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1. Introduction 

1.1. Glucose homeostasis 

Glucose homeostasis comprises the action of several metabolic pathways to maintain 

the blood glucose levels within a normal range (4 – 6 mM) (Röder et al., 2016). When 

glycemia rises above normal ranges, hypoglycemic mechanisms are triggered to reduce 

the blood glucose levels and avoid the glucotoxicity phenomenon (Gasa et al., 2016; 

Stiker, 2001). On the other hand, when glycemic values drop, different 

counterregulatory hormones and pathways are activated to avoid the state of 

hypoglycemia (Lang and Hussain, 2014).  

The principal hormones involved in the glucose homeostasis are the pancreatic 

hormones insulin and glucagon. These two hormones have antagonist effects: while 

insulin is an anabolic hormone that reduces glycemia, glucagon is a catabolic hormone 

that rises blood glucose levels (Hruby, 1998). However, there are other mechanisms 

involved in the good maintenance of the glycemic values. These mechanisms include 

extrapancreatic hormones (cortisol, growth hormone, catecholamines, thyroid 

hormones or angiotensin II, among others) and neural stimulation through the 

sympathetic and parasympathetic systems (Tirone and Brunicardi, 2001).  

 

1.2. Insulin 

From all the factors mentioned, insulin is the most relevant hormone for glucose 

homeostasis (Suri and Aurora, 2017). Insulin is a peptide hormone composed by 51 

amino acids divided in 2 chains linked by two disulfide bridges: the A chain composed 

by 21 amino acids, and the B chain composed by 30 amino acids, with a total molecular 

weight of 5.808 Da (Fu et al., 2012; Vakilian et al., 2019). Insulin is synthetized in the β 

cells of the pancreas, where it will be stored in granules until the moment of utilization. 

These β cells are clustered within the pancreas in structures called as islets of 

Langerhans, which are surrounded by fenestrated capillaries. The structure of these 

capillaries facilitates the sensing of blood nutrients by the β cells and the diffusion of 

insulin from the secretory cells to the circulation (Fu et al., 2012).   

Insulin is released from the β cells mainly in response to an increase in the blood glucose 

levels. The β cells themselves act as glycemic sensors; when the glycemia rises, glucose 

enters the β cells through the glucose transporters (GLUTs) and triggers a signaling 

cascade that induces an increase in the intracellular Ca2+ concentration and, in last term, 

the exocytosis of the insulin vesicles (Henquin et al., 2006; Röder et al., 2016; Wang and 

Thurmond, 2009). However, although glucose is the main inductor of insulin release, 

amino acids, fats and other monosaccharides can also induce its release (Deeney et al., 

2000; Fu et al., 2012). Only a few number of amino acids have shown the capacity of 

inducing insulin release (insulinogogues), being the most effective ones leucine, 

isoleucine, alanine and arginine (Newsholme et al., 2006). The mechanisms by which 

amino acids induce insulin release are very variable, depending on their nature and 

physicochemical properties.  
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In humans, as in other animals, insulin secretion consists of a biphasic process (Vakilian 

et al., 2019; Wang and Thurmond, 2009), which has a physiological sense since it has 

demonstrated a greater hypoglycemic effect than a monophasic, continuous 

administration of insulin (Matthews et al., 1983). This biphasic release of insulin 

compresses two steps: a rapid, pulsatile, and ATP-independent secretion of insulin 

granules, followed by a slow, sustained, and ATP-dependent secretion of the insulin-

containing vesicles (Henquin et al., 2002; Rorsman et al., 2000). During the first phase, 

the already-formed granules that are stored inside the β-cells are released, leading to a 

rapid increase in the insulinemic levels. These granules are known as the “readily 

releasable pool” (RRP) and are stored close to the cell membrane, at the apical site. 

During the second phase, the insulin granules that are stored deeper inside the cell are 

mobilized closer to the cell membrane, refilling the RRP. These granules that are stored 

deeper in the cell conform the “storage-granule pool” (Henquin et al., 2002; Wang and 

Thurmond, 2009). A schematic representation of the signaling pathways that trigger 

insulin release, as well as the main target cells of the hormone, are shown in Figure 1.  

 

Figure 1. Schematic representation of the signaling pathways involved in the secretion 

of insulin from a β-cell (left) and the main target cells (right).  Figure produced using 

BioRender’s pre-made icons and templates (https://biorender.com) 

 

Although the main function of insulin is the glucose homeostasis, the ways by which this 

result is achieved involve several tissues and different functions over them. The canonic 

insulin-sensing tissues are muscle, adipose tissue, and liver.  

 

 

 

 

https://biorender.com/
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1.2.1. Insulin in muscle tissue 

In muscular tissues, insulin increases the glucose uptake by the myocytes. The signaling 

pathway triggered by insulin leads to the mobilization of GLUTs to the cell membrane, 

which allow the influx of glucose from the blood to the cell. In addition, insulin also 

increases the glycolysis rates of myocytes by upregulating the activity of hexokinase and 

6-phosphofructokinase (Dimitriadis et al., 2011). Glycolysis consists on the enzyme-

catalyzed degradation of glucose molecules in order to generate useful energy for the 

cell (ATP) (Pelicano et al., 2006). When the glycogen storage in the muscle cells is 

fulfilled, lactate is generated by the glycolysis metabolic pathways. Then, lactate 

molecules are used as intermediators and transported to the liver through the 

bloodstream. Once in the liver, lactate is transformed back to glucose (gluconeogenesis) 

and stored as glycogen in the major glycogen-storing organ (Murray and Rosenbloom, 

2018). Another function of this anabolic hormone is inducing the synthesis and inhibiting 

the degradation of proteins in the muscle (Dimitriadis et al., 2011). This is the main 

reason why diabetic patients show a decrease in the whole-body protein levels (Proud, 

2006). Although some mechanisms are still not well understood, insulin has shown the 

capability of increasing the influx of amino acids from the blood to the myocytes, 

upregulating the protein biosynthesis and downregulating the protein degradation 

(Fujita et al., 2006; Proud, 2006).  

 

1.2.2. Insulin in adipose tissue 

Adipose tissue is one of the most insulin-sensitive tissues. In preadipocytes, insulin 

signaling induces the differentiation to adipocytes (Jung and Choi, 2014; Klemm et al., 

2001). Meanwhile, in adipocytes, insulin induces an increase in the glucose and fatty 

acids uptake from blood, which will be used for glycogen synthesis and lipogenesis 

(Dimitriadis et al., 2011; Jung and Choi, 2014). Glucose can be stored as glycogen, but it 

can also be transformed to glycerol through the glycolytic pathway (Rotondo et al., 

2017)  and, then, be used as substrate for the synthesis of the acyl-glycerols that 

conform the lipid droplets of the adipocytes (Rinia et al., 2008). Moreover, as insulin 

upregulates lipogenesis, it also downregulates lipolysis (Jung and Choi, 2014). 

 

1.2.3. Insulin in liver 

In the liver, insulin binds to the membrane receptors of the hepatocytes and triggers, as 

in other tissues, the PI3K (phosphatidyl inositol 3-kinase) and MAPK (mitogen-activated 

protein kinase) signaling pathways that lead to a wide variety of responses (Rahman et 

al., 2021). First, as in every other insulin-sensitive tissue, it increases the uptake of 

glucose from blood. Then, on the one hand, it upregulates the glycolysis and the 

synthesis of proteins, glycogen, and lipids (cholesterol, triglycerides and VLDL). On the 

other hand, it downregulates the ketogenesis and gluconeogenesis (Cheng et al., 2010; 

Dimitriadis et al., 2011; Titchenell et al., 2017).  
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1.2.4. Other insulin-sensing tissues and cells 

For decades, it has been thought that the only insulin-sensing tissues were the adipose 

tissue, muscle, and liver. However, nowadays it is known that insulin receptors are found 

in other tissues and cellular types.  Some of these recently known insulin-sensitive cells 

are the brain neurons, myeloid cells, endothelial cells from both blood and lymphatic 

vessels, cardiomyocytes, and the β-cells themselves (Jiang et al., 2019; Rask-Madsen and 

Kahn, 2012). Therefore, besides the endocrine function of insulin, it also performs auto 

and paracrine functions.  

New research during the last decades has demonstrated that the central nervous system 

(CNS) is an insulin-sensitive tissue. Both insulin and insulin receptors are found in the 

neurons and in the glia (Blázquez et al., 2014). Moreover, it has been demonstrated that 

the insulin present in the brain can be synthesized in situ or obtained from circulating 

insulin molecules (Nakabeppu, 2019; Pomytkin et al., 2018). On the one hand, insulin 

can reach the CNS by crossing the blood-brain barrier (BBB) through specific 

transporters (Gabbouj et al., 2019). On the other hand, it has been demonstrated 

through indirect ways (mRNA detection, C-peptide detection, cell cultures) that insulin 

can also be produced in the brain itself (Blázquez et al., 2014; Ghasemi et al., 2013; 

Kyriaki, 2003; Nakabeppu, 2019). However, CNS-produced insulin seems not to be 

synthesized all over the brain, but in located regions (e.g. hippocampus, olfactory bulb, 

piriform cortex, and Purkinje cells) (Kyriaki, 2003). The insulin receptors found in the CNS 

differ from those found in peripheral tissues in molecular size, glycosylation degree, 

antigenicity, and regulation mechanisms (Blázquez et al., 2014). The main functions that 

are regulated by insulin in the brain are the food intake, body weight, reproduction, and 

memory. Moreover, as in other tissues, insulin regulates cell proliferation and 

differentiation but here it also regulates the neurite growth (Lázár et al., 2018). 

Nevertheless, insulin also exerts a neuroprotective effect by reducing the apoptosis, the 

beta amyloid-induced cell death, oxidative stress, and ischemic lesions (Blázquez et al., 

2014). All these functions seem to be the reason why insulin resistance is closely related 

to Alzheimer’s disease (Su et al., 2017).  

Endothelial cells, from both the blood and lymphatic vessels, express insulin receptors 

(Jaldin-Fincati et al., 2018). In these tissues, insulin has demonstrated the capability of 

increasing the angiogenesis by inducing cell proliferation and reducing apoptosis. One 

of the metabolic pathways triggered by insulin in endothelial cells leads to the 

overexpression of endothelial nitric oxide synthase (eNOS), what leads to an increase in 

the production of nitric oxide (Vicent et al., 2003). The nitric oxide (NO) production 

seems to be one of the main mechanisms through which insulin promotes angiogenesis 

while inhibits cell apoptosis (Dimmeler and Zeiher, 1999). Moreover, NO is a well-known 

vasodilator (Ignarro, 1989), so insulin signaling also induces this effect over the vessels 

(Zeng et al., 2000). The vasodilation induced by insulin-eNOS leads to an increased blood 

flow and, thus, to an increased glucose uptake from peripheral tissues. Finally, NO has 

also demonstrated the capability of directly increase the glucose uptake by muscle and 

adipose tissues (Vicent et al., 2003) 
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The heart is another insulin-sensitive tissue. It is composed mainly by 3 cellular types: 

cardiomyocytes, endothelial cells, and fibroblasts, with proportions that vary between 

animal species. However, there is a consensus claiming that the total amount of 

cardiomyocytes corresponds to the 30-40% of the total cells of the heart (Pinto et al., 

2016; Zhou and Pu, 2016). Nevertheless, in spite of comprising only the 30-40% of the 

total number of cells, the volume fraction of cardiomyocytes in the hearth reaches the 

70-80% (Zhou and Pu, 2016). In this tissue, insulin increases the glucose uptake by the 

myocardium, leading to a significantly better myocardial function (Klein and Visser, 

2010). This improvement in the myocardial function relies on an augmented 

contractibility/relaxation of the cardiomyocytes, increased biosynthesis of ribosomes 

and proteins, reduced apoptosis, and greater perfusion of the myocardium (Iliadis et al., 

2011). 

 

1.3. Incretins 

From the extrapancreatic hormones that regulate glucose homeostasis, incretins are 

one of the most important ones due to their effect over the synthesis and release of 

insulin. The term incretin derives from “intestinal secretion of insulin” (Yildirim Simsir et 

al., 2018), and their influence over insulin release is so high that more than 50% of the 

total insulin released after food ingestions seems to be caused by the action of 

Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide 

(GIP), the two incretin hormones present in humans. (Bugliani et al., 2018; Röhrborn et 

al., 2015; Vilsbøll and Holst, 2004; Wu et al., 2015). Incretins are rapidly metabolized by 

an enzyme called dipeptidyl peptidase 4 (DPP-4), also known as CD26, an exopeptidase 

located in the surface of ubiquitous cells. However, this enzyme can be cleaved from the 

cell membrane by metalloproteases and, thus, released to circulation, exerting para and 

endocrine effects (Capuano et al., 2013; Röhrborn et al., 2015). From the total amount 

of incretins secreted, only 10-15% will reach peripheral circulation without being 

inactivated by DPP-4 (Wu et al., 2015). Finally, the renal system seems to play a key role 

in the clearance of incretins (McIntosh et al., 2009). Thus, the combination of enzymatic 

degradation with the renal clearance leads to the very short half-life of incretins (around 

2 minutes) (Stemmer et al., 2020) 

 

1.3.1. GLP-1 

From the two incretins present in humans, GLP-1 seems to be the most important one 

for glucose homeostasis (Holst, 2019). GLP-1 is a peptide hormone composed by 30-to-

31 amino acids synthesized and stored in granules within the L cells of the gut, whose 

abundancy increases from proximal to distal regions of the gut (Mortensen et al., 2003; 

Pais et al., 2016a). These cells act as sensors and, in response to the presence of 

nutrients in the lumen, release their GLP-1-containing granules (Chai et al., 2012; 

Nadkarni et al., 2014; Seino et al., 2010). However, L cells do not only respond to the 

presence of nutrients in the lumen but also to hormonal and neuronal stimuli. Several 

hormones can induce GLP-1 production and secretion, such as somatostatin, gastrin 

releasing polypeptide (GRP), neuromedin C, ghrelin, leptin, GIP, and even insulin 

(Gagnon et al., 2015; Larsen and Holst, 2005; Lim and Brubaker, 2006). Moreover, a 
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direct innervation of the L cells by afferent and efferent vagus nerves also potentiate 

the release of GLP-1 (Rocca and Brubaker, 1999). Some neurotransmitters are also 

involved in the regulation of GLP-1 secretion, such as GABA, acetylcholine and gastrin-

releasing peptide (Lim and Brubaker, 2006). The rise in the GLP-1 levels in blood starts a 

few minutes after food ingestion (even when the nutrients have not reached the ileum 

yet) and lasts for several hours (Pais et al., 2016a; Rocca and Brubaker, 1999), following 

a biphasic pattern (Lim and Brubaker, 2006). The reason for the fast increase in the GLP-

1 levels in blood seems to be caused by the effect of GIP, released in the upper regions 

of the gut, in combination with the neural stimulation through the vagus nerve (Krieger 

et al., 2016; Rocca and Brubaker, 1999).  

 

As mentioned, L cells secrete their GLP 1-containing granules in response to nutrients 

present in the lumen of the gastrointestinal tract. Carbohydrates, fats and proteins act 

as release inductors (Pais et al., 2016a; Yildirim Simsir et al., 2018). Glucose and fats 

seem to be the most potent GLP-1 release inductors, being glucose the responsible for 

the first-step release, and lipids for the secondary, long-lasting secretion (Lim and 

Brubaker, 2006). However, proteins and their metabolites, such as peptones and amino-

acids (e.g. L-glutamine, glycine, alanine, phenylalanine and arginine), have shown the 

capability of directly induce GLP-1 release (Clemmensen et al., 2013; Pais et al., 2016a, 

2016b). Moreover, GLP-1 release stimulation seems to be more potent by oligo- or large 

peptides than by free amino acids (Ishikawa et al., 2015). Finally, bile acids present in 

the lumen have been demonstrated to also trigger the release of GLP-1 to the 

bloodstream (Brighton et al., 2015). 

 

1.3.1.1. Targets of GLP-1 

A wide variety of cell types express GLP-1 membrane receptors, thus making them 

sensitive to the effect of this hormone (e.g. pancreas, gut, stomach, skin, lungs, kidneys, 

muscle, heart, adipose tissue, and the central and peripheral nervous system) (Ayala et 

al., 2009; Muskiet et al., 2017; Yang et al., 2017). The main effects exerted by the 

interaction of GLP-1 with GLP-1 receptors (GLP-1R) in different tissues are summarized 

in Table 1. Independently of the insulinogogue effect of GLP-1, which is always glucose-

dependent (Nadkarni et al., 2014; Seino et al., 2010; Thurmond, 2009), it also induces 

glucose uptake by muscle, adipose tissue, liver and heart (Ayala et al., 2009; Chai et al., 

2012; Dardevet et al., 2004; Nikolaidis et al., 2004; Rowlands et al., 2018). Moreover, in 

the liver, GLP-1 also induces hepatic glucose clearance and glycogen synthesis (Ayala et 

al., 2009) and reduction in the hepatic glucose production through the inhibition of 

glucagon release (Jin and Weng, 2016). Nevertheless, it also decreases liver steatosis 

and fibrosis (Liu et al., 2014). In the brain, GLP-1 signaling has been shown to increase 

neuronal plasticity and cell survival (Yildirim Simsir et al., 2018), as well as to reduce the 

appetite, depression, and neurodegeneration (Anderberg et al., 2016; Dorton et al., 

2018; Rowlands et al., 2018). These beneficial effects exerted in the brain are translated 

into an improved memory and learning capacity (Müller et al., 2019), and into a reduced 

depressive behavior (Anderberg et al., 2016; Guerrero-Hreins et al., 2021). The satiating 

effect of GLP-1 relies on its direct effect on the brain (Dorton et al., 2018), but also on 
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its capability to reduce the gastrointestinal motility (MacDonald et al., 2002) and gastric 

emptying (Nadkarni et al., 2014). GLP-1R are also found in the kidneys, were the 

hormone triggers cytoprotective and anti-inflammatory pathways as it also regulates 

the urinary flow rate, renal blood flow, glomerular filtration, and other functions of the 

organ (Rowlands et al., 2018). Bones are tissues that also display GLP-1R. The action of 

the hormone over them increases bone formation and improves bone structure (Iepsen 

et al., 2015; Nuche-Berenguer et al., 2009). Finally, GLP-1R have also been found in the 

respiratory system, where their activation plays a key role in the lung functions in both 

biological and pathological conditions, even improving the outcomes of a pulmonary 

fibrosis (Fandiño et al., 2020).  

 

Apart from the effects exerted by the binding of GLP-1 to the receptors present in the 

target tissues, this hormone also achieves some effects through neuronal signaling. 

