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ABSTRACT

Introduced as an appealing alternative to oral and parenteral drug delivery systems, the concept of transdermal drug delivery has undergone significant expansion from the first-generation transdermal patches and permeation-enhancement-driven second-generation agents to the stratum corneum bypassing techniques of third-generation transdermal delivery agents, including microneedles. Commonly referred to as a micron-scale conjugate of transdermal drug products and hypodermic needles, microneedles were introduced primarily to circumvent issues of patient compliance triggered by pain, inflammation, and, in severe cases, abscesses and lesions at the site of administration following the use of hypodermic needles. Since its inception, this concept has evolved majorly in terms of form, material, fabrication technique, and design, and this article thus aims to explore the historical background of microneedles, their modern-day clinical applications, and the challenges and regulatory considerations surrounding their use.
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Introduction

Transdermal drug delivery encompasses techniques to facilitate drug movement via skin barriers and into the systemic circulation, and its inception was to deal with problems of stability, bioavailability, and first-pass metabolism associated with the oral route, as well as issues of skin trauma and ultimately compliance associated with the parenteral routes of drug administration.1 Convenience and thus better compliance, a bypass of first-pass metabolism and improved stability, the potential of system modification to achieve tunable release characteristics, etc., are only some of the comparative advantages that have come to be associated with this route of drug delivery.2,3

Transdermal drug delivery systems (TDDS) exist in three broad generational categories (Figure 1).1 First-generation TDDS operated on the principle of a diffusion-based uptake of majorly lipophilic therapeutic agents, with the 1972 FDA-approved scopolamine patch for motion sickness being one of the representative commercially available products of this generation.4 However, certain requirements, including low molecular weight and sufficient lipophilicity, placed a limitation on the number of therapeutic agents that could be administered via this route, prompting increasing research into other transdermal delivery systems.1 The next generation of TDDS enhanced skin permeability by employing chemical enhancers, including amphiphilic molecules, surfactants, esters, etc., to trigger a transient distortion of the stratum corneum, external energy sources to accelerate the delivery efficiency of drug compounds, and ultrasound, the frequency of which could alter the lipid structure of the stratum corneum.5 The need for processes that ensure minimal skin trauma informed the introduction of third-generation TDDs, including high-energy power methods and microneedles.4 While high-energy methods, including radiofrequency ablation, laser ablation, etc., are capable of expanding the scope of therapeutic agents that could be delivered transdermally, their adaptation is limited by expensive, specialized, and technical implementation protocols, a phenomenon that has prompted more intensive research into microneedles as an alternative system for transdermal drug delivery.4 In addition, while the channels created by delivery techniques of the first, second, and third generations were nanometer-sized, facilitating the transdermal delivery of smaller molecules, the micron-sized channels created by microneedles hold the promise of the transdermal delivery of macromolecules and larger complexes.6


[image: An illustration depicts the summary of the technologies utilized for enhancing transdermal drug delivery. The transdermal drug delivery systems (TDDS) exist in three broad generational categories. First-generation TDDS operated on the principle of a diffusion-based uptake of majorly lipophilic therapeutic agents. The next generation of TDDS enhanced skin permeability by employing chemical enhancers, including amphiphilic molecules, surfactants, esters. The need for processes that ensure minimal skin trauma informed the introduction of third-generation TDDs, including high-energy power methods and microneedles.]

Fig 1 | Summary of the technologies utilized for enhancing transdermal drug delivery. Reproduced from Ramadon et al.1 Creative Commons license: https://creativecommons.org/licenses/by/4.0/


The concept of microneedles is one of several techniques that have been developed to facilitate drug diffusion across the epidermis and into systemic circulation and is a growing focus of pharmaceutical research. This delivery system typically consists of an array of micron-sized needles less than 1 mm in length, supported on a base, and capable of epidermal penetration and bypass of the stratum corneum to create microchannels that facilitate transdermal drug deposition while maintaining minimal interaction with nerve endings in the dermis.7

