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Abstract:

Transdermal drug delivery (TDD) offers controlled plasma levels, avoids first-pass metabolism, and
improves patient compliance, but is limited by drugs’ poor skin permeability. Microneedles (100—1000 pum)
provide a minimally invasive approach to broaden TDD to diverse therapeutics. This review summarizes
microneedle materials, fabrication, characterization, and applications in drug delivery, vaccines, diagnostics,
and cosmetics. Key challenges remain in achieving sustained release, therapeutic efficacy, and scalable
manufacturing. Microneedles represent a versatile platform with significant potential to transform
biomedical delivery systems, warranting further technological and clinical advancements.
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» INTRODUCTION

> Drug Delivery System: (!:>%

Drug delivery systems have progressed from conventional approaches, such as medicinal leaves, to advanced
formulations including capsules, injectables, and implantable devices. The fundamental objective of these
systems is to optimize therapeutic efficacy while minimizing systemic toxicity. Although the oral route is the
most widely employed due to patient convenience, it often presents limitations in long-term therapy.
Parenteral administration enables efficient drug delivery but is associated with pain and reduced patient
compliance. Transdermal drug delivery (TDD) has emerged as a promising alternative, particularly for
neonates, geriatric populations, and macromolecular drugs, by circumventing gastrointestinal degradation
and enhancing bioavailability.

> Transdermal Drug Delivery System :*->

Definition: Transdermal Drug Delivery Systems (TDDS) are self-contained, discrete dosage forms,
commonly referred to as “patches,” designed to deliver drugs across the skin into systemic circulation at a
controlled rate. Upon application, the drug penetrates the stratum corneum and diffuses through the viable
epidermis and dermis before reaching the bloodstream. This route of administration offers the advantage of
bypassing hepatic first-pass metabolism and maintaining steady plasma drug levels. TDDS thus represents a
non-invasive and patient-friendly approach for systemic drug delivery, particularly suited for long-term
therapy
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figure: 1 Generations of Transdermal Drug Delivery System.

Transdermal drug delivery (TDD) provides controlled and sustained release, improves bioavailability of
poorly absorbed drugs, and minimizes systemic side effects by bypassing hepatic metabolism. Despite these
advantages, its effectiveness is restricted by the stratum corneum barrier, particularly for drugs with high
doses or large molecular weights. To overcome this limitation, various chemical and physical enhancers have
been developed. Among them, microneedles have shown great promise by creating microchannels in the
skin, enabling efficient drug transport while reducing issues related to injections, such as pain and needle

phobia.

Micro needle drug delivery presents a solution to the limitations posed by traditional dosage forms. This
technology has been demonstrated to deliver not only small molecules but also various macromolecules,
cosmeceuticals, and micro/Nano-particles.
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figure: 2 Draw Backs of Transdermal Drug Delivery System
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» Microneedle Drug Delivery System (6,7)

Microneedles create transient microchannel in the stratum corneum, enabling efficient transdermal drug
delivery without stimulating dermal nerve receptors. This minimally invasive technology offers a painless,
patient-friendly, and effective alternative to conventional injection methods.

Transdermal Microneedle Structure
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figure: 3 Transdermal Microneedle structure

> Advantages of Microneedles :(8)

Advantage Explanation

Rapid onset of action Ensures quick therapeutic effect after administration.

Painless administration Microneedles avoid dermal nerves, providing a pain-free experience.
Delivery of large molecules Suitable for proteins, peptides, and macromolecules.

Bypass first-pass metabolism Avoids hepatic metabolism, improving systemic bioavailability.

Faster healing at application

site Causes minimal tissue damage compared to hypodermic needles.

Improved patient compliance Easy, non-invasive, and user-friendly method enhances acceptability.

Reduced microbial penetration Only penetrates epidermis, minimizing infection risk.

Allows administration to specific skin sites for localized or systemic
effect.

Sustained and controlled release Enables constant-rate delivery over prolonged periods.

Targeted skin delivery

Good reproducibility and Provides consistent dosing, enhanced stability, and potential dose
stability reduction.
Table: 1 Advantages of Microneedles
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> Disadvantages of Microneedles: ®

Disadvantage Explanation

Skin irritation or allergy Sensitive skin may react to microneedle penetration.

High drug concentrations beneath the skin can trigger
irritation or swelling.

Application technique Incorrect angle or pressure may cause dose loss or variable
dependent penetration.

Differences in stratum corneum and dermal layers affect
penetration depth.

Local inflammation

Variable skin thickness

hiitheise OF euitel Factors like skin hydration can alter drug absorption.

environment
Microneedle tip Broken fragments may remain in the skin after patch
breakage removal.