Enteroendocrine cells have been demonstrated to directly interact with nerve tips of 

both afferent and efferent nerves through GLP-1, reason why this hormone is also 

considered as a neurotransmitter (Bohórquez et al., 2015; Larsen and Holst, 2005). The 

activation of afferent nerves generates a stimulus that is translated to the brain. There, 

an efferent signal is transmitted through the vagus nerve to the effector organs and, in 

last term, controls the endocrine function of the pancreas, the gastrointestinal motility 

or the heart-beating rate (Chai et al., 2012; Larsen and Holst, 2005). 
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Figure 2. Schematic representation of the main metabolic effects exerted by GLP-1 over 

different tissues. Figure produced using Servier Medical Art pre-made icons and 

templates (http://smart.servier.com/). 

 

1.3.2. GIP 

The glucose-dependent insulinotropic peptide (GIP), also known as gastric inhibitory 

polypeptide (Meier et al., 2002), is the other incretin hormone present in humans. It is 

a 42-amino acid peptide produced and released by the enteroendocrine K cells present 

in the gut (Kim and Egan, 2008). In contrast to the distribution of L cells, K cells are mainly 

located in proximal regions of the gut, decreasing in number in further regions (Pais et 

al., 2016a). As stated for GLP-1, GIP is also secreted in response to the presence of 

nutrients in the lumen of the intestine, being carbohydrates and fats (long-chain fatty 

acids) the most potent stimuli (McIntosh et al., 2009). On the contrary, other studies 

suggest that proteins induce the faster and stronger GIP release (Seino et al., 2010). 

Moreover, whole proteins have low GIP-inductor activity while individual amino acids 

seem to be more potent (Marks, 2019). Interestingly, the release patterns seem to differ 

according to the composition of the meal: carbohydrates lead to a faster and more acute 

release of GIP while fats lead to a slower and more sustained demeanor (McIntosh et 

al., 2009). Normally, the peak of GIP release is achieved a few minutes after the meal 

ingestion (15 – 30 minutes), even before the food reaches the gut, thus a neuronal 

signaling through the vagus nerve may also be involved in the GIP release (Meier et al., 

2002). Finally, GIP is also metabolized by the DPP-4 enzyme, although its affinity seems 

to be lower than for GLP-1, thus, showing a longer plasma half-life (Baggio and Drucker, 

2007).  

 

1.3.2.1. Targets of GIP 

The main physiological effects of GIP are summarized in Table 1. GIP is mostly known 

due to its insulinotropic effect (McIntosh et al., 2009; Meier et al., 2002; Vilsbøll and 

Holst, 2004), exerting an analogous activity to GLP-1 in the pancreas (Baggio and 

Drucker, 2007; Kim and Egan, 2008). In this tissue, GIP increases insulin synthesis and 

secretion and β cell proliferation and differentiation, while reduces β cell apoptosis 

(Baggio and Drucker, 2007; Hölscher, 2014). Interestingly, in this tissue, GIP also has a 

stimulatory effect over glucagon release from α cells (El and Campbell, 2020; Stensen et 

al., 2019). Thus, when glycemic values are low (around 80 mg/dL, as in fasted state), GIP 

induces glucagon release by targeting α cells. On the other hand, when blood glucose 

levels rise (postprandial state), it stimulates insulin release by targeting the β cells (El 

and Campbell, 2020). GIP receptors (GIPR) are found in several extrapancreatic tissues, 

sharing some but not all, with those targeted by GLP-1 (e.g., trachea, heart, spleen, 

brain, thymus, testis, or kidneys, among others) (Baggio and Drucker, 2007; Thondam et 

al., 2020). However, the effects exerted by GIP on them are not all known. Bones are 

one of those tissues that possess GIP receptors. In the bone, GIP stimulates the activity 

of osteoblasts and reduces the osteoclastic activity (Helsted et al., 2020; Mieczkowska 

et al., 2013). These effects are translated into a reduced bone resorption and increased 

bone formation (Baggio and Drucker, 2007; Helsted et al., 2020). In the adipose tissue, 

http://smart.servier.com/
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GIP modulates the synthesis of fatty acids, enhances insulin-stimulated synthesis of 

triglycerides, increases uptake of glucose and triacylglycerols, and stimulates the activity 

of the lipoprotein lipase, leading to an increased lipid accumulation within the cells 

(Asmar et al., 2019; Kim and Egan, 2008; Meier et al., 2002). The ways through which 

GIP exerts these effects over adipose tissue involve the direct targeting of the adipocytes 

and an increased blood flow in the tissue, what allows a greater uptake from 

components from the blood (Asmar et al., 2019; Stensen et al., 2019; Thondam et al., 

2020). Apart from increasing the blood flow in the adipose tissue, GIP also regulates the 

blood flow in other tissues due to its vasoconstrictive and vasodilatory effects, which 

depend on the vascular bed (Ding et al., 2004; Zhong et al., 2000). Regarding the 

cardiovascular effects, it has been demonstrated that the administration of GIP reduces 

the macrophage infiltration, foam cell formation and, in last term, the development of 

atherosclerotic cardiovascular disease (Greenwell et al., 2020). In addition, the heart 

myocardium also expresses GIPR, whose signaling seem to be involved in the 

metabolism of myocardial triglycerides and fatty acids (Greenwell et al., 2020; 

Heimbürger et al., 2020). Moreover, GIP also increases the heart rate and reduces the 

mean arterial blood pressure (Heimbürger et al., 2020). The brain is another GIP-

sensitive tissue, as demonstrated by the presence of GIPR in different regions of the 

organ (Kaplan and Vigna, 1994). In this tissue, GIP reduces appetite (Zhang et al., 2021) 

and acts as neuroprotectant and neuronal stem cells proliferation enhancer, but it also 

increases the release of synaptic vesicles and improves memory (Hölscher, 2014; Nyberg 

et al., 2005). Nevertheless, an improvement in the sensorimotor coordination of mice 

has also been associated with an overexpression of GIPR in the brain (Baggio and 

Drucker, 2007). Regarding the functions of GIP in the gastrointestinal tract (GIT), it has 

been demonstrated that GIP diminishes the secretion of acid by the stomach (Gupta et 

al., 2016). In further regions of the gut, GIP triggers the release of GLP-1 from L cells 

either by direct targeting or by the activation of the vagus nerve (Rocca and Brubaker, 

1999). 
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Figure 3. Schematic representation of the main metabolic effects exerted by GIP over 

different tissues. Figure produced using Servier Medical Art pre-made icons and 

templates (http://smart.servier.com/). 

 

Table1. Summary of the effects exerted by the incretin hormones (GLP-1 and GIP) over 

different tissues.  

Tissue Effect GLP-1 GIP References 

Brain 

Appetite ↓ ↓ 
(Dorton et al., 2018) (Rowlands et 

al., 2018) (Zhang et al., 2021) 

Neuroprotection ↑ ↑ 
(Rowlands et al., 2018) (Hölscher, 

2014) 

Neurodegeneration ↓ - (Rowlands et al., 2018) 

Cell proliferation ↑ ↑ 
(Yildirim Simsir et al., 2018) (Nyberg 

et al., 2005) 

Neuronal plasticity ↑ - (Yildirim Simsir et al., 2018) 

Depression ↓ - (Anderberg et al., 2016) 

Memory ↑ ↑ 
(Müller et al., 2019) (Hölscher, 

2014 

Sensorimotor 
coordination 

- ↑ (Baggio and Drucker, 2007) 

Release of synaptic 
vesicles 

- ↑ (Hölscher, 2014) 

http://smart.servier.com/
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Pancreas 

Insulin production and 
release 

↑ ↑ 
(Nadkarni et al., 2014) (Rowlands et 

al., 2018) McIntosh et al., 2009) 

β cell proliferation ↑ ↑ 
(Wang et al., 2015) (Baggio and 
Drucker, 2007) (Kim and Egan, 

2008) 

β cell apoptosis ↓ ↓ 
(Wang et al., 2015) (Baggio and 
Drucker, 2007) (Kim and Egan, 

2008) 

Glucagon synthesis and 
release 

↓ ↑ 
(Nadkarni et al., 2014) (Jin and 
Weng, 2016) (El and Campbell, 

2020) 

Adipose 
tissue 

Synthesis and 
accumulation of fats 

↑ ↑ 
(Wang et al., 2015) (Asmar et al., 

2019) 

Cell proliferation ↑ - (Rowlands et al., 2018) 

Activity of lipoprotein 
lipase 

- ↑ (Kim and Egan, 2008) 

Blood flow - ↑ (Stensen et al., 2020) 

Stomach 
Gastric emptying ↓ - 

(Nadkarni et al., 2014) (MacDonald 
et al., 2002) 

Gastric acid secretion ↓ ↓ 
(MacDonald et al., 2002) (Gupta et 

al., 2016) 

Intestines 
Gastrointestinal motility ↓ - 

(Wang et al., 2015) (MacDonald et 
al., 2002) 

GLP-1 secretion - ↑ (Rocca and Brubaker, 1999) 

Heart 

Glucose uptake ↑ - (Nikolaidis et al., 2004) 

Cytoprotection ↑ - (Rowlands et al., 2018) 

Blood pressure ↓ ↓ 
(Dalsgaard et al., 2018) 

(Heimbürger et al., 2020) 

Vasculature 

Heart rate - ↑ (Heimbürger et al., 2020) 

Vasodilation ↑ ↑ / ↓ 
(Muskiet et al., 2017) (Ding et al., 

2004) (Zhong et al., 2000) 

Macrophage infiltration - ↓ (Greenwell et al., 2020) 

Foam cell formation - ↓ (Greenwell et al., 2020) 

Liver 

Glucose uptake ↑ - (Ayala et al., 2009) 

Hepatic glucose 
clearance 

↑ - (Ayala et al., 2009) 

Glycogen synthesis ↑ - (Ayala et al., 2009) 

Steatosis ↓ - (Muskiet et al., 2017) 

Muscle Glucose uptake ↑ - (Ayala et al., 2009) 

Kidney 
Renal protection ↑ - (Rowlands et al., 2018) 

Diuresis and natriuresis ↑ - (Muskiet et al., 2017) 

Lungs 
Pulmonar fibrosis ↓ - (Fandiño et al., 2020) 

Alveolar structure ↑ - (Fandiño et al., 2020) 
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Bone 
Bone formation ↑ ↑ 

(Iepsen et al., 2015; Nuche-
Berenguer et al., 2009) (Helsted et 

al., 2020) 

Bone resorption - ↓ (Helsted et al., 2020) 

 

 

 

Figure 4. Schematic representation of the distribution of GIP-secreting cells (K cells) and 

GLP-1-secreting cells (L cells) in the gastrointestinal tract, and the diffusion routes of 

incretins to reach the target tissues. Figure produced using Servier Medical Art pre-made 

icons and templates (http://smart.servier.com/). 

 

1.4. Imbalance in glucose homeostasis 

An imbalance in the glucose homeostasis can lead to increased or decreased levels of 

glucose in blood (hyperglycemia and hypoglycemia, respectively). Hypoglycemia is 

usually associated to a fasting state, although it can also be caused by insulinomas 

(insulin-secreting tumors), malfunction of liver and kidneys, alcoholism, glucose 

malabsorption and by medications (Douillard et al., 2020). However, a hypoglycemic 

state can also be achieved after meal ingestion (reactive or postprandial hypoglycemia) 

due to an alteration in the biphasic secretion of insulin, leading to a late and excessive 

release of the hormone (Brun et al., 2000). The complications of this pathological 

condition range from tremors, palpitations, and anxiety to loss of consciousness, 

cognitive dysfunction, and even death (Cryer, 1999). 

On the other hand, elevated levels of glucose in blood can be caused by a decreased 

insulin secretion or function, increased synthesis of glucose, reduced glucose utilization, 

destruction of the pancreas, endocrine disorders, or medication, among others (Suri and 

Aurora, 2017). A prolonged state of hyperglycemia leads to diabetes and causes 

microvascular complications, such as damage in the nervous system or dysfunction of 

http://smart.servier.com/
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the eyes and kidneys, and macrovascular diseases (coronary, cerebrovascular, and 

peripheral) (Rahman et al., 2021; Suri and Aurora, 2017).  

 

1.4.1. Diabetes, its epidemiology, economic burden, and prospective 

Diabetes mellitus is a group of metabolic disorders characterized by conditions of 

hyperglycemia caused by an impaired secretion and/or efficacy of insulin (Petersmann 

et al., 2018; Tan et al., 2019). The toxicity associated to the hyperglycemic conditions is 

known as glucotoxicity or glucose toxicity. Glucotoxicity refers to the detrimental effects 

that elevated levels of glucose in blood exert on cells and tissues, but mostly, to its effect 

over the β cells that lead to a decreased insulin production (Stiker, 2001). Sustained 

hyperglycemia in the body triggers several metabolic pathways involved in glucose 

clearance. This increased and continuous activation of the glucose clearance 

mechanisms lead to an alteration in the redox balance within the cells, increased 

oxidative stress, protein translational modifications, and generation of advanced 

glycation end products (AGEs) (Zheng et al., 2016). AGEs are end products generated by 

the non-enzymatic glycation of proteins or lipids (Goldin et al., 2006), whose normal 

function and activity is disrupted by the sugar modification (Singh et al., 2014). Glycated 

haemoglobin (HbA1c) is one of those AGEs and it is considered the hallmark for diabetes 

diagnosis, setting the cut-off in HbA1c level of ≥6.5% (≥48 mmol/mol) (Gholap et al., 

2013). When the hyperglycemic condition is maintained for long periods of time, the 

accumulation of reactive oxygen species in different tissues leads to oxidative stress and 

tissue damage that, in last term, causes to disfunction and failure of the organ 

(Robertson and Harmon, 2006).  

This toxicity in the different tissues is the basis of the morbidity and mortality of the 

disease (Khan et al., 2020; Zheng et al., 2018). Diabetes affects to more than 450 million 

people worldwide (Cho et al., 2018) and, alone, it belongs to the top 10 diseases with 

highest mortality, causing more than 1 million deaths per year (Khan et al., 2020). 

Moreover, it has been estimated that by 2040 more than 640 million people will suffer 

from diabetes, accounting to 1 out of 10 adults ranging from 20 to 79 years old (Bommer 

et al., 2018). Age is one of the major risk factors of developing diabetes, and the 

increasing life expectancy of the population is a reason for the rise in the number of 

cases nowadays (Halim and Halim, 2019; Kalyani et al., 2017). In spite of being a 

worldwide issue, the prevalence of diabetes in developed countries is considerably 

higher, being Western Europe the region with highest prevalence of the pathology (Khan 

et al., 2020). However, when talking about total number of cases, more than 45% of the 

total T2D patients are located in three countries: China, India and United States (Zheng 

et al., 2018). The worldwide distribution of diabetic patients is represented in Figure 5.  
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Figure 5. Worldwide distribution of the total cases of diabetic patients, per countries. 

Image obtained from (Zheng et al., 2018). 

In monetary terms, diabetes caused an economic burden of 1.32 trillion dollars by 2015 

(considering direct and indirect costs), value that is estimated to pass the 2 trillion 

dollars by 2030 (Bommer et al., 2018). 

Only in Spain, the Di@bet.es study revealed that, by 2012, there were about 5.3 million 

adults suffering from diabetes, what corresponds to the 13.8 % of the total population. 

By then, the total costs of this illness in Spain were estimated to be above 23.000 million 

€, divided in direct costs (5.447 million) and indirect costs (17.630 million). The second 

phase of this study, carried out during 2016-2017, revealed that almost 400.000 new 

cases of diabetes are developed every year only in Spain.  

 

1.4.2. Types of diabetes 

According to the etiology of the illness, several types of diabetes mellitus can be found, 

although the bast majority of the cases correspond to type 1 or type 2 diabetes mellitus 

(Tan et al., 2019). Type 1 diabetes (T1D) is originated by an autoimmune illness that 

courses with the destruction of the β cells of the pancreas while type 2 diabetes (T2D) 

is caused by a reduced activity of endogenous insulin, mainly due to insulin resistance 

by peripheral tissues (Smith and Singleton, 2008; Tan et al., 2019). From the total 

number or cases of diabetes, T1D comprises only 5 – 10% (Daneman, 2006), while T2D 

comprises around 90% (Zheng et al., 2018). In the case of T2D, the insulin resistance can 

occur in different insulin-sensitive tissues, although it does not have to affect all of them 

at once (De La Monte and Wands, 2008). The most common cause for T2D is an 

unhealthy lifestyle that causes obesity and its associated metabolic alterations (Czech, 

2017; Golay and Ybarra, 2005). Nevertheless, there are also some pathophysiological 

conditions that lead to the appearance of diabetes, such as a deficient activity of the 
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exocrine pancreas (e.g., pancreatitis, hemochromatosis, or cystic fibrosis), 

endocrinopathies (e.g., pheochromocytoma, Cushing syndrome, or acromegaly), 

chemical induction (e.g., glucocorticoids, interferon, or pentamidine), genetic 

alterations of the β cells (diabetes types MODY), infections (e.g., rubella), or gestational 

diabetes (Menser et al., 1978; Petersmann et al., 2018; Suri and Aurora, 2017).  

 

1.4.3. Diabetes mellitus general comorbidities  

Table 2 summarizes the main comorbidities associated with diabetes and its 

concomitant hyperglycemia. The main organs affected are the following: heart and 

cardiovascular system (Katsiki and Tousoulis, 2020; Suri and Aurora, 2017), lungs 

(Khateeb et al., 2019), kidneys (Katsiki and Tousoulis, 2020; Rahman et al., 2021; Suri 

and Aurora, 2017), liver (Katsiki and Tousoulis, 2020), and brain and nervous system 

(Darwish et al., 2018; Srikanth et al., 2020; Stratton et al., 2000; Tuttolomondo et al., 

2015). 

 

Table 2. Main comorbidities associated to diabetes depending on the affected organ or 

tissue.  

 

1.4.4. Diabetes and aging  

Other consequence of an improper management of diabetes is an accelerated aging 

and, thus, to a reduction in the life expectancy (Caspersen et al., 2012; Morley, 2008). 

The basis for this accelerated aging seems to be the accumulation of oxidative stress in 

the tissues that leads to a premature senescence of the cells (Liguori et al., 2018; 

Yegorov et al., 2020). Moreover, as already stated, obesity is the major cause of T2D, 

and this unhealthy condition is itself a trigger for premature ageing (Burton and 

Faragher, 2018; Salvestrini et al., 2019). During obesity, the environment in the adipose 

tissue shows increased oxidative stress, DNA damage and telomerase dysfunction that, 

in last term, lead to insulin resistance and diabetes (Ahima, 2009). Thus, in most patients 

with T2D there are two different pathological conditions that lead to a reduction in the 

life expectancy: expansion of the adipose tissue and increased oxidative stress caused 

by the hyperglycemic conditions in the whole body.  

