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This review article discusses the potential applications of nanoparticles and BioMEMS as 
drug delivery systems for diabetes treatment. This manuscript discusses polymeric 
nanoparticles, oral insulin administration using polysaccharides and polymeric 
nanoparticles, inhalable insulin nanoparticle formulations, and insulin delivery using 
BioMEMS. In addition to ceramic and polymeric nanoparticles, studies on gold 
nanoparticles for insulin delivery and treatment of diabetes-associated symptoms are 
discussed. There are a few limitations in the use of conventionally available drug delivery 
systems for diabetes treatment. This article reviews the subject in brief with suitable 
references to original research articles and review articles on earlier and current research 
findings about various types of nanoparticles and BioMEMS in diabetes treatment and 
their limitations.  
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1. Introduction 
 
The field of nanotechnology has been undergoing tremendous development in the recent 

decade. Nanotechnology is the ability to work at the atomic, molecular, supramolecular levels (on 
a scale of ~1-100nm) in order to understand, create and use material structures, devices and 
systems with fundamentally new properties and functions resulting from their small structure [1]. 
In addition to the developments in scientific disciplines such as electronics, material science, space 
research and robotics, nanotechnology is expected to make significant advances in mainstream 
biomedical applications, including the areas of gene therapy, imaging and novel drug discovery 
and drug delivery in the treatment of diseases like diabetes, cancer, etc. There are a few limitations 
in the use of conventionally available drug delivery systems. Lack of target specificity, altered 
effects and diminished potency due to drug metabolism in the body, cytotoxicity of certain anti-
carcinogenic pharmacological agents, are to mention a few. Biocompatible nanoparticles with 
optimized physical, chemical and biological properties can overcome these limitations and serve as 
effective drug delivery systems. These newer generations of drug delivery systems have significant 
advantages over conventionally available drug delivery systems. This manuscript discusses the 
need for nanoparticulate drug delivery systems, their advantages, limitations and recent advances 
in application of such drug delivery systems in the treatment of diabetes.  
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2. Diabetes, types and its etiology 
 
Diabetes mellitus, often referred as diabetes is caused by decrease in insulin secretion by 

pancreatic islet cells leading to increase in blood glucose level (hyperglycemia). Diabetes insipidus 
is a condition characterized by excretion of large amounts of severely diluted urine, which cannot 
be reduced when fluid intake is reduced. This is caused due to deficiency of antidiuretic hormone 
(ADH) also known as vasopressin secreted by the posterior pituitary gland.  Diabetes mellitus is 
characterised by excessive weight loss, increased urge for urination (polyuria), increased thirst 
(polydipsia) and an excessive desire to eat (polyphagia) [2]. Diabetes mellitus has been classified 
as Type 1 or insulin dependent diabetes, Type 2 or non-insulin dependent diabetes and Gestational 
diabetes. Type 1 diabetes mellitus is characterized by loss of insulin-producing beta cells of islets 
of Langerhans in the pancreas, thereby leading to deficiency of insulin. The main cause of this beta 
cell loss is T-cell mediated autoimmune attack. Type 1 diabetes in children is termed as juvenile 
diabetes. Type 2 diabetes mellitus is caused by insulin resistance or reduced insulin sensitivity 
combined with reduced insulin secretion. The defective responsiveness of body tissues to insulin 
almost certainly involves the insulin receptor in cell membranes. Gestational diabetes occurs in 
women without previously diagnosed diabetes who exhibit high blood glucose levels during 
pregnancy. No specific cause has been identified but it is believed that the hormones produced 
during pregnancy reduce a woman's sensitivity to insulin, resulting in high blood sugar levels. 
Control of blood sugar level through modified dietary sugar intake, physical exercise, insulin 
therapy and oral medications have been advised for control of Type 1 diabetes mellitus. 
Nanomedicine research over the past few decades have been aimed at the applications of 
nanoparticles for Type 1 diabetes mellitus treatment through effective insulin delivery and are 
discussed in the following sections. 
 

