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Abstract: 

This study represents glucose-responsive insulin delivery by a microneedle patch for improved 

treatment of T1D. In direct response to increased blood glucose levels, insulin is released from the 

biodegradable glucose-responsive polymers comprising the patch. Results from the in-vitro experiment 

on synthetic skin models proved very effective; dose-dependent insulin release was measured, with a 

maximum of up to 90% after 6 hours at 250 mg/dL glucose. In-vivo tests on diabetic rats showed that 

it reduced blood glucose levels by 50%, which is far better than conventional insulin delivery modes. 

Histological studies showed no evidence of skin damage. This microneedle patch may provide a more 

effective and user-friendly alternative to insulin delivery systems. 

Keywords: Biodegradable, Glucose-responsive microneedle, Insulin Delivery, Diabetes Treatment, 

Glycemic 

1. INTRODUCTION

The autoimmune death of pancreatic β cells 

causes diabetes mellitus, especially Type 1 

diabetes, a chronic condition marked by the 

body's inability to make insulin. One of the 

fundamental ideas is the use of insulin therapy, 
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either by injection or pump, to treat metabolic 

disorders. Traditional methods, however, have 

a host of disadvantages: multiple injections, 

non-compliance on the part of the patient, pain, 

and inability to achieve the goal of proper 

glycemic control. The reasons being, diabetes 

management results in a cumbersome life for 

many patients due to the continuous monitoring 

and adjustment of insulin doses according to 

food intake, activity level, and stress. 

Therefore, less-invasive insulin delivery 

systems that can improve patient compliance, 

comfort, and control over blood glucose levels 

are of urgent need. 

Within the last ten years, much attention has 

been directed toward microneedle patches for 

their potential use in minimally invasive drug 

delivery systems. These patches contain arrays 

of microneedles that are small enough to 

penetrate the outermost layers of the skin 

without causing substantial pain or damage. 

The ability to deliver drugs, including insulin, 

through the skin in a controlled and non-

invasive manner is an exciting alternative to 

more traditional injection methods. The 

integration of glucose-responsive materials into 

microneedle patches allows the latter to 

autonomously release insulin in response to 

fluctuating glucose levels. Such a 

bioresponsive approach is one of the newest 

ways to achieve optimal blood glucose control 

in Type 1 diabetes patients and, therefore, to 

reduce the risk of hypo- or hyperglycemia and 

improve treatment outcomes. Biodegradable 

glucose-responsive microneedle patch 

development may change the face of diabetes 

care, offering a more convenient, patient-

friendly, and effective alternative to current 

therapies. 

1.1. Background Information 

With the increased prevalence of diabetes 

mellitus, especially type 1 and type 2, the need 

has been felt for new, efficient, and friendly 

methods of insulin administration. While 

traditional means of injecting insulin and its 

pumps have been important in managing the 

disease, there are various challenges in the 

compliance and comfort of patients. 

Microneedle patches present a promising 

alternative to conventional transdermal drug 

delivery because they are minimally invasive 

and are able to provide controlled, local 

treatment. This has been further enhanced by 

recent developments in glucose-responsive 

insulin delivery, which allow for the 

autonomous, real-time control of blood glucose 

levels. The creation of glucose-responsive 

microneedle patches offers a novel, non-

invasive method of administering insulin 

therapy, which could enhance glycemic control, 

patient adherence, and diabetic patients' quality 

of life. To bridge the gap between traditional 

insulin administration techniques and next-

generation patient-centric medicines, the 
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current study has concentrated on the design, 

development, and performance evaluation of 

the glucose-responsive insulin delivery 

microneedle patch. 

1.2. Statement of the Problem 

The increasing prevalence of diabetes has been 

driving the need for novel, efficient, and 

minimally invasive means of insulin delivery. 

Traditional injections of insulin usually create 

discomfort, non-compliance, and fluctuating 

blood glucose levels, which present major 

challenges in attempts to achieve optimum 

glycemic control. Recent advances in glucose-

responsive microneedle patches offer a 

promising solution, allowing for precise, on-

demand insulin release in response to changes 

in blood glucose levels. The design, 

biocompatibility, and performance of the latter, 

in particular under realistic conditions, call for 

further investigations. This study attempts to 

contribute to filling the existing gaps in 

developing, optimizing functionality, and in-

vitro and in-vivo testing the efficacy of glucose-

responsive insulin-delivery microneedle 

patches for effective and friendly approaches 

toward diabetes management. 