Table: 2 Disadvantages of Microneedles

> Ideal Characteristics of Microneedle Drug Delivery Systems :®

Characteristic Explanation

Strong enough to pierce stratum corneum without bending or

Mechanical strength breaking,
Biocompatibility Made from non-toxic, non-immunogenic materials.

Drug-excipient Ensures effective and safe formulation stability.

compatibility

plssatile  drug jyelesy Capable of immediate, sustained, or controlled release.
profiles

Optimal penetration Reaches epidermis for delivery without touching pain receptors
depth or blood vessels.

Ease of application Patch should allow simple self-administration and removal.
Storage stability Both microneedles and drug must remain stable during storage.

Table: 3 Ideal Characteristics of Microneedle Drug Delivery Systems
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> Typical Dimensions of Microneedles:

Parameter Range / Description
Needle length 150-1500 pm
Needle width 50-250 um

Tip thickness/diameter 1-25 pm

Tip shape specialized shapes
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Table: 4 Typical Dimensions of Microneedles

> Types of Microneedles:!*!1

Cylindrical, triangular, pointed, pentagonal, octagonal, and other

Type Mechanism Key Feature
Solid Puncture skin to create microchannels Drug ) applled
Microneedles for drug diffusion Sep grately, Shanjple
design

Coated Drug coated on needle surface Rapid delivery of
Microneedles dissolves upon insertion small doses
Dissolving Biodegradable polymers encapsulate Fully dissolves; no
Microneedles and release drug sharps waste
Hollow Liquid drugs injected through central Precise dosing of
Microneedles bore larger volumes
Hydr(?gel- Swells to form hydrogel network Cont?olled e
Forming sustained release
Porous Drug diffuses through microneedle Continuous passive
Microneedles pores delivery

. . Drug released in response to stimuli Smart, stimulus-
Bioresponsive . .

(pH, glucose, enzymes) responsive delivery
gfiﬂiﬁi‘:ﬁis Drug concentrated at needle tip il:alri)\lgry localized
Layered Multi-layer construction for sequential Enables multi-drug
Microneedles or combined release or staged release

Table: 5 Types of Microneedles
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> Materials used for preparation of Microneedle:!'?

Microneedles can be fabricated from a variety of materials, each offering different properties and advantages
for specific applications. Some common materials used for microneedles include

I.  Silicon: Silicon microneedles are durable, biocompatible, and precisely fabricated for high-
strength applications in transdermal drug delivery and minimally invasive diagnostics.
Il.  Metals (such as stainless steel, titanium, and gold): Metal microneedles provide high mechanical
strength and conductivity, enabling applications in drug delivery, sensing, and sampling.
I1l.  Polymer microneedles are flexible, biodegradable, and tunable for controlled drug release and
minimally invasive delivery.
IV.  Hydrogels: Hydrogel microneedles swell upon skin insertion, improving comfort and enabling
sustained, localized drug delivery.
V.  Ceramic materials: Ceramic microneedles are biocompatible and heat-resistant, suited for harsh
environments and specialized medical applications.

The selection of microneedle material is determined by the application, required mechanical strength,
biocompatibility, and degradation profile.

> Method for Microneedle :

Several methods are used for the formation of microneedles, each offering unique advantages in terms of

fabrication precision, scalability, and material compatibility. Some common methods include

1) Micromolding: ¥ Micromolding forms microneedles by casting polymers into microcavity molds,
enabling precise geometry control and scalable production.

:\
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l entrapped air bubble
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microneadle solution to form
base plate

figure: 4 schematic diagram micromolding method
Basic steps involve for micromolding method

e Design of Microneedle Mold: Design Fabricate a microneedle mold with the target geometry and
dimensions using photolithography, micromachining, or 3D printing.

e Material Selection: Choose a biocompatible polymer or material suitable for microneedle
fabrication. Common materials include polymeric substances like polydimethylsiloxane
(PDMS), polyethylene glycol (PEG), or polylactic-co-glycolic acid (PLGA).

e Preparation of Polymer Solution: Prepare a polymer solution by dissolving the chosen polymer
or material in a suitable solvent. The solvent should be compatible with the polymer and allow
for easy molding and removal of air bubbles.
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2)

3)

4)

5)

6)

>

e Micromolding Process:

¢ Pour the polymer solution onto the microneedle mold, ensuring even distribution to fill the

mold cavities completely.

Apply vacuum or pressure to remove any air bubbles trapped in the polymer solution.

Cure the polymer solution by heating, UV exposure, or chemical cross-linking to preserve

the microneedle mold shape.

e Demolding: Once the polymer has solidified, carefully remove the microneedle array from the
mold. Handle the microneedle array with care to avoid damage to the delicate structures.

e Post-processing (Optional): Perform any necessary post-processing steps, such as trimming
excess material or surface modification, to refine the microneedle array and enhance its
properties for specific applications.