3. Nanoparticles for insulin delivery  
 
The various types of nanoparticles that are currently studied for their use as drug delivery 

systems [3,4] are as follows: 
• Polymeric biodegradable nanoparticles that include nanospheres and nanocapsules 
• Ceramic nanoparticles 
• Polymeric micelles 
• Dendrimer 
• Liposomes. 

The applications of various types of nanoparticles and BioMEMS (bio 
microelectromechanical system) for insulin delivery in the treatment of diabetes are outlined in the 
following sections. 

Polymeric nanoparticles 
These are solid, colloidal particles consisting of macromolecular substances that vary in 

size from 10 nm to 1000 nm [5]. Depending on the methods of preparation [6, 7], nanoparticles 
can be of two types, nanosphere (Figs. 1(a) and (b)) or nanocapsule (Fig. 2). These nanostructures 
have completely different properties and release characteristics for the encapsulated drug. A 
nanosphere is a matrix system [8] in which the drug is physically and uniformly dispersed and 
nanocapsules are vesicular systems in which the drug is confined to a cavity surrounded by a 
unique polymer membrane (Fig. 2). These particles degrade into biologically acceptable 
compounds by hydrolysis thus delivering the encapsulated medication to the target tissue. The 
erosion process occurs either in bulk where the matrix degrades uniformly or at the polymer’s 
surface where the release rate is related to the surface area. The polymer is degraded into lactic and 
glycolic acids, which are eventually reduced to carbon dioxide and water by Krebs cycle. Earlier 
researches were focused on using naturally occurring polymers like collagen, cellulose, etc as 
biodegradable systems [9, 10]. The focus has now moved on to chemically synthesize 
biodegradable polymers with improved characteristics. Examples include polyanhydrides, 
polyacrylic acids, polyurethanes, polyesters and poly (methyl ethacrylates). Recently polymeric 
nanospheres based on methoxy poly (ethylene glycol) and DL-lactide diblock copolymers have 
been synthesized [11]. The cytotoxicity tests showed that the nanospheres exhibited sustained drug 
release and no cell damage. Polymeric nanoparticles represent a significant improvement over 
traditional oral and intravenous methods of administration in terms of efficiency and effectiveness. 
Also, polymeric nanoparticles can have engineered specificity, allowing them to deliver a higher 
concentration of pharmaceutical agent to a desired location. This feature makes polymeric 
nanoparticles as ideal candidates for diabetes therapy and delivery of insulin. 
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Fig. 1. (a) Scanning electron microscopy image of a hollow nanosphere obtained by spray drying of 

hydroxyl propyl cellulose and (b) a magnified view of the particle surface in a [6]. 
 

 
Fig. 2. Schematics of different nanotechnology-based drug delivery systems. Nanoparticles 
are small polymeric colloidal particles with a therapeutic agent either dispersed in 
polymer matrix or encapsulated in polymer. Polymeric micelles are self-assembled block 
co-polymers, which in aqueous solution arrange to form an outer hydrophilic layer and an 
inner hydrophobic core. The miceller core can be loaded with a water insoluble 
therapeutic agent. Liposomes are lipid structures that can be made ‘stealth’ by 
PEGylation and further conjugated to antibodies for targeting. Dendrimers are 
monodispersed symmetric macromolecules built around a small molecule with an internal 
cavity surrounded by a large number of reactive end groups. Quantum dots are 
fluorescent nanocrystals that can be conjugated to a ligand and thus can be used for 
imaging purposes. Ferrofluids are colloidal solutions of iron oxide magnetic 
nanoparticles surrounded by a polymeric layer, which can be further coated with affinity  
                                            molecules such as antibodies [8]. 
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Polymeric nanoparticles have been used as carriers of insulin [4]. These are biodegradable 
polymers with the polymer-insulin matrix surrounded by nanoporous membrane containing grafted 
glucose oxidase. A rise in blood glucose level triggers a change in the surrounding nanoporous 
membrane resulting in biodegradation and subsequent insulin delivery. The glucose/glucose-
oxidase reaction causes a lowering of the pH in the delivery system's microenvironment. This can 
cause an increase in the swelling of the polymer system, leading to an increased release of insulin. 
The polymer systems investigated for such applications include copolymers like N, N-
dimethylaminoethyl methacrylate [12] and polyacrylamide [13].  This ‘molecular gate’ system is 
composed of an insulin reservoir and a delivery-rate controlling membrane made of poly 
(methacrylic acid-g-polyethylene glycol) copolymer. The polymer swells in size at normal body 
pH (pH = 7.4) and closes the gates. It shrinks at low pH (pH = 4) when the blood glucose level 
increases, thus opening the gates and releasing the insulin from the nanoparticle (Fig. 3) [14]. 
These systems release insulin by swelling caused due to changes in blood pH. The control of the 
insulin delivery depends on size of the gates, the concentration of insulin, and the rate of gates' 
opening or closing (response rate). These self-contained polymeric delivery systems are still under 
research while delivery of oral insulin with polymeric nanoparticles has progressed to a greater 
extent in the recent years.  
 