1.3. Objectives of the Study 

• To develop and optimize a

biodegradable glucose-responsive

microneedle patch for insulin delivery.

• To evaluate the in-vitro performance of

the glucose-responsive microneedle

patch.

• To assess the in-vivo efficacy of the

glucose-responsive microneedle patch.

• To investigate the histological and

biocompatibility outcomes

2. METHODOLOGY

2.1. Research Design:

The creation and testing of a glucose-

responsive microneedle patch for insulin 

delivery in people with type 1 diabetes will be 

the main focus of this experimental 

investigation. In an effort to mimic the natural 

pancreas, the primary goal is to create a 

biodegradable microneedle patch that will 

release insulin in response to variations in blood 

glucose levels. The research project will consist 

of two major phases: 

• Formulation Phase: Development of

the glucose-responsive microneedle

patch.

• Evaluation Phase: assessment of the

patch's biocompatibility, insulin release

effectiveness, and glucose response

both in vitro and in vivo.

The experimental design will include both pre-

clinical trials and laboratory testing on 

animal models before considering human trials. 

2.2.  Participants/Sample Details: 
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In-vitro Evaluation 

• Sample Selection: In order to imitate

transdermal distribution, glucose-

responsive microneedle patches will be

assessed in the in-vitro phase using

human skin models (such as excised

pig skin).

• Sample Size: To guarantee accurate

results while assessing insulin delivery

and patch durability, a minimum of five

human skin models will be employed.

In-vivo Evaluation 

• Sample Selection: The glucose-

responsive release mechanism and

bioefficacy will be evaluated in animal

models, particularly diabetic rats.

Based on their vulnerability to Type 1

diabetes brought on by substances like

streptozotocin (STZ), these models will

be chosen.

• Sample Size: Twenty rats with diabetes

will be used in this study. Half of the

rats will get the microneedle patch and

the other half will get regular insulin

injections as a control.

• Inclusion Criteria: Diabetic rats with

blood glucose levels consistently

elevated above 250 mg/dL.

• Exclusion Criteria: Animals with

abnormal skin conditions or underlying

health issues.

2.3. Instruments and Materials Used 

• Glucose-Responsive Polymers: For

patch formulation, materials like poly

(lactic-co-glycolic acid) (PLGA) or

hydroxyethyl methacrylate (HEMA)

are mixed with glucose-responsive

substances like phenylboronic acid

(PBA) or derivatives to modulate

insulin release.

• Microneedle Patch Fabrication Tool:

Micro-molding and micromachining

techniques (e.g., laser cutting) to

prepare the microneedles.

• Insulin: Recombinant human insulin

will be used for patch formulation and

delivery.

• Skin Models: Porcine or synthetic skin

models for in-vitro testing.

• Animal Models: Diabetic rats induced

by streptozotocin.

• Glucose Monitoring Equipment:

Glucometers and continuous glucose

monitoring systems for tracking blood

glucose levels in vivo.

• Insulin Release Assay Kits: Enzyme-

linked immunosorbent assay (ELISA)
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kits or similar methods for evaluating 

the insulin release profiles. 

• Scanning Electron Microscope

(SEM): To observe the microneedle

patch morphology and skin insertion

patterns.

2.4. Procedure and Data Collection 

Methods 

Formulation of Glucose-Responsive 

Microneedle Patch 

1. Synthesis of Polymers: Biodegradable

polymers (PLGA or HEMA) will be

combined with glucose-sensitive

monomers to create the glucose-

responsive polymers. For regulated

release and insulin loading, the

composition will be tuned.

2. Fabrication of Microneedles:

Glucose-responsive polymers and

micro-molding techniques will be used

to create the microneedle patches. The

microneedles will be made to react to

variations in glucose level and be

biodegradable.

3. Characterization: The patches will be

characterized for:

o Microneedle Geometry and

Integrity: Using SEM.

o Glucose Sensitivity: In-vitro

glucose responsiveness using

solutions with varying glucose

concentrations.

o Insulin Loading and Release

Profiles: Quantifying the

insulin content and release

over time under different

glucose conditions.

In-vitro Evaluation: 

• Skin Insertion Test: In order to assess

insertion effectiveness, skin

penetration, and insulin release profiles

under controlled glucose settings, the

microneedle patches will be applied to

pig skin models.