 

Organ Associated comorbidities 

Heart 
Coronary heart disease, angina, arrhythmias, valvopathies, 
myocardial infarction, increased epicardial adipose tissue 

Lungs Asthma and chronic obstructive pulmonary disease 

Kidney 
Nephropathy, chronic kidney disease or any kind of renal disease 
with exception of kidney stones and urinary tract infections 

Liver Chronic hepatitis, cirrhosis, non-alcoholic fatty liver disease (NAFLD) 

Blood Anemia and hemoglobinopathies  

Cardiovascular 
Retinopathy, diabetic foot syndrome, stroke, peripheral vasculature 
disease 

Nervous system Neuropathy, diabetic foot syndrome 

Brain Cognitive dysfunction, dementia, and depression 
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The effect of diabetes over aging is so huge that a study suggests that the life expectancy 

of type 1 diabetic patients is reduced by 11 years in men and 13 in women, compared 

to healthy individuals (Livingstone et al., 2015). In the case of patients with obesity, and 

its associated T2D, the life expectancy of men was reduced by almost 8.5 years, while 

for women the years of life lost were up to 6 (Grover et al., 2015). In a communicate 

from the United Kingdom government, it was stated that the life expectancy of 

individuals suffering from diabetes was shortened in 20 years for T1D patients and 10 

years for T2D patients (Diabetes NSF Team, 2012). However, since all the complications 

caused by diabetes, including the shortening in the life expectancy, are attributed to the 

hyperglycemic condition, an effective management reduces the risk of comorbidities 

and increases the lifespan.  

 

1.4.5. Diabetes and Alzheimer’s Disease (AD) 

Alzheimer’s disease is a deadly neurodegenerative dementia that mostly affects to 

elderly people and causes a cognitive and functional impairment in the patient (Najafi 

et al., 2016). This pathology was first described in 1906 by Alois Alzheimer and, since 

then, this illness has become the most prevalent type of dementia worldwide (Hodson, 

2018; Soria Lopez et al., 2019), accounting for the 60-80% of the total cases of dementia 

(Garre-Olmo, 2018) and affecting to more than 27 million patients in the world (Silva et 

al., 2019). Moreover, the incidence of AD is expected to increase 3-fold by 2050 due to 

the increase in the life expectancy of people worldwide (Lane et al., 2018). The first steps 

in the development of the disease are learning impairments and memory difficulties 

that, over time, get worse and finally affect to the daily lifestyle of the patient (Lane et 

al., 2018; Soria Lopez et al., 2019).  

Although the etiology of the illness is not well understood yet, the two histopathological 

hallmarks of the brain of patients suffering from AD are the presence of neurofibrillary 

tangles (accumulations of hyperphosphorylated tau protein) and β-amyloid plaques, 

which are thought to lead to neuronal cell death (Silva et al., 2019). Around the 70% of 

the risk of developing AD is associated to genetic alterations involving different signaling 

pathways (inflammation, cholesterol metabolism, and recycling of endosomal vesicles). 

However, there are also several external factors that influence on the generation and 

development of the pathology, such as obesity, diabetes, hypertension, and 

dyslipidemia (Lane et al., 2018; Silva et al., 2019). It is thought that the development of 

AD relies on the combination of several risk factors, from which age is, by far, the 

greatest of them (“2017 Alzheimer’s disease facts and figures,” 2017). However, insulin 

resistance, which can affect exclusively to the brain (De La Monte and Wands, 2008), is 

gaining a lot of importance due to its huge influence on the development of mild 

cognitive impairment, dementia, and AD (De la Monte, 2014). During the last decades, 

new insights regarding the pathogenesis of AD brought to light a relationship between 

this type of dementia and type 2 diabetes. This relationship is so strong that some 

authors refer to AD as “diabetes of the brain” or “type 3 diabetes” (De La Monte and 

Wands, 2008; Kandimalla et al., 2017; Mittal et al., 2016). In fact, poorly controlled blood 

glucose levels increase the risk of developing dementia (Crane et al., 2013) and a 

reduced insulin signaling in the brain leads to several pathological conditions: i) reduced 
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neuronal activity; ii) mitochondrial disfunction and increased oxidative stress; iii) 

increased levels of proinflammatory cytokine levels (e.g., IL-6, IL-18, TNF-α); iv) 

increased phosphorylation and cleavage of tau protein that leads to an increased 

formation of neurofibrillary tangles; v) glutamate-induced excitotoxicity driven by 

hyperglycemic conditions; and vi) reduced synaptic plasticity  (De la Monte, 2014; 

Kandimalla et al., 2017; Rorbach-Dolata and Piwowar, 2019). All these 

pathophysiological conditions lead towards an increased accumulation of neurofibrillary 

tangles, amyloid plaques, inflammation, oxidative stress, and apoptosis (Sims-Robinson 

et al., 2010). Nevertheless, the relationship between AD and diabetes has also been 

evidenced by epidemiological studies (Arnold et al., 2014; Sims-Robinson et al., 2010). 

 

1.4.6. Relationship between obesity, diabetes, aging, and Alzheimer’s Disease 

Taking into account the aforementioned information, a direct relationship between 

obesity, diabetes, aging and AD can be stablished. First, obesity and its associated 

metabolic disorders leads to diabetes and to an accelerated aging. Second, type 2 

diabetes, which may be caused by obesity, is also a pathological condition causing 

accelerated aging. Meanwhile, aging is one of the main risk factors of diabetes. Finally, 

both diabetes and aging are the most important risk factors for developing Alzheimer’s 

Disease. A schematic representation of this relationship is shown in Figure 6.  

Figure 6. Schematic representation of the relationship between obesity, diabetes, aging 

and Alzheimer’s Disease. Figure produced using Servier Medical Art pre-made icons and 

templates (http://smart.servier.com/). 

  

http://smart.servier.com/
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1.5. Management of diabetes 

1.5.1. Insulin for the management of type 1 diabetes 

Since patients suffering from T1D present a destruction of the β cells of the pancreas, 

their insulin secretion is null or highly deficient. Due to this, in order to diminish the 

blood glucose levels, they need for an exogenous supply of insulin during their whole 

lifetime (Atkinson et al., 2014; Tan et al., 2019). The insulin supply is usually 

administered via subcutaneous injections of the hormone, which can be found as long-

acting or rapid-acting insulin analogues. Long-acting analogues provide continuous basal 

levels during the day while rapid-acting analogues are administered before the meal to 

control the postprandial glucose levels (Atkinson et al., 2014). However, several insulin 

and insulin-analogue formulations can be found in the market, with a more varied 

pharmacokinetic profile and, according to it, can be classified as: rapid-acting: usually 

with a peak at 0.5 – 2h post-administration and lasting for up to 4 hours (e.g., insulin 

lispro, aspart and glulisine); fast-acting: usually with a peak at 2 – 5h post-administration 

and lasting for up to 8 hours (e.g., human regular insulin and soluble insulin); 

intermediate-acting: usually with a peak at 2 – 5h post-administration and lasting for up 

to 10 hours (e.g., insulin isophane, lente, Neutral Protamin Hagedorn (NPH), and 

Insulatard); and long and very-long acting: this type of formulations does not show a 

clear peak in the pharmacokinetic profile and their effect lasts for up to 24 hours (e.g., 

ultralente, detemir and glargine) or even 40 h in the case of degludec (Daneman, 2006; 

Imam, 2015; Kamboj and Henry, 2018; Keegan, 2018). 

New technological advances have led to the developments of systems able to 

continuously track the blood glucose levels (continuous glucose monitoring; CGM) while 

performing a continuous subcutaneous insulin infusion (CSII), known as closed-loop 

system or artificial pancreas (Boughton and Hovorka, 2019; Doyle et al., 2014; 

Schönauer and Thomas, 2010). These insulin pumps with glycemic sensors (sensor-

augmented pump therapy) have demonstrated better results in the management of 

glucose homeostasis than the use conventional devices, as evidenced by lower levels of 

glycated hemoglobin and a reduction in the time spent in hypoglycemic conditions 

(Atkinson et al., 2014). Similar to these devices are the predictive low-glucose suspend 

systems, which are able to monitor blood glucose levels while administering insulin and, 

before an hypoglycemic event happens, the insulin influx is suspended (Chen et al., 

2019). The use of these devices has proven to significantly reduce the nocturnal 

hypoglycemic events in patients with T1D (Forlenza et al., 2018). These successful results 

allowed that, in 2016, the first hybrid closed-loop system reached the market in the USA 

under the name of MiniMed® 670G pump (Medtronic, Northridge, CA, USA) (Boughton 
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and Hovorka, 2019). A picture showing the different components of the closed-loop 

insulin pump therapy is shown in Figure 7.  

Figure 7. Figure of the different parts of a closed-loop system. CGM: continuous glucose 

monitor. Picture adapted from the manufacturer’s webpage (https://www.medtronic-

diabetes.co.uk/).  

The use of incretins is also being investigated due to the promising efficacy of the 

hormones. One of the most important highlights for the use of incretins for the 

management of diabetes is that their insulinotropic effect is always glucose-mediated, 

thus, avoiding the possibility of causing hypoglycemia (Farngren and Ahrén, 2019). GLP-

1 has been tested in T1D patients and it showed a 45% decrease in the postprandial peak 

of glucose, independently of a residual β cell function (Kielgast et al., 2011). The 

administration of exenatide (GLP-1 analog) to patients with T1D has shown to induce a 

significant reduction in the concentration of glycated hemoglobin and in the total 

bodyweight (Herold et al., 2020), as well as a reduced glycemic excursion after meal and 

decreased glucagon release (Ghazi et al., 2014). Liraglutide, another GLP-1 analog, has 

shown similar results as exenatide when administered in combination with insulin to 

patients with T1D: reduction in the total body weight, reduction in glycated hemoglobin 

and reduction in the total dose of insulin needed for the glycemic management 

(Kuhadiya et al., 2013; Mathieu et al., 2016). Another GLP-1 analog (lixisenatide), which 

has been widely studied in T2D, has also been evaluated in a cohort of T1D and it showed 

beneficial effects in glucose management at a postprandial state and a reduced needing 

of insulin supplementation (Ballav et al., 2020) 

 

1.5.2. Insulin for the management of type 2 diabetes 

In the case of T2D patients, since the pathology is caused by unhealthy lifestyles and 

peripheral insulin resistance, the first-step treatment are lifestyle modifications. When 

pharmacological treatment is needed, the first-line drug used is metformin (a member 

of the biguanide family) (Foretz et al., 2019). However, if metformin combined with 

healthier habits is not enough for the correct management of blood glucose levels, other 

oral hypoglycemic drugs can be used in mono or combined therapy (e.g., sulfonylureas, 

meglitinides/glinides, thiazolidinediones/glitazones, α-glucosidase inhibitors, DPP-4 

Glucose 

sensor 

Insulin 

pump 

Injection 

site 

https://www.medtronic-diabetes.co.uk/
https://www.medtronic-diabetes.co.uk/


32 
 

inhibitors, and the oral formulation of a GLP-1 analog: Rybelsus®) (Lorenzati et al., 2010; 

Moon et al., 2017; Rother, 2007; Scheen, 2004). Furthermore, there are other 

treatments that are not administered through the oral route and help for the glucose 

management of diabetic patients, such as amylin analogs (e.g., Pramalitide) or GLP-1 

analogs (e.g., exenatide). 

Incretins are also being investigated for the management of T2D. It has been reported 

that the administration of GLP-1 analogues to patients with T2D led to a better glycemic 

control, reduced glycated hemoglobin, and a facilitated weight loss (Bucheit et al., 2020; 

Herold et al., 2020). Moreover, this group of drugs have shown better results than 

conventional hypoglycemic drugs such as sulphonylurea and thiazolidinedione in 

reducing glycated hemoglobin (Ross and Ballantine, 2013). However, most of the 

marketed drugs belonging to this group are administered by subcutaneous injection 

(e.g., exenatide, albiglutide, dulaglutide, semaglutide, liraglutide and lixisenatide), 

although a new oral formulation of semaglutide (Rybelsus®) was approved by the FDA 

in 2019 (Blakely and Weaver, 2020). This oral formulation composed by semaglutide and 

sodium N-[8-(2-hydroxybenzoyl amino]caprylate (SNAC) showed similar results in 

reducing glycated hemoglobin and weight gain as other GLP-1 analogs administered by 

subcutaneous injection (Bucheit et al., 2020). Other marketed drugs aiming to increase 

the incretin effect in diabetic patients are gliptins (DPP-4 inhibitors), such as sitagliptin, 

vildagliptin or saxagliptin (Richter et al., 2008). These drugs block the degradation of 

incretins by DPP-4 and, thus, increase their blood half-life and, in last term, their efficacy. 

The advantages of this type of drugs are their capability to be administered orally, their 

safety, and their tolerability (Ahrén, 2007).  

It is worth noting that in patients with T2D, the incretin effect is altered; although the 

reasons are still in controversy. Some authors claim that this is caused by a reduction in 

the levels of incretins (Lim and Brubaker, 2006), which may be caused by a reduced  

circulating halftime of the hormones (Baggio and Drucker, 2007; Kim and Egan, 2008). 

On the other hand, other authors believe that the cause is a reduction in the activity 

rather than in the secretion of the hormones (Ahrén, 2012; Kim and Egan, 2008; Nauck 

and Meier, 2016). Additionally, some research suggests that T2D patients also show a 

loss of activity in the GIP receptors of the β cells of the pancreas (El and Campbell, 2020). 

In some T2D patients, the administration of hypoglycemic drugs is still not enough for 

the correct management of diabetes and, when this happens, insulin formulations can 

be used in combination with them or even as monotherapy (Moon et al., 2017; Tan et 

al., 2019).  

 

1.5.3. Insulin for the management of “type 3 diabetes” 

Due to the last insights regarding the pathogenesis of Alzheimer’s Disease, which 

demonstrated a close relationship between this illness and diabetes mellitus, insulin has 

been being studied as treatment for this type of dementia (Hallschmid, 2021; Mao et al., 

2016). In experiments carried out to evaluate the potential of insulin for the treatment 

of AD, the administration route is usually intranasal because, by this way, the hormone 

bypasses the blood-brain barrier (BBB) via the trigeminal perivascular channels and 
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olfactory nerve channels (Craft et al., 2012; Kellar and Craft, 2020). Trials performed in 

different cognitive-impaired animal models have demonstrated that the administration 

of insulin leads to a reduced state of anxiety and to a memory improvement (Mao et al., 

2016; Salameh et al., 2015; Vandal et al., 2014). In an animal model of T2D, intranasal 

but not subcutaneous administration of insulin, led to a reduced hyperphosphorylation 

of tau protein (Yang et al., 2013), which is one of the hallmarks of AD. In a clinical study 

carried out in humans (clinicaltrials.gov; NCT00438568), intranasal administration of 

insulin has shown to improve cognition in patients suffering from dementia (Claxton et 

al., 2015; Srikanth et al., 2020).  

Since AD is considered as a central nervous system (CNS) affection of T2D, insulin 

sensitizers have also been studied to improve the outcomes of the neurodegenerative 

disorder. Metformin has shown to improve insulin signaling in the brain and, as 

consequence, the memory of a mouse model of AD (Ou et al., 2018). Other 

hypoglycemic agents used for the treatment of T2D that have shown a beneficial effect 

on the management of AD are sulfonylureas, which reduced the formation of β-amyloid 

plaques (Macauley et al., 2021). Due to the effects of GLP-1 on insulin secretion and 

sensitivity, as well as in neuroprotection and increased neuronal plasticity, analogs from 

this hormone have also been tested as treatments for AD. For instance, SAMP8 mice 

(senescence accelerated prone mouse 8; used as model for AD) treated with liraglutide, 

showed a cognitive improvement and increased hippocampal neuronal density (Hansen 

et al., 2015). In another study, memory deficit and depressive-like behavior was 

chemically induced to Swiss mice through the injection of Aβ oligomers (AβOs). 

However, previous administration of liraglutide prevented the memory impairment 

caused by the injection of AβOs (Batista et al., 2018). In that study, the same chemically 

induced memory deficit was inducted to non-human primates (NHP) and, the 

administration of liraglutide, reduced the AβO-triggered insulin receptors loss and the 

synapse mislaying in the primates’ brain. Again, the inhibition of the DPP-4 is an 

interesting strategy to increase the levels and half-life of circulating GLP-1. Thus, gliptins 

have demonstrated to significantly improve the cognitive and learning capabilities of 

both mouse and rat models of AD (Chalichem et al., 2017). 

 

1.6. New challenges for oral insulin delivery 

The oral route is the most desirable one due to its advantages for the patient and for 
the provider. From the point of view of the manufacturer, drugs intended for oral 
administration have less sterility requirements, what is associated to reduced 
production costs (Mahmood and Bernkop-Schnürch, 2019). On the other hand, for the 
patient, the oral route is painless and allows self-administration, what results in a better 
compliance to the treatment (Ahmad et al., 2012; Mahmood and Bernkop-Schnürch, 
2019).  
However, the oral route presents several drawbacks that hamper the capability of the 
administered drug to reach the bloodstream. This is the reason why peptide and protein 
treatments are usually administered through a parenteral route (Gedawy et al., 2018), 
by which the presence of physiological barriers is minimum. The physiological barriers 
that hinder the absorption of orally administered drugs can be divided in those found 

http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT00438568
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before the absorptive epithelium, and the epithelium itself. Thus, before reaching the 
enterocytes that compose the absorptive epithelium, the administered drug must cope 
with the chemical and enzymatic barriers, as well as with the mucus layer that covers 
the epithelium. The chemical barrier refers to the shifting acidic conditions all along the 
gastrointestinal tract, being highly acidic (pH ≈ 1.5) in the stomach and slightly basic (pH 
≈ 7.5) in colon (Yilmaz and Li, 2018). Under these conditions, many proteins may 
experience pH-induced oxidation, hydrolysis or deamination phenomena that lead to a 
loss of function (Ahmad et al., 2012; Chen et al., 2011). The enzymatic barrier comprises 
the presence of degrading enzymes that can be found secreted into the lumen or 
membrane-bound onto the brush border of the enterocytes (e.g., trypsin, chymotrypsin, 
pepsin, elastase, aminopeptidases, carboxypeptidases) (Ahmad et al., 2012; Chen et al., 
2011; Sonia and Sharma, 2012). The mucus layer is a gel-like structure that cover the 
epithelium of the whole gastrointestinal tract, protecting it from external pathogenic 
agents but also acting as scaffold for the host microbiota and for the digesting enzymes 
(Morishita et al., 2004). It is secreted by goblet cells (Elderman et al., 2017) and its 
principal components are mucins (highly O-glycosylated proteins). The chemical 
properties of mucins confer them a negative charge (Li et al., 2013; Morishita et al., 
2004) and presence of hydrophobic domains  where proteins may bind (Johansson et 
al., 2011). Moreover, the mucus layer is continuously secreted and renewed, with 
turnover rates that differ between animal species (Ahmad et al., 2012; Chen et al., 2011).  