Following an intellectual property submission conceptualizing the application of microneedles to drug delivery to the US patent office in 1971, Martin S. Gerstel and Virgil A. Place are regarded as pioneers of this delivery system.8,9 However, it was not until the 1990s, following advancements in the microelectronics industry, that the equipment needed to realize this concept became more readily available.6 The rationale behind the inception of and increasing research into microneedles is inspired by their potential benefits in comparison to traditional parenteral systems, including a design that ensures minimal interaction with the pain and touch receptors in the dermis, thus guaranteeing minimum pain and discomfort; ease of application requiring no specialized training; convenience; and improved patient compliance, among others.9 Microneedle technology is currently being largely investigated, particularly for the delivery of macromolecules including hormones, insulin, siRNA, and other peptides.10 A 2021 literature analysis by Rohan et al.,11 with an investigation scope utilizing data from 1990 to 2018, revealed a publication count of 1,190, including research and review articles, thus underlining the increasing interest in and the growing impact of this technology.

This article focuses on the emergence of microneedles as a system for transdermal drug delivery, its evolution in terms of design and formulation material, as well as its clinical application and associated regulatory considerations.



Evolution of Microneedles

Microneedles have undergone comprehensive transformation encompassing formulation materials, fabrication techniques, and design. Solid, coated, hollow, dissolvable, and hydrogel-forming microneedles are now considered representative classes of microneedles, differing primarily in formulation material as well as the mechanism by which they initiate drug release (Figure 2).12 Alongside these developments has been a corresponding evolution in terms of fabrication methods and design.


[image: An illustration of a schematic representation of five different MN types used to facilitate drug delivery transdermally. The step by step process are (A) Solid MNs for increasing the permeability of a drug formulation by creating microholes across the skin. (B) Coated MNs for rapid dissolution of the coated drug into the skin. (C) Dissolvable MNs for rapid or controlled release of the drug incorporated within the microneedles. (D) Hollow MNs used to puncture the skin and enable the release of a liquid drug following active infusion or diffusion of the formulation through the needle bores. (E) Hydrogel-forming MNs take up interstitial fluids from the tissue, inducing diffusion of the drug located in a patch through the swollen microprojections.]

Fig 2 | A schematic representation of five different MN types used to facilitate drug delivery transdermally. (A) Solid MNs for increasing the permeability of a drug formulation by creating microholes across the skin. (B) Coated MNs for rapid dissolution of the coated drug into the skin. (C) Dissolvable MNs for rapid or controlled release of the drug incorporated within the microneedles. (D) Hollow MNs used to puncture the skin and enable the release of a liquid drug following active infusion or diffusion of the formulation through the needle bores. (E) Hydrogel-forming MNs take up interstitial fluids from the tissue, inducing diffusion of the drug located in a patch through the swollen microprojections. Reproduced from Larrañeta et al.12 Creative Commons license: https://creativecommons.org/licenses/by/4.0/


Type/Formulation Material:

Solid Microneedles:

These were the foremost class of microneedle systems to be developed, with metals such as nickel, stainless steel, and titanium being the primary fabrication materials.13 They are typically manufactured via a variety of methods, including drawing lithography, micromolding, laser cutting, wet etching, metal electroplating, and so on.14 This class of microneedles operates via a “poke and patch” mechanism generally involving pretreatment of the skin with the microneedles to create temporary microchannels that facilitate the transdermal permeation of subsequently applied topical agents, including gels, ointments, and creams.15 Other variations of this mechanism exist, including the use of rolling microneedle devices to create miniscule skin perforations, as well as a “scrape and patch” mechanism in which microneedle devices create micropunctures on the skin, both followed by the introduction of therapeutic formulations.16 Solid microneedles have found extensive application in the cosmetics industry, particularly as rollers and pens,17 and are emerging systems for the delivery of vaccines due to their ability to trigger prolonged and heightened immunogenic responses compared to traditional parenteral systems.18 A major drawback of this class of microneedles, however, is inaccurate dosing due to poor rheology, specifically after the administration of more viscous formulations.13 Furthermore, issues of convenience due to a two-step application process, increased risk of infection, and metal deposition in the skin have prompted increasing research into alternative microneedle-mediated delivery methods.13

Coated Microneedles:

