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Abstract 
422 million adults worldwide have diabetes, and 48% of all juvenile deaths are due to diabetes or 

diabetes-inflicted diseases; diabetes in low-income families has risen rapidly --- up to 21% worldwide. By 

combining recent advances in microRNA (miR) technology and applying a novel miR-based LNP loading 

and microneedle hyaluronic chain-linked drug-infusion method, DiaMiR (Diabetes MicroRNA injected 

Reparation) aims to mitigate the adverse effects of Type-2 Diabetes (T2D) by activating T2D-inhibited 

signaling pathways. This study provides proof of concept, in-vitro, and in-vivo data for developing a 

cost-effective and accessible microRNA (miR) - loaded wearable microneedle patch to control T2D. 

Scanning electronic microscope (SEM) and fluorescence imaging reveal the conformality of the 

microneedle patch after miR-23 loading. In-vitro tests were conducted to investigate miR-23 effects of 

AKT insulin pathway, PTEN expression, and glucose output/uptake on the liver (HepG2), adipose (3T3-

L1), and skeletal muscle (L6) cell lines. In-vivo tests (animal studies) were conducted on T2D mouse; 

IVIS (In-Vivo Imaging System) was used to determine the degradation profile. Results suggest that miR-

23 decreased glucose output in HepG2 liver cells [control vs. miR-23b (p < 0.0001; highly significant)], 

but increased glucose uptake in L6 skeletal muscle cells [control vs. miR-23b (p < 0.0001)] and 3T3-L1 

fat cells [control vs. miR-23b (p < 0.0001)]. DiaMiR microneedle patches were able to significantly 

lowered blood glucose levels in T2D mouse for 3-4 days as seen in DiaMiR blood glucose mouse 

experimentation (n = 10) and HbA1C% measurements. Furthermore, DiaMiR showed no toxicity in the 

treated mouse and did not induce inflammation. Using technologies in bioengineering, biomaterials, and 

sustained drug delivery, our study offers an innovative solution to control T2D. 

 
1.0 Background 

1.1 Diabetes Disease Burden 

According to the World Health Organization (WHO), diabetes is a chronic metabolic condition 

characterized by high blood glucose levels; over time, diabetes may lead to damage to the heart, 

vasculature, eyes, kidneys, and nerves.1 Over 90% of diabetes mellitus cases are Type 2 Diabetes mellitus 

(T2D), a condition marked by tissue insulin resistance and an insensitive insulin secretory response.2, 3 

Progression of the T2D makes insulin secretion impossible to maintain glucose homeostasis, producing 

hyperglycemia or hypoglycemia in various patients’ bloodstreams. In T2D, adipose tissues promote 

insulin resistance (IR) through 1) inflammatory mechanisms, 2) free fatty acid release, and 3) adipose 

deregulation.4, 5 The organ systems involved in T2D development mainly include the pancreas, liver, and 

skeletal muscles --- however other organs like the kidneys, brain, small intestine, and adipose tissue are 

also affected.6 Evolving data suggest that adipokine dysregulation, inflammation, abnormalities in gut 

microbiota, immune dysregulation, and inflammation may be landmarks between pathophysiological 

signs of T2D.7 

Recent epidemiological data show alarming data predicting a worrisome projected future for 

T2D. According to the International Diabetes Federation (IDF), in 2019, diabetes caused 4.2 million 

deaths, and 463 million adults aged between 20 and 79 years old were living with diabetes; in fact, 

diabetes was the underlying cause that resulted in at least $720 billion of health expenditures in 2019. 

Incidence and prevalence of T2D vary accordingly to geographical region, with more than 80% of 

patients living in low-to-middle-income countries, which poses additional challenges in effective 

treatment (considering treatment affordability and convenience). Patients with T2D have a 15% increased 



risk of all-cause mortality (mortality because of T2D-inflicted diseases) compared to those without 

diabetes. Cardiovascular disease (CVD) is the most significant cause of morbidity and mortality 

associated with T2D.8 The association of diabetes with increased risk of coronary heart disease hazard 

ratio (HR), ischemic stroke, and other vascular disease-related deaths has been shown in a previous meta- 

analysis.9 

The epidemiology of T2D is affected by genetics and the environment (e.g., ethnicity and family 

history, obesity/low physical activity, intrinsic pathophysiology). Genetic factors followed by exposure to 

an environment characterized by sedentary behavior and high-calorie intake will likely result in T2D. 

Genome-wide association studies have identified common glycemic genetic variants for T2D, but this 

only accounts for 10% of total trait variance, suggesting that rare variants are essential.10 People of 

different ethnic origins may have additional specific phenotypes that increase predisposition to clusters of 

CVD risk factors, including hypertension, insulin resistance, and dyslipidemia.11 While the true impact of 

T2D may be unknown, the implicit damage that T2D may unintentionally cause can lead to complications 

even after “normalizing” treatment-ridden lives.12 

 
1.2 Insulin Resistance Development 

Insulin Resistance (IR) refers to a decrease in the metabolic response of insulin-responsive cells to 

insulin or, at a cellular level, an impaired/lower response to circulating insulin by blood glucose levels. 

There are three categories of IR or insulin-deficient conditions in T2D: (1) decreased insulin secretion; (2) 

counter-regulatory hormones or non-hormonal bodies impairing insulin receptors or signaling; and (3) 

impaired insulin response in target tissues.13 The ratio of insulin/glucagon plays a significant role in this 

regulation since it determines the degree of phosphorylation of downstream enzymes in the regulatory 

signaling pathways; hence, excessive secretion of these hormones may be responsible for inducing IR.14, 15 

3 critical organs are also extra-sensitive to insulin: skeletal muscle, adipose tissue, and liver; a defective 

action of insulin in these tissues often precedes the development of systemic IR, thus progressively leading 

to T2D. 

 
1.3 T2D Pathology Conditions 

1.3.1 Skeletal Muscle Pathology in T2D 

Skeletal muscle IR is the most critical factor in the development of T2D.16 Under physiological 

conditions, insulin stimulates muscle glycogen synthesis by enhancing glucose uptake from plasma. 