Once all these barriers are overcome, the drugs must deal with the absorption barrier, 
which is mainly composed by enterocytes (absorptive brush-bordered cells) and goblet 
cells (mucus-secretory cells) (Chen et al., 2011). Absorption through the epithelium can 
occur by two different pathways: the paracellular or the transcellular route (Hwang and 
Byun, 2014). The former consists on the passive diffusion through the spaces between 
neighbor cells, spaces that are filled by the tight junctions that bind both cells and act as 
discriminatory barrier (Lee et al., 2018; Suzuki, 2020). Regarding the passage of peptides 
through this route, only those with low molecular weight and hydrophilic properties can 
pass (Xu et al., 2019). Hence, molecules with a molecular weight greater than 700 Da 
must enter the cell via active transport through the transcellular route (Hwang and Byun, 
2014). The latter implies the cellular absorption of the elements from the lumen, which 
is driven mainly by enterocytes, although M cells have also shown to be involved in this 
process (Shakweh et al., 2004). This cell-mediated uptake of compounds can be 
performed by active or passive transport, depending on the physicochemical properties 
of the molecule and the gut (molecular weight, lipophilicity, binding site, specific 
transporters, etc.) (Constantinescu et al., 2019; Nielsen et al., 2017). The cellular uptake 
of large molecules (such as peptides and proteins) from the medium is mainly driven by 
vesicle-mediated transcytosis. It consists on the endocytosis at the apical site, transport 
of the vesicle within the cell, and basolateral excretion of the vesicle content (Li et al., 
2021). The high molecular weight of insulin (5,808 Da) (Vakilian et al., 2019) makes it 
impossible to be absorbed through the paracellular route without the presence of 
compounds able to open the tight junctions. Thus, its pass from the intestinal lumen to 
the bloodstream occurs, mostly, via the transcellular route (McGinn and Morrison, 
2016). Moreover, the endocytosis of insulin is receptor-mediated (Hall et al., 2020), and 
enterocytes have been demonstrated to possess insulin receptors in the apical 
membrane (Ben Lulu et al., 2010). Nevertheless, the absorption of insulin is not the last 
barrier to overcome because, upon internalization of the insulin-receptor complexes, 
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most part of the internalized insulin is degraded in the cytoplasm (McClain, 1992; Najjar 
and Perdomo, 2019). All these drawbacks, summarized in Figure 8,  lead towards an 
almost null bioavailability of orally administered insulin (Niu et al., 2012; Pérez et al., 
2016).  

 

Figure 8. Schematic representation of the different barriers that hamper the oral 
bioavailability of drugs, including the variable pH conditions, the presence of digestive 
enzymes, the mucus layer, and the absorptive epithelium. Figure produced using Servier 
Medical Art pre-made icons and templates (http://smart.servier.com/). 

During the last decades, several strategies based on the use of nanotechnology have 
been evaluated to develop a system that enables oral administration of insulin. The use 
of nanosized formulations is useful to improve the characteristics of a drug in terms of 
targeting, controlled release, absorption, solubility, biodistribution, or to decrease the 
toxicity and side-effects associated to a drug (Irache et al., 2011; Vinogradov and Wei, 
2012). Some of the most studied nanosystems for the oral delivery of insulin are insulin 
conjugates, liposomes, solid lipid nanoparticles, self-nanoemulsifying drug delivery 
system (SNEDDS), and polymeric nanoparticles.  

 

1.6.1. Polymer-insulin conjugates 
Polymer-insulin conjugates are complexes formed by the union of insulin with other 
molecules such as carbohydrates, PEG, Brownlee’s polymer, or albumin, in order to 
confer better pharmacokinetic profiles or stimuli-responsive effects (Hoeg-Jensen, 
2021; Xie et al., 2017). Insulin can be attached to polymers that are already bound to 
molecules with protease inhibitor activity (e.g., Bowman-Birk inhibitor, aprotinin, 
soybean trypsin inhibitor, or elastatinal (Bernkop-Schnürch, 1998; Marschütz and 
Bernkop-Schnürch, 2000)), or to molecules that increase the absoprtion through the 
intestinal epitehlium (e.g., transferrin, penetratin) (He et al., 2018; Kavimandan et al., 
2006). However, the disadvantages of this systems is that they do not increase the 

stability of insulin in the harsh conditions of the gut. Moreover, the conjugation usually 
leads to a reduction in the bioactivity of the therapeutic agent (Xie et al., 2017). The 

http://smart.servier.com/
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administration of insulin conjugated with cell penetrating peptides (CPP) directly into 
the ileum of rats has demonstrated to increase the bioavailability of the hormone, 
achieving a 5.5 ± 0.9%. In another study, the oral administration of insulin-transferrin 
conjugates induced a significant decrease in the glycemia of diabetic rats in a dose-
dependent manner (Xia et al., 2000). Nevertheless, 11 hours post-adminsitration, the 
glycemia of the animals was reduced by 70%.    
 
1.6.2. Liposomes 
Liposomes are lipid vesicles formed by one or several phospholipid bilayers (unilamellar 
or multilamellar respectively) that generate an aqueous cavity in which hydrophilic 
molecules can be hosted. Moreover, hydrophobic molecules can be incorporated in the 
bilayer as well (Irache et al., 2011). Liposomes can interact with the target cell in several 
ways: i) they can get internalized (specifically or nonspecifically), and after cytosolic 
degradation, their cargo is released and passed to the bloodstream (Kim et al., 2013; 
Zhang et al., 2014); ii) they can fuse with the cell membrane and directly release their 
content into the cytosol; iii) they can just adhere to the cell membrane and release their 
cargo, which will enter into the cell via micropinocytosis (Torchilin, 2005). In spite of 
showing low stability in the gastrointestinal tract and poor encapsulation efficiencies, 
liposomes have good permeation properties due to their similar structure to cell 
membranes and, moreover, their surface can be modified with proteins, 
polysaccharides or polymers to improve their properties (Kaklotar et al., 2016; Kim et 
al., 2013; Lopes et al., 2015; Yazdi et al., 2020). Insulin-loaded liposomes are usually 
combined with bile salts (e.g. sodium deoxycholate, sodium taurocholate and sodium 
deoxycholate) because they give protection against enzymatic degradation and increase 
the pass through epithelial membranes (Kaklotar et al., 2016; Luo et al., 2016; Niu et al., 
2014). Some disadvantages of liposomes are that they tend to aggregate and to release 
the entrapped drugs, specially highly hydrophilic ones, so their storage is a challenge 
(Irache et al., 2011; Keller, 2001). Insulin-loaded liposomes have demonstrated the 
capability of increase the oral bioavailability of the loaded drugs, reaching values of 11% 
compared to subcutaneous administration. Moreover, the hypoglycemic effect exerted 
by their administration to diabetic rats lasted a minimum period of time of 15 hours (Niu 
et al., 2012). In another study, surface-functionalized liposomes with PEG and folate acid 
increased the oral bioavailability of insulin to a 19.08%, compared to subcutaneous 
injection. Furthermore, in this study, the hypoglycemic effect following oral 
administration to diabetic was also increased, lasting 25 hours.  
 

1.6.3. Solid lipid nanoparticles (SLNs) 

SLNs are colloidal carriers composed by physiological GRAS (generally recognized as 

safe) solid lipids. These lipids are solid at room or body temperature and stabilized by 

surfactants. Compared to liposomes and other lipid carriers, they present several 

advantages: narrow size distribution, controlled drug release over time, protection of 

the cargo against chemical degradation, lack of organic solvents during the formulation, 

lower toxicity, ease to scale up and ease to freeze/spray dry (Gaba et al., 2015; Hirlekar 

et al., 2017; Irache et al., 2011). However, they present poor loading capacity and they 

aggregate during incubation in gastric fluid (Irache et al., 2011; Kaklotar et al., 2016). 

The surface of SLNs can also be modified with polymers or other molecules to modify 
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their physicochemical properties (Anchan and Koland, 2021; Koland et al., 2021; Zhang 

et al., 2006). SLNs have also been used for oral delivery of insulin, as they protect the 

hormone against the harsh conditions of the gastrointestinal tract. However, the high 

temperatures needed to melt the lipids and form the nanoparticles can affect the 

integrity of insulin, and thus, its activity (Lopes et al., 2015). SLNs can get internalized 

into the enterocyte through endocytosis but they are summited to lyso-endosomal 

degradation (Xu et al., 2018). They also present bioadhesive properties, so they can stick 

to the enterocytes and, through gradient diffusion, insulin leaves the SLN and gets 

absorbed by the enterocyte. When evaluated in vivo, insulin-loaded SLN showed worse 

results than liposomes, displaying an oral bioavailability of 7.11%, reaching the highest 

hypoglycemic effect 3h after the oral administration (Zhang et al., 2006). In another 

study, insulin-loaded SLN were coated with alginate, what increased the relative oral 

bioavailability to 15.7%, with a maximum hypoglycemic effect achieved 10 h post-

administration (Koland et al., 2021).  

Cationic solid lipid nanoparticles (cSLNs) are SLNs produced using at least one cationic 

lipid (Doktorovova et al., 2011). The main advantage of cSLNs compared to SLNs is that 

the electrostatic repulsion between the positively-charged nanoparticles avoids their 

aggregation. Moreover, cSLNs are more mucoadhesive due to the interaction of their 

positive surface charges with the negative charges of the mucus mucins (Hecq et al., 

2016). However, despite there are no in vivo pharmacological studies for insulin-loaded 

cSLN, their efficacy for oral delivery purposes is expected to be worse than for neutral 

or negatively-charged SLN, as they demonstrated the lowest rates of oral absorption (Yu 

et al., 2019). 

 

1.6.4. Self-nanoemulsifying drug delivery system (SNEDDS) 

SNEDDS are isotropic mixtures of oil, surfactants, co-surfactants and the drug. This 

mixture spontaneously forms a nanoemulsion (O/W) in the GI tract or in aqueous 

solution (Irache et al., 2011; Li et al., 2014). SNEDDS can be used to entrap both 

hydrophilic and lipophilic molecules and they can pass through the intestinal mucus 

layer (depending on size, shape and surface modifications) (Friedl et al., 2013). For oral 

insulin delivery, SNEDDS have shown great encapsulation efficiency (100%) and very low 

release after incubation in bulk buffer during 24h. Encapsulated insulin into SNEDDS 

showed less proteolysis than free insulin and a sustained release profile (Ma et al., 

2006). Moreover, insulin-loaded SNEDDS showed stable storage up to 6 months at 4ºC. 

When evaluated in vivo, insulin-loaded SNEDDS showed low relative oral bioavailability 

(1.8%), with the highest hypoglycemic effect achieved 4 h post-administration (Bravo-

Alfaro et al., 2020). In another study, the relative bioavailability of insulin-loaded 

SNEDDS was slightly increased (7.15%), although this value is still very low. In this study, 

the hypoglycemic effect lasted for 4 hours, reaching its maximum effect 2 h after the 

oral administration (Zhang et al., 2012).  

 

1.6.5 Polymeric nanoparticles 

Nanoparticles can be classified in 2 groups: nanospheres, where the drug is dispersed 

into the polymer matrix, or nanocapsules where the polymer generates a film with an 
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empty core where the drug is entrapped (Hirlekar et al., 2017). Although there are 

several polymers that may be used for the formulation of nanoparticles, the most used 

devices are built of a combination of them. Some of the molecules used to prepare 

polymeric nanoparticles are: i) poly (lactic-co-glycolic acid) (PLGA): synthetic aliphatic 

polyester approved by the FDA. That displays high insulin entrapment efficiencies (up to 

90%) (Hirlekar et al., 2017; Sharma et al., 2015). When evaluated in vivo, insulin-loaded 

PLGA nanoparticles showed an hypoglycemic effect that lasted more than 15 hours, with 

the maximum effect achieved 7.5 h post-administration, although no values for the oral 

bioavailability were provided (X. Zhang et al., 2012). Moreover, in the same study, the 

coating of PLGA nanoparticles with the mucoadhesive polymer chitosan increased the 

hypoglycemic effect of the formulation. In another study, the coating of PLGA 

nanoparticles with 5β-cholanic acid conjugated glycol chitosan, lead to an increased oral 

bioavailability of insulin, reaching the surprising value of 30.43% (Wang et al., 2021); ii) 

poly (acrylic acid) (PAA): mucoadhesive polymers based on acrylic and methacrylic acid 

with pH-dependent release of insulin. One of the most interesting properties of this 

polymer is its intrinsic capability to inhibit luminal proteolytic enzymes (Perera et al., 

2009).  However, although the encapsulation of insulin into PAA nanoparticles showed 

promising results in vitro, no experiments have been carried out in animal models; iii) 

dextran: bacterial polysaccharide with pH-sensitive properties that decreases blood 

viscosity. Its commonly used as coating for other nanoparticles in order to increase their 

biocompatibility and reduce the opsonization processes over them (Alhareth et al., 

2012), although it can form nanoparticles by itself (Wasiak et al., 2016). Moreover, the 

surface of dextran nanoparticles can also be modified. For instance, vitamin B12-coated 

dextran nanoparticles have been evaluated in animal models, showing a biphasic 

hypoglycemic effect that lasted for a minimum period of time of 54 h (Chalasani et al., 

2007); iv) alginate: anionic algae polysaccharide with mucoadhesive properties, 

biocompatible and non-immunogenic. Despite alginate nanoparticles have low drug 

encapsulation efficacy by themselves, it can be increased by combination with other 

polymers (Sonia and Sharma, 2012). In an animal of diabetic rats, oral administration of 

alginate nanoparticles loaded with insulin induced an significant hypoglycemic effect 

that lasted 5 h and whose maximum effect was found to be 3-to-4 h post-administration 

(Li et al., 2021). In the same study, the modification of the nanoparticles with 

octaarginine increased the efficacy of the formulation, leading to a more potent and 

long-lasting hypoglycemic effect; v) chitosan: polycationic polymer with mucoadhesive 

and absorption enhancer properties that can entrap both hydrophilic and hydrophobic 

drugs. It is the most widely studied polymer for the oral administration of insulin 

because of its promising results so far. The main problem of chitosan nanoparticles is 

their sensitivity to acidic conditions, in which it gets dissolved (Van Der Merwe et al., 

2004), resulting in a burst release during its pass through the stomach.  Following oral 

administration to diabetic animals, insulin-loaded chitosan nanoparticles induced an 

hypoglycemic effect that lasted for 10 hours, showing the maximum effect 6 h after the 

administration (Mukhopadhyay et al., 2013). In another study in which chitosan 

nanoparticles were modified by thiolation, the hypoglycemic effect induced by insulin-

loaded nanoparticles showed the highest effect 2 h post-administration, although the 
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total effect lasted for 6 hours (Sudhakar et al., 2020); vi) zein: vegetal protein obtained 

from maize, widely used in the pharmaceutical as well as in other industries (Martínez-

López et al., 2020). Zein nanoparticles have shown high stability in simulated gastric 

fluid, as well as a sustained release of the loaded drug. When evaluated in animals, 

insulin-loaded zein nanoparticles showed a potent hypoglycemic effect that lasted for 

more than 17 h, with the maximum effect observed 10 h post-administration 

(Inchaurraga et al., 2020). Moreover, in that study, the oral bioavailability achieved with 

insulin nanoparticles was found to be 5.2%.  

In summary, although there are several nanoformulations aiming the oral 
administration of insulin, and, despite some of them showed promising results in animal 
models, there is not currently any available drug in the market for the oral 
administration of insulin. 
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2. Objectives 

 

The general objective of this project was to evaluate the potential of zein-based 

nanoparticles in therapeutics, as well as carriers for oral delivery of biomacromolecules, 

using insulin as a model. 

Zein was chosen as polymer to form the nanoparticles due to its ease to form stable and 

reproducible nanoparticles with high insulin encapsulation efficiencies. In addition, zein 

hydrolysates have been demonstrated to induce hypoglycemic effects driven by an 

increase in the secretion of incretins and an inhibitory effect over DPP-4 (Higuchi et al., 

2013; Mochida et al., 2010).  

 

In this context, the general objective was divided into 4 partial objectives: 

 

1. To optimize the preparation of oral nanocarriers with mucus-permeating 

properties, based on the coating of zein nanoparticles with PEG. 

 

2. To evaluate the hypoglycemic effect of empty zein-based nanoparticles, 

when orally administered, in laboratory animals. 

 

3. To evaluate the effect of zein-based nanoparticles, orally administered, in 

two animal models cursing with hyperglycemia: C. elegans and the 

Alzheimer’s Disease animal model of SAMP8 mice. 

 

4. To evaluate and compare the capability of both “naked” (mucoadhesive) and 

PEG-coated (mucus-permeating) zein nanoparticles as oral carriers for insulin 

delivery. 
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Abstract 

The aim was to produce PEG-coated nanoparticles (NP-PEG), with mucus-permeating 
properties, for oral drug delivery purposes by using simple procedures and regulatory-
approved compounds in order to facilitate a potential clinical development. For this 
purpose, zein nanoparticles were prepared by desolvation and, then, coated by 
incubation with PEG 35,000. The resulting nanocarriers displayed a mean size of about 
200 nm and a negative zeta potential. The presence of PEG on the surface of 
nanoparticles was evidenced by electron microscopy and confirmed by FTIR analysis. 
Likely, the hydrophobic surface of zein nanoparticles (NP) was significantly reduce by 
their coating with PEG. This increase of the hydrophilicity of PEG-coated nanoparticles 
was associated with an important increase of their mobility in pig intestinal mucus. In 
laboratory animals, NP-PEG (fluorescently labelled with Lumogen® Red 305) displayed a 
different behavior when compared with bare nanoparticles. After oral administration, 
NP appeared to be trapped in the mucus mesh, whereas NP-PEG were capable of 
crossing the protective mucus layer and reach the epithelium. Finally, PEG-coated zein 
nanoparticles, prepared by a simple and reproducible method without employing 
reactive reagents, may be adequate carriers for promoting the oral bioavailability of 
biomacromolecules and other biologically active compounds with low permeability 
properties.  
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3.1. Introduction 
In the last decades, numerous efforts have been performed in order to develop new and 
effective treatments for a multitude of diseases based on the use of nanodevices (e.g., 
liposomes, nanoparticles, micelles, dendrimers, etc.) as drug delivery systems. Many of 
these developments have clearly demonstrated (in preclinical studies) multiple benefits 
in treating chronic diseases, including important improvements in the therapeutic index 
of antimicrobials (Pison et al., 2006; Singh and Nalwa, 2011) or anticancer drugs 
(Gurunathan et al., 2018; Ma and Mumper, 2013). These improvements are directly 
related to the capabilities of these nanodevices to protect the loaded drug against a 
premature degradation in the body, improving its bioavailability, or/and to increase the 
therapeutic agent in its site of action (Irache et al., 2011; Vinogradov and Wei, 2012). 
Nevertheless, the number of these nanoparticles that have reached commercialization 
after a successful clinical trial is extremely low. At this moment, there would be around 
20 commercial nano-based drugs approved by Regulatory Agencies (Bhardwaj et al., 
2019), particularly based on the use of liposomes and polymers to encapsulate drugs 
inside their core and intended for cancer therapy (Hua et al., 2018). In addition, an 
estimated 100 nanoparticle-based products are in clinical trials, from which 18 started 
in the past 3 years (Martins et al., 2020); although, only six would be intended for oral 
administration (ClinicalTrials.gov, 2021). 
 