Unlike solid microneedles, coated microneedles typically allow for a one-step administration process.19 Coated microneedles typically consist of a solid microneedle platform coated with solutions or suspensions of the therapeutic agent.16 In recent times, these platforms have been fabricated from a variety of materials, majorly including metals 20–22 and polymers.23–25 Dipping, gasjet drying, inkjet printing, spraying methods, etc., are some of the most commonly employed methods for coating microneedles.15 These methods have now evolved to include excipients introduced into the coating formulation for diverse purposes, including viscosity and surface tension regulation as well as protection of labile therapeutic agents from degradation.26 The use of coated microneedles for the simultaneous administration of multiple drugs by coating the needles with different therapeutic compounds is a concept that is increasingly being explored.19 A major drawback associated with coated microneedles is a maximum drug loading capacity of 1 mg that is heavily influenced by factors such as the size of the microneedle array, coating technique, and density of the coating layer.13

Dissolving Microneedles:

Dissolving microneedles, employing biocompatible and lipophilic polymers as primary matrix material, were developed to address issues of biohazard and sharp waste residue associated with silicon and metal employed in the fabrication of solid and coated microneedles.27 Polyvinylpyrolide, hyaluronic acid, and poly (methyl vinyl ether-co-maleic anhydride) are reportedly the most commonly employed polymers in the fabrication of drug-loaded dissolving microneedles, while polyvinyl acetate, trehalose, chitosan, carboxymethylcellulose, and hyaluronic acid are frequently used in the development of vaccine-loaded dissolving microneedles.28 This class of microneedles is fabricated primarily via a micromolding technique using prefabricated molds.28 Dissolving microneedles operate via a poke and release mechanism characterized by the breakdown of the polymer matrix and release of the encapsulated therapeutic agent following needle insertion.29 There is increasing research into the application of hyaluronic acid-based dissolving microneedles to the cosmetics industry primarily because of their natural occurrence in the body and, thus, biocompatibility.28 Furthermore, the possibility of modification of polymer characteristics enables the potential fabrication of dissolving microneedles with tunable drug release properties.30 Problems of hygroscopicity and inadequate needle strength, ineffective dose control, and drug loss following insufficient insertion have raised concerns surrounding the clinical applicability of dissolving microneedles.27

Hollow Microneedles:

Hollow microneedles were conceptualized primarily to address issues of limited drug loading capacity associated with previous microneedle models.31 With similar morphology to conventional needles, this class of microneedles is able to facilitate delivery of drug solutions via a passive diffusion process or an active pressure-induced flow down the needle shaft.32 Hollow microneedles are fabricated out of metal, silicon, ceramics, etc., primarily via manufacturing techniques such as microelectromechanical systems, etching, micromolding, and more recently, 3D printing.31 Microneedle tip occlusion by skin and the need for extremely precise fabrication techniques have been reported as some of the major limitations associated with its development and use.31

Hydrogel Forming Microneedles:

Being the most recent class of microneedles, hydrogel-forming microneedles operate via a novel mechanism involving expansion of the microneedle matrix layer on contact with interstitial fluid (ISF), resulting in microchannels and thus enabling drug delivery.33 Their capacity for extensive ISF uptake, which is a major source of biological markers, is a phenomenon that informs their current application to diagnosis and biosensing.34 Polymers employed as microneedle matrix thus have to be capable of extensive water absorption and structural expansion following insertion, and cellulosic derivatives continue to be some of the most commonly applied matrix materials to the fabrication of hydrogel-forming microneedles.13 While an improved drug loading capacity, adjustable release properties, lessened issues of biohazard, and safety are some associated advantages, limitations to the rate and extent of drug delivery, issues of potential toxicity, and tissue damage are some associated problems that continue to prompt intensive research into this class of microneedles.34