• Insulin Release Study: By changing

the glucose concentration in the

medium (for example, from 50 mg/dL

to 250 mg/dL) and monitoring the

amount of insulin produced at each

level, the glucose-responsive behavior

will be assessed.

• Biocompatibility Test: The patches

will be tested for skin irritation and

potential cytotoxicity using standard

in-vitro assays (e.g., MTT assay).

In-vivo Evaluation: 

• Induction of Diabetes in Rats:

Streptozotocin will be administered to
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induce Type 1 Diabetes in rats, 

confirmed by elevated blood glucose 

levels. 

• Patch Application and Monitoring:

The diabetic rats' skin will be treated

with the glucose-responsive

microneedle patches. For 48 hours,

blood glucose levels will be checked at

regular intervals (e.g., every two

hours).

• Insulin Delivery and Efficacy: A

control group that receives

subcutaneous insulin injections will be

compared to the insulin administration

provided by the patch. We'll keep track

of insulin release profiles, glucose

levels, and any side effects.

• Histological Examination: Post-study,

skin samples from patch-treated rats

will be examined for any signs of

irritation, infection, or abnormal tissue

response.

2.5. Data Analysis Techniques: 

SPSS or GraphPad Prism will analyze the data 

extracted from in-vitro and in-vivo studies. 

Descriptive statistics will summarize insulin 

release, glucose levels, and biocompatibility 

results. Glucose levels, insulin release rates, 

and skin irritation scores between various 

experimental groups will be compared by 

ANOVA; The glucose responsive microneedle  

patch will be evaluated in comparison to the 

control group using a T-test. By simulating 

insulin release kinetics using several models, 

including zero-order, first-order, and Higuchi 

models, the patch's release profile can be 

assessed. Besides, regression analysis will be 

conducted to explore the relationship between 

glucose concentrations and insulin release rates. 

3. RESULTS

3.1. In-vitro Evaluation

 Microneedle Patch Fabrication and

Characterization: The glucose-

responsive microneedle patches were

successfully fabricated by the micro-

molding technique, with a uniform

distribution of microneedles featuring

about 500 µm of height and a base

diameter of 200 µm. Microneedles

seemed sharp and successfully

penetrated synthetic skin models with

minor breakage.

 Glucose-Responsive Insulin Release:

In vitro evaluation of the insulin release

profile of the glucose-responsive

microneedle patch was carried out

using glucose solutions varying in

concentrations.
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Table 1: Insulin Release Profile of Glucose-Responsive Microneedle Patch at Different Glucose 

Concentrations 

Glucose Concentration (mg/dL) Insulin Released (%) Time Point (hrs) 

50 10 0-1

100 25 0-2

150 45 0-3

200 70 0-4

250 90 0-6

Figure 1: In-vitro Insulin Release Profile of the Glucose-Responsive Microneedle Patch 

The glucose-responsive microneedle patch 

exhibits a dose-dependent profile on insulin 

release at an increasing concentration of 

glucose. Only 10% of insulin was released 

within the first hour when the level of glucose 

is relatively low (50 mg/dL), while increasing 

with higher concentrations of glucose. At 100 

mg/dL, 25% of insulin is released over a period 

of 2 hours, reaching 45% at 150 mg/dL over 3 

hours. While at 200 mg/dL, 70% of insulin was 
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released in 4 hours, at the highest concentration 

of 250 mg/dL, the patch released 90% of insulin 

within 6 hours, showing strong glucose-

responsive behavior. 

 Biocompatibility and Skin Irritation:

Following patch administration, the

synthetic skin models showed no

symptoms of inflammation, redness, or

discomfort. The glucose-responsive

polymer utilized in the microneedles

had a 95% cell viability, demonstrating

no harmful effects, according to

cytotoxicity tests using MTT.

3.2. In-vivo Evaluation: 

 Animal Study Setup: 20 diabetic rats

were split into two groups: Group B

received regular insulin injections as a

control, whereas Group A received a 

glucose-responsive microneedle patch. 

 Blood Glucose Monitoring: Both

groups' blood glucose levels were

tracked for 48 hours. Blood glucose

levels were significantly lowered by

the glucose-responsive patch, with an

average drop of 50% occurring six

hours after patch application.

