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ABSTRACT 

 

APPLICATIONS OF INORGANIC NANOPARTICLES IN DIABETES 

 Diabetes Mellitus (DM) is an endocrine and metabolic disease that has become a global 

emergency because of the rapid rise in morbidity and mortality rates worldwide. Since the 

direct delivery of biomolecules, such as insulin, to treat DM is inefficient and subjected to 

enzymatic degradation, nanotechnology and nanomedicine research have been devoted to the 

development of more effective methods to treat DM. Nanoparticles (NP), organic, inorganic, or 

hybrid, have served as potential carrier for safe and efficient transport for insulin. Additionally, 

several NP have biological activities that help treat and/or prevent DM and diabetes 

complications, such as antioxidant, anti-apoptotic, or insulin-mimetic activities. Moreover, 

physicochemical properties of some NP allow them to be used in diagnostic tools for potential 

diagnosis or monitoring purposes. This work highlights the applications of inorganic NP such as, 

gold, selenium, silver, calcium phosphate, zinc oxide, cerium oxide, and iron oxide and in the 

treatment or diagnosis of DM.  
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CHAPTER 1/ INTRODUCTION 

 

 Diabetes Mellitus (DM) is a chronic metabolic disease characterized by Hyperglycemia 

(elevated blood glucose levels) (Kharroubi and Darwish, 2015). There are three main types of 

DM. In type 1 diabetes mellitus (T1DM) the body cannot produce insulin (Sharma et al., 2015). 

In type 2 diabetes mellitus (T2DM) the body produces insulin but the cells are resistant to it 

(American Diabetes Association, 2014). Gestational diabetes mellitus (GDM) is diagnosed when 

hyperglycemia is first detected during pregnancy (Wu et al., 2016) 

 According to the International Diabetes Federation, 44.3 million people are living with 

diabetes in the U.S and 415 million people worldwide. This number is expected to rise by 2040 

to reach 642 million (IDF Diabetes Atlas. 2015). This number is higher than the combined 

number of mortality caused by infectious diseases such as HIV/AIDs (1.5 million), tuberculosis 

(1.5 million), and malaria (0.6 million) in 2013 (WHO. 2013). 

 Long term complications that may associate with diabetes are caused by chronic 

hyperglycemia (elevated blood glucose level). These complications include retinopathy (damage 

to the retina of the eye) that can progress and cause blindness, nephropathy (damage to the 

kidneys) which can lead to renal failure and death, neuropathy (damage to the neurons), 

cardiovascular disease that represent the most common cause of death to diabetic patients 

(Nathan, 1993), foot ulcers, and amputations. 

 DM is diagnosed by the symptoms polyuria (excess, diluted urine) and polydipsia 

(excessive thirst) and by measuring plasma glucose concentration (American Diabetes 
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Association, 2014). DiaďetiĐ patieŶts haǀe Iŵpaiƌed FastiŶg GluĐose ;IFGͿ leǀels of ≥ϭϮϲ ŵg/dl 

(7.0 mmol/L) and impaired casual plasma glucose levels (measured any time during the day) of 

≥ϮϬϬ ŵg/dl ;ϭ1.1 mmol/L) (Seino et al., 2010). GDM is diagnosed by oral glucose tolerance test 

(OGTT) during 24 - 32 weeks of pregnancy. Impaired glucose tolerance after 2 hours of 

administering 75g of glucose solutioŶ is ≥ ϭ4Ϭ ŵg/dl ;ϳ.ϴ ŵŵol/LͿ (Meek et al., 2015). Some 

people have undiagnosed DM (Hoang et al. 2014). It is estimated that one in two persons has 

undiagnosed DM (IDF Diabetes Atlas. 2015).  

 Diabetes patients are currently treated with subcutaneous injections of insulin to reduce 

hyperglycemia. It is painful and uncomfortable to patients. Furthermore, it should be adjusted 

manually according to meal time. Incorrect dosage or time of this treatment may result to a 

dangerous hypoglycemia that result in coma and death if not treated promptly (Raj and 

Sharma, 2003). To avoid these complications, an alternative route to administer insulin to 

patients in a more convenient way is needed. Nanoparticles (NP) have been extensively studied 

as a potential treatment as a drug delivery system in different diseases (Faraji and Wipf, 2009) 

and as a tool for diagnosis (Alam et al., 2014). There are various organic NP that have been used 

to study their efficiency as carriers of insulin to reduce blood glucose levels (BGL) such as 

alginate, chitosan, dextran, hyaluronic acid, poly(lactic acid), and solid-lipid NP (Fonte et al., 

2014). There are also inorganic NP that have been studies to treat and diagnose DM s. This 

review is a cultivation of several studies on inorganic NP, such as gold, selenium, iron oxide, 

calcium phosphate, cerium oxide, silver, and zinc that have been used in various experiments to 

investigate their efficiency in treatment, diagnosis, monitoring, or prevention of DM. 
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CHAPTER 2/ APPLICATIONS OF INORGANIC NANOPARTICLES IN TREATMENT OF DIABETES 

 

Inorganic Nanoparticles as Carriers for Insulin or Therapeutic Peptides 2.1 

Gold Nanoparticles 2.1.1 

Recently, gold nanoparticles (AuNP) have been extensively studied as a potential drug 

carrier for their inert nature (Hui Chen et al., 2013), optical features, ability to be tuned to 

different shapes and sizes, ease of surface modification, and bioconjugation ability to bind to 

different biomolecules such as proteins, amino acids (a.a) and DNA (Ghosh et al., 2008; 

Giljohann et al., 2010). 

 AuNP used in research for potential treatment of DM are in the form of insulin-AuNP 

composite, where insulin is adsorbed on the AuNP surface either directly or bound to another 

molecule that cap the AuNP nanosphere. They were mostly prepared by chemical reduction of 

tetrachloroauric acid (HAuCl4) to obtain the metal nanosphere. To study their efficiency to treat 

diabetes, they formulated in different sizes and administered in to diabetic animal models 

through different routes in different concentrations and measured the maximum reduction in 

blood glucose levels (BGL) and the duration of effect until the BGL began to increase (Table-1). 

It has been found that when insulin is bound directly to bare AuNP, the release rate of insulin is 

slow when compared to other formulations when insulin is bound to amino acid-capped AuNP. 