Specifically, insulin may bind to the insulin receptor (INSR) in muscle cells, GLUT4 translocation from 

intracellular compartments (early endosomes (EE), endosomal recycling compartment (ERC), and trans- 

Golgi network (TGN)) to the plasma membrane. Therefore, mutations that reduce the expression of 

GLUT4, as well as any defect in either upstream or downstream signaling pathway, would reduce glucose 

intake into the muscle resulting in hyperglycemia.17, 18 The activation of INSR is essential for the action of 

insulin on glucose metabolism; thus, mutations in any of the main phosphorylation sites can impair INSR 

tyrosine kinase activity, thereby impairing insulin action on skeletal muscles.19 Especially in T2D, where a 

significant cause of decreased glucose uptake is the inability to phosphorylate inhibited pathways, the 

activation of INSR and related pathways (e.g., p-AKT) may help upregulate insulin production. Moreover, 

mutations in essential proteins of the downstream signaling pathway, such as insulin receptor substrate-1 

(IRS-1) and insulin receptor substrate-2 (IRS-2) or phosphoinositide 3-kinase (PI3K), can also impair 

insulin action in the muscle. 



Besides mutations or defective epigenetic regulation, environmental factors can alter muscle 

glucose uptake. Physical activity increases blood flow into skeletal muscle cells and enhances glucose 

utilization.20 Obesity, associated with chronic inflammation, contributes to IR and T2D. Increasing evidence 

suggests that because of obesity, increased immune cell infiltration and secretion of pro-inflammatory 

molecules in intramyocellular and peri-muscular adipose tissue leads to skeletal muscle inflammation, 

thereby transposing into skeletal muscle IR.21 

 
1.3.2 Adipose Tissue Pathology in T2D 

Adipose tissue is a dynamic tissue capable of synthesizing a wide range of biologically active 

compounds that regulate metabolic homeostasis at a cellular level.22 Insulin acts on adipose tissue in two 

ways: (1) by stimulating glucose uptake and triglyceride synthesis; and (2) by suppressing triglyceride 

hydrolysis and inducing the uptake of free-fatty acid (FFA) and glycerol from circulation. After consuming 

food, GLUT4 allows glucose uptake from the bloodstream into adipocytes, activating glycolysis in which 

glycerol-3-phosphate (glycerol-3-P) is produced and incorporated into lipogenic pathways. Adipose insulin 

resistance (Adipose-IR) can lead to impaired suppression of lipolysis, impaired glucose uptake, and 

enhanced FFA release into plasma, even at high insulin levels.23 As adipose is a significant contributor to 

the body’s energy store, the lack of adipose storage will lead to increased food intake, vamping the cycle 

of malnutrition. Among the signaling elements affected by adipose-IR, defective AKT activation impairs 

GLUT4 translocation to the membrane and promotes the activation of lipolytic enzymes that aggravate 

hyperglycemia. Adipose-IR is associated with glucose intolerance and elevated release of FFA into plasma 

that accumulates in other tissue. In the case of the liver, FFA accumulation results in impaired insulin 

signaling that promotes hepatic gluconeogenesis and impairs the glucose-stimulated insulin response, 

inducing T2D development. 

Furthermore, it has been shown that abnormally increased adipose tissue mass and adipocyte size 

correlate with pathologic vascularization, hypoxia, fibrosis, and macrophage-mediated inflammation.19 

Constant exposure to abnormally increased adipose tissues may produce impaired proinflammatory 

molecules, which will not bind to simple nor complex sugars as they did before, further inducing T2D 

development. 

1.3.3 Liver Tissue Pathology in T2D 

In the liver, insulin does not only regulate glucose production/utilization but also affects lipid 

metabolism more broadly. When circulating insulin, glucose levels increase, and the pancreas secretes 

insulin; insulin binding to liver insulin receptor (INSR) induces autophosphorylation of the receptor. 

Consequently, insulin receptor substrates (IRSs) are recruited and phosphorylated. IRS activates PI3K, 

which phosphorylates PIP2, generating PIP3. PIP3 then activates PDK1, which phosphorylates AKT. In 

addition, AKT is phosphorylated by mTORC2; AKT and mTORC2 are critical pathways for insulin 

regulation in Type-2 Diabetics. Once AKT is fully activated, it participates in several downstream pathways 

that regulate multiple metabolic processes, including glycogen synthesis, gluconeogenesis, glycolysis, and 

lipid synthesis.24 In physiological states, the combined action of glucagon and insulin allows the precise 

regulation of hepatic glucose output, which is not present in T2D patients. While glucagon induces hepatic 

glucose production, insulin acts as a potent inhibitor of glucose production when its concentration in the 

blood is elevated.25 The effect of insulin on hepatic glucose production is due to direct and indirect 

mechanisms. The abnormal production of proinflammatory proteins such as adipocytokines and cytokines, 

combined with conditions such as oxidative stress, can lead to an inflammatory state responsible for altered 

insulin response by the liver.26 



1.3.4 Glucose Uptake & Output Summary 

Based on previous literature and preliminary experiments (as summarized in Figure 1), HepG2 

cells (as a model for liver cells) are responsible for glucose output, and T2D 3T3-L1 cells (as a model for 

fat cells) and T2D L6 cells (as a model for skeletal cells) are responsible for glucose uptake. Through 

multiple experiments yielding conclusive results, it is also commonly understood that miR-23 decreases 

HepG2 output and increases 3T3-L1 and L6 uptake, leading to lower blood glucose concentration in T2D- 

afflicted patients. 

 

 
Figure 1: Summarizing glucose output and uptake with corresponding cell lines used in this study. 

 

1.4 MicroRNA and T2D 

MicroRNAs (miRNAs or miRs) are a family of endogenous small noncoding RNAs of roughly 

22 nucleotides in length; microRNAs bind to the 3′ untranslated regions (UTR) of target genes and inhibit 

gene expression by degrading and preventing translation of their target messenger RNAs.27 miRNAs also 

momentously contribute to organ formation during embryogenesis, including pancreas development and 

β-cell differentiation.32 Moreover, they display an essential role in maintaining functional β-cell mass and 

endocrine cell identity during adult life, which help regulate diabetes-inhibited pathways.28, 29, 30 

Specifically, miR-23b, as established by multiple literature reviews and experimentation, is a prominent 

inhibitor for inflammation ad cancer STEM cells, specifically through the PTEN/PI3K/AKT pathway.31 

Previous literature has established the affinity of miRNA to be secreted into extracellular fluids 

and transported into targeting cells via liposome vesicles.32 Previous literature has also established 

correlating levels of miRNA-23 (miR-23) concentration in T2D patients and healthy individuals, 

establishing the need to validate previous experimentation with miR-23 serum testing in human and 

mouse models.24, 25 Literature also validated miR-23 serum concentration correlation with certain cancers, 

metabolic syndromes, cardiovascular diseases, and other chronic diseases.33, 34, 35 Specifically, miR-23 

serum concentration has a potential correlation with T2D: miR-23 was significantly lower in T2D 

patients. 36, 37 These literature suggests the potential therapeutic role of miR-23 for T2D . 