This relatively low number of “successful” developments is (at least in part) related with 
a long and challenging regulatory pathway (Bremer-Hoffmann et al., 2018; Gaspani, 
2013); surely influenced by a vague definition of the term “nanoparticle” and a certain 
negative state of public opinion (Bhardwaj et al., 2019) with everything that the term 
"nano" means or includes. Other barriers that importantly hamper the clinical 
development of nanoparticles for drug delivery purposes include the use of “innovative” 
materials rather than the approved excipients, and the difficulties to scale-up and 
transfer the whole preparative process to an industrial environment. In this way, the 
formulation of nanoparticles with a compound without a regulatory status (i.e., 
excipient or GRAS) makes the development process more challenging, longer, and 
therefore, more expensive (Cicha et al., 2018). This would be the case when 
nanoparticles are prepared with a new synthetic polymer, where additional information 
is required to demonstrate its safety with respect to the currently proposed level of 
exposure or administration route. Moreover, the employment of toxic reagents or 
organic solvents for the synthesis of nanoparticles, as well as the complexity and 
reproducibility of the preparative method, are also important aspects that will hinder 
the continuity of the project towards clinical phases. Nevertheless, the robustness of the 
process has to be evaluated as a whole, including all the steps and procedures involved 
in the manufacture of the final product (i.e., purification, concentration and drying 
steps). 
In this context, the aim of this work was to produce mucus-permeating nanocarriers for 
oral drug delivery purposes by using simple procedures and regulatory-approved 
compounds in order to facilitate a potential clinical development. Mucus-permeating 
nanocarriers have the capability of minimizing the interaction with the mucus mesh 
(Netsomboon and Bernkop-Schnürch, 2016) and, thus, promoting diffusion through its 
protective layer lining the epithelium (Maisel et al., 2016; Netsomboon and Bernkop-
Schnürch, 2016). The use of this type of nanocarriers may be of interest to improve the 
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oral bioavailability of biomacromolecules (Ensign et al., 2012) and other biologically 
active compounds with low permeability properties. For this purpose, zein-based 
nanoparticles prepared by a desolvation procedure and coated by simple adsorption 
with poly(ethylene glycol) (PEG) were prepared and evaluated. Zein is the main protein 
from corn with a hydrophobic character and insoluble in water that possesses a GRAS 
regulatory status (Irache and González-Navarro, 2017; Penalva et al., 2015). PEGs are 
hydrophilic neutral polymers approved as excipients and widely employed in several 
cosmetic and pharmacological products due to its safeness (D’souza and Shegokar, 
2016).  
 
3.2. Materials and methods 

3.2.1. Materials 
Zein, lysine, poly(ethylene glycol) 35,000 Da (PEG35), and Rose Bengal sodium salt were 
purchased from Sigma-Aldrich (Steinheim, Germany). Ethanol absolut was obtained 
from Scharlab (Sentmenat, Spain). Lumogen® Red 305 was provided by BASF 
(Ludwigshafen am Rhein, Germany). Mannitol was purchased from Guinama (La Pobla 
de Vallbona, Spain). O.C.T.TM Compound Tissue-Tek was obtained from Sakura Finetek 
Europe (Alphen aan Der Rijn, The Netherlands).  
 
3.2.2. Preparation of nanoparticles 

3.2.2.1. Preparation of bare nanoparticles (NP) 
Zein nanoparticles were prepared by a desolvation procedure previously described 
(Penalva et al., 2015), with minor modifications. Briefly, 200 mg zein and 30 mg lysine 
were dissolved in 20 mL ethanol 55% with magnetic stirring for 10 minutes at room 
temperature. Nanoparticles were obtained by the addition of 20 mL purified water. The 
ethanol was removed in a rotatory evaporator under reduced pressure (Büchi Rotavapor 
R-144; Büchi, Postfach, Switzerland) and the resulting suspension of nanoparticles was 
concentrated and purified by tangential flow filtration through a polysulfone membrane 
with a molecular weight cut off (MWCO) of 500 kDa (Spectrumlabs, California, USA) in 
order to remove the excess of "free" reagents that were not part of the nanoparticles 
(e.g., zein, PEG and lysine). Finally, 2 mL of a mannitol aqueous solution (200 mg/mL) 
was added to the suspension of nanoparticles and the mixture was dried in a Büchi Mini 
Spray Dryer B-290 apparatus (Büchi Labortechnik AG, Switzerland) under the following 
experimental conditions: (i) inlet temperature, 90 °C; (ii) outlet temperature, 45−50 °C; 
(iii) air pressure, 4−6 bar; (iv) pumping rate, 5 mL/min; (v) aspirator, 80%; and (vi) airflow, 
400− 500 L/h.  
 
3.2.2.2. Preparation of PEG-coated nanoparticles 
The coating of nanoparticles with PEG was performed by simple incubation between the 
just formed nanoparticles (before the purification step) and PEG 35,000 at different PEG-
to-zein ratios. For this purpose, a stock solution of PEG 35,000 was prepared by 
dissolving the polymer in water to a final concentration of 100 mg/mL. Then, different 
volumes of this stock solution were added to the suspension of fresh nanoparticles. The 
mixture was maintained under magnetic agitation for 30 minutes at room temperature. 
After this time, nanoparticles were concentrated and purified by tangential filtration and 
dried as described above. 
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3.2.2.3. Preparation of fluorescently labelled nanoparticles  
Nanoparticles were fluorescently labelled by the encapsulation of Lumogen® F Red 305. 
For this purpose, 2.6 mL of a Lumogen® red solution (concentration of 0.4 mg/mL) in 
ethanol was added to the solution of zein and lysine, prior to the formation of the 
nanoparticles. Then, nanoparticles were formed, and dried as described above. 
 
3.2.3. Physico-chemical characterization of nanoparticles  

3.2.3.1. Size, polydispersity index and zeta potential  
Particle size and polydispersity index (PDI) were measured after dispersion in ultrapure 
water, at 25 °C, by dynamic light scattering (DLS) (angle of 90°). Zeta-potential was 
determined by electrophoretic laser Doppler anemometry after the dispersion of 
nanoparticles in purified water. All of these measurements were carried out in a 
Zetasizer analyzer system (Brookhaven Instruments Corporation, Holtsville, USA).  
 
3.2.3.2. Morphology analysis 
The shape and surface morphology of the dried nanoparticles were examined by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). For 
SEM, 1.5 mg of nanoparticles were dispersed in 1 mL deionized water and centrifuged 
at 9,500 x g for 5 min in order to remove the mannitol. Then, the obtained pellet was re-
dispersed in 1 mL water, mounted on SEM grids, dried and coated with a gold layer using 
a Quorum Technologies Q150R S sputter-coated (Ontario, Canada) and analyzed using a 
ZEISS Sigma 500 VP FE-SEM apparatus. For TEM, a drop of a suspension of nanoparticles 
was placed over  a Holey Carbon film on Cu 300 mesh + thick C + SH grid (EM Resolutions, 
Sheffield, UK). The grid with the nanoparticle’s suspension was allowed to dry and, then, 
images were taken using a Tecnai F30 microscope (Thermo Fischer Scientific, Oregon, 
USA).  
 
3.2.3.3. Fourier Transform Infrared Resonance (FTIR) analysis  
The analysis of the nanoparticle’s surface was carried out by infrared spectroscopy 
(FTIR), using a Fourier transform spectrophotometer IR Affinity-1S (Shimadzu, Japan) 
coupled to a Specac Golden Gate ATR. The samples analyzed were placed directly on the 
diamond and the spectra were collected in the mode reflectance under the following 
conditions: wavenumber from 600 to 4000 cm-1 at 2 cm-1 of resolution and 50 scans per 
spectrum. Spectra were analyzed employing the Labsolution IR software. 
Finally, the yield of the total preparative process of nanoparticles was calculated by 
gravimetry (Arbós et al., 2002). 
 
3.2.3.4. Amount of protein transformed into nanoparticles and total process yield 
The amount of zein forming nanoparticles was estimated by the quantification of the 
protein in the eluents obtained during the purification/concentration step by UV-vis 
molecular absorption spectroscopy at 300 nm wavelength, using a PowerWave XS 
Microplate reader (BioTek Instruments, Inc; Vermont, USA). The standard curve was 
prepared by dissolving increasing concentrations of pure zein in ethanol 70%. The 
amount of protein forming nanoparticles in the formulation was estimated as the ratio 
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between the amount of the protein quantified in the elute and the total amount of 
protein used for the preparation of nanoparticles, and, expressed as a percentage. 
Finally, the yield of the whole preparative process of nanoparticles was calculated by 
gravimetry (Arbós et al., 2002). 
 
3.2.3.5. Surface hydrophobicity evaluation  
The surface hydrophobicity of the different nanoparticles was evaluated by the Rose 
Bengal method (Doktorovova et al., 2012). Briefly, 500 μL of nanoparticle suspensions 
(from 0.03 to 3 mg/mL) was mixed with 1 mL of a Rose Bengal aqueous solution (100 
μg/mL). All samples were incubated under constant shaking at 1500 rpm, for 30 min at 
25 °C (Labnet VorTemp 56 EVC, Labnet International, Inc. New Jersey, USA). Afterwards, 
the samples were centrifuged at 13,500 x g for 30 min (centrifuge MIKRO 220, Hettich, 
Germany) to remove the nanoparticles. The amount of Rose Bengal in the supernatants 
(Rose Bengal unbound) was calculated by measuring the absorbance at 548 nm, using a 
PowerWave XS Microplate reader (BioTek Instruments, Inc., Vermont, USA).  
For calculations, the total surface area (TSA) of nanoparticles (calculated using Equation 
1) was determined by assuming that the nanoparticles were spherical in shape and 
monodisperse, with a diameter equal to the mean size determined by DLS.  

 
TSA = (SANP) x (NTNP)   [Equation 1] 

 
where SANP is the surface of one individual nanoparticle (4πr2), and NTNP is the total 
number of nanoparticles in each dilution, calculated using the Equation 2: 

 
NTNP =  mNP/(ρzein  X VNP)   [Equation 2] 

 
where mNP is the weight of the nanoparticles in each dilution, ρzein is the density of zein 
(1.41 g/mL calculated by pycnometry) and VNP is the volume (4/3πr3) of an individual 
nanoparticle. 
On the other hand, the partitioning quotient (PQ) was calculated as the quotient 
between the amount of the Rose bengal bound and unbound. The slope of the line of 
the chart represents the hydrophobicity of the formulation. The higher the slope, the 
higher the hydrophobicity. 
 
3.2.4. Ex vivo mucus diffusion studies in porcine intestinal mucus  

3.2.4.1. Collection and preparation of porcine mucus  
The native porcine mucus was harvested from small intestine. The intestines were 
collected from a slaughterhouse and kept in ice-cold PBS (for a maximum period of 2 h) 
prior to the mucus collection. Intestine was cut into small portions that were opened to 
expose the lumen. Then, the exposed lumen was cleaned with PBS and the mucus 
collected using a spatula. The scraping was very gently in order not to drag epithelial 
tissue. A single pool of mucus was obtained, which was then distributed in 0.5 g-aliquots 
in microtubes that were stored at -80 ºC until the moment of use. 
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3.2.4.2. Evaluation of the diffusion of nanoparticles in mucus by Multiple Particle 
tracking (MPT)  
The diffusion of the nanoparticles through pig intestinal mucus, as an in vitro 
measurement of their mucus-permeating properties, was assessed by the Multiple 
Particle Tracking (MPT) technique (Abdulkarim et al., 2015; Rohrer et al., 2016). 
MPT involves video capturing and post-acquisition analysis for the individual movement 
of hundreds of fluorescently labelled particles within a mucus matrix (Grießinger et al., 
2015). 25 μL of a suspension of fluorescently labelled nanoparticles (4 mg/mL in water) 
were inoculated into approximately 0.5 g of mucus aliquots. Then, each sample was 
incubated in gently agitation for 2 h at 37 ºC in order to ensure effective particle 
distribution before the video recording. 2-dimensional videos were captured in a Leica 
DM IRB wide-field epifluorescence microscope (×63 magnification oil immersion lens) 
using a high-speed camera (Allied Vision Technologies, UK) and capturing 30 
frames/second; 10 s videos (i.e., complete video comprised 300 frames). At least 100 
individual trajectories were tracked and analyzed from each mucus inoculated with 
fluorescent nanoparticles. Examples of videos, for bare (NP) and PEG-coated 
nanoparticles (NP-PEG50), are included in the Supplementary Material section. The MPT 
of each formulation was carried out in triplicates, leading to a minimum of 300 individual 
trajectories assessed. Videos were analyzed using Fiji (Image J). Only trajectories longer 
than 30 frames were considered, in order to ensure a continuous presence of the 
individual nanoparticles in the X-Y plane. The trajectory of each nanoparticle was then 
converted into numeric pixel data and, finally, into metric distances (based on the 
recording settings). The displacement of each nanoparticle overtime was expressed as 
the squared displacement (SD), and the mean square displacement (MSD) was 
calculated as the geometric mean of that nanoparticle’s squared displacement along its 
entire trajectory. MSD was determined as follows:  
    

𝑀𝑆𝐷 = (𝑋∆𝑡)2 +  (𝑌∆𝑡)2   [Equation 3] 
 
For each nanoparticle formulation studied, the “ensemble mean square displacement” 
(<MSD>) was determined for each of the replicates by calculating the geometric mean 
of 100 individual trajectories. Then, the effective diffusion coefficient (Deff) of each 
formulation was calculated by: 
  

𝐷𝑒𝑓𝑓 =
<𝑀𝑆𝐷>

4×∆𝑡
   [Equation 4] 

 
Where 4 is a constant relating to the 2-dimensional mode of video capturing and Δt is 
the selected time interval.  
In parallel, the diffusion of the nanoparticles in water (Dº) was calculated by the Stokes–
Einstein equation at 37ºC: 
 

𝐷º = 𝑘𝑇6𝜋η𝑟  [Equation 5] 
 
In which 𝑘 is the Boltzmann constant, 𝑇 is absolute temperature, η is water viscosity and 
𝑟 is the mean radius of nanoparticles. 
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Finally, the diffusion of all the formulations was expressed as the ratio (%) between their 
Deff and their Dº (diffusions in mucus and in water, respectively). This ratio provides a 
measure of the relative diffusion of the nanoparticles in mucus when considering their 
Brownian motion in water. For the graphical representation and for each formulation, 
these ratios were normalized to the ratio obtained for bare nanoparticles. 
 
3.2.5. In vivo biodistribution evaluation of nanoparticles in healthy rats 
The biodistribution of the nanoparticles in the gastrointestinal tract of male Wistar rats 
(weight 180-220 g; Envigo, Indianapolis, USA) was visualized by fluorescence microscopy 
(Inchaurraga et al., 2015). Animals were housed under controlled temperature (23 ± 2 
ºC) with 12-hour light/dark cycles and with free access to normal chow and water. All 
experiments were performed after a minimum acclimation period of 7 days. Prior to any 
procedure, animals were fasted overnight. During the procedures, animals were kept 
fasted but with free access to water. All the procedures were performed following a 
protocol previously approved by the “Ethical and Biosafety Committee for Research on 
Animals” at the University of Navarra in line with the European legislation on animal 
experiments (protocol 045-18). For the study, 10 mg of fluorescently labelled 
nanoparticles dispersed in 1 mL purified water were orally administered to fasted 
animals. Two hours post-administration, animals were sacrificed by cervical dislocation 
and the guts were removed. Tissue portions of 1 cm were collected, washed with PBS, 
and frozen at -80 °C after inclusion in the tissue proceeding medium O.C.T.TM. Each 
portion was then cut into 5 µm sections on a cryostat and attached to glass slides. Finally, 
the slices were fixed with formaldehyde and stained with DAPI for 15 min. before the 
cover assembly. The presence of fluorescently loaded zein nanoparticles in the intestinal 
mucosa and the cell nuclei of intestinal cells, dyed with DAPI, were visualized in a 
fluorescence microscope (Axioimager M1, Zeiss; Oberkochen, Germany) with a coupled 
camera (Axiocam ICc3, Zeiss) and fluorescent source (HBO 100, Zeiss). The images were 
captured with the software ZEN (Zeiss). The post-acquisition processing of the images 
was carried out with the software Fiji (Image J).  
As control, an aqueous suspension of Lumogen® F Red 305 was administered. 
 
3.2.6. Statistical analysis  
The means and standard errors were calculated for every data set. All the group 
comparisons and statistical analyses were performed using a one-way ANOVA test 
followed by a Tukey-Kramer multicomparison test. In all cases, p < 0.05 was considered 
as a statistically significant difference. All calculations were performed using Graphpad 
Prism v6 (California, USA) and the curves were plotted with the Origin 8 software from 
Origin Lab (Massachusetts, USA). 
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3.3. Results 

3.3.1. Nanoparticles characterization 
The main physico-chemical characteristics of bare nanoparticles and nanoparticles 
coated at different PEG-to-zein ratios are shown in Table 1. The coating with PEG did not 
significantly modify the mean size of the resulting nanoparticles, with a typical diameter 
close to 200 nm and a polydispersity index (PDI) lower than 0.15. The morphological 
analysis by scanning electron microscopy (SEM) showed that all the formulations 
consisted of a homogeneous population of spherical-shaped nanoparticles (Figure 1), 
with no apparent differences between bare and PEG-coated nanoparticles. Likely, the 
size values obtained by this technique were similar to those obtained by dynamic light 
scattering. By TEM (Figure 1C), the presence of a less dense substance (corresponding 
to the PEG-coating) on the surface of zein nanoparticles was observed. Moreover, the 
coating with PEG slightly decreased the negative zeta potential of the resulting 
nanoparticles. In addition, the amount of zein transformed into nanoparticles was, in all 
cases, close to 80%. This value was not affected by the coating with PEG. Finally, the 
total preparative process yield (after the drying step) was calculated to be around 60%, 
without differences between formulations. 
 
Table 1. Physico-chemical characteristics of bare (NP) and PEG-coated nanoparticles at 
different PEG-to-zein ratios (5%, 25%, 50% and 75%; w/w). Data expressed as mean ± 
SD, n ≥ 3.  