Fabrication Technology

Evolution in the form and design material of microneedles has brought about corresponding changes in fabrication technology. Some of the first methods for the manufacture of microneedles employed standard microfabrication techniques to etch micron-sized needles into silicon. These methods now also apply to materials like ceramic, metal, and PDMS (polydimethoxysilane).35 3D laser cutting and laser ablation techniques involving the application of infrared laser to the incision of steel or titanium plates to define MN structure and the use of photon pulses to sculpt desired geometries, respectively, have primarily been applied to the development of metal microneedles.36 A relatively straightforward and budget-friendly centrifuge and vacuum-based micromolding process involving molds developed via lithography has found common application in the fabrication of sugar, polymer, and in some cases ceramic microneedles.37 The atomized spraying method involving the deposition of drug formulation onto PDMS molds via high-pressure atomization and the droplet-born air blowing method, a drawing lithography technique that allows for the deposition of polymer droplets onto mold contour via gentle air injection, have been developed to address issues of geometric constraints and UV/heat-induced loss of activity, respectively, associated particularly with the fabrication and application of dissolving microneedles.36 3D printing involving the use of computer-aided design models and addressing issues of limited geometry and application is another budding specialization within the microneedle fabrication industry.38 Antonara et al.39 report a fused deposition modeling 3D negative mold printing technique to simplify the microneedle fabrication process. Following issues of unfavorable manufacturing conditions that have come to be associated with additive manufacturing techniques, including 3D printing, a 2023 paper reports the premier application of aerosol jet printing to the fabrication of dissolving microneedles.40

As the concept of microneedles for transdermal delivery continues to gain traction, the pharmaceutical industry continues to pursue research to develop more cost-effective and optimized fabrication methods that address current limitations to the development and clinical application of microneedles.

Design

Alongside formulation material and fabrication process, microneedles have also experienced significant design improvements to address limitations to effective drug delivery. Makvandi et al.41 in a paper centered around the fabrication and application of microneedles that mimic biological systems detail a novel class of microneedles. Mosquito proboscis-inspired microneedles for blood sampling, bee stinger, eagle claw-inspired microneedles for improved tissue adhesion, etc., have raised questions surrounding the applicability of designs found in nature to the improvement of the transdermal drug delivery efficiency of conventional microneedle systems.41 In order to circumvent issues associated with long application time and waning patient compliance following the application of long-acting MNs to achieve extended release of the embedded therapeutic agent, the concept of rapidly separable microneedles is slowly gaining traction.42 This novel microneedle design, encompassing patches with a rapidly dissolving backing layer, patches with a more delicate hinge between the backings and needle tips, as well as hydrogel-based microneedles, holds the promise of a significantly reduced administration time.42 The conceptualization of stimuli-responsive microneedles was primarily to address issues of toxicity caused by inadvertent drug discharge by restricting the release of the embedded therapeutic agent only in response to stimuli indicative of the associated physiological stress.43 Following this, microneedles have been fabricated capable of drug release in response to endogenous stimuli, including pH, glucose, and reactive oxygen species, and exogenous stimuli, including light, temperature, ultrasound, mechanical tension, etc.44 Following increasing research into “nano-in-micro” systems consisting of drug nanoparticles entrapped within microneedle tips to facilitate improved drug delivery, Li et al.45 attempted the fabrication of diclofenac nanoparticle-loaded microneedles, which exhibited enhanced ex vivo skin penetration, rapid drug uptake, and a sustained release profile following in vivo studies. Compartmental microneedle systems consisting of multiple chambers per needle array to allow for the simultaneous administration of different therapeutic agents, particularly vaccines, are another example of a microneedle design strategy that is slowly gaining popularity.46 In a 2024 paper aimed at visualizing the possibility of a system capable of the concurrent delivery of protein molecules, Wright et al.47 attempted the fabrication and characterization of a multilayered microneedle system for the triphasic delivery of small molecules and proteins, with results highlighting the need for a more in-depth research into techniques that could be implemented to effect distinct drug release between phases. Furthermore, in a bid to regulate drug release kinetics, Park et al.48 attempted the development of a biphasic microneedle system consisting of poly(lactic-co-glycolic acid) (PLGA) and polyvinylpyrrolidone (PVP) as matrix material, the in vitro characterization studies of which revealed a sustained release of the embedded therapeutic, Bovine Serum Albumin (BSA), from the PLGA layer over the 7-day experimental period and an almost immediate release from the PVP layer within 30 minutes of insertion, thus highlighting the potential of application of multilayered microneedle designs to diseases requiring a rapid initial dose followed by a prolonged release of the therapeutic agent.