 
 

Fig.3. Schematic representation of polymeric nanoparticles with pH sensitive molecular 
gates for controlled insulin release triggered by the presence of glucose in blood [14]. 

 
 
Oral insulin delivery through polysaccharide conjugated polymeric nanoparticles 
 
Development of improved oral insulin administration is very essential for the treatment of 

diabetes mellitus in order to overcome the problem of daily subcutaneous injections. Insulin when 
administered orally undergoes degradation in the stomach due to gastric enzymes [15]. Therefore 
insulin should be enveloped in a matrix like system to protect it from gastric enzymes. This can be 
achieved by encapsulating the insulin molecules in polymeric nanoparticles. In one such study, 
calcium phosphate-polyethylene glycol-insulin combination was combined with casein (a milk 
protein) [16]. The casein coating protects the insulin from the gastric enzymes (Fig. 4). Due to 
casein’s muco-adhesive property, the formulation remained concentrated in the small intestine for 
a longer period resulting in slower absorption and longer availability in blood stream. In another 
study, insulin-loaded polymeric nanoparticles were used in the form of pellets for oral delivery of 
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insulin in diabetic rats [17]. The results showed a significant decrease in blood sugar level 
following the administration of insulin through the buccal route. Temperature sensitive polymer 
nanospheres made from poly (N-isopropylacrylamide) and poly (ethylene glycol) dimethacrylate 
were shown to protect the loaded insulin from high temperature and high shear stress and such 
polymeric system can be an effective carrier for insulin [18]. Polysaccharides like chitosan, 
dextran sulphate, cyclodextrin have been used to deliver the insulin molecules with polymeric 
nanoparticles as carrier systems. Even though chitosan was used for nasal delivery of insulin, it 
has also been tested for oral delivery [19]. The in vivo results, in a diabetic rat model with insulin-
loaded chitosan/poly (gamma-glutamic acid) (gamma-PGA) were shown to effectively reduce the 
blood glucose level [20]. A combination of dextran sulfate/chitosan nanoparticles were shown to 
be effective pH-sensitive delivery systems and the release of insulin was governed by the 
dissociation mechanism between the polysaccharides [21]. Dextran sulphate combined with 
polyethylenimine (PEI) nanoparticles was shown to exhibit a high level of insulin entrapment and 
an ability to preserve insulin structure and biological activity in vitro [22]. Cyclodextrin–insulin 
complex encapsulated polymethacrylic acid based nanoparticles have also been reported as an 
effective oral delivery system [23]. Over the recent years, different polymeric nanoparticles made 
of poly (isobutylcyanoacrylate) [24], poly (lactide-co-glycolide) (PLGA) [25], poly (-ε-
caprolactone) [26], pluronic/poly (lactic acid) block copolymers [27], PLGA nanoparticles 
embedded within poly (vinyl alcohol) PVA hydrogel [28] have been reported. Encapsulation of 
insulin into mucoadhesive alginate/chitosan nanoparticles was a shown to be a key factor in the 
improvement of oral absorption and oral bioactivity in diabetic rats [29]. These approaches 
substantiate the potential use of polymeric nanoparticles in oral administration of insulin, thereby 
bypassing the enzymatic degradation in the stomach. 