 
Size 
(nm) 

PDI 
Zeta 

potential 
(mv) 

Amount of 
protein 

(%) 

Total process 
yield 
(%) 

NP 200 ± 15 0.04 ± 0.03 -54 ± 4 82.8 ± 1.7 61.3 ± 5.6 
NP-PEG5 203 ± 8 0.05 ± 0.02 -51 ± 3 80.8 ± 1.6 58.5 ± 1.8 
NP-PEG25 202 ± 9 0.06 ± 0.02 -49 ± 2 77.4 ± 3.7 57.9 ± 3.9 
NP-PEG50 201 ± 14 0.08 ± 0.01 -50 ± 2 81.5 ± 2.4 61.6 ± 9.8 
NP-PEG75 213 ± 18 0.07 ± 0.02 -51 ± 2 82.8 ± 1.3 60.5 ± 1.8 

 
 

Figure 1. Microphotographs of bare nanoparticles (NP) and PEG-coated nanoparticles 
(NP-PEG50). A: NP obtained by SEM; B: NP-PEG50 obtained by SEM; C: NP-PEG50 
obtained by TEM.  
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Figure 2 shows the FTIR spectra of the different nanoparticles and the raw materials 
employed in their preparation. The FTIR analysis demonstrated the presence of PEG in 
the nanoparticles after their formulation and drying. For all the formulations and for the 
free zein, two characteristic stretching vibration bands of amide I and amide II groups 
(at 1637 and 1521 cm-1, respectively) were observed. The amide I band is associated 
with the C=O stretching and the amide II absorption peak is associated to C-N and N-H 
stretching vibrations. Regarding the FTIR spectrum of PEG, among others, the following 
typical signals were found: the vibration of CH2 groups (1465 cm-1), the stretching 
vibration of C-O-C (1143 cm-1) or the C-O vibration of the OH end group of PEG (1093 
cm-1). The spectra of nanoparticles showed a displacement in the amide I stretching 
vibration band, which may be consequence of a conformational change when the 
nanoparticles are formed. Furthermore, in the spectra of PEG-coated nanoparticles 
obtained at a PEG-to-zein ratio higher than 0.05, some of the polymer vibration bands 
were clearly detected (1465, 1143 and 1058 cm-1); confirming the presence of PEG on 
the surface of the nanoparticles. In addition, it is worth noting the shift of the vibration 
band corresponding to the alcoholic group of PEG (1093 to 1101 cm-1) as well as that 
associated to the amide II of zein. This finding would indicate a possible interaction 
between the protein and the polymer through the formation of hydrogen bonds. Finally, 
absorption peaks corresponding to lysine (1577, 1408, 1358 cm-1) were also detected in 
all the nanoparticle formulations. 
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Figure 2. FTIR spectra of zein, PEG 35,000, lysine, bare zein nanoparticles and PEG-
coated zein nanoparticles. Straight lines correspond to 1637 and 1521 cm‐1 stretching 
vibration bands. Dashed line corresponds to 1093 cm-1 band.  
 
Figure 3 shows the surface hydrophobicity of nanoparticles, calculated by means of the 
Rose Bengal test, as a function of the PEG-to-zein ratio employed in the preparation of 
nanoparticles. The coating of nanoparticles with PEG 35,000 significantly reduced the 
surface hydrophobicity, and this effect was found to be dependent on the amount of 
PEG employed during the coating process. Thus, the surface hydrophobicity of NP-PEG5 
was calculated to be about 60% of the value determined for bare nanoparticles, whereas 
for NP-PEG75, the hydrophobicity was 4-times lower than for NP.  
 

Figure 3. Surface hydrophobicity of the different formulations. Values are normalized to 
the hydrophobicity of bare nanoparticles (NP). Data expressed as mean ± SD (n = 3). *: 
p < 0.05; **: p < 0.01.  
 
3.3.2. Ex vivo mucus diffusion studies in porcine intestinal mucus  
Table 2 summarizes the main parameters defining the diffusivity of the nanoparticles 
and Figure 4 shows the capability of the different formulations to diffuse through pig 
intestinal mucus. Again, the coating of zein nanoparticles with PEG 35,000 significantly 
increased their ability to move and diffuse within mucus. Thus, for nanoparticles 
prepared at a PEG-to-zein ratio similar or higher than 0.25, their diffusivity in pig 
intestinal mucus was about 8-times higher than for bare nanoparticles. 
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Table 2. Diffusion behavior of the different formulations tested. < Deff>: diffusion 
coefficient in mucus; D°: theoretical diffusion coefficient in water; <Deff>/ D°: quotient 
between the diffusion coefficients of nanoparticles in mucus and water, respectively 
(expressed in percentage). Data expressed as mean ± SD, n = 3. 

 

<Deff> (mucus) 
cm2 × S−1 × 10−9 

D° (water) 
cm2 × S−1 × 10−9 

<Deff>/D° (%) 

NP 0.054 ± 0.038 23.47 0.23 ± 0.11 
NP-PEG5 0.169 ± 0.085 24.85 0.68 ± 0.03 
NP-PEG25 0.473 ± 0.237 24.76 1.91 ± 0.07 
NP-PEG50 0.447 ± 0.226 22.35 2.00 ± 0.15 
NP-PEG75 0.479 ± 0.244 23.02 2.08 ± 0.15 

 

Figure 4. Comparative of the capability of nanoparticles (bare and PEG-coated) to diffuse 
through pig intestinal mucus. Values are normalized to the diffusion of bare 
nanoparticles (NP diffusion in intestinal mucus = 1). Data expressed as mean ± SD (n = 
3). **: p < 0.01. 
 
3.3.3. In vivo evaluation of the mucus-permeating properties of nanoparticles in 
healthy rats 
Figure 5 shows fluorescence micrographs of duodenum slices obtained 2 hours post-
administration of different Lumogen®-loaded formulations to animals. On the one hand, 
both bare and PEG-coated nanoparticles at a PEG-to-zein ratio of 0.05 displayed a 
localization that seemed to be restricted to the mucus layer covering the epithelium, 
without presence between intestinal villi. On the other hand, PEG-coated nanoparticles 
prepared at a PEG-to-zein ratio higher than 0.05 were clearly seen in close contact with 
the intestinal epithelium, occupying the inter-villi spaces and, even reaching the 
intestinal crypts. Afterwards, the biodistribution of mucoadhesive and mucus-
permeating formulations (NP and NP-PEG50, respectively) along the gastrointestinal 
tract were evaluated (Figure 6). In the small intestine (Figures 6C-6F), mucus-permeating 
nanocarriers were able to diffuse through the protective mucus layer and reach the 

NP 5% 25% 50% 75%
0

1

2

3

4

5

6

7

8

9

10

11

**

 PEG-to-zein ratio (w/w)

N
P

 t
im

e
s

 m
u

c
u

s
 d

if
fu

s
io

n

**



77 
 

epithelium surface. Finally, in the cecum of animals, only fluorescence associated to NP-
PEG50 was visualized, suggesting the capability of these nanoparticles to reach this 
region of the gut 2 hours post-administration.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Fluorescence microscopic visualization of a lumogen® aqueous suspension, 
bare nanoparticles (NP), and PEG-coated nanoparticles in sections of rat duodenums 2 h 
after oral administration. Yellow arrows point to intestinal crypts. Nuclei of cells, stained 
with DAPI, are seen in blue. 
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Figure 6. Fluorescence microscopic visualization of bare nanoparticles (NP) and 

nanoparticles coated with PEG at a PEG-to-zein ratio of 0.5 (NP-PEG50) in slices of the 

different portions of the gastrointestinal tract of animals, 2 h post-administration. A and 

B show slices from the stomachs of animals, C and D from jejunums, E and F from ileums, 

and G and H from cecums. Nuclei of cells, stained with DAPI, are seen in blue.  
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3.4. Discussion 

This study aimed to develop suitable oral nanocarriers with mucus-permeating 
properties based on GRAS material and produced by a simple, cheap and reliable 
procedure. For that purpose, zein (GRAS protein) was chosen to generate the 
nanoparticles. These nanoparticles have shown (as other nanocarriers based on 
proteins) an interesting ability to encapsulate both hydrophobic small molecules (i.e., 
glibenclamide (Lucio et al., 2017)) and hydrophilic biomacromolecules (e,g., insulin 
(Inchaurraga et al., 2020)). However, and particularly for the oral delivery of therapeutic 
proteins, conventional zein nanoparticles (NP) do not provide the required increases in 
bioavailability necessary for a clinical application. In order to minimize this problem, one 
alternative would be the use of zein nanoparticles with mucus-permeating properties. 
For this purpose, zein nanoparticles were coated with a hydrophilic polymer (PEG) at 
different PEG-to-zein ratios. This coating would reduce the interactions between the 
nanoparticle and the mucus matrix, conferring mucus-penetrating nanoparticles. The 
capability of PEG to confer mucus-permeating properties relies on its molecular weight 
and grafting density, which, in last term, will determine its conformation (Inchaurraga 
et al., 2015; Xu et al., 2015). In fact, PEG with MW as high as 40 kDa, if densely grafted 
to the surface of nanoparticles, would prevent their interactions with mucus, conferring 
a mucoinert surface (Maisel et al., 2016). Since the coating occurs by physical 
adsorption, no new chemical entities are generated during the formulation of PEG-
coated zein nanoparticles. Thus, this method leads to the formation of mucus-
permeating nanoparticles composed only by GRAS materials, what would facilitate a 
faster clinical development (Ensign et al., 2012; Yu et al., 2012).  
All the formulations were prepared by a desolvation method and the coating of the just 
formed nanoparticles with PEG was carried out by simple incubation. During the 
preparative process of nanoparticles, no type of organic solvent (apart from ethanol) 
was used. In addition, during the evaporation step, the ethanol used can be recovered 
and, later, reused. All of the resulting nanoparticles displayed a mean size of about 200 
nm, independently of the PEG-to-zein ratio, and a negative zeta potential. Likely, under 
the experimental conditions tested, the amount of protein transformed into 
nanoparticles was high (about 80%), whereas the total yield of the process was 
calculated to be close to 60%. This last result may be considered low but it is in line with 
previous results using similar lab-scale Spray-dryer apparatus and might be improved 
during scale-up (Li et al., 2010; Ngan et al., 2014). In fact, it is well known that, in the 
particular case of Spray-drying, the yield of the process increases by increasing the size 
of batches (Draheim et al., 2015). The scanning electron microscopy confirmed the size, 
shape, and the homogeneity of the formulations measured by DLS. Nanoparticles were 
round-shaped with a smooth surface (Figure 1A and 1B). Interestingly, the incubation of 
nanoparticles with PEG produced a homogeneous layer around the surface of 
nanoparticles of about 10 nm (Figure 1C). This finding was corroborated by FTIR analysis 
(Figure 2) which not only showed the presence of the most characteristic PEG bands but 
also that the size of these signals increased by increasing the PEG-to-zein ratio. 
Considering all these data, it is possible to hypothesize an intermolecular interaction 
between PEG and zein. This interaction could be driven by a combination of hydrogen 
bonds (as predicted by the FTIR results) with other weak PEG-protein interactions (e.g., 
Van der Waals forces) (Wu et al., 2014). 
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The hydrophobic surface of zein nanoparticles was significantly reduced by their coating 
with PEG (Figure 3). This increase of the hydrophilicity of nanoparticles was associated 
with an important increase of their mobility in pig intestinal mucus (Figure 4), in line 
with previous results demonstrating that the PEGylation of polymer nanoparticles 
produced important improvements in their diffusive properties in mucus (Laffleur et al., 
2014; Xu et al., 2015). In addition, in our case, a good correlation between 
hydrophobicity and mucus diffusivity was obtained (R2 > 0.93; Figure 7). 

Figure 7. Correlation between the capability of PEG-coated zein nanoparticles (prepared 
at different PEG-to-zein ratios) to diffuse in pig intestinal mucus and their surface 
hydrophobicity. Both parameters are normalized to the values of bare nanoparticles. 
Data expressed as mean ± SD (n = 3). 
 
The biodistribution assays carried out in rats revealed that, 2 hours post-administration 
of fluorescently labelled nanoparticles, bare zein nanoparticles and NP-PEG5 were found 
mainly entangled into the mucus layer of the duodenum, far away from the absorptive 
epithelium (Figure 5). Likely, this finding agreed well with a higher hydrophobicity and 
lower diffusivity in pig intestinal mucus (as measured by MPT). On the contrary, under 
the same conditions, nanoparticles prepared at a PEG-to-zein ratio similar or higher than 
0.25 (with lower hydrophobicity and higher diffusivity in mucus than bare nanoparticles) 
were localized in close contact with the epithelium (Figure 5). In a similar way, NP-PEG50 
were found in the cecum 2 hours post-administration, while bare nanoparticles did not 
reach this portion of the gastrointestinal tract (figure 6H and G, respectively). This, once 
again, reinforces the mucus-permeating properties of the PEG coating. The fact that NP-
PEG50 reached the cecum might be because their increased diffusivity is applied not 
only for a transversal flow through the mucus gel, what allows them to reach the 
epithelium, but also for longitudinal flowing all along the gastrointestinal tract.  
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In summary, PEG-coated zein nanoparticles may be prepared by a desolvation 
procedure, subsequent purification by tangential flow filtration, and drying in a spray-
drier. The preparative process is simple and reproducible, without employing reactive 
reagents. The PEG layer on the surface of zein nanoparticles conferred a hydrophilic 
corona and a superior capability to diffuse in pig intestinal mucus than bare 
nanoparticles. In vivo, PEG-coated nanoparticles showed mucus-permeating properties 
with an important ability to reach the gut epithelium and appeared to move more 
rapidly along the gut, reaching the cecum two-hours post-administration. 
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Abstract 

The objective of this work was to evaluate the potential hypoglycemic effect of orally 

administered zein-based nanoparticles. For this purpose, two different formulations, a 

mucoadhesive (NP) and a mucus-diffusive (NP-PEG50), were supplemented into the 

growth medium of C. elegans cultured under high glucose conditions. Under these 

conditions, the addition of nanoparticles to the medium induced a significant decrease 

in the fat accumulation within the body of the worms, which is closely related to the 

glucose metabolism. Moreover, NP-PEG50 displayed a more potent effect than NP on 

reducing the lipid tissue. Afterwards, the effect of the formulations, as well as the free 

protein, was assessed in a murine laboratory animal. Treatments were administered to 

healthy rats by oral gavage and changes in the blood glucose levels, insulinemia, and in 

the plasma values of incretins (glucose-dependent insulinotropic polypeptide (GIP) and 

glucagon-like peptide-1 (GLP-1)) were assessed. All the treatments induced an 

insulinotropic effect that started 1.5 h post-administration, being free zein the most 

potent one. On the other hand, only nanoparticulated zein was able of reducing the 

glycemia of the animals and increasing the secretion of GLP-1, effects observed from 1.5 

h after the oral administration and that lasted a minimum period of time of 6 hours. 

Regarding GIP values, all three treatments displayed the same effect, inducing no 

changes during the first 3 hours followed by a significant increase in the circulating levels 

of the hormone 6 h post-administration. Finally, the capability of the treatments to 

modulate the glycemic control of animals facing an intraperitoneal glucose tolerance 

test (ipGTT; 2 g/kg) was also evaluated. Only NP-PEG50 treatment was able of 

modulating the glycemic response to the intraperitoneal injection of glucose, displaying 

a more delayed glycemic peak and a reduction in the total exposure to the sugar 

(measured as the area under the curve). 
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4.1. Introduction 

Glucose homeostasis is a complex phenomenon involving a wide variety of hormones 

whose objective is to keep the blood glucose levels within the normal range (4 – 6 mM), 

avoiding the conditions of hyper and hypoglycemia (Röder et al., 2016). Insulin is the 

principal hypoglycemic hormone, and it is produced and stored in the β cells of pancreas, 

cells that are found forming clusters called islets of Langerhans (Fu et al., 2012). These 

β cells themselves act as glycemic sensors. When the glycemia rises, glucose enters the 

β cells through the GLUT transporters and triggers a signaling cascade that induces an 

increase in the intracellular calcium concentration and, in last term, leads to the 

exocytosis of the insulin vesicles (Henquin et al., 2006; Röder et al., 2016; Wang and 

Thurmond, 2009). After its release, insulin reaches, through the bloodstream, different 

insulin-sensitive tissues (e.g., liver, muscle, adipose tissue, brain or heart among others) 

and stimulate the glucose uptake by the cells, leading to a reduction in the circulating 

levels of glucose (Cheng et al., 2010; Dimitriadis et al., 2011; Jung and Choi, 2014; Klein 

and Visser, 2010; Kleinridders et al., 2014; Lázár et al., 2018). 

Although glucose is the main inductor for insulin release, other types of stimuli can also 

exert this effect. The presence in blood of some amino acids, fats and other 

monosaccharides different from glucose have also demonstrated to act as 

insulinogogues (Deeney et al., 2000; Fu et al., 2012). Interestingly, not all the amino acids 

have the same potency on triggering insulin release, and the most potent ones would 

be leucine, isoleucine, alanine, and arginine (Henquin et al., 2006; Newsholme et al., 

2006; Newsholme and Krause, 2012). However, the mechanisms by which amino acids 

induce secretion of insulin are very variable, depending on their nature and 

physicochemical properties (McClenaghan et al., 1996). After food ingestion, the rise in 

the blood insulin levels has been shown to be more potent than during an isoglycemic 

intravenous glucose infusion. This phenomenon is known as the incretin effect and it 

happens because the food present in the lumen of the gastrointestinal tract stimulates 

the production of hormones by the enteroendocrine cells present in the gut (Kazafeos, 

2011; Mortensen et al., 2003). The hormones involved in this response are the incretins 

GLP-1 and GIP, from which GLP-1 has been shown to play a more important role in 

glucose homeostasis (Holst, 2019).  

GLP-1 is stored in granules within the L cells of the gut, whose abundancy increases from 

proximal to distal regions of the intestine (Pais et al., 2016a). These cells act as sensors 

and, in response to the presence of nutrients in the lumen, release their GLP-1-

containing granules (Chai et al., 2012; Nadkarni et al., 2014; Seino et al., 2010). The 

release of GLP-1 starts a few minutes after the ingestion of the meal and lasts for several 

hours (Pais et al., 2016a; Rocca and Brubaker, 1999). Carbohydrates, fats, and proteins 

present in the lumen act as GLP-1 release inductors. Regarding the secretagogue effect 

of proteins and their metabolites, several peptones and amino-acids (e.g. glutamine, 

glycine, alanine, phenylalanine and arginine) have shown the capability of directly 

induce GLP-1 release (Clemmensen et al., 2013; Pais et al., 2016a, 2016b), although  

oligo- or large peptides seem to be more potent than free amino acids (Ishikawa et al., 

2015). Independently of the insulinogogue effect of GLP-1, which is always glucose-

dependent (Nadkarni et al., 2014; Seino et al., 2010; Thurmond, 2009), it also induces 
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glucose uptake by muscle, adipose tissue and liver (Ayala et al., 2009; Chai et al., 2012; 

Dardevet et al., 2004; Rowlands et al., 2018). Moreover, in the liver, GLP-1 also induces 

hepatic glucose clearance and glycogen synthesis (Ayala et al., 2009) while reducing the 

hepatic glucose production through the inhibition of glucagon release (Jin and Weng, 

2016).  