 

1.5 Microneedle Loading and Delivery 



Microneedle patches have been realized as a powerful approach for transdermal drug delivery. 

They are easy to apply (self-administered), minimally invasive (almost painless), and can achieve long- 

term sustained drug release. Crosslinked microneedles (containing hyaluronic acid particulates) have been 

investigated for their degradation abilities and anti-swelling after transdermal drug delivery. Key 

advantages of using microneedles consist of particulate consistencies in degradation factors and the size 

of microneedle length (250-500 μm). Further, previous literature cited no decrease in the penetration 

success rate for crosslinked microneedles (in that the particulate content did not change the dissolution 

time).38, 39 Another study captured the biocompatibility, the processability of micro molding, sustained 

drug release, successful penetration into the skin, and relatively short insertion time for complete 

disintegration of crosslinked microneedles in the skin.40 The characteristic features of microneedles are 

the faster onset of delivery, better patient compliance, self-administration ability, and improved 

permeability and efficacy.41 While conventional gold standards (e.g., chemical, lipid enhancers) create 

nanosized pores (10-20% of all drug cargo), and hypodermic needles (e.g., hypodermic patches) create 

deep, pain-receptor-felt pores (30- 40% of all drug cargo), drug delivery by minimally-invasive 

crosslinked microneedles can deliver 90- 100% of the loaded drug.42, 43 

 
1.6 Current Diabetes Solutions and Limitations 

There are 2 main methods to control the progression of T2D: oral drugs and insulin injections. 

While insulin injects are fast-acting and provide a continuous injection of insulin, limitations include 

increased risk of hyperglycemia/hypoglycemia, inconvenience, and cost-effectiveness.44, 45, 46 Oral drugs, 

on the other hand, provide inconveniences with delivery time --- combined with potential side-effects 

associated with enzymatic degradation.47, 48 DiaMiR aims to eliminate these inconveniences through 

minimally invasive microneedles and continuous degradation, providing a sustained miR-23 delivery 

system to combat T2D. 



2.0 Methodology 

 

 

Figure 2: Methodology for DiaMiR consisting of 1) measuring mir-23 as a proof of concept in human and 

mouse serum 2) in-vitro glucose uptake/output 3) microneedle fabrication 4) in-vivo glucose experimentation 

5) and histological analyses of mouse skin biopsy. 

 

2.1 Methodology Overview 

Figure 2 details DiaMiR’s research methodologies. Specifically, we first analyzed serum from 

diabetic human and mouse to validate previous literature on miR-23 levels in the blood. After that, using 

representative cell lines (HepG2, 3T3-L1, and L6), in-vitro studies were conducted to evaluate the effects 

of miR-23 on glucose output and glucose uptake in those aforementioned cell lines. After that, DiaMiR 

was constructed using crosslinked-microneedle models and loading techniques for miR-23 synthetic 

mimics. All animal studies were approved by the Institutional Animal Care and Usage Committee 

(IACUC) at North Carolina State University (Lab Director: Professor Kevin Huang). Mouse studies were 

performed on transgenic T2D mouse. We applied DiaMiR microneedle patches in those mouse and 

change for every 3-4 days. Blood glucose levels and HbA1C% were determined. Furthermore, blood 

chemistry and histology on skin biopsies were performed to ensure safety of the DiaMiR approach. 

 

2.2 Western Blot Analysis 

Cells were pretreated with 0.5mM palmitic acid or PBS for 24h and then transfected with has- 

miR-23 mimic or control mimic for 36h. Before sample collection, cells were treated with 100nM insulin 

or PBS for 30 mins, and then the cells were homogenized in RIPA buffer supplemented with protease and 



phosphatase inhibitors (ThermoFisher Scientific). Whole-cell lysates were collected and quantified using 

the BCA Protein Assay Kit (Thermo Scientific, USA) and mixed with 4× Laemmli Sample buffer (Bio- 

Rad, USA). Equal amounts of protein were loaded and resolved on 4–20% SDS polyacrylamide gels, then 

transferred onto PVDF membranes (Millipore, USA). Next, the membranes were blocked with Tris- 

buffered saline (TBS) in 5% non-fat milk containing 1% Tween 20 for 1 h at room temperature and then 

incubated with their corresponding primary antibodies overnight at 4 °C. Membranes were washed with 

TBS containing 0.1% Tween 20 and then incubated with their corresponding HRP-linked secondary 

antibodies for 1 h at room temperature. After washing, proteins were visualized using Clarity Western 

ECL Substrate (Bio-Rad, USA), and images were captured using the ChemiDoc imaging system (Bio- 

Rad, USA). 

 
2.3 Real-time qPCR 

According to the manufacturer's instructions, total RNA was isolated from cells using RNA 

extraction kits (QIAGEN, Netherlands). cDNA was prepared using iScript™ cDNA Synthesis Kit (Bio- 

Rad, USA) and qPCR samples were prepared using SsoAdvanced™ Universal SYBR® Green Supermix 

(Bio-Rad, USA). The qPCR reactions were performed and analyzed using qTOWER3G (Analytikjena, 

Germany). Relative expression was measured using the ΔΔCT method. 

Primers used for qPCR are as follows: G6P-F: GCTTCGCCATCGGATTTTAT, G6P-R: 

CACCACCTCTGGGCTTTCT, PEPCK-F: GCAAGATTATCGTCACCC, PEPCK-R: 

GGCATTGAACGCTTTCTCAAAAT, PTEN-F: TGGATTCGACTTAGACTTGACCT, PTEN-R: 

GGTGGGTTATGGTCTTCAAAAGG, Pten-F: TGAGTTCCCTCAGCCATTGCCT, Pten-R: 

GAGGTTTCCTCTGGTCCTGGTA. 