R/
L X4
R/
L X4

The micromolding technique enables precise, scalable fabrication of uniform microneedle arrays
with high reproducibility, though optimization of polymer concentration, solvent choice, and
molding conditions is crucial for desired performance.

Photolithography : !> Photolithography uses light to transfer a microneedle pattern onto a substrate
coated with a light-sensitive material (photoresist). After exposure to light through a mask, the photoresist
is developed to create a microneedle pattern on the substrate. This method enables precise control over
microneedle dimensions and allows for high-throughput fabrication.
Laser ablation : '® Laser ablation involves using a laser to selectively remove material from a substrate,
creating microneedle structures. This method offers high precision and flexibility in microneedle design
and can be used with a wide range of materials, including polymers, metals, and ceramics.
3D printing :'® 3D printing, also known as additive manufacturing, builds microneedle structures layer
by layer using computer-controlled deposition of materials such as polymers, metals, or ceramics. This
method allows for rapid prototyping and customization of microneedle designs and is suitable for
producing complex geometries.
Drawing lithography:'” Drawing lithography involves pulling microneedles from a heated polymer
solution using a micropipette or capillary. This method is simple and cost-effective and allows for the
fabrication of microneedles with fine tips and precise dimensions.
Electrochemical etching : '® Electrochemical etching involves using an electric current to selectively
dissolve metal substrates and create microneedle structures. This method offers high precision and control
over microneedle dimensions and is commonly used for fabricating metal microneedles.
These methods can be used alone or in combination to fabricate microneedles with various shapes,
sizes, and materials, catering to specific applications in drug delivery, diagnostics, and biomedical
research.

Application of Microneedles : (1°-20-21:22.23.24.25)

Microneedles have a wide range of applications across various fields, including medicine, pharmaceuticals,

1)

2)

3)

diagnostics, and biotechnology. Some key applications of microneedles

Transdermal Drug Delivery : Microneedles enable painless and minimally invasive delivery of
therapeutic agents through the skin. By bypassing the stratum corneum, they facilitate direct delivery of
small molecules, peptides, biologics, and vaccines to underlying tissues, offering a more efficient and
targeted alternative to conventional oral or injectable routes.

Vaccination : Microneedle-based vaccine delivery provides enhanced immunogenicity, dose sparing,
and improved patient compliance. Patches coated or loaded with vaccine antigens dissolve or release
their payload into the skin’s immune-rich layers, eliciting robust and effective immune responses.
Continuous Glucose Monitoring : Microneedle sensors allow painless penetration of the skin to
measure glucose levels in interstitial fluid. This enables real-time monitoring for diabetic patients,
facilitating optimized insulin therapy and improved disease management.
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4)

5)

6)

7)

>
M
in

Diagnostics : When integrated with biosensors or microfluidic systems, microneedles serve as minimally
invasive diagnostic tools. They can detect biomarkers, proteins, and nucleic acids in bodily fluids such
as blood, saliva, or interstitial fluid, enabling rapid and sensitive detection of diseases.

Cosmetics and Dermatology : Microneedles are utilized for skin rejuvenation, scar treatment, and
enhanced delivery of cosmetic or dermatological formulations. By creating microchannels in the skin,
they improve the penetration and efficacy of topically applied agents.

Gene Delivery and Therapy : Microneedles facilitate localized delivery of genetic material, including
DNA and RNA, into target tissues. This approach holds potential for treating genetic disorders, cancers,
and other diseases by enabling efficient gene therapy.

Research and Biotechnology : Microneedles are valuable research tools for studying skin physiology,
drug permeation, and therapeutic delivery mechanisms. They support the development of novel treatment
strategies and experimental biomedical applications.

e N
« Transdermal drug delivery, vaccination, continuous
MEDICINE glucose monitoring.
\ Y,
e A
Diagnostics *Biosensing, biomarker detection, disease diagnosis.
\ Y,
e A

Cosmetics and Dermatology «Skin rejuvenation, scar reduction, skincare ingredient

delivery.
\ Y,
e N
Gene Delivery and Therapy «Gene therapy, genetic disorder treatment.
\ Y,
e A

Research tools, drug permeation studies, cellular

Biotechnology manipulation.

- J

figure : 5 application of microneedles

Conclusion:
icroneedles provide a minimally invasive approach to expand transdermal drug delivery, with applications
therapeutics, vaccines, diagnostics, and cosmetics. Despite challenges in sustained release, efficacy, and

large-scale production, ongoing innovations position microneedles as a versatile and transformative platform

fo

r next-generation biomedical delivery systems.
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