GIP is another incretin produced and secreted by the enteroendocrine K cells present in 

the gut in response to food intake. In contrast to the distribution of L cells, K cells are 

mainly located in proximal regions of the gut, decreasing in number in further sections 

(Pais et al., 2016a). Although K cells are sensitive to all type of nutrients (sugars, fats and 

proteins), it has been observed that proteins are the most potent inductors of GIP 

release (Seino et al., 2010). GIP exerts its function mainly over the pancreas, the bone, 

the adipose tissue, and the brain. However, in contrast to the effect exerted by GLP-1 in 

the pancreas, GIP can stimulate both the production of insulin and glucagon (Seino et 

al., 2010). When glycemia is low (around 80 mg/dL, as in fasted state), GIP induces 

glucagon release by targeting α cells. However, when blood glucose levels rise 

(postprandial state), it stimulates insulin release by targeting the β cells (El and 

Campbell, 2020) 

Zein, the main storage protein found in the seeds of maize, is a prolamin insoluble in 

water but soluble in hydro-alcoholic solutions with high ethanol contents (between 60 

and 80%). For drug delivery purposes, zein presents two major advantages. The former 

is its regulatory status as a GRAS material (Weissmueller et al., 2016). The latter is the 

capability of this material to be transformed into nanoparticles by simple preparative 

methods and without the need of using toxic chemical reagents as cross-linkers 

(Martínez-López et al., 2020). Moreover, zein nanoparticles may be also easily 

“decorated” with PEG, yielding nanocarriers with similar physicochemical properties but 

with an increased mucus-diffusive behavior (Inchaurraga et al., 2015; Reboredo et al., 

2021). Zein hydrolysates have shown the capability of inducing the release of incretins 

and inhibit the action of DPP-4 (the enzyme responsible for the degradation of both GLP-

1 and GIP) (Mochida et al., 2010). Thus, zein and its nanoparticulated form could also 

keep this incretin-inducing properties and, therefore, exert a hypoglycemic activity in 

healthy individuals.  

 

The objective of this work was to evaluate the effect of two different types of zein-based 

nanoparticles over the glucose homeostasis of two different animal models, following 

oral administration. One of the formulations consist of bare zein nanoparticles (NP), 

which display a mucoadhesive behavior (Inchaurraga et al., 2019). The other formulation 

consists of PEG-coated zein nanoparticles (NP-PEG50), which have a more mucus-

diffusive demeanor (Reboredo et al., 2021). The effect of both formulations, as well as 

the native protein, over the glucose homeostasis of two different animal models (C. 

elegans and healthy male Wistar rats) was assessed. Moreover, the hormonal 

mechanisms involved for the improved glycemic control were also evaluated. 
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4.2. Material and methods 

4.2.1. Materials 
Zein, L-lysine, poly(ethylene glycol) 35,000 Da (PEG35), Orlistat®, Nile red, isopropanol, 
glucose, sodium azide, agarose, and Triton X-100 were purchased from Sigma-Aldrich 
(Steinheim, Germany). Ethanol absolute was obtained from Scharlab (Sentmenat, 
Spain). DPPIV inhibitor, aprotinin, insulin ELISA kit (EZRMI-13K) and GIP ELISA kit 
(EZRMGIP-55K) were obtained from Merck (Darmstadt, Germany). GLP-1 ELISA kit 
(YK160 GLP-1 EIA) was purchased from Yanaihara Institute Inc. (Awakura, Japan). Rat 
somatostatin ELISA kit (E-EL-R0914) was purchased from Elabscience (Houston, USS) 
 
4.2.2. Preparation of nanoparticles 

4.2.2.1. Preparation of bare nanoparticles (NP) 
Zein nanoparticles were prepared by a desolvation procedure previously described 
(Penalva et al., 2015), with minor modifications. Briefly, 200 mg zein and 30 mg lysine 
were dissolved in 20 mL ethanol 55% with magnetic stirring for 10 minutes at room 
temperature. Nanoparticles were obtained by the addition of 20 mL purified water. The 
ethanol was removed in a rotatory evaporator under reduced pressure (Büchi Rotavapor 
R-144; Büchi, Postfach, Switzerland) and the resulting suspension of nanoparticles was 
concentrated and purified by tangential flow filtration through a polysulfone membrane 
with a molecular weight cut off (MWCO) of 500 kDa (Spectrumlabs, CA, USA). Finally, 
nanoparticles were dried in a Büchi Mini Spray Dryer B-290 apparatus (Büchi 
Labortechnik AG, Switzerland) under the following experimental conditions: (i) inlet 
temperature, 90 °C; (ii) outlet temperature, 45−50 °C; (iii) air pressure, 4−6 bar; (iv) 
pumping rate, 5 mL/min; (v) aspirator, 80%; and (vi) airflow, 400− 500 L/h.  
 
4.2.2.2. Preparation of PEG-coated nanoparticles (NP-PEG50) 
The coating of nanoparticles with PEG was performed by simple incubation of the just 
formed nanoparticles (before the purification step) and PEG 35,000 at a PEG-to-zein 
ratio of 0.5. For this purpose, the adequate volume of a solution of PEG 35,000 in water 
(100 mg/mL) was added to the suspension of nanoparticles. The mixture was maintained 
under magnetic agitation for 30 minutes at room temperature. After this time, 
nanoparticles were concentrated and purified by tangential flow filtration and dried as 
described above. 
 
4.2.3. Physico-chemical characterization of nanoparticles  

4.2.3.1. Size, polydispersity index and zeta potential 
Particle size and polydispersity index (PDI) were measured after dispersion in ultrapure 
water, at 25 °C, by dynamic light scattering (DLS) (angle of 90°). Zeta-potential was 
determined by electrophoretic laser Doppler anemometry after the dispersion of 
nanoparticles in purified water. All these measurements were carried out in a Zetasizer 
analyzer system (Brookhaven Instruments Corporation, Holtsville, NY, USA).  
 
4.2.3.2. Morphology analysis  
The shape and surface morphology of the dried nanoparticles were examined by 
scanning electron microscopy (SEM). 1.5 mg of nanoparticles were dispersed in 1 mL 
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purified water, mounted on SEM grids, dried, and coated with a gold layer using a 
Quorum Technologies Q150R S sputter-coated (Ontario, Canada). Images from were 
taken using a ZEISS Sigma 500 VP FE-SEM (Oberkochen, Germany) apparatus.  
 
4.2.4. In vivo evaluation of nanoparticles in C. elegans 

4.2.4.1. Strain and culture conditions 
Caernoharbditis elegans (C. elegans) was maintained and cultured as described 
previously (Lazzaro and Schneider, 2014). Wild-type N2 Bristol strain was obtained from 
the Caenorhabditis Genetics Center (CGC, University of Minnesota, MN, USA), and were 
cultured at 20 ºC on NGM (Nematode Growth Medium) agar with Escherichia coli OP50 
as normal nematode diet. For all experiments, age-synchronized worms were used. 
Synchronization was performed by hypochlorite treatment, a condition in which only 
eggs can survive, and eggs were let hatch overnight in M9 buffer solution (Porta-de-la-
Riva et al., 2012). 
 
4.2.4.2. Treatment with nanoparticles and fat content quantification  
The quantification of the fat content within the body of the worms was performed by 
the Nile Red staining method (Navarro-Herrera et al., 2018). For that purpose, worms 
(L1 larvae stage) were cultured under high glucose conditions (0.5% w/v). Under these 
conditions, worms show an expansion of the fat tissue due to an increase in the 
ammount of lipidic droplets (Martínez-López et al., 2021). All the assays were performed 
in triplicates using 6-well plates. In each well, 4 mL of the glucose-suplemented medium 
were added, with or without treatments. Moreover, 3 wells with NGM without glucose 
suplementation were added to confirm the fattening effect of the glucose. Treatments 
were added to the wells at a concentration of 1.6 mg/mL nanoparticles. Finally, a 
positive control of Orlistat® (6 µg/mL), as a fat reducing agent, was also added (Martorell 
et al., 2012). All the treatments were added, after resuspension/dissolution in purified 
water, to the wells containing liquid NGM. After the addition, plates were let solidify in 
a dark environment. Once solidified, 100 µL of a culture of E. coli (OP50 strain) were 
added to each well and let dry in darkness. Finally, the L1-synchronized worms were 
placed into the wells and incubated for 46 h at 20 ºC. After the incubation period, worms 
were picked up and stained by a Nile Red staining method (Pino et al., 2013). Stained 
worms were fixed in agarose (2%) over glass slides and observed on a Nikon's SMZ18 
stereomicroscope (Nikon Instruments Inc., Japan) coupled to an epi-fluorescence 
system and a DS-FI1C refrigerated color digital camera. Pictures were acquired under a 
GFP filter (Ex 480-500; DM 505; BA 535-550). Post-acquisition processing and fat 
quantification was performed with the FIJI (image J) software.  
 
4.2.5. In vivo evaluation of nanoparticles in healthy rats 

4.2.5.1. Strain and housing conditions  
Male Wistar rats weighing 180-220 g were purchased from Envigo (Indianapolis, IN, 
USA). Animals were housed under controlled temperature (23 ± 2 ºC) with 12-hour 
light/dark cycles and with free access to normal chow and water. All experiments were 
performed after a minimum acclimation period of 7 days. Prior to any procedure, 
animals were fasted overnight. During the procedures, animals were kept fasted but 
with free access to water. 
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All the procedures were performed following a protocol previously approved by the 
“Ethical and Biosafety Committee for Research on Animals” at the University of Navarra 
in line with the European legislation on animal experiments (protocol 071-19). 
 
4.2.5.2. Evaluation of the hypoglycemic effect of nanoparticles 
For this experiment, healthy rats were divided in different groups of at least 6 animals. 
Each group received orally one of the following treatments: (i) free zein in water (50 
mg/kg), (ii) bare zein nanoparticles in water (NP; 50 mg/kg), (iii) PEG-coated zein 
nanoparticles (NP-PEG50; 50 mg/kg). All these formulations were dispersed in 1 mL 
water prior administration to animals through oral gavage, using a stainless-steel 
cannula. As controls, one group received orally 1 mL water. At different times, 300 µL of 
blood samples were collected, from the tail vein, into K3EDTA tubes at. Protease 
inhibitors (DPP-4 inhibitor, 50 µM; aprotinin 500 KIU) were added to the tubes just after 
the collection of the blood. At each extraction, glucose levels in blood were quantified 
using an Accu-Check® Aviva glucometer (Roche Diagnostics, Basel, Switzerland). The 
blood-containing tubes were centrifuged at 2500 g for 10 minutes at 4 ºC. The plasma 
was withdrawn, placed into new microtubes and stored at -80 ºC until use. Finally, 
insulin, GIP, GLP-1 and somatostatin levels in the blood of rats were quantified by ELISA, 
following the indications of the kit’s manufacturers.   
 
4.2.5.3. Intraperitoneal Glucose Tolerance Test (ipGTT) in healthy rats 
The ipGTT was performed to evaluate the change in the glycemic control of rats 
receiving the different treatments (50 mg/kg) when facing an intraperitoneal injection 
of glucose (2 g/kg). Animals were fasted overnight prior to any procedure and 
treatments were administered by oral gavage 2 hours before the intraperitoneal 
injection of glucose. For this purpose, rats were divided into 4 different groups (n ≥ 6): 
(i) untreated control (1 mL of purified water), (ii) free zein dispersed in 1 mL water; (iii) 
1 mL of a suspension of bare nanoparticles in purified water (NP), (iv) 1 mL of a 
suspension of PEG-coated nanoparticles (NP-PEG50). Blood glucose levels were 
measured at several times, before and after the intraperitoneal injection of glucose: -
120 minutes (just before oral administration of nanoparticles), T0 (prior to the 
intraperitoneal injection of glucose) and 15, 30, 60 and 120 minutes after the glucose 
overload. Blood samples (50 µL) were collected from the tail vein and the glycemia was 
measured using an Accu-Check® Aviva glucometer (Roche Diagnostics, Basel, 
Switzerland). 
 
4.2.6. Statistical analysis  
Means and standard errors were calculated for every data set. All the group 
comparisons and statistical analyses were performed using a one-way ANOVA test 
followed by a Tukey-Kramer multiple comparisons test, except for the data obtained 
from the efficacy studies in rats, where the statistical analysis performed was a two-way 
ANOVA. Significant differences with respect to control group are marked as follows: *p 
< 0.05, **p < 0.01 or ***p < 0.001. All calculations were performed using GraphPad 
Prism v6 (GraphPad Software, San Diego, CA, USA) and the curves were plotted with the 
Origin 8 software (OriginLab Corp, Northampton, MA, USA). 
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4.3. Results 

4.3.1. Nanoparticles characterization 
The main physico-chemical properties of both formulations are summarized in Table 1. 
Both formulations displayed an average size of around 200 nm, with very low PDI 
indexes (less than 0.1). Regarding the zeta potential, both formulations showed a 
negative zeta potential, without differences between bare and PEG-coated 
nanoparticles.   
 
Table 1. Physico-chemical characteristics of empty zein nanoparticles without coating 
(NP) or coated with PEG at a PEG-to-zein ratio of 0.5 (NP-PEG50). Data expressed as 
mean ± SD, n ≥ 3. 
 

Formulation 
Size  
(nm) 

PDI 
Zeta potential 

(mv) 

NP 199 ± 28 0.04 ± 0.03 -52 ± 4 
NP-PEG50 203 ± 13 0.08 ± 0.01 -50 ± 1 

 

The images obtained by SEM showed that the resulting nanoparticles consisted of 

homogenous populations of around 200 nm, confirming the results found by DLS. 

Moreover, the nanoparticles display a spherical shape and a smooth surface, without 

apparent differences between bare and PEG-coated nanoparticles (Figures 1A and B 

respectively).  

Figure 1. SEM microphotographs of NP (A) and NP-PEG50 (B).  

 

4.3.2. In vivo evaluation of nanoparticles in C. elegans 
The effect of the formulations over the fat accumulation of the worms, as an indirect 

measurement of the hypoglycemic effect, is shown in Figure 2A. The values of the fat 

content in the worms are normalized to the content of those cultured under high 

glucose conditions without treatment. Worms cultured in normal NGM medium showed 

a fat content equal to 62% of the content displayed by those cultured under high glucose 

conditions. In worms cultured in a medium supplemented with glucose, orlistat®-

treated worms (positive control) displayed a fat content equal to the 58% of the fat 
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content of those receiving no treatment. On the other hand, worms receiving NP and 

NP-PEG50 showed, respectively, a fat content of 89% and 86% compared to the control 

worms. These reductions in the fat accumulation observed in animals treated with 

nanoparticles were, in both cases, statistically significant (p < 0.01) when compared with 

control worms. On the other hand, no significant differences were found between 

worms receiving bare or PEG-coated nanoparticles. Representative images of the worms 

are displayed in Figure 2B, where the brightness in green represents the amount of lipid 

droplets within the body of the nematode.  

Figure 2. A: Quantified fat content in the worms, values are normalized to the fat content 

of worms cultured under high glucose conditions and receiving no treatment; B: Pictures 

of worms cultured with the different treatments. Orl: orlistat®; NP: bare zein 

nanoparticles; NP-PEG50: PEG-coated zein nanoparticles. Data expressed as mean ± SD 

(n = 3 wells with at least 25 worms/well). **: p < 0.01. 

 
4.3.3. Evaluation of the hypoglycemic effect of nanoparticles 
The effect of the oral administration of the different treatments on the glycemia of rats 
is shown in Figure 3. The administration of an aqueous suspension of free zein at a dose 
of 50 mg/kg did not induce any relevant effect in glycemia of rats. However, the same 
dose of both nanoparticle formulations (NP and NP-PEG50) induced a significant 
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decrease in the blood glucose levels of the animals, that lasted for at least 6 hours. The 
hypoglycemic effect of zein nanoparticles was clearly observed three hours post-
administration. At this time point, for both formulations, the decrease in the initial levels 
of glucose in blood was about 25%. Nevertheless, NP-PEG50 appeared to offer a more 
intense and lasted hypoglycemic effect than NP. Thus, 6 h after administration, the 
hypoglycemic effect induced by the oral administration of NP-PEG50 was significantly 
higher than for bare nanoparticles (p < 0.01). 

Figure 3. Blood glucose levels of animals treated orally with zein nanoparticles (NP; NP-

PEG50) or an aqueous suspension of free zein. All the treatments were administered at 

a dose of 50 mg/kg. Data expressed as mean ± SD (n ≥ 6). *: p < 0.05; ***: p < 0.001 

compared to control. ###: p < 0.001 compared to free zein. ††: p < 0.01 compared to 

NP. 

 

The effect of the oral administration of the treatments on different hormones involved 

in the glucose homeostasis was also assessed. At the same extraction points at which 

blood glucose levels were measured, the following hormones were quantified: insulin, 

GLP-1, and GIP. Figure 4 shows the changes in the blood levels of insulin. In fasted 

control animals, insulinemia drastically decreased to values below 10% of the basal 

levels 3 h after the beginning of the experiment. On the contrary, animals receiving a 

suspension of the free protein showed a fast increase in the insulinemic values, 

increasing more than 50% of the basal levels 3 hours post-administration. These high 

levels of insulin in blood were maintained for at least 3 hours. Animals treated with 

either NP or NP-PEG50 displayed an insulinemic profile different to that observed for 

animals receiving the free protein. Thus, during the first 3 h after the oral administration 

of nanoparticles, no apparent modification of insulin levels in blood were observed. 
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However, after these first 3 h, the levels of insulin clearly increased, reaching those 

observed for animals treated with the aqueous suspension of the protein.  

Figure 4. Blood insulin levels of healthy rats treated orally with zein nanoparticles (NP; 

NP-PEG50) or an aqueous suspension of free zein. All the treatments were administered 

at a dose of 50 mg/kg. Data expressed as mean ± SD (n ≥ 6). *: p < 0.05; **: p < 0.01 

compared to control.  #: p < 0.05 compared to NP-PEG50. 

 

The effect of the treatments on the blood levels of GLP-1 in healthy rats is shown in 

Figure 5. Control animals and animals treated with the suspension of free zein displayed 

similar GLP-1 values, without significant differences, during the 6 h post-administration. 

However, animals receiving either NP or NP-PEG50 presented a significant increase in 

the levels of GLP-1. This increase, which started 1.5 h after the beginning of the 

experiment, reached its maximum at the last extraction point, 6 h post-administration. 

At this extraction point, NP induced a 39% increase (over the initial levels) while NP-

PEG50 led to a 59% rise of the GLP-1 levels, compared to basal values.  
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Figure 5. Blood GLP-1 levels of healthy rats treated orally with zein nanoparticles (NP; 

NP-PEG50) or an aqueous suspension of free zein. All the treatments were administered 

at a dose of 50 mg/kg. Data expressed as mean ± SD (n ≥ 6). *: p < 0.05; **: p < 0.01 

compared to control. 

 

The effect of the treatments on the blood levels of GIP are shown in Figure 6. For animals 

treated with either zein nanoparticles or the aqueous suspension of the protein, during 

the first 3 h post-administration, a slight decrease in the blood levels of this hormone 

was observed. At 6 h post-administration, for all the zein treatments, the levels of GIP 

were significantly higher than for control animals (p < 0.01).   

Figure 6. Blood GIP levels of healthy rats treated orally with zein nanoparticles (NP; NP-

PEG50) or an aqueous suspension of free zein. All the treatments were administered at 

a dose of 50 mg/kg. Data expressed as mean ± SD (n ≥ 6). **: p < 0.01 compared to 

control.  
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Figure 7 illustrates the somatostatin levels during the first 3 h post-administration for 

animals treated with either NP or NP-PEG50. Both types of treatment induced an 

important secretion of this hormone, particularly in animals treated with NP-PEG50. 