 
2.4 Glucose Assays 

2.4.1 Glucose Uptake Assay 

Glucose uptake in L6 cells and 3T3-L1 cells was analyzed by the 2-NBDG (2-(N-(7- Nitrobenz-

2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) method (Life Technologies, USA). The differentiated 

L6 cells and 3T3-L1 cells seeded in 6-well plates were starved for 12 h and transfected with miR-23 in a 

serum-free medium for 24 h. The medium was discarded, and the cells were washed with PBS three 

times. Insulin (100 nM) was used to verify the effect of miR-23 in regulating insulin sensitivity 

(incubated for 30 min). Then, 2-NBDG (100 μM) was added to the cells. After 1h, the cells were 

collected and subjected to flow cytometric analysis (LSRII, BD). 

 
2.4.2 Measurement of Glucose Production 

Glucose production in cultured cells was measured using a commercially available hexokinase- 

based glucose production assay kit (Abcam). After 24h of transfection with miR-23, the cells were 

starved for 12h, then treated with 10 nM of insulin, with 100 µM dbcAMP, or with both 10 nM insulin 

and 100 μM dbcAMP added in the cell medium for 6 h. 50 μl of the medium was collected and mixed 

with an equal volume of the reaction mix. 450 nm absorbance was measured 60 min after plating. 

 

2.5 Microneedles 

2.5.1 Fabrication and Characterization of Cross-linked Microneedles 



Microneedle (MN) patch silicone templates and spring applicator were purchased from 

Micropoint Technologies Pte Ltd (Singapore). The needles were arranged in a 10*10 array with an 800 

μm tip in height. We prepared the MN patch with cross-linked hyaluronic acid (HA) as the matrix and 

non-cross-linked HA as the base. Methacrylate Hyaluronic Acid Hydrogel Kit (Sigma) and a cross-linked 

HA matrix were prepared according to the product’s manual with modifications. Briefly, lyophilized 

methacrylate HA power was fully dissolved in water (100 mg/2.5 mL, 4%) at 4 °C overnight. Dissolve 

the photoinitiated Irgacure in methanol at a concentration of 100 mg/mL and then add it to HA 

methacrylate at the ratio of 1:100 (1 mg for this study) and mix them thoroughly. Load the matrix onto 

the microneedle mold surface (250 µL) followed by vacuum condition for 5 min to allow the solution to 

fill the cavities. The residue solution was collected and deposited again to ensure the matrix loading to the 

needle tips. Afterward, the mold was placed under a 365 nm UV light crosslinking source for 10 min. 

Then, 1 mL of non-cross-linked HA was added to the top of the microneedle patch to form the base. The 

microneedle can be placed in a hood overnight to be air-dried. On day 2, the microneedle patch can take 

out from the mold. To prepare blank microneedle and miR23b loaded microneedle, methacrylate HA (100 

mg) was dissolved in 2.5 ml blank liposome solution, or miR23b liposome solution (0.5 nmol miR-23b 

mimic) at the beginning. The rest procedures are the same. The morphology of the MNs was 

characterized by a scanning electron microscope (JEOL JCM-7000). An Echo fluorescence microscope 

took the fluorescence images of the patch. 

 
2.5.2 Application of microneedle patches on mouse 

Glucose-lowering capabilities of miR-23b loaded microneedle patch were evaluated in 

TALLYHO/JgnJ type 2 diabetes mouse (The Jackson Laboratory, 8 weeks). All animal studies were 

conducted by the principles and procedures outlined in the Guide for the Care and Use of Laboratory 

Animals and approved by the Institutional Animal Care and Use Committee (IACUC) of North Carolina 

State University. Animals were housed under a 12 h light/dark circle, allowed food and water ad libitum, 

and acclimatized for 2 weeks. The blood glucose was measured from tail vein blood samples (~5 µl) of 

mouse using a True-Track glucose meter (CVS Health, USA). All mouse were fasted overnight before 

administration and divided into two random groups (n=6), blank microneedle patch and miR-23b loaded 

microneedle patch. The back fur of the mouse was trimmed, and a microneedle patch was applied to the 

skin. 

 

2.6 IVIS Imaging, Blood Testing, and Biopsies 

To determine the life of microneedles on mouse, we stained the liposome with membrane dye, 

DiD (Vybrant™ DiD Cell-Labeling Solution, Thermo Fisher) before the preparation of the microneedle 

patch. The back skin of mouse was imaged on Day 1 and Day 3 after applying the microneedle patch. 

Blood samples were collected for a complete blood count and chemistry panel (to check liver and kidney 

functions). In addition, we performed a skin biopsy to examine the effects of the microneedle patch on 

inflammation in the skin. 



3.0 Results 

3.1 miR-23 Literature Validation 

To validate miR-23 levels as a disease biomarker, we performed two validation experiments with 

mouse and human samples. Mouse serum (obtained from North Carolina State University Laboratories 

for Animal Research [LAR]) [C57BL/6] (n = 6) displayed lower serum miR-23 levels in T2D mouse 

relative to normal mouse (Figure 3a; p ≤ 0.05). Human serum [purchased from LEE BioSolutions] 

samples were tested from T2D and Healthy patients (n = 10), which demonstrated that serum miR-23 

levels in T2D patients were lower than those in healthy donors (Figure 3b; p ≤ 0.01).  

 
 

 
 

 

Figure 3: Validation experiment detailing serum miR-23 expressions from (a) normal mouse vs. T2D mouse and 

(b) healthy human vs. T2D human. miR-23 levels were measured relative to both Normal mouse and human serum 

levels, showing a significantly lower miR-23 expression for T2D mouse & human than normal mouse & human.  