Increased research into microneedles propelled by its potential to revolutionize health care has triggered a corresponding evolution in terms of form, fabrication material, technology, and design, and the coming years hold the promise of a more widespread and extensive integration of microneedles into potentially every sector of the healthcare industry.



Application of Microneedles

The concept of microneedles is finding growing applications in the healthcare industry. Its application has been broadly categorized into cosmetic, therapeutic, and diagnostic.49 The application of microneedles to the cosmetics industry has been divided into two general categories: stimulation of the skin’s natural rejuvenative process and augmented delivery of therapeutics to the skin for purposes including skin brightening, hydration, scar and hyperpigmentation management, and wrinkle erasure.50 A 2023 study attempted the fabrication of hydrolyzed collagen-based microneedles for the transdermal delivery of collagen, the in vivo evaluation of which highlighted its ability to positively impact dermal collagen levels.51 Following its extensive application to skin care as a humectant, several authors have attempted the fabrication of hyaluronic acid or hyaluronic acid derivative-based microneedles for managing hydration and wrinkling.52–54

The therapeutic application of microneedles is primarily due to the convenience of use in cases of chronic diseases requiring long-term therapy, the potential for lower dosing and reduced incidence of side effects, enhanced drug delivery efficiency, particularly in conditions characterized by a direct mechanical or pathological trauma to the skin, etc. Following this, microneedles have been developed and characterized for the delivery of therapeutic agents for a variety of disease conditions, including diabetes mellitus,55,56 cancer,57,58 psoriasis,59,60 chronic and neuropathic pain,61,62 hypertension,63,64 etc.

Furthermore, the abundance of antigen-presenting cells in the dermis translating to a more efficient immune response activation has informed increasing research into the application of microneedles to the delivery of vaccines,65 but despite the widespread excitement fueled by the potential of this application to revolutionize the process of immunization, particularly in developing countries, due to issues of excessive fabrication cost and limited funding, Intanza, Fluzone, and MicronJet600 remain the only commercially available microneedle-based systems for vaccine delivery.66

The convenience of self-administration, improved delivery, and prolonged efficacy associated with microneedles have also prompted their application to the delivery of contraceptive agents.67 Rajput et al. 68 attempted the fabrication of a levonorgestrel liposome-loaded microneedle array patch (MAP) that exhibited sustained release of this contraceptive agent over a 28-day period. Another recent study achieved an approximately 6-month sustained release of levonorgestrel via a novel core-shell design system fabricated by a sequential casting method employing PLGA, poly(l-lactide), and poly(D,L-lactide) as polymer materials.69 Burgeoning research into this field highlights the potential of microneedle systems to replace conventional oral, ring, intrauterine, and implantable contraception methods.

Furthermore, the discovery of ISF as another source of biomarkers in addition to urine, sweat, saliva, etc. has informed the application of microneedles as a painless extraction method for obtaining ISF samples for disease diagnosis and monitoring.70 These systems typically function by employing microneedle-linked reservoirs or highly swellable microneedles for ISF collection followed by ISF retrieval and external analysis or by the incorporation of detection protocols within the microneedle array itself, enabling immediate detection and, in more sophisticated devices, quantification of biomarker concentration.71

The application of solid microneedles to vaccine administration has been informed by their ability to induce a prolonged and enhanced antibody response in comparison to traditional intramuscular vaccine administration.18 Hollow microneedles have been adopted for the administration of rapid bolus injections as well as infusions due to their ability to influence medication flow rate by adjustment of time and volume of drug delivery.19 The delivery of the influenza vaccine using coated microneedles has been extensively researched, and despite the potential of application of coated microneedles to the enhanced transdermal delivery of a wide variety of therapeutic agents, including viruses, nucleic acids, etc., certain factors including hydrophilicity and stability of therapeutic agents are factors that require thorough consideration before their use.26 Due to their biocompatibility and scalability, dissolving microneedles have found major application in the delivery of vaccines.72 The swellability of hydrogel microneedles, on the other hand, coupled with their biocompatibility and zero polymer residue, has informed their principal adaptability to passive ISF uptake and extraction34 (Figure 3)28 further provides a graphical overview of current trends in reported clinical applications of microneedles.