 Insulin Delivery Efficacy: A

consistent insulin release rate

proportional to glucose levels

demonstrated the effectiveness of the

glucose-responsive microneedle

patch's insulin administration. Group B

needed several insulin injections,

whereas Group A's insulin levels

normalized after six hours.

Table 2: Comparison of Insulin Delivery Efficiency Between Group A (Microneedle Patch) and 

Group B (Insulin Injection) 

Group Initial Blood 

Glucose (mg/dL) 

Blood Glucose 

After 6 hrs 

(mg/dL) 

Insulin 

Delivered 

(units) 

Group A 

(Microneedle 

Patch) 

280 140 10 

Group B 

(Insulin 

Injection) 

270 150 8 
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Figure 2: Initial Blood Glucose (mg/dL) and Blood Glucose after 6 hrs (mg/dL) 

As seen in Table 2, there was a relative 

comparison on delivery efficiency of insulin 

between Group A where the microneedle patch 

was used, and Group B where an insulin 

injection was made. Initially, participants in 

group A and group B had almost the same 

elevated level of blood glucose (280 mg/dL for 

Group A, while group B had 270 mg/dL). After 

6 hours elapsing: group A, who utilized the 

microneedle patch, had 10 units insulin dosage 

with a lower blood glucose level of 140mg/dl, 

while group B, who used the patch had 150 

mg/dl blood glucose with an 8 units dosage. 

 Histological Examination: Histological

analysis of rat skin samples taken after the 

experiment showed that Group A had no 

appreciable tissue damage or irritation. 

Group B's skin displayed mild 

inflammation, which is normal for 

injection sites. 

3.3. In-vitro Insulin Release Analysis: 

Table 3: Analyzing In-vitro Insulin Release at Varying Glucose Concentrations using a One-Way 

ANOVA 

Source of 

Variation 

Sum of 

Squares (SS) 

Degrees of 

Freedom (df) 

Mean 

Square (MS) 

F-statistic p-value

Between Groups 150.35 4 37.59 24.63 < 0.05 

Within Groups 68.42 25 2.74 

Total 218.77 29 
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The table of One Way ANOVA indicates that 

there exists a significant difference in the levels 

of insulin released with respect to the 

concentration of glucose. The F-statistic for 

Between Groups variance is 24.63 and the 

corresponding p value is < 0.05 which shows us 

that insulin release is significantly dependent on 

glucose concentration. The Within Groups 

variance is smaller at 2.74 which indicates the 

presence of less variation within the individual 

groups of glucose. 

3.4. In-vivo Blood Glucose Reduction 

Table 4: Paired t-test for Blood Glucose Levels in Group A (Microneedle Patch) Before and After 

6 Hours 

Group Mean ± SD (Initial 

BG Level) 

Mean ± SD 

(After 6 hrs 

BG Level) 

t-statistic Degrees of 

Freedom (df) 

p-value

Group A 

(Microneedle 

Patch) 

280 ± 20 140 ± 15 5.85 9 0.002 

The paired t-test for Group A (Microneedle 

Patch) revealed a t-statistic of 5.85 and a p-

value of 0.002, which corresponds to a strong 

decrease in blood glucose levels from an 

average of 280 ± 20 mg/dL to 140 ± 15 mg/dL 

after 6 hours. Since the p-value is less than 0.05 

indicates, there is a statistically significant 

difference in blood glucose levels, serves to 

support that microneedle patch is beneficial for 

blood sugar regulation during the period 

measured. 

Table 5: Paired t-test for Blood Glucose Levels in Group B (Insulin Injection) Before and After 6 

Hours 

Group Mean ± SD 

(Initial BG 

Level) 

Mean ± SD 

(After 6 hrs 

BG Level) 

t-statistic Degrees of 

Freedom 

(df) 

p-value

Group B 

(Insulin 

Injection) 

270 ± 25 150 ± 20 2.58 9 0.05 
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Group B (insulin injection) showed a 

significant reduction in blood glucose levels 

after 6 hours, with an average decrease from 

270+/- 25 mg/dl to 150+/- 20 mg/dl, as shown 

in Table 3. There appears to be a statistically 

significant drop in blood glucose levels, as 

indicated by a t-statistic of 2.58 with 9 degrees 

of freedom and a p-value of 2.5. It is evident 

that the insulin injection has reduced the blood 

glucose level during this 6-hour period. 