Bare AuNP-INS composite were found to reduce diabetic rats BGL 19% and 31% of the baseline 

value of blood glucose when administered by oral and intranasal routes, respectively, in a dose 

of 50 IU/kg. On the other hand, INS-aspartate-capped AuNP composite reduced BGL to 50% and 

55% when administered by oral and intranasal routes, respectively, and in lower doses of 20 



4 

 

IU/kg. The variation in effect of the two AuNP composites is attributed to the interaction 

between insulin and AuNP. In bare AuNP-INS composite, insulin is bound to AuNP through 

strong covalent bonds leading to a slow release of insulin when administered to diabetic rats, 

while insulin in aspartate-capped AuNP composite is bound to aspartic acid through hydrogen 

bonds. They are weaker than covalent bonds allowing insulin to be released more easily and 

quickly. Notably, intranasal route was observed to reduce BGL more efficiently than oral route  

(Joshi et al., 2006). The anatomical and physiological distinction (pH, enzymes, membrane 

barrier, thickness and surface area of the mucosa) between the oral and intranasal routes 

contributed to the variation in efficiency of AuNP in reducing BGL. It has been further studied 

by using chitosan to reduce HAuCl4, stabilize the nanocomposite, and enhance 

permeation/absorption to deliver insulin in animal model through oral and intranasal routes. 

BGL was significantly decreased to 31.41% and 34.12% when administered through oral (50 

IU/kg) and intranasal (10 IU/kg) routes, respectively. Oral medicines are subjected to digestive 

enzymes that may degrade a considerable amount of the ingested dose. That explains how a 

larger dose of chitosan-reduced AuNP-INS composite contributed to less BGL reduction 

compared to a lower dose of intranasal route. Moreover, when this experiment was done in 

vitro using fresh goat nasal membrane, chitosan-reduced AuNP-INS showed 4-5 times greater 

permeation when compared to free insulin. Furthermore, the nanocomposite were proved to 

be stable for 6 months when visualized with transmission electron microscope (TEM), making a 

reliable carrier for insulin delivery(Bhumkar et al., 2007).  

Chitosan have been used as natural polymers to coat different NP for their unique 

biodegrable, biocompatible, and mucoadhesive properties, as well as permeation enhancing 
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capability for the absorption of hydrophilic molecules such as insulin, allowing chitosan to 

transiently open tight junctions between the intestinal cells to pass through paracellular 

pathway of absorption when administered orally. Through intranasal route of administration, 

chitosan increase residence time of the used NP through its bioadhesive properties, allowing 

chitosan NP to adhere to the mucosa and increase drug bioavailability to enhance its absorption 

(Damgé et al., 2008; Sharma et al., 2015). There are other molecules that have been used in 

reduction of HAuCl4 as well as coating and stabilizing AuNP, such as chondroitin sulfate (CS). A 

network of CS coats the AuNP and entraps insulin for stability.  When administered orally to 

diabetic rats, BGL was significantly reduced up to 32.1% of baseline value in 60 min after 

application. Plasma insulin concentrations were 6.61 folds greater than free insulin-treated rats. 

The CS-reduced AuNP-INS composite proved to be stable for 7 weeks making it another reliable 

insulin carrier for glucose control therapy (Cho et al., 2014). 

 Efficiency of AuNP seems to depend on their shape, size, and surface charge. In the 

previously mentioned studies, the AuNP used were nanospheres. In another study, researchers 

used AuNP nanorods (AuNR) to deliver insulin through transdermal route in vivo and in vitro 

with or without the aid of near infrared (NIR) irradiation to explore how deep these AuNR can 

penetrate skin barrier. The in vitro experiment showed that AuNR-INS where able to penetrate 

to 500 um in skin depth. These results were verified with in vivo experiment that showed a 

significant reduction in BGL to 10% of baseline value, even though the maximum decrease was 

reached after 10h post application. NIR irradiation seemed to help AuNR to be administered 

through the skin when the absorbed light is converted to heat. This unique technique might be 

possible in delivering insulin through the skin to avoid digestive enzymes when insulin is taken 



6 

 

orally (Nose et al., 2012). Shilo et al. used different sizes and concentrations of AuNP to explore 

the possibility to design a personalized and adjustable treatment for hyperglycemia. It was 

found that variation in AuNP-INS sizes and concentrations showed different BGL reduction 

response in animal model that may work as a potential adjustable treatment to diabetes (Shilo 

et al., 2015). 

Calcium Phosphate Nanoparticles 2.1.2 

 Although chitosan has desirable properties, as mentioned above, it precipitates in 

neutral to basic pH. To overcome this hurdle, calcium phosphate nanoparticles were uniquely 

formulated with chitosan and vitamin B12 coating to deliver insulin orally. Vitamin B12 

conjugation with chitosan showed complete solubility in neutral and basic pH, making this 

nanoparticles formulation of chitosan-vitamin B12- calcium phosphate NP a potential carrier for 

therapeutic peptides such as insulin. This formulation showed a significant ability in intestinal 

uptake ďǇ paƌaĐellulaƌ pathǁaǇ due to ĐhitosaŶ’s peƌŵeatioŶ pƌopeƌtǇ, aŶd thƌough ƌeĐeptoƌ-

mediated endocytosis (A. Verma et al., 2016). 

Iron Oxide Nanoparticles 2.1.3 

 A unique iron oxide nanocomposite was formulated to test their loading and release 

efficiency of biomolecules, specifically insulin. Graphene oxide nanosheets were previously 

studied for anticancer drug delivery. However, their loading and release rates were not 

efficient. Therefore, Turcheniuk and colleagues formulated graphene oxide nanosheets 

supported with modified iron oxide nanoparticles and loaded with insulin. This unique 

nanocomposite showed stability in acidic pH resembling gastric pH, and insulin was released 
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when the nanocomposites reach a more basic pH similar to intestinal pH. Insulin efficacy to 

lower hyperglycemia is yet to be studied; nonetheless, this new nanocomposite proves to be 

beneficial as potential carrier for biomolecules such as insulin to manage DM (Turcheniuk et al., 

2014). 

Selenium Nanoparticles 2.1.4 

 Selenium nanoparticles (SeNP) were used to add stability and increase the half-life of a 

T2DM therapeutic peptide, BAY 55-9837 (BAY). In pancreatic islets insulin-secreting beta-cells, 

VPAC2 receptors activate insulin secretion. BAY peptide is VPAC2 agonist that can stimulate 

insulin secretion in T2DM patients, making it a potential therapeutic peptide. Limitations of 

using BAY include their poor stability and short half-life due to their small size that undergo 

renal clearance, which in turn reduces their blood residence time. Chitosan-SeNP were used 

carriers for BAY to prolong their blood residence time and increase their bioavailability for a 

more sustained activity (Rao et al., 2014). Therefore, the use of SeNP to increase the 

size/molecular weight of therapeutic peptides could enhance their biological activity and 

stability in vivo, added to the beneficial biological function of selenium when conjugated with 

these peptides. 

