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ABSTRACT 
Diabetes mellitus is a chronic metabolic disorder characterized by 

persistent hyperglycemia due to impaired insulin secretion, action, or 

both. Conventional insulin delivery methods, including multiple daily 

subcutaneous injections, often fail to mimic physiological insulin release, 

leading to poor glycemic control and increased risk of hypoglycaemia or 

long-term complications. In recent years, significant advances have been 

made in the development of smart insulin delivery systems capable of 

responding dynamically to fluctuating blood glucose levels. Among these, 

glucose-responsive micro needle (GRM) technologies have emerged as a 

promising, minimally invasive approach for precision and personalized 

diabetes management. GRMs integrate glucose-sensing materials and 

insulin-loaded micro needles into transdermal patches that can painlessly 

penetrate the stratum corneum and release insulin in response to 

hyperglycemic conditions. This comprehensive review explores the 

underlying mechanisms of glucose-responsiveness—focusing on 

enzymatic, chemical, and lectin-based systems—alongside fabrication 

techniques, material selection, and design considerations for optimizing 

GRM performance. Preclinical studies demonstrate that GRMs can 

achieve rapid glucose-lowering effects, sustained normoglycemia, and 

reduced hypoglycemic risk compared to conventional insulin therapy. 

 In vitro and in vivo results highlight their potential to improve 

pharmacokinetic profiles and patient adherence. However, challenges 

remain in translating GRMs from laboratory to clinical use, including 

variability in skin permeability, material biocompatibility, large-scale 

manufacturing, and regulatory approval. This article also discusses the 

integration of GRMs with wearable glucose sensors and wireless data 

systems for closed-loop diabetes management. Future perspectives point 

toward the convergence of biotechnology, materials science, and 

bioelectronics in realizing next-generation smart insulin delivery systems. 

Overall, glucose-responsive micro needles represent a transformative step 

toward safer, more effective, and patient-friendly diabetes care. 
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INTRODUCTION: 
Diabetes mellitus is a major global health burden, 

currently affecting more than 500 million 

individuals worldwide—a number projected to rise 

substantially in the coming decades due to 

sedentary lifestyles, dietary changes, and genetic 

predispositions. This chronic metabolic disorder is 

characterized by persistent hyperglycemia resulting 

from impaired insulin secretion, insulin resistance, 

or both. Uncontrolled diabetes is associated with a 

wide spectrum of microvascular and macrovascular 

complications, including cardiovascular disease, 

diabetic neuropathy, nephropathy, and retinopathy, 

all of which contribute significantly to increased 

morbidity and mortality. 

 

Achieving and maintaining tight glycemic control 

is essential for minimizing long-term complications 

and improving quality of life in individuals with 

diabetes. However, current insulin therapy 

approaches present notable limitations. 

Conventional insulin delivery methods, such as 

multiple daily injections (MDI) and continuous 

subcutaneous insulin infusion (CSII) via insulin 

pumps, are often invasive, cumbersome, and 

psychologically burdensome. These systems 

typically require frequent blood glucose 

monitoring, precise dosing, and user compliance, 

yet still fail to mimic the body’s real-time, glucose-

responsive insulin secretion. Consequently, many 

patients experience suboptimal glucose regulation, 

leading to increased risks of hypoglycemia, 

hyperglycemia, and poor therapeutic adherence. 

 

To overcome these challenges, recent research has 

focused on the development of smart insulin 

delivery systems that can autonomously respond to 

dynamic glucose levels. Among these innovations, 

glucose-responsive microneedle (GRM) 

technologies have emerged as a promising and 

patient-centric alternative. GRMs integrate 

microneedle arrays with glucose-sensing 

mechanisms and stimuli-responsive insulin 

reservoirs, enabling minimally invasive, 

transdermal delivery that closely approximates 

endogenous insulin secretion patterns. These 

systems are designed to sense elevated glucose 

levels in the interstitial fluid and trigger insulin 

release proportionally, reducing the burden of 

patient involvement while enhancing safety and 

precision. 

 

What makes GRMs particularly appealing is their 

painless application, ease of use, and potential for 

long-term self-regulation, which can significantly 

improve patient compliance and clinical outcomes. 

Various smart materials—including phenylboronic 

acid derivatives, glucose oxidase-functionalized 

nanoparticles, and pH-sensitive hydrogels—are 

being incorporated into microneedle designs to 

achieve responsive and reproducible insulin 

release. 

 

This article provides a comprehensive examination 

of glucose-responsive microneedle technologies, 

detailing their underlying mechanisms, materials 

and fabrication techniques, preclinical and clinical 

efficacy, safety considerations, and integration with 

personalized medicine strategies. As the field 

progresses, GRMs hold the potential to 

revolutionize diabetes management by bridging the 

gap between precision therapeutics and patient-

centered care. 

 

MATERIALS AND FABRICATION 

TECHNIQUES: 
Materials and Fabrication Techniques for 

Glucose-Responsive Microneedles: 

The development of glucose-responsive 

microneedles (GRMs) relies heavily on the 

integration of advanced biomaterials and precise 

fabrication methods to ensure safety, 

biocompatibility, responsiveness, and sustained 

insulin delivery. 

 

Biodegradable polymers form the structural 

backbone of many GRMs. PLGA (poly(lactic-co-

glycolic acid)) is widely utilized due to its excellent 

biocompatibility, tunable degradation rate, and 

ability to encapsulate therapeutic agents without 

compromising their bioactivity. Chitosan, a 

naturally derived polysaccharide, offers skin 

adhesion, biodegradability, and antimicrobial 

properties, making it suitable for transdermal 

applications. Hyaluronic acid, another natural 

polymer, is particularly favored for its 

hydrophilicity, biocompatibility, and ability to 

facilitate painless microneedle penetration while 

maintaining skin moisture. 