* = p < 0.05, ** = p < 0.01 



3.2 Glucose Uptake 

Investigating T2D glucose uptake in 2 commonly used cell lines --- namely 3T3-L1 [(adipose 

cell), ATCC] and L6 [(skeletal muscle cell), ATCC] --- through triplicate assay screening and statistical 

analyses indiscriminately determined the effects of insulin on T2D and compared both insulin and miR-23 

as potential control factors in T2D. Measuring glucose output required fluorescent tracer (2-(N-(7- 

Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) (more commonly known as 2-NBDG), a 

fluorescent analog of glucose that monitors glucose uptake in live cells. Through 2-NBDG positive cells 

% (or glucose uptake cell percentage), relative comparisons between insulin and miR-23 were derived 

and analyzed for uptake effectiveness. Furthermore, through 2-NBDG, quantification of percent positive 

(%) cells was possible (n = 9), which revealed glucose uptake in miR-23 transfected 3T3-L1 cells to be 

significantly increased compared to the null control (p ≤ 0.0001) and insulin-only groups (p ≤ 0.001) 

(Figure 4a). Specifically, [insulin–, miR-23–] cells were 11.1%, [insulin+, miR-23–] cells were 12.8%, 

and [insulin+, miR-23+] cells were 23.9% in 3T3-L1 glucose uptake. Quantifying L6 glucose uptake (n = 

9) also revealed the same trend regarding miR-23 significance (p ≤ 0.0001) over null and insulin-only 

groups (Figure 4b). Specifically, [insulin –, miR-23 –] cells were 14.1%, [insulin +, miR-23 –] cells 

were 30.2%, and [insulin +, miR-23 +] cells were 45% in 3T3-L1 glucose uptake. 
 

a. b. 

3T3-L1 Glucose Uptake 

 
L6 Glucose Uptake 

 
Insulin - + + 

miR-23b-3p - - + 

Insulin - + + 

miR-23b-3p - - + 

 

Figure 4: Glucose uptake assay for cell lines 3T3-L1 and L6 through fluorescence tracer 2-NBDG to characterize 

the effectiveness of miR-23 on glucose uptake. miR-23 treated cells had significant uptake increase when compared 

to untreated cells (insulin+, miR-23–) and null cells (insulin–, miR-23–) for both (a) 3T3-L1 (adipose) and (b) L6 

(skeletal) cells lines. *** = p < 0.001, **** = p < 0.0001 



3.3 Glucose Output 

Human hepatocellular carcinoma (HepG2) is an immortalized hepatocyte commonly used in 

diabetes research and toxicity studies [as mentioned in 1.3.3].31 Previous studies explored hepatocytes in 

pathway control system of T2D and found it to be a significant contributor in glucose output.27, 34, 40 

Hepatocytes participate in several downstream pathways regulating multiple metabolic processes, 

including glycogen synthesis, gluconeogenesis, glycolysis, and lipid synthesis [1.4.3]. The HepG2 

glucose output assay [HepG2, ATCC] (n = 15) hoped to discover and validate trends in miR-23-induced 

insulin effectiveness in glucose output compared to insulin with and without the addition of dbcAMP 

[Sigma]. This phosphodiesterase inhibitor mimicked the action of endogenous cAMP and excited glucose 

output (to mimic endogenous T2D conditions). 

For clarity, each column of glucose output (and its factors) in Figure 5 was numbered from 1 to 

5. (1) [insulin–, dbcAMP–, miR-23–] was the null control, and normalized glucose output measuring at 

1.0; (2) [insulin+, dbcAMP–, miR-23–] was the insulin-only group measuring at 0.51; and (3) [insulin–, 

dbcAMP+, miR-23–] was the control group that mimics glucose output condition of T2D measuring at 

1.97. When compared to (3), the addition of insulin reduced glucose output (4) [insulin+, dbcAMP+, 

miR-23–] as measured in 1.2. However, the addition of miR-23 (5) [insulin+, dbcAMP+, miR-23+] 

produced an even lower glucose output measured at 0.69 --- significant to both (3) (p ≤ 0.001) and (4) (p 

≤ 0.05). It is imperative to note that (2) only pertains to insulin effects in average glucose output, whereas 

(4) was to T2D-like glucose output. 
 

HepG2 Glucose Output 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Insulin 

dbcAMP 

- + 

- - 

- 

+ 

+ 

+ 

+ 

+ 

miR-23b-3p - - - - + 
 

Figure 5: Glucose output assay for cell line HepG2 can be characterized through measuring glucose concentration 

in media. Whereas insulin inhibits glucose output, dbcAMP mimics the action of endogenous cAMP (a 

phosphodiesterase inhibitor) and excites glucose output; miR-23 is added to combinations of Insulin and dbcAMP 

to identify effectiveness; miR-23 significantly reduced glucose output. * = p < 0.05, *** = p < 0.001, **** = p < 

0.0001 



3.4 Effects of miR-23 on PTEN Expression 

Phosphatase and Tensin Homolog deleted (PTEN), a prominent deregulator of P-AKT (an 

essential regulator for insulin pathway), is one of the many factors abnormally upregulated by T2D. A 

significant metabolic role of PTEN is that its altered expression in T2D results in impaired insulin 

signaling and the promotion of insulin resistance during the pathogenesis of T2D. Loss-of-function PTEN 

mutations in adipose tissue result in systemic glucose tolerance and insulin sensitivity improvement 

because of ascended recruitment of the GLUT-4 towards the membrane. Targeting PTEN deletion 

improves insulin sensitivity and protects from systemic insulin resistance. Hence, miR-23 was tested on 

two separate tests [mRNA level & protein level) compared to control cells [3T3-L1, ATCC]. Figure 6a 

illustrated miR-23’s significant (p ≤ 0.01) reduction of PTEN expression in mRNA in a triplicate assay; 

relative expression of PTEN mRNA was normalized to 1.0, and miR-23 PTEN expression was 0.71. 

Figure 6b shows that miR-23+ expression leads to the activation of P-AKT and the inhibition of PTEN. 

 

A. B. 

         miR-23 on PTEN Expression miR-23 PTEN, P-AKT Western Blot 
 

 
Figure 6: (a) miR-23 significantly impacts PTEN expression (a prominent deregulator of P-AKT – a necessary 

pathway for insulin production); (b) miR-23 more successfully inhibited PTEN and promoted P-AKT when 

compared with insulin in western blot analysis. ** = p < 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.5 DiaMiR Microneedle Construction 

To construct DiaMiR, as referred to in Figure 7, miR-23 mimics was first loaded through a 

liposome vesicle into hyaluronic acid in a microneedle patch mold. Then, ultraviolet hardening 

crosslinked the hyaluronic acid with the liposome vesicle-loaded miR-23. Afterward, another layer of 

hyaluronic acid was poured on the crosslinked and hardened miR-23 layer to act as the base. Finally, after 

vacuum drying the entire microneedle patch, the DiaMiR base and tip was solidified and combined into 

one usable product. 
 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 7: miR-23-loaded microneedles and cross-linkage process. Consisting of (1) miR-23 liposome in crosslinked 

hyaluronic acid (HA) and ultraviolet (UV) hardening; (2) this process is then vacuum dried to create a non-crosslinked 

shell and crosslinked microneedles. 