Antioxidant Inorganic Nanoparticles Reduce Diabetes-Induced Oxidative Stress 2.2 

Selenium Nanoparticles 2.2.1 

 Selenium is a trace element that is known to have an insulin-like effect on cells, where it 

can translocate glucose transporters to cell membrane (Ezaki, 1990). When used as selenium 

nanoparticles (SeNP) to study their effect on streptozotocin-induced diabetic rats with or 
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without a combined insulin treatment, BGL was significantly reduced from 300 mg/dl to basal 

levels of 100 and 120 mg/dl when used as SeNP plus insulin treatment and as SeNP treatment 

alone, respectively. Moreover, the researchers studied the antidiabetic effect of these SeNP to 

revert the streptozotocin-induced damage pancreatic islets. It has been found that 

streptozotocin+SeNP–treated pancreatic islets were protected from degenerative damage 

compared to shrinkage of Langerhans islets in streptozotocin-treated rats. Furthermore, when 

the islets stained with insulin antibody for immunoassay, they revealed a considerable amount 

of insulin produced in the SeNP-protected islets compared to damaged islets (Al-Quraishy et al., 

2015). Streptozotocin-induced diabetes is caused by reactive oxygen species (ROS) (Szkudelski, 

2001). The generated ROS or free radicals damage cellular and organellar membranes, proteins 

and nucleic acids. In diabetes, chronic hyperglycemia is toxic to the body because of the auto-

oxidation of glucose that produces hydrogen peroxide (H2O2), a potent ROS (Wolff and Dean, 

1987). Normally, H2O2 is degraded by glutathione peroxidase (GPx1)(Maritim et al., 2003). 

Glutathione peroxidase enzyme is one of the selenoenzymes that are regulated by selenium 

(Baker et al., 1993; Pepper et al., 2011). Therefore, selenium prevents the damage caused by 

glucose oxidation, ROS, and/or streptozotocin-induced damage in diabetes. The antioxidant and 

antiapoptotic activities of SeNP were further studied in diabetic nephropathy. It was reported in 

a study that 41% of Type 1 diabetes patients developed nephropathy at various ages, and only 

10% of them survived (Andersen et al., 1983). Therefore, diabetic nephropathy was more 

extensively studied to stop the progression of renal damage. G.S. Kumar and colleagues 

reported that SeNP had a protective activity against kidney damage induced by STZ in rats by 

increasing the expression of antiapoptotic protein Bcl2 and decreasing expression of pro-
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apoptotic protein Bax. Moreover, heat shock protein HSP70, known to prevent apoptosis, was 

overexpressed in SeNP-treated diabetic rats compared to diabetic control rats that showed 

significant reduction in HSP70 and Bcl2 and increased Bax parameters. Histopathological 

changes in renal tissues were assessed to further elucidate the protective activity of SeNP. 

Renal glomeruli suffered oxidative damage and cell degeneration due to apoptosis induced by 

increased oxidative stress, while SeNP-treated diabetic group maintained a relatively normal 

renal histological structure verifying that SeNP protected the diabetic kidneys from damage. 

Blood urea nitrogen and creatinine, kidney disease blood markers, were markedly reduced to 

normal levels with SeNP treatment compared to a significant elevation of those markers in 

diabetic control group (G.S. Kumar et al., 2014). 

 Although high concentrations of selenium was reported to generate ROS, this process 

was exploited in anticancer treatment (Stapleton et al., 1997). 

Cerium Oxide Nanoparticles 2.2.2 

 Cerium oxide is another inorganic antioxidant that has the ability to scavenge ROS due 

to the large surface area to volume ratio that creates reactive sites to scavenge free radicals 

(Hirst et al., 2009). Cerium oxide NP and sodium selenite were used in diabetic rats to evaluate 

their ability to reduce oxidative stress caused by diabetes. Cerium oxide NP increased total 

antioxidant power in diabetic rats. Total antioxidant power measures the antioxidant ability to 

scavenge free radicals. Oxidative stress has decreased heart, kidneys and lungs in diabetic 

animals treated with cerium oxide nanoparticles. Moreover, cerium oxide NP decreased lipid 

peroxidation and ROS in the brain, kidney and heart. Sodium selenite was found to act 
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synergistically with cerium oxide NP by enhancing the antioxidant activity (Navaei-Nigjeh et al., 

2012).  

 Oxidative stress is involved in the chronic diabetes complications including retinopathy, 

where ROS resulted from chronic hyperglycemia damage the microvasculature of the retina and 

subsequently damage the cells due to compromised perfusion (Madsen-Bouterse and Kowluru, 

2008). ROS are also formed in photoreceptors in response to light damage. Photoreceptors 

consume a high amount of oxygen; therefore generate a high amount of free radicals that must 

be neutralized. Cerium oxide NP, were shot intravitreally to evaluate their efficiency in 

scavenging the free radicals in the eye and their protective activity from the degenerative 

damage induced by light. The results showed that photoreceptors were protected from 

degeneration, thus cerium oxide NP has the potential to prevent oxidative damage caused by 

chronic diabetes. Cerium oxide NP can transfer from +4 to +3 states and vice versa when 

scavenging free radicals. This regenerative ability reduces the need for repetitive doses for 

treatment (Chen et al., 2008). 

Gold Nanoparticles 2.2.3 

 Although AuNP worked efficiently as insulin carrier, they also have been studied to treat 

diabetes for their antioxidant effect. Barathmanikanth and colleagues reported that 

administering AuNP to diabetic mice has siginificantly restores GSH, GPx and SOD parameters 

that were markedly reduced in diabetic control mice. Moreover, AuNP decresead oxidative 

stress parameters (lipid peroxidation and ROS). Even though AuNP were tested for their 

cytoxocity in this study(Barathmanikanth et al., 2010), it has been reported that they can 
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increase oxidative stress and cause cellular damage (Ferreira et al., 2015; Khan et al., 2012). 

Therefore, more the toxicity and antioxidative effect of AuNP should be further studied.  

Inorganic Nanoparticles with Insulin-mimetic Activity 2.3 

Zinc Oxide Nanoparticles 2.3.1 

 Zinc also has an insulin-mimetic activity. It can enhance phosphorylation of 

serine/threonine protein kinase (Akt) and activate glucose transporter-4 (GLUT4) translocation 

from the intracellular vesicle to the cell membrane to increase glucose uptake. Additionally, 

zinc can stimulate the auto-phosphorylation of cytosolic subunit of insulin receptor (IR) 

increasing insulin sensitivity and initiating insulin signaling. Moreover, zinc inhibits protein 

tyrosine phosphatase 1B (PTP1B), an enzyme that terminates insulin signaling (Jansen et al., 

2009). A study used zinc oxide nanoparticles (ZnONP) and silver nanoparticles (SNP) separately 

to evaluate their efficiency in reducing BGL in diabetic rats. An oral dose of 10mg/kg of each NP 

where administered daily. It has been found that ZnONP and SNP significantly reduced BGL by 

75.8% and 68.2%, respectively. Moreover, ZnONP elevated serum insulin concentration by 

79.4%. This determined that both ZnONP and SNP have antidiabetic activity even though 

ZnONP were more potent (Alkaladi et al., 2014). The antidiaďetiĐ effeĐt of “NP isŶ’t ĐleaƌlǇ 

understood, but the mechanism by which ZnONP reduce BGL is clear to some extent, as 

described above. 