[image: An illustration of a graph depicts the recent trends in the therapeutic applications of microneedles reported in the literature from 2000 to 2021.]

Fig 3 | Recent trends in the therapeutic applications of microneedles reported in the literature, 2000–2021 (n = 1067). Derived from www.ncbi.nlm.nih.gov/pubmed/. Search query: ‘(microneedle) OR (microneedling) OR (micro-needle) OR (microarray patch) AND (skin). Reproduced from Sartawi et al.28 Creative Commons license: https://creativecommons.org/licenses/by/4.0/




Challenges/Economic Feasibility, Regulatory Considerations, Future Prospects,

Conclusion

Challenges/Economic Feasibility

The rapid evolution of the concept of microneedles has led to a corresponding increase in application challenges and regulatory issues, visually summarized in Figure 4.7 A major associated challenge continues to be the difference in skin thickness across various anatomical sites, age groups, gender, ethnicities, etc., which could potentially impact the extent and range of microneedle insertion and subsequently, dosing accuracy.73 Uncontrollable drug delivery efficiency and a limited loading capacity are concerns primarily associated with solid and coated microneedle forms, respectively.7 Issues of biohazard traceable to the potential risk of accumulated deposition of polymeric material under the skin pose a limitation to the long-term use of dissolving microneedles.74 Concerns have been raised regarding the class of drugs that can be incorporated into microneedles, as only highly soluble drugs can be effectively integrated into these delivery systems.75


[image: An illustration depicts the factors affecting the development of the microneedle-based delivery system such as parameter for MN insertion, compatibility, loading, MN fabrication, safety, and regulatory matters.]

Fig 4 | Factors affecting the development of the microneedle-based delivery system. Reproduced from Avcil and Çelik7 Creative Commons license: https://creativecommons.org/licenses/by/4.0/


Furthermore, factors including aseptic fabrication processes and environment, scale-up, quality control protocols and regulations, packaging, and transport have grossly impacted the manufacture, widespread commercialization, and clinical adaptation of microneedles.12

The novelty of microneedle manufacturing processes, particularly micro-production techniques, would thus require considerable capital investment, translating to raised production costs.76 From a study centered around manufacturing readiness within the microneedle industry, developer interviews report elevated MAP manufacturing costs triggered by a dearth of contract manufacturing organizations able and willing to embark upon quality-controlled development processes due to issues of a shortage of development partners, minimal return on investment, a lack of standardization, and regulation within the microneedle industry with regards to high-priority and high-application microneedle design categories.77 Following this, in order to ensure optimal production processes that are budget-conscious, it is imperative to standardize fabrication methods and employ materials that, while being economical, also maintain the stability and viability of the encapsulated therapeutic agent.

A study involving the comparative evaluation of the cost efficiency of microneedles in a measles vaccination program highlighted a projected cost of $1.66 (microneedle patch) in contrast to $2.64 (conventional subcutaneous vaccination) per case prevention, a phenomenon the authors point to the potential cost effectiveness of microneedles, albeit its dependence on consumer acceptance/approval of this novel system.78 Another study aimed at exploring the economic impact of microneedle patch introduction into the influenza vaccination market reported profitability at all price levels ($9.50–$30) and market shares (10–60%), specifically under the management of a healthcare professional.79

Another economic concern that has been reported to have the potential to threaten continuous microneedle innovation and widespread commercialization is the perceived dearth of any substantial profit margin for investment industries when new technology is rapidly made open source or public domain, thus diminishing its economic strength and leaving these investment companies at a loss.80

Addressing these outlined issues of elevated production costs, non-standardized production and evaluation protocols, rapid public access, etc., among others, will be crucial for the effective commercialization and integration into the clinical use of microneedles.

Regulatory Considerations

Owing to the relative novelty of microneedles as a system for drug delivery, standardized techniques and processes regarding their scale-up and manufacture, sterilization, packaging, storage and transportation, disposal, etc., are still yet to be properly outlined and established.