3.6 DiaMiR on HbA1c% 

The hemoglobin A1c test, more commonly known as HbA1c%, is a standard diabetes test 

measuring the amount of hemoglobin A1c (specific hemoglobin chemically linked to monosaccharides 

and polysaccharides) as an indicator of how well diabetes is controlled. Typically, the lower the HbA1c%, 

the lower the number of monosaccharides and polysaccharides in the body, thus better control of diabetes 

in a patient’s body. 

During experimentation, DiaMiR-treated T2D mouse were subjected to an HbA1c% test 

compared to untreated T2D mouse. Subsequently, DiaMiR treatment significantly (p < 0.05) reduced the 

HbA1c% during a triplicate assay conducted between treated and untreated mouse (Figure 8). The 

HbA1c% level for control mouse (untreated) was 7.3% and for miR-23-treated mouse was 5.6%. 

 

 
 

Control v. miR-23-treated-mouse HbA1c% 

 

Figure 8: HbA1c% comparison with DiaMiR treated and untreated mouse reveals significant glucose decrease post 

experimentation for DiaMiR (miR-23-subjected) treated mouse. * = p < 0.05 



3.7 DiaMiR on Blood Glucose Levels 

All T2D medications and injections aim to reduce the blood glucose flowing in the bloodstream. 

While earlier sections [as mentioned in 1.1] discussed the invasiveness of insulin injections or the 

strenuous delivery of oral drugs, these invasive solutions are proven to reduce blood glucose (backed by 

previous studies and popular products). Thus, it is imperative for DiaMiR, which has wholly remodeled 

the invasiveness aspect of T2D control, to achieve the same or significantly better control of blood 

glucose than the gold standard on the market today; hence, DiaMiR is subjected to both fluorescent 

staining (Figure 9a) and mouse modeling (Figure 9b) to discern whether blood glucose is reduced in 

transgenic T2D mouse. 

Figure 9a demonstrated fluorescent imaging for DiaMiR on Day 2 and Day 5 of the T2D mouse 

model to capture the radiant efficiency (the ratio of the power emitted by a source of radiation to the 

power consumed by it), essentially measuring whether DiaMiR was still actively releasing miR-23. In a 

triplicate assay conducted on laboratory mouse (n = 6), DiaMiR remained active after 3 days of miR-23 

release and HA disintegration. 

Figure 9b investigated the blood glucose differences between DiaMiR-treated and untreated mouse 

for a 10-day triplicate assay with T2D Mouse (TallyHo/JngJ); n = 10; 5 treated, 5 untreated). 

Experimentation revealed that after DiaMiR application, there was an immediate significant (p ≤ 0.05) 

decrease as seen in Figure 9b, Day 4: Untreated Avg. – 512 mg/dL; Treated Avg. – 385 mg/dL and 

Figure 9b, Day 7: Untreated Avg. – 531 mg/dL; Treated Avg. – 389 mg/dL. Furthermore, even after the 

application of DiaMiR, due to the continuous release of miR-23, blood glucose was controlled 

significantly lower for up to 2-3 days after application, as seen in Figure 9b, Day 8: Untreated – 555 

Avg. mg/dL; Treated – 413 Avg. mg/dL. 

 

a. b. 
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Figure 9: (a) DiaMiR fluorescence imaging for patch contents after 3 days reveals continuous disintegration of microneedle 

tip and delivery of miR-23 into mouse; (b) blood glucose (BG) comparison between DiaMiR treated and untreated mouse in 

a triplicate assay reveals significant drops (3) in BG concentration throughout the 10-day experimentation; treated mouse BG 

concentrations were lower than untreated concentrations significantly after application. * = p ≤ 0.05 
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3.8 Skin Biopsy Analysis to Evaluate Dermal Damage 

Analyses of skin biopsies through hematoxylin & eosin staining (H&E staining) and trichome 

staining allowed for qualitative, visual measurement of the skin after microneedle penetration. 

Hematoxylin had a deep blue-purple color and stains nucleic acids, whereas eosin is pink and stains 

proteins nonspecifically. Thus, after DiaMiR penetration, visualization of both potential nucleic acid and 

protein damage was necessary and indicated no change from pre-experimentation mouse (Figure 10a). 

Trichrome staining was used to visualize connective tissues (mainly collagen) in tissue sections; collagen 

was stained blue, nuclei were dark brown, muscle tissue was purple, and cytoplasm was pink. Again, no 

severe visual damage was observed from pre-experimentation mouse, and the dermal layer was not 

ruptured nor leaking (Figure 10b). 

 
a. b. 

Hematoxylin and eosin (H&e) staining Trichome staining 

Figure 10: (a) Hematoxylin and eosin (H&e) staining & (b) Trichome staining for in-vivo histology reveals no severe 

damage to the dermal layer after applying DiaMiR. 



3.9 Blood panel to evaluate toxicity 

A blood panel is a laboratory examination of a blood sample used to check for the functioning of 

specific organs (such as the liver, kidneys, thyroid, and heart) relevant to the study’s objective. 

Insignificant results from the blood panel are wanted as they indicate no severe changes compared to the 

healthy control. 

Blood urea nitrogen (BUN) blood test, as seen in Figure 11a, measured the amount of urea 

nitrogen in the blood; elevated levels of BUN can also be due to dehydration, urinary tract obstruction, or 

congestive heart failure. The normal BUN range is 6 to 34 mg/dL. The post-experimentation blood panel 

revealed a 26.3 mg/dL BUN level in control mouse and a 23.3 mg/dL BUN level in miR-23 treated 

mouse; the blood panel revealed that BUN levels between both groups are insignificant (p > 0.05). 

Alanine transaminase (ALT) blood test, as seen in Figure 11b, measured the level of the enzyme 

ALT in the blood; unusually high levels of ALT in blood concentration can be due to damage or injury to 

the cells in the liver. The normal ALT range is 24 to 46 IU/L. The post-experimentation blood panel 

revealed a 27.6 IU/L ALT level in control mouse and a 29 IU/L ALT level in miR-23 treated mouse; the 

blood panel revealed ALT levels between both groups are insignificant (p > 0.05). 