Other Nanoparticles 2.3.2 

 Selenium was found to activate translocation of GLUT4 to the cell membrane to increase 

glucose uptake by enhancing the activation of Akt, a mechanism that is activated by insulin 
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binding to IR, thus selenium stimulates cell sensitivity to insulin in a way similar to zinc activity 

(Al-Quraishy et al., 2015; Hatfield et al., 2011).   
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CHAPTER 3/ APPLICATIONS OF INORGANIC NANOPARTICLES IN DIAGNOSIS OF DIABETES 

 

Detection of Type 1 Diabetes Autoantibodies 3.1 

 T1DM is an autoimmune disease where autoantibodies are directed against one or more 

pancreatic antigens (insulin, glutamic acid decarboxylase, and/or tyrosine phosphatase islet 

antigen 2). The chip is made of islands of nanostructured gold, to enhance the electrical 

response, and pancreatic islet antigens microarrays on a glass surface. A finger prick of 2µl of 

human whole blood or serum is sufficient to run the test. If the patient tested positive for 

T1DM autoantibodies, then these antibodies will bind to their respective islet antigens. Then 

the antibodies are detected using specific, fluorescently-labeled antihuman antibodies. The 

fluoƌesĐeŶĐe iŶteŶsitǇ is theŶ ŵeasuƌed. This test is seŶsitiǀe, iŶeǆpeŶsiǀe, aŶd doesŶ’t ƌeƋuiƌe 

an intravenous blood draw compared to the ordinary lab test that require a radiation 

immunoassay to detect the autoantibodies. The gold chip autoantibody test is also able to 

distinguish between T1DM and T2DM because the latter is positive to hyperglycemia but 

negative to autoantibodies. The test can also determine which pancreatic islet antigens the 

autoantibodies are directed to. Since not all cases of T1DM are early-onset, the gold chip can be 

a reliable, quick and easy diagnostic test for undiagnosed late-onset T1DM in adults. 

Furthermore it is a practical test to be used in screening populations for T1DM. (R.B. Kumar et 

al., 2015; Zhang et al., 2014). 

Detection of Acetone in Diabetic Exhaled Breath 3.2 

In T1DM, insulin concentration is very low in the blood or, in some instances, is absent. 

BeĐause gluĐose ĐaŶ’t ďe ĐoŶsuŵed foƌ eŶeƌgǇ, the ďodǇ atteŵpts to pƌoduĐe eŶeƌgǇ thƌough 
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lipolysis. During this process ketone bodies such as beta-hydroxybutyrate and acetoacetate are 

formed and converted to acetone. Due to the resulting metabolic acidosis, the body attempts 

to excrete acetone via respiration. Therefore, a higher concentrations of acetone is detected as 

a ďioŵaƌkeƌ iŶ diaďetiĐs’ eǆhaled ďƌeath (Tassopoulos et al., 1969; Turner et al., 2009). Normal 

aĐetoŶe ĐoŶĐeŶtƌatioŶs iŶ a healthǇ iŶdiǀidual’s ďƌeath is 0.3 – 0.9 ppm, while it exceeds 1.8 

ppŵ iŶ diaďetiĐ’s ďƌeath. A Ŷeǁ deǀise ŵade of AuNP aŶd thƌee-dimensional indium oxide 

(In2O3) inverse opals electrode can be used to detect organic volatile gases including acetone. 

AuNP are loaded on the In2O3 films to increase the electrical conductivity, thus enhancing the 

signal. The AuNP film is very sensitive to trace concentrations of acetone. It can detect 

concentrations as low as 20ppb rendering this new technique a reliable test to monitor and 

diagnose diabetes in a noninvasive way (Xing et al., 2015). 

 Acetone is generated in diabetic ketoacidosis as well as alcoholic ketoacidosis. Both are 

dangerous to the patient due to academia and hypokalemia that may cause death if untreated. 

AuNP/ In2O3 test cannot distinguish between diabetic and alcoholic ketoacidosis through 

detection of acetone. Thus further diagnostic measures to analyze hyperglycemia should be 

taken to exclude ketoacidosis due to alcoholism (Hockenhull et al., 2012).   

Detection of Pancreatic Islets Cell Mass 3.3 

 It is known that T1DM patients suffer from immune-mediated beta cells destruction 

leading to no insulin production, while T2DM patients produce normal amount of insulin but 

their cells are resistant to it leading to hyperinsulinemia at the beginning and eventually insulin 

deficiency. It has been found that T1DM may still have some functioning beta cells. These 
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functioning cells have been studied as a target to stimulate their proliferation to produce more 

cells (Akirav et al., 2008). On the other hand, T2DM patients may suffer from reduction in beta 

cell mass. These findings argue the need for specific diagnostic imaging for pancreatic beta cells 

to determine the proper treatment according to the stage of the disease or according to beta 

cell mass, or as a monitoring imaging to maintain or adjust the treatment  (Yagihashi, 2012). 

Glucagon-like peptide 1 receptor (GLP-1R) is highly and exclusively expressed in pancreatic beta 

cells of mice, rats and humans. It is not expressed in alpha or in delta cells. This makes GLP-1R a 

targeted biomarker for specific beta cell imaging. Exendin-4 is known to be GLP-1 analog that 

speĐifiĐallǇ ďiŶds to ďeta Đell’s GLP-1R. B. Zhang and colleagues used superparamagnetic iron 

oxide NP labeled with exendin-4 as a potential beta cell-specific MRI probe from diagnostic 

imaging of beta cell. Their results showed specific targeting of the labeled NP to islet beta cells 

and insulinoma cells in vitro that also express GLP-1R. These findings proved that this beta cell 

specific targeting mechanism could be beneficial for monitoring purposes of islet 

transplantation and/or diagnosis of the clinical stage of DM (B. Zhang et al., 2013).  