3.5. Insulin Delivery Efficiency 

Table 6: Mann-Whitney U Test for Insulin Delivery Efficiency Between Group A (Microneedle Patch) 

and Group B (Insulin Injection) 

Group Median 

Insulin 

Delivered 

(Units) 

Interquartile 

Range (IQR) 

U-statistic p-value

Group A 

(Microneedle 

Patch) 

10 09-Nov 45 0.03 

Group B 

(Insulin 

Injection) 

8 07-Sep

Results from the Mann-Whitney U test show 

that Group A and Group B do differ 

significantly with respect to the efficiency of 

insulin administration. Comparing Group A, 

with median delivery of insulin at 10 units and 

its interquartile range from 9 to 11, against 

Group B, which experienced median delivery 

with insulin injections of 8 and an interquartile 

range of 7-9 units. From this, the U-statistic of 

45 and p-value of 0.03 indicate that the 

microneedle patch gave significantly more 

insulin compared to the injection method of 

insulin, since the p-value is less than the 

significance level of 0.05. 

4. DISCUSSION

4.1. Interpretation of Results

In order to treat Type 1 diabetes, this study goes 

on to create and describe a biodegradable 

microneedle patch that responds to glucose 

levels and delivers insulin. A direct relationship 

between glucose levels and insulin released was 

seen in in vitro insulin release from the 
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produced microneedle patch. Responses to 

changes in glucose were confirmed, and insulin 

release reached up to 90% at the highest glucose 

concentration of 250 mg/dL. This result 

indicates that the microneedle patch is able to 

achieve controlled insulin delivery with a 

profile very similar to physiological regulation. 

In the in vivo study of animals, the microneedle 

patch showed better performance than the 

normal injection of insulin. It significantly 

lowered the blood glucose level within 6 hours; 

in the case of the diabetic rats, the glucose 

concentration reduced by 50%. This indicates 

that the patches can facilitate quicker and more 

efficient glucose management than 

conventional methods of insulin injection. 

Histological examinations did not show any 

significant skin damage or irritation, thus 

supporting the biocompatibility of the device. 

4.2. Comparison with studies 

Table 7: Comparative Analysis 

Study Focus Formation Key Findings Applications Relevance to 

Your Research 

Zhang et 

al. (2021) 

Glucose-

responsive 

MNs for Type 

1 diabetes 

therapy. 

Dissolving MNs 

made of gelatin and 

starch, encapsulating 

glucose-responsive 

gold nanocluster 

(AuNC) carriers. 

MNs regulated 

blood glucose 

(BG) levels in 

mice for 1–2 

days with 

normoglycemic 

control and 

minimal tissue 

damage. 

Applicable for 

autonomous 

insulin delivery in 

humans; reduces 

discomfort and 

enhances patient 

compliance. 

Similar glucose-

responsive 

system with 

comparable 

biocompatibility 

and minimal 

invasion goals. 

Liu 

(2021) 

Biodegradable 

MNs with 

glucose-

responsive 

particles for 

insulin 

delivery. 

MNs encapsulating 

4-carboxy-3-

fluorophenylboronic

acid-grafted ε-

polylysine particles

(CFPBA-g-PL).

Effective 

glucose 

responsiveness, 

low 

cytotoxicity, 

and no tissue 

reaction; BG 

levels 

normalized for 

Useful for cost-

effective, 

biodegradable 

insulin delivery 

systems with 

extended effects. 

Provides 

alternative 

material 

(CFPBA-g-PL) 

for potential use 

in your MN 

design; 

emphasizes long-
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8+ hours in 

diabetic rats. 

acting BG 

regulation. 

Wang & 

Liu 

(2022) 

Simplified 

glucose-

responsive MN 

system 

preparation for 

controlled 

insulin 

delivery. 

MNs with 

phenylboronic acid 

(PBA)-modified 

methacrylate 

hyaluronic acid (MA-

HA-PBA) and Gins 

for drug loading. 

Simplified 

design with 

rapid insulin 

release; 

effectively 

reduced BG in 

Type 1 diabetic 

rats using a 

dynamic PBA-

Gins bond 

mechanism. 

Focuses on 

simplifying MN 

production while 

maintaining 

glucose-

responsiveness 

and 

biocompatibility. 

Highlights 

streamlined 

fabrication 

approaches, 

potentially 

reducing 

manufacturing 

complexities in 

your study. 