Aspartate aminotransferase (AST) blood test, as seen in Figure 11c, measured the level of the 

enzyme ALT in the blood; abnormally high levels of AST in the blood may be a sign of hepatitis, 

cirrhosis, mononucleosis, or other liver diseases. The normal AST range is 48 to 73 IU/L. The post- 

experimentation blood panel revealed a 58 IU/L AST level in control mouse and a 75 IU/L AST level 

in miR-23 treated mouse; the blood panel revealed AST levels between both groups are insignificant 

(p > 0.05). 

Amylase blood test, as seen in Figure 11d, measured the amount of enzyme amylase in the 

urinary tract; uncommon amylase levels indicated pancreatitis or pancreatic damage. The normal amylase 

range is 1950 to 40 IU/L. The post-experimentation blood panel revealed a 2771 IU/L amylase level in 

control mouse and a 2689 IU/L amylase level in miR-23 treated mouse; the blood panel revealed that 

amylase levels between both groups are insignificant (p > 0.05). 

The albumin blood test, as seen in Figure 11e, measured the amount of albumin in the blood; 

high albumin levels indicate potential dehydration or abnormal protein consumption. The normal albumin 

range is 3.4 to 5.4 g/dL. The post-experimentation blood panel revealed a 2.8 g/dL albumin level in 

control mouse and a 2.9 g/dL albumin level in miR-23 treated mouse; the blood panel revealed albumin 

levels between both groups are insignificant (p > 0.05). 
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Figure 11: Evaluation of DiaMiR toxicity through (a) urea nitrogen, (b) ALT, (c) AST, (d) amylase, and (e) albumin between 

treated and control groups reveals insignificant (p > 0.05) differences between DiaMiR untreated and treated groups. 
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3.10 Blood routine to evaluate inflammation 

A blood routine is a laboratory examination of a blood sample used to check for standard 

components in blood relevant to the study’s objective (e.g., white blood cell, neutrophil). Insignificant 

results from the blood routine are wanted as they indicate no severe changes compared to the healthy 

control. 

White blood cell (WBC) examination, as seen in Figure 12a, quantified white blood cells in a 

microliter of blood; low WBCs indicated a higher susceptibility to inflammation and infection. The 

normal WBC range is 3.5 to 9.0 × 103/µL. The post-experimentation blood panel revealed a 3.8 x 103/µL 

WBC count in control mouse and a 3.2 x 103/µL WBC count in miR-23 treated mouse; the blood panel 

revealed WBC levels between both groups are insignificant (p > 0.05). 

Neutrophil examination, as seen in Figure 12b, measured the number of neutrophils in a 

microliter of blood; abnormally low neutrophil levels indicated a higher susceptibility to inflammation 

and infection. The normal neutrophil range is 0.5 to 2.5 × 103/µL. The post-experimentation blood panel 

revealed a 0.5 x 103/µL neutrophil count in control mouse and a 0.7 x 103/µL neutrophil count in miR-

23 treated mouse; the blood panel revealed that neutrophil levels between both groups are insignificant 

(p > 0.05). 

Lymphocyte examination, as seen in Figure 12c, quantified the number of lymphocytes in a 

blood microliter; deficient lymphocyte levels, like WBC and Neutrophil, indicated a higher susceptibility 

to inflammation and infection. The normal lymphocyte range is 1.0 to 4.8 × 103/µL. The post- 

experimentation blood panel revealed a 2.4 x 103/µL lymphocyte count in control mouse and a 2.7 x 

103/µL lymphocyte count in miR-23 treated mouse; the blood panel revealed lymphocyte levels between 

both groups are insignificant (p > 0.05). 

Monocyte examination, as seen in Figure 12d, measured the number of monocytes in a microliter 

of blood; uncommonly low levels of monocyte may contribute to monocytopenia and a decrease in WBC 

count. The normal monocyte range is 0.15 to 0.6 × 103/µL. The post-experimentation blood panel 

revealed a 0.11 x 103/µL monocyte count in control mouse and a 0.14 x 103/µL monocyte count in miR-

23 treated mouse; the blood panel revealed that monocyte levels between both groups are insignificant (p 

> 0.05). 

Eosinophil examination, as seen in Figure 12e, measured the amount of eosinophil in a microliter 

of blood; critically low levels of eosinophil increased the short-term risk of heart failure and death. The 

normal eosinophil range is 0.05 to 0.5 × 103/µL. The post-experimentation blood panel revealed a 0.13 x 

103/µL eosinophil level in control mouse and a 0.17 x 103/µL eosinophil level in miR-23 treated mouse; 

the blood panel revealed that eosinophil levels between both groups are insignificant (p > 0.05). 
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Figure 12: Evaluation of DiaMiR inflammation safety through (a) white blood cell count, (b) neutrophil, (c) lymphocyte, (d) 

monocyte, and (e) eosinophil between treated and control groups reveals insignificant (p > 0.05) differences between DiaMiR 

untreated and treated groups. 
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4.0 Discussion 

4.1 Overview 

Type 2 diabetes mellitus (T2D) is a growing worldwide healthcare burden. T2D remains a 

complicated chronic condition that requires life-long self-monitoring and management. Therefore, studies 

aiming to improve cost-effectiveness, delivery invasiveness, and develop novel control methods through 

products like DiaMiR are essential. 

 
4.2 Validation of miR-23 in T2D Human and Mouse Serum 

Previous literature reported patterns of miR-23 deficiencies in both T2D human and mouse 

experimentation, hence testing miR-23 concentration is crucial as the expression of specific pathways 

(e.g., P-AKT, PI3K) may be inhibited due to T2D. Note that normalization concerning the healthy control 

was necessary to offer relative significance between healthy and T2D experimental groups. Serum, a fluid 

and solute component of blood, was readily used for human and mouse experimentations as it contained 

relevant components like antibodies, antigens, other circulating proteins, salt, and fatty acids. Both mouse 

and human serum experimentations demonstrated a pattern of miR-23 deficiencies in T2D, which may 

lead to the under- regulation of beneficial pathways or over-regulation of potentially harmful ones. 

Significance in both lower expressions of miR-23 validate previous literature findings, thus sparking a 

possible lead to the hypothesis that increasing miR-23 concentrations in various cell lines may reduce or 

control T2D expression in both mouse and human models. 