Monitoring Diabetes-Associated White Blood Cell Count 3.4 

 It has been reported in a clinical study that chronic high white blood cells (WBC) count 

could be associated with the development and/or progression of Type 2 diabetes due to a 

relationship between  high WBC count and insulin resistance (Vozarova et al., 2002). The high 

WBC count in T2DM could also lead to the development of cardiovascular disease. Therefore, 

the necessity to constantly monitor WBC count with a low cost, instrument-free, rapid and 

convenient way without the need of medical knowledge has inspired Zhang and colleagues to 

develop a portable, self-administering WBC counting device for patients. A very small amount 
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of blood (15 µl) is sufficient to run the test. The blood sample is labeled with AuNP using biotin-

labeled CD-45 antibodies. CD-45 is a common surface marker found on all WBCs. The blood 

sample flows vertically in a small orifice in the device. WBCs that are conjugated to AuNP would 

be trapped in the paper mesh positioned right under the orifice. The test spot would appear 

dark due to the intensity of the labled AuNP trapped in the paper. If there were no cells, the 

test spot would appear white, because the free AuNP (40 nm) flowed through the paper. The 

test spot color intensity could reveal if the patient suffer from leukocytosis (high WBC count) or 

leukocytopenia (low WBC count) to seek medical assistance and prevent any complications. 

Because the test is based on using antibodies against CD-45 surface marker, it is designed to 

give a total WBC count but not a differential WBC count (Y. Zhang et al., 2015). 
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CHAPTER 4/ SUMMARY & CONCLUSION 

 

 Recently, inorganic nanoparticles have gained more interest for their effect in treating, 

preventing, or diagnosing diabetes because of their availability and significant biological and 

physical properties. Inorganic nanoparticles have significant biological and/physical properties 

that allow them to be a potential treatment for diabetes. They have been used to offer a safe 

and efficient transport to insulin to protect it from enzymatic degradation or to enhance its 

absorption. Gold nanoparticles are unique metal NP with desirable properties that have proved 

to be efficient and stable carriers of insulin to treat hyperglycemia. They can be synthesized in 

different formulations to enhance their absorption, stability, and bioavailability. When given 

through different routes, they were effectively absorbed by the cells and reduced blood glucose 

concentrations. Additionally, calcium phosphate and iron oxide NPs have also proved to be 

reliable and safe carriers for insulin. Other inorganic nanoparticles were found to have 

hypoglycemic effect when administered, such as selenium, silver, and zinc oxide NP that have 

efficiently reduced hyperglycemia. While the mechanism by which silver nanoparticles reduce 

blood glucose levels is still not clear, zinc oxide and selenium nanoparticles possess insulin-

mimetic activity that allow them to translocate glucose transporter 4 to cell membrane to 

increase glucose uptake. Since oxidative stress increases with chronic diabetes leading to 

diabetic complications, antioxidant treatments in the form of nanoparticles have been used to 

reduce oxidative stress. Selenium and cerium oxide NPs have antioxidant activities and they 

have efficiently protected tissues from oxidative damage and prevented the progression of the 

disease. Moreover, selenium nanoparticles proved to have antiapoptotic activity by 



18 

 

upregulating antiapoptotic proteins expression and downregulating pro-apoptotic proteins to 

prevent cell death caused by diabetes-induced oxidative damage. 

 Various inorganic NP have been studied to be used in detection or monitoring DM for 

their physicochemical, electrical and optical properties. AuNP were used in a chip that can 

detect T1DM autoantibodies. A unique inexpensive and sensitive test that can be used for 

screening populations to detect early or late-onset T1DM, and it is capable of differentiating 

between type 2 and type 1 DM.  Moreover, AuNP were used an organic volatile gas sensor to 

detect acetone in exhaled breath of diabetics. Since acetone is produced and excreted through 

respiration in diabetic ketoacidosis, a very dangerous complication of DM, the gas sensor is able 

to detect trace amounts of acetone, thus can diagnose DM and serve as a monitor to detect 

metabolic acidosis and prevent dangerous outcome. Furthermore, iron oxide NP proved to be 

efficient in targeting beta cells for specific islet beta cells MR imaging when labeled with 

exendin-4, a protein that has high affinity to specific beta cell receptor. It is used in diagnostic 

as well as monitoring purposes. Another monitoring device that utilizes AuNP is used to count 

WBC that has been found to be associated with diabetic complications, specifically heart 

disease. 
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Table 1 -  Nanoparticles formulations and their pharmacological effect on blood glucose levels in in vivo or in vitro. BGL, blood glucose level; I/V, 

intravenous injection; NP, nanoparticles; PEG, polyethylene glycol; S/C, subcutaneous injection. (Continued) 

 

  

Nanoparticle

composition

Preparation Method/

Chemical Composition
Size Study Model Study Type

Route of 

administrati

on

Dose/Conc

BGL

reduction 

(of 

baseline 

value)

Max 

Decrease

Duration

of BG

reduction 

Reference

Gold-insulin NP HAuCL4 + NaBH4 /
Diabetic, Wistar 

rats
in vivo oral 50 IU/kg 19% After 3h / Joshi et al., 2006

Gold-insulin NP HAuCL4 + NaBH5 /
Diabetic, Wistar 

rats
in vivo Intranasal 50 IU/kg 31% After 3h / Joshi et al., 2006

Gold-Aspartate-insulin 

NP

Gold NP (HAuCL4  + NaBH4) + 

Aspartic Acid
/

Diabetic, Wistar 

rats
in vivo Oral 20 IU/kg 50% After 3h / Joshi et al., 2006

Gold-Aspartate-insulin 

NP

Gold NP (HAuCL4 + NaBH4) + 

Aspartic Acid
/

Diabetic, Wistar 

rats
in vivo Intranasal 20 IU/kg 55% After 2 / Joshi et al., 2006

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 20 nm
Normal, Balb/c

male mice
In vivo I/V

30mg/ml 

=1.12 IU
20% 2h

BGL 

increased

after

2h

Shilo et al., 2015

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 50 nm
Normal, Balb/c

male mice
In vivo I/V

30mg/ml 

=1.12 IU

10%

(90% 

reduction)