Your 

Research 

Development 

of 

biodegradable, 

glucose-

responsive MN 

patches for 

insulin delivery 

in Type 1 

diabetes. 

MNs composed of 

PLGA or HEMA 

with PBA-based 

glucose-sensitive 

polymers for 

controlled insulin 

release. 

Demonstrated 

glucose-

responsive 

insulin release 

with ~90% 

release at high 

glucose (250 

mg/dL); 

efficient BG 

control in 

diabetic rats for 

6 hours. 

Promising for 

non-invasive, 

patient-friendly 

diabetes 

management 

systems with high 

glycemic control 

efficiency. 

Shares goals of 

improving 

insulin delivery 

efficiency, 

utilizing 

biocompatible 

and 

biodegradable 

materials. 

4.3. Implications of Findings 

The results of this study have important 

ramifications for managing diabetes, especially 

Type 1 diabetes. Compared to conventional 
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insulin injections, the glucose-responsive 

microneedle patch has a number of benefits, 

including: 

• Painless and less invasive delivery:

When compared to standard insulin

injections, microneedles are more

comfortable since they can enter the

skin without causing severe discomfort

or injury.

• Improved patient compliance: The

burden of repeated blood tests and

injections may be lessened for patients

if the patch can provide insulin in

response to glucose levels, eliminating

the need for manual insulin

administration and glucose monitoring.

• Enhanced glycemic control: Because

the patch is glucose-responsive, insulin

can be released in real time, potentially

improving glycemic control and

lowering the risk of both

hyperglycemia and hypoglycemia. By

offering more individualized and

consistent care, this can greatly

improve the quality of life for diabetic

patients.

Moreover, the biodegradability of the 

microneedle patch may eliminate the need for 

patch removal and disposal, which could be 

beneficial for both environmental 

sustainability and patient convenience. 

4.4. Limitations of the study 

1. The microneedle patch's effects were

only monitored for six hours

throughout the in-vivo investigation.

To evaluate the durability, sustained

insulin delivery, and overall effect on

blood glucose management, longer-

term research is required.

2. There is no concrete proof from human

clinical trials, despite the study's

encouraging results in animal models.

To ascertain the patch's efficacy and

safety in human subjects—taking into

consideration variations in skin

physiology and metabolism—human

trials are essential.

3. The stability of insulin within the

microneedle patch under various

environmental factors, such as

temperature and humidity, which may

have an impact on the patch's

performance over time, was not

thoroughly assessed in this work.

4. The patch's biodegradability was

evaluated in a brief period of time.

More research is required to determine

the materials utilized in the

microneedles' long-term deterioration

and any harmful effects.

5. The study did not thoroughly assess the

long-term skin irritation potential of
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recurrent microneedle use over a 

lengthy period of time, despite the fact 

that histological studies revealed no 

discernible skin damage. 

4.5. Future Directions 

Future research should concentrate on 

optimizing the glucose-responsive polymer's 

efficiency and response time at varying glucose 

concentrations. Furthermore, bigger sample 

sizes in clinical trials are necessary to confirm 

the microneedle patch's efficacy in human 

participants. Last but not least, adding a 

continuous glucose monitoring system to the 

microneedle patch could increase insulin 

administration accuracy even more and give 

diabetes patients individualized care. 

5. CONCLUSION

5.1. Summary of key findings

The study successfully developed a glucose-

responsive insulin delivery by using a 

microneedle patch, which presented a dose-

dependent release of insulin upon elevated 

glucose levels. This is evidenced by a 50% 

reduction in blood glucose through the 

administration of the patch in diabetic rats, 

compared to traditional methods of insulin 

delivery. Further, the microneedles 

demonstrated no toxicity and did not cause skin 

damage, as seen in histological analyses. 

5.2. Significance of the study 

Compared to current systems, the glucose-

responsive microneedle patch represents a great 

advance toward efficient, non-invasive insulin 

delivery-one that is at least patient-friendly. 

This technology has the potential to improve 

patient compliance and overall quality of life in 

patients with Type 1 Diabetes. 

5.3. Final thoughts on recommendation 

While the microneedle patch now shows 

promising results, further studies and clinical 

trials are necessary to optimize the design and 

assess the long-term effects as well as 

feasibility in humans. Future studies should 

focus on system refinement and scalability 

improvement towards assessing the possible 

integration into routine diabetic care. 
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