 

4.3 Cell studies 

4.3.1 Analyses of Glucose Uptake through miR-23 on L6 (skeletal) and 3T3-L1 (fat) Cell Lines 

Glucose uptake is an essential metric to measure as there is a significant difference between 

glucose uptake for T2D patients and healthy individuals. Increased glucose uptake is optimal as glucose is 

uptake to be processed and stored rather than continuously flowing in one’s bloodstream. As abnormal 

glucose uptake will lead to an influx of glucose concentration in the bloodstream, it becomes necessary to 

increase glucose uptake in T2D patients. As both the skeletal and fat cells contribute to the significant 

uptake of glucose, characterized immortal cell lines myoblast cell L6 was used for skeletal cell 

characterization, and 3T3-LI cell line was used for adipose/fat cell characterization in in-vitro 

experimentation. Instead of simulating a T2D condition, measuring glucose uptake requires biomarkers 

(2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose), more commonly known as 2- 

NBDG, to measure and quantify the percentage of cells that absorb this analog between treated and 

untreated factors, namely: insulin–, miR-23–; insulin+, miR-23–; miR-23+, insulin+. miR-23 

significantly increases glucose uptake percentage compared to untreated L6 and 3T3-L1 cell lines by 

measuring the percentage of 2-NBDG-positive cells. This suggests that increasing miR-23 concentrations 

in various cell lines may further increase or at least control glucose uptake, thus possibly reducing glucose 

concentrations in the bloodstream. 

 
4.3.2 Analysis of Glucose Output through miR-23 on HepG2 (liver) Cell Line 

Glucose output is an important metric to measure as there is a significant difference between 

glucose output for T2D patients and healthy individuals. A reduction of glucose output is optimal as 

glucose is then processed and stored rather than continuously increasing in one’s bloodstream. As 



abnormal glucose output will lead to an influx of glucose concentration in the bloodstream, it becomes 

necessary to reduce glucose output in T2D patients. As the liver contributes to the large output of 

glucose, a characterized immortal cell line hepatoma G2 (HepG2) was used in in-vitro experimentation. 

Further, to mimic conditions of T2D for in-vitro studies, a phosphodiesterase inhibitor (dbcAMP) was 

used to mimic endogenous cAMP, creating a T2D-like environment in HepG2 cells. miR-23 significantly 

reduces glucose output concentration compared to untreated HepG2 cell lines by measuring the glucose 

concentration in the secreted media. As quantified, the average glucose production on miR-23 treated 

T2D-modeled dbcAMP was 0.69, compared to untreated T2D-modeled dbcAMP (1.97); the results were 

significant. Furthermore, when combined with the T2D-modeled dbcAMP and gold standard insulin 1.2, 

the average relative glucose production was substantial compared to insulin acting on T2D-modeled 

dbcAMP (1.97). Note that normalization according to the negative control corresponds to relevant factors 

cross-sectionally. The purpose of multiple combinations of analyses is to provide insight into insulin v. 

miR-23 performance, as insulin is the gold standard on the market today. Further, statistical studies 

between all factors demonstrate the weight of differences from factor to factor (and establish credibility 

with the data sources found). This suggests that increasing miR-23 concentrations in various cell lines 

may reduce or control glucose output, thus possibly reducing glucose concentrations in the bloodstream. 

 
4.4 Analyses of DiaMiR effectiveness on Mouse 

While previous experimentation was purely based on in-vitro data, testing the effectiveness of 

DiaMiR on mouse models is critical to evaluating the potential for humans. Prior literature conducted 

proof-of-concept experimentation by measuring miR-23 content in transgenic T2D mouse and healthy 

control---running multiple blood routines and panels to validate their findings. Further research on miR- 

23 consisted of literature reviews, miR-23 functionality in mammals, and potential applications of miR- 

23. This study hopes to expand beyond preliminary research and includes statistics, analyses, and results 

based on miR-23 effects on T2D mouse. 

Epi-fluorescence imaging can heat map and trace the contents of DiaMiR post-injection. DiaMiR 

is still active after 3 days of degradation, serving as a more resilient, less frequent, and cost-effective 

method than standard insulin pumps. Blood glucose comparisons between DiaMiR-treated and untreated 

mouse reveal the first performance testing result for miR-23. Note that mouse have intrinsically higher 

blood glucose concentrations, and transgenic mouse can elevate naturally induced T2D by twice the 

original blood glucose level; hence, transgenic T2D mouse generally start at blood glucose close to 450 

mg/dL; since mouse have intrinsically higher blood glucose levels, this experiment also demonstrated the 

ability of mir-23 to control blood glucose levels and drastically lower glucose from the bloodstream. 

Conclusively, DiaMiR is a trustable control method for T2D by significantly lowering blood glucose 

from the bloodstream in a minimally invasive manner for an extended period. 

 

5.0 Conclusion & Future Directions 

DiaMiR (Diabetes MicroRNA injected Reparation) has successfully demonstrated both proofs of 

concepts (in-vitro) and performance testing (in-vivo) data for developing a cost-effective and accessible 

miR-23-loaded microneedle patch. Preliminary validation of miR-23 deficiencies in T2D patients was 

replicated in human and mouse serum studies. Further histological analyses indicate that the toxicity of 

crosslinked microneedles is negligible (through inflammatory testing and skin biopsy histology). DiaMiR 

also introduces the concept of microRNA therapy, a relatively underutilized method, through delivery by 



minimally invasive means. Western blotting and quantitative Polymerase Chain Reaction (qPCR) testing 

reveal case-by-case comparisons between individual cell group improvements and general cell line changes. 

Lastly, the crosslinked hyaluronic microneedles polymerized successfully, and the miR-23 loading process 

was convenient compared to gold standards. Testing revealed that DiaMiR-treated mouse had significantly 

lower blood glucose levels than Type-2 Diabetic mouse [control mouse + vs. DiaMiR mouse + (p ≤ 0.01)]. 

Furthermore, histology evaluating toxicity between control mouse and DiaMiR mouse was conclusive 

(control mouse + vs. DiaMiR mouse +) and relatively similar between both groups. While DiaMiR is a 

relatively new approach in incorporating microRNA with a minimally invasive delivery method, bounds for 

possible usage in humans have been established. Our study covers beyond the preliminary applications of 

microRNA and crosslinked microneedles and expands into possible patient care. 
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