1-2h 6h Shilo et al., 2015

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 50 nm
Normal, Balb/c

male mice
In vivo I/V

7.5 mg/ml

= 0.28 IU
20% 1h 1h Shilo et al., 2015

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 50 nm
Normal, Balb/c

male mice
In vivo I/V

1.875 mg/ml

=0.07 IU
57% 1h 1h Shilo et al., 2015

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 50 nm
Diabetic, Balb/c

male mice
In vivo I/V

30mg/ml 

=1.12 IU
20% 2h 6h Shilo et al., 2015

Gold-insulin NP HAuCl4 (citrate-reduced) + PEG 50 nm
Diabetic, Balb/c

male mice
In vivo S/C

30mg/ml 

=1.12 IU
15% 2h 6h Shilo et al., 2015

Gold-Insulin NP HAuCl4 (citrate-reduced) + PEG 70 nm
Normal, Balb/c

male mice
In vivo I/V

30mg/ml 

=1.12 IU
10% 1h 4h Shilo et al., 2015
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Nanoparticle

composition

Preparation Method/

Chemical Composition
Size Study Model Study Type

Route of 

administrati

on

Dose/Conc

BGL

reduction 

(of 

baseline 

Max 

Decrease

Duration

of BG

reduction 

Reference

Gold-insulin NP
AuNP + mPEG + sucrose esters 

of F.A
/

Diabetic, 

Sea:ddY, 

male mice

in vivo

Transderma

l

(in 

3.7 mg/ml 10% 10h 10h Nose et al., 2012

Gold-insulin NP HAuCL4 + Ch3COOH + Chitosan /
Diabetic, Wistar, 

male rats
in vivo Oral 50 IU/kg 31.41% 2h /

Bhumkar at al., 

2007

Gold-insulin NP HAuCL4 + Ch3COOH + Chitosan /
Diabetic, Wistar, 

male rats
in vivo Intranasal 10 IU/kg 34.12% 3h /

Bhumkar at al., 

2007

Gold-insulin NP HAuCL4 + Chondroitin sulfate 123 nm
Diabetic, Sprague-

Dawley males
in vivo Oral 50 IU/kg 32.10% 1h / Cho et al., 2014

Gold NP (no insulin) HAuCl4 50nm
Diabetic, male 

albino mice
in vivo I/P 2.5 mg/kg

Reduced 

from 230 

to 110 

1.5 h /
Barathmanikant

h et al., 2010

Selenium NP (no insulin)
Reduction of sodium selenite 

by glutathione

10 - 80 

nm

Diabetic, Wistar, 

albino, malr rats
in vivo Oral 0.1 mg/kg

Reduced 

from 300 

mg/dl to 

120mg/dl

21d 28d
Al-Quraishy et 

al., 2015

Selenium NP + insulin
Reduction of sodium selenite 

by glutathione

11 - 80 

nm

Diabetic, Wistar, 

albino, malr rats
in vivo

Oral SeNP

S/C insulin

SeNP: 0.1 

mg/kg 

Ins: 6U/kg 

Reduced 

from 300 

mg/dl to 

100mg/dl

28d 28d
Al-Quraishy et 

al., 2015

Zinc Oxide NP / /
Diabetic, Sprague-

Dawley males
in vivo Oral

10 mg/kg 

daily

Reduced 

from 505 

mg/dl to 

122.2 

mg/dl 

/ /
Alkaladi et al., 

2014

Silver NP / /
Diabetic, Sprague-

Dawley males
in vivo Oral

10 mg/kg 

daily

Reduced 

from 505 

mg/dl to 

160.6 

mg/dl 

/ /
Alkaladi et al., 

2014

Calcium Phosphate-INS 

NP

CaPO4 NP (microemulsion 

method) + Chitosan + Vit. B12
<250nm

Diabetic, male 

Wistar rats
in vivo Oral /

Reduced 

from 350 

to 120 

6h 6h
A. Verma et al., 

2015

Iron Oxide-INS NP
Laser ablation of ultrapure iron 

slug

Diabetic, female 

Wistar rats
in vivo Oral / 51% / /

Kebede et al., 

2013



21 

 

REFERENCES 

 

 

Akirav, E., Kushner, J.A., Herold, K.C., 2008. Beta-cell mass and type 1 diabetes: going, going, 

gone? Diabetes 57, 2883–8. doi:10.2337/db07-1817 

Alam, Q., ZubairAlam, M., Karim, S., Gan, S.H., Kamal, M.A., Jiman-Fatani, A., Damanhouri, G.A., 

Abuzenadah, A.M., Chaudhary, A.G., Haque, A., 2014. A nanotechnological approach to the 

management of Alzheimer disease and type 2 diabetes. CNS Neurol Disord Drug Targets 

13, 478–486. 

Alkaladi, A., Abdelazim, A.M., Afifi, M., 2014. Antidiabetic activity of zinc oxide and silver 

nanoparticles on streptozotocin-induced diabetic rats. Int. J. Mol. Sci. 15, 2015–2023. 

doi:10.3390/ijms15022015 

Al-Quraishy, S., Adkhil, M., Moneim, A.E.A., 2015. Anti-hyperglycemic activity of selenium 

nanoparticles in streptozotocin-induced diabetic rats. Int. J. Nanomedicine 10, 6741–6756. 

doi:10.2147/IJN.S91377 

American Diabetes Association, 2014. Diagnosis and classification of diabetes mellitus. Diabetes 

Care 37, S81–90. doi:10.2337/dc14-S081 

Andersen, A.R., Christiansen, J.S., Andersen, J.K., Kreiner, S., Deckert, T., 1983. Diabetic 

nephropathy in type 1 (insulin-dependent) diabetes: An epidemiological study. 

Diabetologia 25, 496–501. doi:10.1007/BF00284458 

Baker, R.D., Baker, S.S., LaRosa, K., Whitney, C., Newburger, P.E., 1993. Selenium regulation of 

glutathione peroxidase in human hepatoma cell line Hep3B. Arch. Biochem. Biophys. 304, 

53–57. doi:10.1006/abbi.1993.1320 



22 

 

Barathmanikanth, S., Kalishwaralal, K., Sriram, M., Pandian, S.R.K., Youn, H.-S., Eom, S., 

Gurunathan, S., 2010. Anti-oxidant effect of gold nanoparticles restrains hyperglycemic 

conditions in diabetic mice. J. Nanobiotechnology 8, 16. doi:10.1186/1477-3155-8-16 

Bhumkar, D.R., Joshi, H.M., Sastry, M., Pokharkar, V.B., 2007. Chitosan reduced gold 

nanoparticles as novel carriers for transmucosal delivery of insulin. Pharm. Res. 24, 1415–

1426. doi:10.1007/s11095-007-9257-9 

Chen, H., Dorrigan, A., Saad, S., Hare, D.J., Cortie, M.B., Valenzuela, S.M., 2013. In Vivo Study of 

Spherical Gold Nanoparticles: Inflammatory Effects and Distribution in Mice. PLoS One 8, 

e58208. doi:10.1371/journal.pone.0058208 

Chen, J., Patil, S., Seal, S., McGinnis, J.F., 2008. Nanoceria particles prevent roi-induced 

blindness. Adv. Exp. Med. Biol. 613, 53–59. doi:10.1007/978-0-387-74904-4_5 

Cho, H.J., Oh, J., Choo, M.K., Ha, J.I., Park, Y., Maeng, H.J., 2014. Chondroitin sulfate-capped 

gold nanoparticles for the oral delivery of insulin. Int. J. Biol. Macromol. 63, 15–20. 

doi:10.1016/j.ijbiomac.2013.10.026 

Damgé, C., Reis, C.P., Maincent, P., 2008. Nanoparticle strategies for the oral delivery of insulin. 