 

 
Fig. 4. Schematic representation of calcium phosphate-PEG-insulin-casein (CAPIC) oral 

insulin delivery system [16]. 
 
 
Ceramic nanoparticles  
Ceramic nanoparticles are made from calcium phosphate, silica, alumina or titanium. 

These ceramic nanoparticles have certain advantages like easier preparative processes, high 
biocompatibility, ultra-low size (less than 50 nm) and good dimensional stability [30]. These 
particles effectively protect the doped drug molecules against denaturation caused by changes in 
external pH and temperature. Water-insoluble photosensitizing anticancer drugs entrapped within 
ceramic nanoparticles have been shown as a novel drug-carrier system for photodynamic therapy 
in cancer treatment [31]. Moreover their surfaces can be easily modified with different functional 
groups and can be conjugated with a variety of ligands or monoclonal antibodies to target them to 
desired sites [32]. These nanoparticles can be manufactured with desired size, shape and porosity. 
Ceramic nanoparticles do not undergo swelling or porosity changes caused by changes in 
surrounding environment. Self-assembling ceramic nanoparticles have been tested for the 
parenteral delivery of insulin [33, 34]. Calcium phosphate nanoparticle core was used as the 
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insulin carrier and these particles were characterized and studied in vivo. The in vivo performance 
of this drug delivery system showed better results when compared with the efficacy of standard 
porcine insulin solution. Recent study has shown that tricalcium phosphate nanoparticles can be 
used for oral delivery of insulin [35]. 

Inhalable polymeric nanoparticle-based drug delivery systems have been tried earlier for 
the treatment of tuberculosis [36]. Such approaches can be directed towards insulin delivery 
through inhalable nanoparticles. Insulin molecules can be encapsulated within the nanoparticles 
and can be administered into the lungs by inhaling the dry powder formulation of insulin. The 
nanoparticles should be small enough to avoid clogging up the lungs but large enough to avoid 
being exhaled. Such a method of administration allows the direct delivery of insulin molecules to 
the blood stream without undergoing degradation. A few studies have been done to test the 
potential use of ceramic nanoparticles (calcium phosphate) as drug delivery agents [33, 34]. 
Porous hydroxyapatite nanoparticles have also been tested for intestinal delivery of insulin [37]. 
Preclinical studies in guinea pig lungs with insulin loaded PLGA nanospheres demonstrated a 
significant reduction in blood glucose level with a prolonged effect over 48 hours when compared 
to insulin solution [38]. Insulin-loaded poly (butyl cyanoacrylate) nanoparticles, when delivered to 
the lungs of rats were shown to extend the duration of hypoglycemic effect over 20 hours when 
compared to pulmonary administration of insulin solution [39]. The major factors limiting the 
bioavailability of nasally administered insulin include poor permeability across the mucosal 
membrane, rapid mucociliary clearance mechanism that removes the non-mucoadhesive 
formulations from the absorption site [40]. To overcome these limitations, mucoadhesive 
nanoparticles made of chitosan/tripolyphosphate [41] and starch [42] has been evaluated. These 
nanoparticles showed good insulin loading capacity, providing the release of 75–80% insulin 
within 15 minutes after administration.  

