: Commonly used for 
localized neuropathic pain conditions, such 
as postherpetic neuralgia [60]. 

 NSAID Patches: Provide effective relief in 
musculoskeletal pain and arthritis [61]. 

 Buprenorphine Patch: Partial μ-opioid 
receptor agonist for chronic non-cancer 
and cancer pain with reduced respiratory 
depression [62]. 

 Capsaicin Patch (Qutenza): High-
concentration patch for neuropathic pain; 
desensitizes nociceptive neurons [63]. 

 Diclofenac Epolamine Patch: Targets 
acute musculoskeletal pain with localized 
anti-inflammatory action [64]. 

 Clonidine Patch: α2-adrenergic agonist for 
chronic neuropathic pain like CRPS, 
offering prolonged relief [65]. 

 
Challenges and Limitations 
 Stability Issues: Nanoemulsions are 

thermodynamically unstable systems, 
which may lead to phase separation, 
Ostwald ripening, or drug precipitation 
over time. These stability concerns can 
hinder the consistency of drug delivery [66]. 

 Skin Permeation Challenges: Despite the 
advanced penetration-enhancing 
properties of nanoemulsions, the skin’s 
stratum corneum remains a significant 
barrier. The permeation efficacy may vary 
depending on the physicochemical 
properties of the drug and the 
formulation's composition [67]. 

 Toxicity of Excipients: The surfactants and 
co-surfactants used in nanoemulsion 
formulations may cause skin irritation or 
toxicity upon prolonged use, particularly 
when used for chronic conditions like 
neuropathic pain [68]. 

 Scalability and Cost: The production of 
nanoemulsions often requires 
sophisticated equipment and stringent 
manufacturing conditions, leading to 
increased costs and challenges in scaling 
up from laboratory to industrial production 
[35]. 

 Drug Loading and Release: Limited drug-
loading capacity can restrict the 
therapeutic efficacy of nanoemulsions for 
chronic pain management. Additionally, 
achieving controlled and sustained release 
profiles remains a challenge in transdermal 
systems [69]. 

 Regulatory and Approval Hurdles: 
Nanoemulsion-based formulations face 
rigorous regulatory scrutiny due to the 
involvement of nanotechnology. The lack of 
standardized guidelines further 
complicates the approval process [45]. 

 Patient Compliance: Although transdermal 
systems are non-invasive, factors such as 
patch adhesion, skin irritation, and dosing 
frequency may affect patient compliance, 
particularly in long-term therapy for 
chronic conditions [70]. 

 Long-Term Safety: The potential for long-
term exposure to nanoscale materials 
remains underexplored, raising concerns 
about systemic toxicity, bioaccumulation, 
and long-term side effects [71]. 

 
Future Directions and Innovations 
 Development of Smart Nanoemulsions- The 

integration of stimuli-responsive materials 
(e.g., temperature, pH, or light-sensitive 
components) into nanoemulsion-based 
formulations could enable controlled and 
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on-demand drug release, enhancing 
therapeutic precision [72]. 

 Advanced Skin Penetration Techniques- 
Combining nanoemulsions with novel 
penetration enhancement strategies, such 
as microneedles or ultrasound-mediated 
delivery, could improve drug permeation 
across the skin barrier, making 
transdermal anticonvulsant therapy more 
effective [73]. 

 Personalized Medicine Approaches- 
Leveraging advances in pharmacogenomics 
and artificial intelligence, future 
nanoemulsion-based transdermal systems 
can be tailored to individual patient needs, 
optimizing drug delivery parameters and 
minimizing side effects [74]. 

 Green and Biocompatible Formulations- 
The focus on sustainability in 
pharmaceutical development may drive the 
use of natural, biodegradable, and eco-
friendly surfactants and co-surfactants in 
nanoemulsion systems, reducing toxicity 
and environmental impact [75]. 

 Incorporation of Multifunctional 
Therapeutics- Future nanoemulsion-based 
transdermal systems may include 
multifunctional drugs with 
neuroprotective, anti-inflammatory, and 
anticonvulsant properties to provide 
holistic treatment for neuropathic pain [76]. 

 Integration with Wearable Devices- 
Coupling nanoemulsion patches with 
wearable biosensors could allow real-time 
monitoring of drug release and therapeutic 
outcomes, ensuring optimal management 
of chronic neuropathic pain [77]. 

 Regulatory Framework Innovations- 
Establishing harmonized and streamlined 
regulatory guidelines for nanoemulsion-
based systems can facilitate their rapid 
development and approval, paving the way 
for broader clinical adoption [78].  

 

CONCLUSION 
Nanoemulsion-based transdermal systems 
represent a promising alternative for chronic 
neuropathic pain management. By overcoming 
the limitations of oral anticonvulsants and 
providing sustained, localized drug delivery, 
these systems improve therapeutic efficacy and 
patient compliance. Continued research and 

innovation in formulation techniques and 
regulatory frameworks will further optimize 
their clinical adoption and impact. 
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