Expert Opin. Drug Deliv. 5, 45–68. doi:10.1517/17425247.5.1.45 

Ezaki, O., 1990. The insulin-like effects of selenate in rat adipocytes. J. Biol. Chem. 265, 1124–

1128. 

Faraji, A.H., Wipf, P., 2009. Nanoparticles in cellular drug delivery. Bioorganic Med. Chem. 

doi:10.1016/j.bmc.2009.02.043 

Ferreira, G.K., Cardoso, E., Vuolo, F.S., Michels, M., Zanoni, E.T., Carvalho-Silva, M., Gomes, 

L.M., Dal-Pizzol, F., Rezin, G.T., Streck, E.L., Paula, M.M. da S., 2015. Gold nanoparticles 



23 

 

alter parameters of oxidative stress and energy metabolism in organs of adult rats. 

Biochem. Cell Biol. 93, 548–57. doi:10.1139/bcb-2015-0030 

Fonte, P., Ara??jo, F., Silva, C., Pereira, C., Reis, S., Santos, H.A., Sarmento, B., 2014. Polymer-

based nanoparticles for oral insulin delivery: Revisited approaches. Biotechnol. Adv. 33, 

1342–1354. doi:10.1016/j.biotechadv.2015.02.010 

Ghosh, P., Han, G., De, M., Kim, C.K., Rotello, V.M., 2008. Gold nanoparticles in delivery 

applications. Adv. Drug Deliv. Rev. 60, 1307–1315. doi:10.1016/j.addr.2008.03.016 

Giljohann, D.A., Seferos, D.S., Daniel, W.L., Massich, M.D., Patel, P.C., Mirkin, C.A., 2010. Gold 

nanoparticles for biology and medicine. Angew. Chemie - Int. Ed. 49, 3280–3294. 

doi:10.1002/anie.200904359 

Hatfield, D.L., Berry, M.J., Gladyshev, V.N., 2011. Selenium: Its Molecular Biology and Role in 

Human Health. Springer Science & Business Media. 

Hirst, S.M., Karakoti, A.S., Tyler, R.D., Sriranganathan, N., Seal, S., Reilly, C.M., 2009. Anti-

inflammatory properties of cerium oxide nanoparticles. Small 5, 2848–2856. 

doi:10.1002/smll.200901048 

Hoang, Q.N., Pisani, M.A., Inzucchi, S., Hu, B., Honiden, S., 2014. The prevalence of undiagnosed 

diabetes mellitus and the association of baseline glycemic control on mortality in the 

intensive care unit: A prospective observational study. J. Crit. Care 29, 1052–1056. 

doi:10.1016/j.jcrc.2014.06.007 

Hockenhull, J., Dhillo, W., Andrews, R., Paterson, S., 2012. Investigation of markers to indicate 

and distinguish death due to Alcoholic Ketoacidosis, Diabetic Ketoacidosis and 

Hyperosmolar Hyperglycemic State using post-mortem samples. Forensic Sci. Int. 214, 



24 

 

142–147. doi:10.1016/j.forsciint.2011.07.040 

Jansen, J., Karges, W., Rink, L., 2009. Zinc and diabetes - clinical links and molecular 

mechanisms. J. Nutr. Biochem. doi:10.1016/j.jnutbio.2009.01.009 

Joshi, H.M., Bhumkar, D.R., Joshi, K., Pokharkar, V., Sastry, M., 2006. Gold nanoparticles as 

carriers for efficient transmucosal insulin delivery. Langmuir 22, 300–305. 

doi:10.1021/la051982u 

Khan, H.A., Abdelhalim, M.A.K., Al-Ayed, M.S., Alhomida, A.S., 2012. Effect of gold nanoparticles 

on glutathione and malondialdehyde levels in liver, lung and heart of rats. Saudi J. Biol. Sci. 

19, 461–4. doi:10.1016/j.sjbs.2012.06.005 

Kharroubi, A.T., Darwish, H.M., 2015. Diabetes mellitus: The epidemic of the century. World J. 

Diabetes 6, 850–67. doi:10.4239/wjd.v6.i6.850 

Kumar, G.S., Kulkarni, A., Khurana, A., Kaur, J., Tikoo, K., 2014. Selenium nanoparticles involve 

HSP-70 and SIRT1 in preventing the progression of type 1 diabetic nephropathy. Chem. 

Biol. Interact. 223, 125–133. doi:10.1016/j.cbi.2014.09.017 

Kumar, R.B., Gupta, M., Feldman, B.J., 2015. The development of next-generation screening and 

diagnostic platforms will change diabetes care. Expert Rev Mol Diagn 15, 291–294. 

doi:10.1586/14737159.2015.1002468 

Madsen-Bouterse, S.A., Kowluru, R.A., 2008. Oxidative stress and diabetic retinopathy: 

Pathophysiological mechanisms and treatment perspectives. Rev. Endocr. Metab. Disord. 

9, 315–327. doi:10.1007/s11154-008-9090-4 

Maritim, A.C., Sanders, R.A., Watkins, J.B., 2003. Diabetes, oxidative stress, and antioxidants: A 

review. J. Biochem. Mol. Toxicol. doi:10.1002/jbt.10058 



25 

 

Meek, C.L., Lewis, H.B., Patient, C., Murphy, H.R., Simmons, D., 2015. Diagnosis of gestational 

diabetes mellitus: falling through the net. Diabetologia 58, 2003–2012. 

doi:10.1007/s00125-015-3647-z 

Nathan, D.M., 1993. Long-Term Complications of Diabetes Mellitus. N. Engl. J. Med. 328, 1676–

1685. doi:10.1056/NEJM199306103282306 

Navaei-Nigjeh, M., Rahimifard, M., Pourkhalili, N., Nili-Ahmadabadi, A., Pakzad, M., Baeeri, M., 

Abdollahi, M., 2012. Multi-organ protective effects of cerium oxide nanoparticle/selenium 

in diabetic rats: Evidence for more efficiency of nanocerium in comparison to metal form 

of cerium. Asian J. Anim. Vet. Adv. 7, 605–612. doi:10.3923/ajava.2012.605.612 

Nose, K., Pissuwan, D., Goto, M., Katayama, Y., Niidome, T., 2012. Gold nanorods in an oil-base 

formulation for transdermal treatment of type 1 diabetes in mice. Nanoscale 4, 3776–80. 

doi:10.1039/c2nr30651d 

Pepper, M.P., Vatamaniuk, M.Z., Yan, X., Roneker, C.A., Lei, X.G., 2011. Impacts of dietary 

selenium deficiency on metabolic phenotypes of diet-restricted GPX1-overexpressing mice. 