 
BioMEMS  
Implantable Bio Micro Electro Mechanical Systems (BioMEMS) can be used as insulin 

pumps for controlled release of insulin when there is an increase in blood glucose level [43]. 
Another proposed BioMEMS device has a drug reservoir compartment filled with insulin 
molecules [44]. Biosensors and nonporous membranes with pores of 6 nm in diameter are located 
in the exterior to detect the changes in blood glucose level and for insulin release. A review about 
the fabrication of a glucose-sensitive microvalve MEMS device for insulin delivery discusses 
extensively about the research attempts done in the past few decades [45]. Another implantable 
polymer-based micropump system with integrated biosensors for optimal insulin delivery without 
user intervention has been described in a recent study [46]. Microfabrication techniques have taken 
the miniaturization science to the nanoscale level. Microneedles have also been reported as 
effective transdermal systems for insulin delivery [47]. The concept of an assembled biocapsule 
consisting of two micromachined membranes bonded together to form a cell-containing cavity 
bound by membranes with nanopores was reported earlier (Fig. 5).  Microfabricated membranes 
with 18 nm pore size (Fig. 6) were shown to be sufficiently permeable to small biomolecules such 
as oxygen, glucose, and insulin [48]. Such biocapsules can be incorporated to BioMEMS devices 
for insulin delivery and diabetes treatment. While the nanopores were designed to be permeable to 
glucose, insulin and other metabolically active products, the pores were small enough to prevent 
the passage of larger cytotoxic cells, macrophages, antibodies, and complement [49] (Fig.7). 
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Fig. 5. Schematic of assembled biocapsule consisting of two micromachined membranes 
bonded together to form a cell-containing cavity bounded by membranes [48]. 

 
 

Fig. 6. Scanning electron micrograph of the microfabricated membrane of 18 nm pore 
size: (a) top-view of pore array; (b) cross sectional view of membrane; (c) cluster of 2x2 
micron entry ports;  (d)  magnified  view  of  2x2 micron  entry ports with 18 nm channels 

underneath [48]. 
 

 
 

Fig. 7. Micrograph of a biocapsule membrane with 24.5 nm pores [49]. 
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Other nanoparticulate systems for insulin delivery and for the treatment of diabetes  
associated symptoms 
Other than the ceramic and polymeric nanoparticles, gold nanoparticles have also been 

tested as insulin carriers. Gold nanoparticles synthesized with chitosan as a reducing agent were 
tested as a carrier for insulin [50]. The nanoparticles showed long term stability in terms of 
aggregation and good insulin loading of 53%. Use of chitosan served dual purpose by acting as a 
reducing agent in the synthesis of gold nanoparticles and also promoted the penetration and uptake 
of insulin across the oral and nasal mucosa in diabetic rats. The study concluded that oral and nasal 
administration of insulin loaded chitosan reduced gold nanoparticles improved pharmacodynamic 
activity of insulin. Dextran nanoparticles-vitamin B12 combination has been tested to overcome 
the gastro intestinal degradation of vitamin B12-peptide/protein drug conjugates [51]. These 
nanoparticles were found to protect the entrapped insulin against gut proteases. Dextran 
nanoparticles- vitamin B12 combination showed a release profile that was suitable for oral 
delivery systems of insulin.  

Diabetes causes a lot of systemic complications. The associated conditions are 
inflammatory diseases of skin and gums, diabetic retinopathy (eyes), diabetic neuropathy (nervous 
system), heart diseases, kidney diseases, delayed wound healing, etc. Nanoparticulate systems 
have also been tested for the treatment of these associated conditions. Nanoparticle based ocular 
drug delivery systems have been already described in the past decade [52, 53]. The recent years 
have seen the advancement in application of nanoparticles made of polyacrylic acid [54], 
polylactide [55] and chitosan [56] for ophthalmic drug delivery. The scientific community is 
working towards utilizing nanoparticle-based drug delivery systems in the treatment of diabetes- 
associated complications. The advantages and limitations for different types of nanoparticles are 
discussed in Table.1. 

 
Table. 1. Advantages and limitations for different types of nanoparticles 

Types of nanoparticles Advantages Limitations 
Polymeric nanoparticles Degrade into biologically 

acceptable compounds by 
hydrolysis; lesser cytotoxicity; 
higher target-specificity; high 
level of insulin entrapment and 
ability to preserve insulin 
structure and biological activity; 
bypassing of the enzymatic 
degradation in stomach 

Mucoadhesive polymeric 
nanoparticles may adhere non-
specifically to surfaces they are 
not intended to (gastric mucosa, 
gut content) or remain trapped 
within the mucus. 