In November 2020, the US FDA issued a document, “Regulatory Considerations for Microneedling Products,” detailing the agency’s recommendations on the scope and definition of microneedle products/devices. A major limitation to the establishment of appropriate quality control measures for microneedles, however, has been reported to stem from a dearth of appropriate distinction guidelines regarding microneedle classification, either as a medical device for those products that are to be applied primarily to diagnosis or as a drug product for those developed primarily for the delivery of therapeutic substances.7,81 Furthermore, the cumbersome nature of the product catalog with the US FDA necessitating microneedle submission as a combination product stipulating exhaustive analysis and review information complicates and draws out product approval, a phenomenon severely impeding its entry into the market.7

In addition, accurate assessment and maintenance of drug content among individual needles and whole patches, particularly for dissolving, coated, and hydrogel-forming needles, is another reported regulatory concern with regard to content homogeneity associated with this class of transdermal delivery agents.82 Erythema and dermal irritation, an elevated risk of cross-contamination and pathogen transmission associated majorly with solid and hollow microneedles, potential problems of usability and convenience alongside appropriate disposal measures, and the hazard of reuse are only some other key regulatory considerations associated with microneedles.81,83

As the microneedle landscape continues to evolve, continued collaboration between researchers, investors, industry stakeholders, and regulatory bodies will remain pivotal to the resolution of currently presenting concerns, the streamlining of associated approval protocols, and a seamless transition of this drug delivery system from bench to bedside.

Future Prospects

Several healthcare intelligence/market analysis firms catalog a microneedle market value of USD 549.15 million as of 2022, a figure that is projected to leap by a CAGR of 7.5% to an estimated USD 979.39 million by 2030.

Microneedle application to the management of a variety of disease conditions has gone a long way in terms of fabrication technology and design, a phenomenon that, going forward, is projected to be on par with rapid advancements in technology and innovation.

The concept of application of microneedles to the management of diabetes mellitus is evolving to encompass chemically and electronically regulated systems that facilitate self- regulation and automatic release of insulin in response to blood glucose levels; systems that hold the promise of better glycemic control and ultimately, an improved quality of life for patients.84 Prospective application of microneedle systems to oncotherapy has been detailed to potentially be based on a patient-specific precision-medicine model incorporating closed-loop devices fitted with biosensors sensitive to specific tumor-associated stimuli, metabolites, and even targets, allowing for seamless detection of physiological anomalies, data monitoring, collection and analysis, therapy, and overall patient care.85 Microneedle application to vaccine delivery has perhaps witnessed the most growth in terms of approval and translation to clinical practice, with approximately a quarter of published scholarly articles on microneedles as of 2015 being centered around vaccine delivery.86 For efficient translation of this system into immunization programs, microneedles for vaccine delivery would have to evolve in a direction that could ensure product stability even in the absence of cold chain, dose actuation and regulated immunogenicity, effective post-administration surveillance, etc.87

Microneedles for diagnostic purposes are evolving to accommodate wearable systems incorporating biosensors and units for data measurement, processing, and transmission, with even much lower detection limits, a phenomenon that could consolidate the concept of remote healthcare services allowing for off-site patient diagnosis and medical management.88,89 Nanotechnology-mediated microneedle transdermal delivery of drugs is another concept slowly gaining popularity, particularly for the delivery of genes, vaccines, and immune mediators and the management of skin disorders due to the associated benefits of these combined systems, including an augmented dermal permeability of nanoparticles, tunable drug release properties, and the possibility of new adjunctive therapies.90

While these projected technological innovations might lead to raised production costs, there is also the possibility of novel development approaches that could trigger a swift and widespread approval and acceptance of these products by regulatory agencies, clinicians, and consumers, a phenomenon that could positively influence the long-term affordability of microneedles.



Conclusion

The plethora of benefits associated with microneedles as a system for transdermal drug delivery continues to prompt increasing research into its development with the hopes of standardized and approved models that could support an extensive and absolute translation into clinical practice.

This paper thus summarizes the evolution of microneedles in terms of type/formulation material, fabrication method, design, and application, as well as challenges and regulatory considerations surrounding its development and implementation.

The establishment of systematic manufacturing protocols, testing modalities, including clinical trials, and a methodic and transparent route toward regulatory approval are critical to the attainment of the objective of effective adoption and commercialization of this delivery system.
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