Antioxid. Redox Signal. 14, 383–90. doi:10.1089/ars.2010.3295 

Raj, N.K.K., Sharma, C.P., 2003. Oral insulin-a perspective. J. Biomater. Appl. 17, 183–196. 

doi:10.1106/088532803030567 

Rao, L., Ma, Y., Zhuang, M., Luo, T., Wang, Y., Hong, A., 2014. Chitosan-decorated selenium 

nanoparticles as protein carriers to improve the in vivo half-life of the peptide therapeutic 

BAY 55-9837 for type 2 diabetes mellitus. Int J Nanomedicine 9, 4819–4828. 

doi:10.2147/IJN.S67871 

Seino, Y., Nanjo, K., Tajim, N., Kadowaki, T., Kashiwagi, A., Araki, E., Ito, C., Inagaki, N., Iwamoto, 



26 

 

Y., Kasuga, M., Hanafusa, T., Haneda, M., Ueki, K., 2010. Report of the committee on the 

classification and diagnostic criteria of diabetes mellitus. J. Diabetes Investig. 1, 212–228. 

doi:10.1111/j.2040-1124.2010.00074.x 

Sharma, G., Sharma, A.R., Nam, J.-S., Doss, G.P.C., Lee, S.-S., Chakraborty, C., 2015. Nanoparticle 

based insulin delivery system: the next generation efficient therapy for Type 1 diabetes. J. 

Nanobiotechnology 13, 74. doi:10.1186/s12951-015-0136-y 

Shilo, M., Berenstein, P., Dreifuss, T., Nash, Y., Goldsmith, G., Kazimirsky, G., Motiei, M., 

Frenkel, D., Brodie, C., Popovtzer, R., 2015. Insulin-coated gold nanoparticles as a new 

concept for personalized and adjustable glucose regulation. Nanoscale 7, 20489–20496. 

doi:10.1039/C5NR04881H 

Stapleton, S.R., Garlock, G.L., Foellmi-Adams, L., Kletzien, R.F., 1997. Selenium: Potent 

stimulator of tyrosyl phosphorylation and activator of MAP kinase. Biochim. Biophys. Acta 

- Mol. Cell Res. 1355, 259–269. doi:10.1016/S0167-4889(96)00140-1 

Szkudelski, T., 2001. The mechanism of alloxan and streptozotocin action in B cells of the rat 

pancreas. Physiol. Res. 

Tassopoulos, C.N., Barnett, D., Russell Fraser, T., 1969. Breath-Acetone and Blood-Sugar 

Measurements in Diabetes. Lancet 293, 1282–1286. doi:10.1016/S0140-6736(69)92222-3 

Turcheniuk, K., Khanal, M., Motorina, A., Subramanian, P., Barras, A., Zaitsev, V., Kuncser, V., 

Leca, A., Martoriati, A., Cailliau, K., Bodart, J.-F., Boukherroub, R., Szunerits, S., 2014. 

Insulin loaded iron magnetic nanoparticle–graphene oxide composites: synthesis, 

characterization and application for in vivo delivery of insulin. RSC Adv. 4, 865. 

doi:10.1039/c3ra46307a 



27 

 

Turner, C., Walton, C., Hoashi, S., Evans, M., 2009. Breath acetone concentration decreases 

with blood glucose concentration in type I diabetes mellitus patients during hypoglycaemic 

clamps. J. Breath Res. 3, 046004. doi:10.1088/1752-7155/3/4/046004 

Verma, A., Sharma, S., Gupta, P.K., Singh, A., Teja, B.V., Dwivedi, P., Gupta, G.K., Trivedi, R., 

Mishra, P.R., 2015. Vitamin B12 functionalized layer by layer calcium phosphate 

nanoparticles: A mucoadhesive and pH responsive carrier for improved oral delivery of 

insulin. Acta Biomater. 31, 288–300. doi:10.1016/j.actbio.2015.12.017 

Vozarova, B., Stefan, N., Lindsay, R.S., Saremi, A., Pratley, R.E., Bogardus, C., Antonio Tataranni, 

P., 2002. High alanine aminotransferase is associated with decreased hepatic insulin 

sensitivity and predicts the development of type 2 diabetes. Diabetes 51, 1889–1895. 

doi:10.2337/diabetes.51.6.1889 

Wolff, S.P., Dean, R.T., 1987. Glucose autoxidation and protein modification. The potential role 

of ͞autoǆidatiǀe glǇĐosǇlatioŶ͟ iŶ diaďetes. BioĐhem. J. 245, 243–250. 

Wu, E.-T., Nien, F.-J., Kuo, C.-H., Chen, S.-C., Chen, K.-Y., Chuang, L.-M., Li, H.-Y., Lee, C.-N., 

2016. Diagnosis of more gestational diabetes lead to better pregnancy outcomes: 

Comparing the International Association of the Diabetes and Pregnancy Study Group 

criteria, and the Carpenter and Coustan criteria. J. Diabetes Investig. 7, 121–126. 

doi:10.1111/jdi.12378 

Xing, R., Li, Q., Xia, L., Song, J., Xu, L., Zhang, J., Xie, Y., Song, H., 2015. Au-modified three-

dimensional In 2 O 3 inverse opals: synthesis and improved performance for acetone 

sensing toward diagnosis of diabetes. Nanoscale 7, 13051–13060. 

doi:10.1039/C5NR02709H 



28 

 

Yagihashi, S., 2012. Imaging of insulin factory: Is it just imagination or approaching reality? J. 

Diabetes Investig. 3, 429–431. doi:10.1111/j.2040-1124.2012.00236.x 

Zhang, B., Kumar, R.B., Dai, H., Feldman, B.J., 2014. A plasmonic chip for biomarker discovery 

and diagnosis of type 1 diabetes. Nat. Med. 20, 948–953. doi:10.1038/nm.3619 

Zhang, B., Yang, B., Zhai, C., Jiang, B., Wu, Y., 2013. The role of exendin-4-conjugated 

superparamagnetic iron oxide nanoparticles in beta-cell-targeted MRI. Biomaterials 34, 

5843–5852. doi:10.1016/j.biomaterials.2013.04.021 

Zhang, Y., Bai, J., Wu, H., Ying, J.Y., 2015. Trapping cells in paper for white blood cell count. 

Biosens. Bioelectron. 69, 121–127. doi:10.1016/j.bios.2015.02.019 

 

 

 