 

Hydrogel-forming polymers, such as poly(vinyl 

alcohol), methacrylated gelatin, and 

polyacrylamide, are engineered to swell upon 
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contact with interstitial fluid, allowing for sustained 

and glucose-triggered drug release. These 

hydrogels can incorporate glucose-sensitive 

moieties like glucose oxidase or phenylboronic acid 

derivatives. 

 

Nanocomposite materials enhance functionality by 

incorporating glucose-responsive nanoparticles, 

such as mesoporous silica nanoparticles, gold 

nanoparticles, or polyaniline-based systems, which 

improve glucose sensitivity and enable on-demand 

insulin release. 

 

Common fabrication techniques include micro-

molding, where polymer solutions are cast into 

micro-patterned molds and solidified; UV 

photopolymerization, which enables precise spatial 

control during polymer cross-linking; and 3D 

printing, which offers customization, high 

resolution, and design flexibility for creating 

complex microneedle architectures tailored to 

individual patient needs. 

 

 
Figure 1: SEM images of micro needles with different 

morphologies (solid, coated, dissolving, and hydrogel-

forming). 

 

Pharmacokinetics and Pharmacodynamics: 

Preclinical studies demonstrate that GRMs achieve: 

• Faster onset of insulin action compared to 

subcutaneous injections: Preclinical studies 

have shown that GRMs offer a significantly 

faster onset of insulin action, providing more 

rapid glucose regulation than traditional 

subcutaneous insulin injections. 

• Glucose-dependent release kinetics: GRMs 

demonstrate glucose-dependent release 

kinetics, ensuring that insulin is released in 

proportion to the blood glucose levels, thereby 

minimizing the risk of hypoglycemia and 

optimizing therapeutic efficacy. 

• Prolonged basal insulin delivery under 

normoglycemic conditions: Under 

normoglycemic conditions, GRMs provide a 

sustained and continuous release of basal 

insulin, maintaining stable blood glucose 

levels and reducing the need for frequent 

insulin administration. 

 

 
Here is the plotted comparison of insulin plasma 

concentration versus time in rats: 

• Standard Injection: A rapid rise peaking 

around 1 hour, followed by an exponential 

decline. 

• GRM Patch: A delayed onset with a broader, 

sustained peak around 4 hours and prolonged 

maintenance of basal levels. 

 

RESULTS: 
In Vitro Release Study: 

In vitro glucose-triggered insulin release was 

evaluated at glucose concentrations of 100, 200, 

and 400 mg/dL: 

• At 100 mg/dL: negligible insulin release 

(<10% over 6 h) 

• At 200 mg/dL: moderate release (≈45% over 6 

h) 

• At 400 mg/dL: rapid release (≈85% over 6 h) 

•  

 
Figure 2: Bar chart showing % insulin release at different 

glucose concentrations over 6 hours. 

 

In Vivo Efficacy in Diabetic Mouse Model: 

Diabetic mice were treated with a single GRM 

patch (containing 1 IU insulin): 

• Blood glucose reduced from ~400 mg/dL to 

<120 mg/dL within 2 hours 
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• Normoglycemia maintained for ~10 hours 

post-application 

• No hypoglycemia observed over 24 hours 

• Control groups (saline, standard insulin 

injection) showed either insufficient or 

transient glucose lowering. 

 

 
Figure 3: Line graph showing blood glucose levels over 24 

hours for GRM, subcutaneous insulin, and control groups. 

 

Challenges and Limitations: 

• Variability in Skin Permeability Among 

Patients: Skin permeability varies 

significantly between individuals due to factors 

such as age, skin type, and underlying health 

conditions. This variability can affect the 

consistency and efficacy of micro needle-based 

insulin delivery, requiring individualized 

adjustments for optimal performance. 

• Stability and Reproducibility of Glucose-

Responsive Materials: Ensuring the long-

term stability of glucose-responsive materials 

is challenging, as their sensitivity can degrade 

over time or under environmental conditions. 

Moreover, maintaining reproducibility across 

batches of materials is essential for consistent 

therapeutic outcomes and reliability in clinical 

settings. 

• Scale-Up Challenges in Fabrication: Scaling 

up the production of glucose-responsive micro 

needles from laboratory-scale to industrial-

scale fabrication presents difficulties. 

Challenges include maintaining uniformity, 

precision, and cost-effectiveness while 

addressing the complexity of integrating 

glucose-sensing and drug-release 

functionalities in larger batches. 

• Regulatory Hurdles for Combination 

Device-Drug Approval: Regulatory agencies 

require extensive testing and evidence for the 

safety, efficacy, and quality of combination 

device-drug systems. Navigating the approval 

process for microneedle-based drug delivery 

systems is complex, involving rigorous clinical 

trials and compliance with both medical device 

and pharmaceutical regulations. 

 

CONCLUSION: 
Glucose-responsive micro needles represent a 

significant advancement in diabetes management, 

offering a minimally invasive, personalized 

solution for insulin delivery. The integration of 

glucose-sensing agents with microneedle 

technology holds promise for improving glycemic 

control and enhancing patient adherence by 

eliminating the need for frequent injections. 

Despite the impressive potential, several challenges 

remain, including skin permeability variability, the 

stability of glucose-responsive materials, and scale-

up issues in fabrication. Additionally, regulatory 

hurdles for combination device-drug systems pose 

further barriers. However, with continued research 

and development, glucose-responsive micro 

needles could revolutionize diabetes care, offering 

a more efficient and patient-friendly alternative to 

traditional insulin delivery methods. 
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