Ceramic nanoparticles Easy preparative processes; high 
biocompatibility; ultra-low size 
(less than 50 nm); good 
dimensional stability; protect 
the doped drug molecules 
against denaturation caused by 
changes in external pH and 
temperature; can be 
manufactured with desired size, 
shape and porosity; do not 
undergo swelling or porosity 
changes  

Poor permeability across the 
mucosal membrane and rapid 
mucociliary clearance 
mechanism of non-
mucoadhesive formulations for 
nasally administered insulin 

Gold nanoparticles Long term stability in terms of 
aggregation and good insulin 
loading; higher uptake of insulin 
across oral and nasal mucosa; 
improved pharmacodynamic 
activity of insulin 

Widespread distribution in 
organs like liver, lung, spleen, 
kidney, brain, heart, stomach 
and joints 

Liposomes Biodegradable, non-toxic and 
non-immunogenic 

Drug loading capacity remains 
inconclusive; captured by the 
human body’s defense system 
(reticuloendothelial system 
(RES)); post-treatment 
accumulation in skin and eyes  
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4. Conclusions 
 
The science and knowledge that the scientific community has today about nanotechnology 

and its potential versatile applications is only based on the research work done in the laboratories. 
These researches are being conducted to understand how matter behaves at the nanoscale level. 
Factors and conditions governing the behaviour of macrosystems do not really apply to the 
nanosystems. The major limitations and technological hurdles faced by nanotechnology and its 
applications in the field of drug delivery should be addressed [57, 58]. Scientific community hasn’t 
yet understood completely how the human body would react to these nanoparticles and 
nanosystems, which are acting as drug carriers. Nanoparticles have larger surface area when 
compared to their volume. Friction and clumping of the nanoparticles into a larger structure is 
inevitable which may affect their function as a drug delivery system. Due to their minute size these 
drug carriers can be cleared away form the body by the body’s excretory pathways. When these 
are not excreted, larger nanoparticles can accumulate in vital organs causing toxicity leading to 
organ failure. Recent study in mice revealed that tissue distribution of gold nanoparticles is size-
dependent with the smallest nanoparticles (15-50 nm) showing the most widespread organ 
distribution including blood, liver, lung, spleen, kidney, brain, heart and stomach [59]. Liposomes 
have certain drawbacks like being captured by the human body’s defence system. The drug 
loading capacity of liposomes is being tested by researchers and still remains inconclusive. All 
previous studies resulted in post-treatment accumulation of the nanoparticles in skin and eyes. 
Gold nanoparticles tend to accumulate in bone joints and organs. Once the nanoparticles are 
administered into the human body, they should be controlled by an external control preventing 
them from causing adverse effects. These drug delivery technologies are in various stages of 
research and development. It is expected that these limitations can be overcome and the 
discoveries to come into practical use within the next 5-10 years. Diabetes is a rapidly growing 
global problem, which requires management at the patient level, via blood glucose control to 
prevent worsening effects of the disease. Given the limited diagnostic tools, there is a need for 
better methods to measure the blood glucose level. Nanotechnology has proven beneficial in this 
case by not only increasing the available surface area of the sensor-receptor complex but also by 
improving the catalytic properties of electrodes and providing nanoscale sensors [60].  There are 
some other avenues of nanotechnology that may benefit the treatment as well as curing of diabetes 
in the future.  The ability of nanotechnology to enhance numerous regenerative therapies, such as 
vascular and brain tissue, has been reported in many studies [61]. This specifically would benefit 
diabetic patients with poor vascularization. In a streptozotocin-induced diabetic rat model 
Polyethylcyanoacrylate nanospheres in the form of biodegradable polymeric carriers have proven 
to be successful in insulin delivery [62].  Other technologies included layer-by-layer films, which 
nano-encapsulate sensors and could revolutionize insulin delivery through enhanced islet 
encapsulation and oral formulations. [63]. 
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