Thus, 3 h post-administration, the levels of somatostatin in blood of control animals 

were reduced by half while, in NP-PEG50 treated animals, they increased by 

approximately 45%.  

 
Figure 7. Somatostatin blood levels of healthy rats receiving water (control), NP and NP-

PEG50. All the treatments were administered at a dose of 50 mg/kg. Data expressed as 

mean ± SD (n ≥ 6). *: p < 0.05; **: p < 0.01 compared to control. 

 

4.3.4. Intraperitoneal Glucose Tolerance Test (ipGTT) in healthy rats 
The response to a glucose overload in rats was evaluated through an intraperitoneal 

glucose tolerance test. Figure 8A shows the changes in the glycemia of rats during the 2 

hours after the intraperitoneal challenge with a glucose injection. All the treatments 

significantly reduced the glycemic increase 15 minutes after the challenge, compared to 

the controls (p < 0.001). However, this reduction in the glycemic increase was 

significantly higher in the group of animals treated with NP-PEG50 than in animals 

receiving either free zein or NP (p < 0.05). Only the group treated with NP-PEG50 showed 

a relevant reduction in the glucose rise 30 minutes after the glucose injection, leading 

to a significant decrease (p < 0.05) compared to naked nanoparticles, and a very 

significant decrease (p < 0.001) compared to control and free zein groups. From this 

point on, no differences were found between all 4 treatments.  
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Figure 8. Effect of the different treatments over the blood glucose levels of healthy male 

Wistar rats after an intraperitoneal injection of glucose (2 g/kg). All the treatments were 

orally administered 2 h prior to the glucose injection, at a dose of 50 mg/kg. Control: 

animals receiving water; Free zein: zein in purified water; NP: bare zein nanoparticles 

dispersed in 1 mL purified water; NP-PEG50: PEG-coated zein nanoparticles dispersed in 

1 mL purified water. Data expressed as mean ± SD (n ≥ 6). *: p < 0.05; **: p < 0.01; ***: 

p < 0.001 compared to control.  #: p < 0.05; ###: p < 0.001 compared to free zein. †: p < 

0.05 compared to NP. 

 

The main pharmacodynamic parameters of the ipGTT are summarized in Table 2. 

Control animals showed the highest glycemic values (Tmax) 30 minutes after the 

intraperitoneal injection of glucose, with a mean value above 200 mg/dL (Cmax). Animals 

previously treated with an oral administration of free zein or NP did not significantly 

modify the Cmax, or the total exposure to glucose (AUC), although NP-treated rats 

showed a slight delay in the Tmax. On the contrary, animals that received NP-PEG50 not 

only shifted the Tmax from 0.5 h to almost 1 h, but also showed a statistically relevant 

decrease in the total exposure to glucose (p < 0.05).  

 

Table 2. Main pharmacodynamic parameters of rats receiving an oral administration of 

water (control); free zein; bare nanoparticles (NP); or PEG-coated nanoparticles (NP-

PEG50). All the treatments were administered at a 50 mg/kg dose and 2 h prior to the 

ipGTT (2 g/kg). Data expressed as mean ± SD (n ≥ 6). *: p < 0.05 compared to control.  

Treatment 
Dose 

(mg/kg) 
Cmax 

(mg/dL) 
Tmax 
(h) 

AUC 
AUC 

quotient 

Control - 207 ± 18 0.50 ± 0.00 18952 ± 1528 1.00 ± 0.08 

Free zein 50 196 ± 26 0.57 ± 0.17 18319 ± 821 0.96 ± 0.04 
NP 50 182 ± 16 0.71 ± 0.24 18225 ± 815 0.96 ± 0.04 
NP-PEG50 50 174 ± 13* 0.93 ± 0.17* 16885 ± 868* 0.89 ± 0.04* 
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4.4. Discussion 

In this work, the objective was, in a first step, to evaluate the real hypoglycemic potential 

of zein-based nanoparticles in rats and, in a second step, if their distribution within the 

gut may modulate and determine the intensity of this effect. For this purpose, bare and 

PEG-coated nanoparticles were selected. Conventional zein nanoparticles display 

mucoadhesive properties and their localization within the gut appear to be restricted to 

the mucus layer of the upper regions of the gastrointestinal tract (Inchaurraga et al., 

2019). On the contrary, the “decoration” of the nanoparticles with PEG 35,000 at a PEG-

to-zein ratio of 0.5 (NP-PEG50) yields nanocarriers with mucus-permeating properties 

capable of targeting the epithelium of the distal region of the small intestine and the 

cecum (Reboredo et al., 2021).    

The evaluation of the effect of zein nanoparticles over the fat accumulation of C. elegans 

was performed by culturing the worms under high glucose conditions. Under these 

conditions, resembling the hyperglycemic condition in diabetics (Zhu et al., 2016), 

worms experience (among other effects) an expansion of the adipose tissue, which is, in 

part, caused by the toxicity exerted by the hyperglycemic conditions (Alcántar-

Fernández et al., 2018; Lu and Qiu, 2017; Nomura et al., 2010).  

However, this increase in the fatty tissue accumulation was partially countered by the 

supplementation of zein nanoparticles into the growth medium (Figure 2). This could be 

caused by a hypoglycemic/glucotoxicity reducing effect of the nanoparticles, combined 

with an increased uptake of amino acids and oligopeptides through the PEPT-1 receptor 

present in the enterocytes of the worm. Similar to what happens in mammalians, C. 

elegans intestinal cells act as nutrient sensors that, depending on the composition of the 

chyme, trigger different metabolic pathways. This sensing of the nutrients present in the 

lumen is carried out through different transporters present in the surface of the 

enterocytes. Actually, the gastrointestinal tract of the worms presents several peptide 

and amino acid transporter systems (Miguel-Aliaga, 2012). PEPT-1 is an amino acid and 

oligopeptide transporter present in the enterocytes of C. elegans whose activation 

trigger biological responses that lead to a decreased fat accumulation in the worm 

(Spanier et al., 2009; Xiao et al., 2015).  

In a similar way, mammalian intestinal cells are also sensitive to the presence of 

nutrients in the lumen and, according to it, different physiological responses are 

triggered. Some protein metabolites are sensed by the L cells of the gastrointestinal tract 

through the PEPT1 transporter (Diakogiannaki et al., 2013), which is the mammalian 

counterpart of the PEPT-1 expressed in C. elegans (Spanier et al., 2009). In response to 

the presence of oligopeptides and amino acids in the lumen, L cells secrete GLP-1, a 

hormone of the incretin family (Clemmensen et al., 2013; Pais et al., 2016a) with 

hypoglycemic, antidiabetic, and antiobesity effects (Nadkarni et al., 2014; Rowlands et 

al., 2018; Vilsbøll et al., 2012).  

Regarding the insulin levels in blood, on the one hand, control animals showed a huge 

decrease during the development of the experiment. This phenomenon may be 

associated to the effect of inhaled anesthesia (isoflurane), which has been 
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demonstrated to diminish the insulinemic values (Zardooz et al., 2010), combined with 

the fasting state, in which the circulating levels of the hormone are also diminished 

(Jørgensen et al., 2021). On the other hand, oral administration of either 

nanoparticulated or free zein induced an insulinotropic effect that countered the effect 

of the anesthesia. While free zein induced an insulinemic increase from the beginning 

of the experiment, nanoparticulated zein displayed a delayed effect. The cause for this 

may be the high stability of the nanoparticles in the gastric medium (Brotons-Canto et 

al., 2018) combined with the slow digestibility of zein nanoparticles (Irache and 

González-Navarro, 2017)  that would delay the release of the insulinogogue peptides 

and amino acids. It is worth noting that lysine (used as stabilizer for the formulation of 

our nanoparticles) has an inductor effect over insulin secretion (Kalogeropoulou et al., 

2009; Sener et al., 1989). Regarding the free protein, its insolubility in aqueous medium 

facilitates its aggregation and the formation of a highly hydrophobic sticky mass that 

would be retained in the stomach and upper regions of the intestine. There, the protein 

will be degraded, releasing peptones and amino acids (some of which with 

insulinogogue activity) that would be absorbed by the enterocytes. The action of these 

amino acids would lead to the increased levels of insulin in blood (Figure 4). Moreover, 

zein is particularly rich in leucine (around 19% of the total amino acid residues) (Gianazza 

et al., 1977; Rosentrater and Evers, 2018) and this amino acid acutely stimulates insulin 

secretion (Yang et al., 2010). Nevertheless, when the blood levels of these amino acid 

rise, the glucose uptake by peripheral tissues is inhibited (even in conditions of 

hyperinsulinemia (Pisters et al., 1991)) and the protein anabolism is potentiated (James 

et al., 2017). These would lead to the apparently contradictory results found in animals 

receiving the oral suspension of zein: highest values of insulin in blood without a 

reduction in the blood glucose levels. In the case of animals receiving NP, since 

nanoparticulated zein does not form such sticky aggregates, the nanoparticles would 

transit through the stomach and reach the intestines probably faster than the free 

protein conglomerates. However, these nanoparticles display a mucoadhesive behavior 

that makes them get retained in the mucus gel, far away from the absorptive epithelium. 

This, combined with the distribution of the L cells (which are more abundant in distal 

regions of the gut), leads to a slower and less potent stimulation of the GLP-1 release. 

Moreover, the digestion of the nanoparticles in the upper regions of the gut would lead 

to the absorption of amino acids and peptones that, as with the free protein, would act 

as insulinogogues. The increased mucus-diffusivity of NP-PEG50 allows the 

nanoparticles to freely move through the mucus gel and reach further regions of the 

gut. Hence, following oral administration, NP-PEG50 will rapidly transit through the 

stomach, move to the intestines and the cecum, and cross the mucus layer to reach the 

surface of the intestinal epithelium. There, they will be digested and, the peptones and 

amino acids released, will stimulate GLP-1 secretion from L cells. Likely, the capability of 

PEG-coated nanoparticles to reach further regions of the gut in a more rapid way than 

bare nanoparticles, is the reason for their more potent GLP-1 releasing effect.  

A previous report has demonstrated that the oral administration of zein hydrolysates 

also confer a better glycemic control of animals facing an intraperitoneal glucose 
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tolerance test due to an increased GLP-1 secretion (Higuchi et al., 2013). Thus, the 

increased GLP-1 levels in blood of animals receiving NP or NP-PEG50 could be translated 

into a better glycemic control when facing an ipGTT. In animals receiving NP or free zein, 

despite they showed a significant decrease in the glycemic rise 15 minutes after the 

intraperitoneal injection, no relevant differences were found in the Tmax, Cmax nor in the 

AUC. On the contrary, animals treated with NP-PEG50 showed significantly lower 

glycemic values until 30 minutes after the glucose injection. Moreover, the Tmax was 

delayed from 30 to 60 minutes and the total exposure to glucose (measured as the AUC) 

was significantly lower (p < 0.05). Again, the reason for the differences found between 

NP and NP-PEG50 regarding the glucose management during an ipGTT may be the 

increased GLP-1 secretion induced by PEG-coated nanoparticles, based on their better 

mucus-diffusivity. Moreover, it is worth noting that in the mentioned study, the dose of 

zein hydrolysates was 2 g/kg while, in our case, the dose of the treatments was 50 mg/kg 

(40 times lower). This reinforces the evidence that orally administered NP-PEG50 may 

be more effective for the glucose management than zein hydrolysates.  

Concerning GIP, an increase on its levels in blood would be expectable after the 

administration of the different treatments since this incretin is also released in response 

to food intake and, mostly, in response to proteins (Seino et al., 2010). However, during 

the first 3 hours after the administration, no increase in the GIP levels in blood was 

observed. Interestingly, although the differences were not statistically significant, NP 

and NP-PEG50 induced a slight decrease on the GIP levels. One reason for this finding 

would be the secretion of somatostatin from the D cells of the stomach (Mani and 

Zigman, 2015), which has a potent inhibitory effect over the GIP synthesis and release 

(Kumar and Singh, 2020). It has been demonstrated that, 2 h post-administration, 

nanoparticles of both types of formulations (NP and NP-PEG50) are still found in 

stomach and proximal regions of the gut (Reboredo et al., 2021). Therefore, the 

presence of the nanoparticles in the stomach would keep stimulating somatostatin 

release and, thus, inhibiting GIP secretion. This was evidenced by the quantification of 

somatostatin levels in blood of animals treated with either NP or NP-PEG50. While 

control animals showed decreasing levels of somatostatin along time, caused by fasting 

(Verrillo et al., 1988), animals receiving nanoparticulated zein showed sustained or even 

increased levels of the hormone during the experiment. Finally, 6 h post-administration, 

the GIP levels in blood of every group of animals receiving a zein formulations (either 

free or as nanoparticles) increased very significantly caused by the flow of the remaining 

traces of zein from the stomach to the intestine.  

In summary, herein we demonstrated that zein in a nanoparticulated form can induce a 

hypoglycemic response and improve the glycemic control against an ipGTT in healthy 

animals. Moreover, the main differences found in the effects exerted by the different 

forms of the administered zein rely on the biodistribution of the zein molecules along 

the gastrointestinal tract. The free protein, which is the most sticky and hydrophobic, 

had no effect over the glucose homeostasis while NP-PEG50, the most hydrophilic and 

mucus-diffusive, had the greatest values. NP, which has intermediate values of 

mucoadhesiveness and hydrophobicity, showed greater results than the free protein but 
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worse than NP-PEG50. Nevertheless, we demonstrated that the mechanisms involved 

in these responses are incretin mediated.  
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Abstract 

The aim of this study was to evaluate the beneficial outcomes that the hypoglycemic 

effect of empty nanoparticles could induce, when orally administered, in two different 

animal models: C. elegans and the senescence accelerated mouse prone-8 (SAMP8). For 

this purpose, the lifespan of hyperglycemic worms was evaluated. The growth medium 

of the worms was supplemented with two different zein-based nanoparticle 

formulations: bare nanoparticles (NP), which display a mucoadhesive behavior, and 

PEG-coated nanoparticles (NP-PEG50) with a more mucus-diffusive demeanor. In 

addition, a solution of PEG was also added as treatment to assess the effect of the 

polymer alone. Both formulations, but not the solution of PEG, induced a very significant 

increase in the lifespan of the worms, thus, evidencing the beneficial hypoglycemic 

effect of zein nanoparticles in the lifespan of the worms. Subsequently, the efficacy of 

the nanoparticles was evaluated in a mouse model of Alzheimer’s Disease, the SAMP8 

mice. This animal model shows a continuous hyperglycemic state, as well as insulin 

resistance and impaired cognitive and memory functions. The oral administration of 

either NP or NP-PEG50 did not improve the memory decline in the animals. On the other 

hand, the oral administration of NP significantly increased the lifespan of the mice, while 

NP-PEG50 had no effect.   
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5.1. Introduction 

Diabetes is a well-known pathological condition that courses with elevated blood 

glucose levels caused by a null production of insulin (type 1 diabetes), or insulin 

resistance by peripheral tissues combined with low production of the hormone (type 2 

diabetes) (Bullard et al., 2018). The metabolic alterations caused by diabetes lead to an 

accelerated aging and, thus, to a reduced life expectancy of the individual (Caspersen et 

al., 2012; Morley, 2008). The major cause of diabetes type 2 is obesity and its associated 

metabolic alterations (Czech, 2017; Golay and Ybarra, 2005). During obesity, the 

environment in the adipose tissue shows increased oxidative stress, DNA damage and 

telomerase dysfunction that, in last term, lead to insulin resistance and diabetes (Ahima, 

2009). Moreover, the metabolic dysregulation caused by obesity alone also induces 

premature ageing, leading to a reduced lifespan (Burton and Faragher, 2018; Salvestrini 

et al., 2019). For instance, C. elegans cultured under high glucose conditions present an 

expansion in the adipose tissue and a reduction in the life expectancy (Alcántar-

Fernández et al., 2018; Martínez-López et al., 2021b). Another example is the SAMP8 

(senescence accelerated mouse prone-8) mouse strain. This type of mice, characterized 

by a short life span and fast aging process, has been proposed as model for studying age-

related metabolic alterations, as well as learning and memory deficits and AD-like 

dementia (Diaz-Perdigon et al., 2020; Pallas et al., 2008). Furthermore, these mice have 

been reported to exhibit several features of insulin resistance (including hyperglycemia) 

and high levels of free fatty acids (Cuesta et al., 2013; Liu et al., 2017). 

It is thought that the development of AD relies on the combination of several risk factors, 

from which age is, by far, the greatest of them (“2017 Alzheimer’s disease facts and 

figures,” 2017). Moreover, during the last decades, new insights regarding the 

pathogenesis of AD brought to light a relationship between this type of dementia and 

type 2 diabetes. This relationship is so strong that some authors refer to AD as “diabetes 

of the brain” or “type 3 diabetes” (De La Monte and Wands, 2008; Kandimalla et al., 

2017; Mittal et al., 2016) and insulin is being studied as a treatment to slow the 

progression of the disease (Hallschmid, 2021; Mao et al., 2016).  

In previous works, it has been demonstrated the capability of empty zein nanoparticles 

to reduce the fat accumulation in C. elegans cultured under high glucose conditions 

(type 2 diabetes-like hyperglycemia model; chapter 2). This reduced expansion in the 

adipose tissue of nematodes has been related with important reductions in the 

formation of reactive oxygen species (ROS), as well as with increased life expectancy 

(Martínez-López et al., 2021a; Schulz et al., 2007). Moreover, in Wistar rats, the oral 

administration of zein-based nanoparticles induced an important improvement of 

glucose homeostasis mediated by GLP-1 (Chapter 2). Likely, GLP-1 and other GLP-1R 

agonists (i.e., exendin-4, liraglutide) appear to have a neuroprotective effect over the 

cholinergic neurons in the hippocampus, preventing the development of learning and 

memory deficits (Müller et al., 2019; Qi et al., 2016). 

Within this context, the first step of the work was to evaluate the capability of zein 

nanoparticles to increase the lifespan of C. elegans when supplemented into the growth 
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medium. The following step was to assess the efficacy of orally administered zein 

nanoparticles to reduce the cognitive and locomotor impairment of SAMP8 mice, as well 

as their effect over the lifespan of the animals.  

 

5.2. Material and methods 

5.2.1. Materials 
Zein, L-lysine, poly(ethylene glycol) 35,000 Da, Orlistat®, glucose, sodium hypochlorite 
and 5-fluoro-2’-deoxyuridine were purchased from Sigma-Aldrich (Steinheim, 
Germany). Ethanol absolut was obtained from Scharlab (Sentmenat, Spain). Mannitol 
was purchased from Guinama (La Pobla de Vallbona, Spain). Deionized water was 
prepared by a water purification system (Wasserlab, Pamplona, Spain). 
 
5.2.2. Preparation of nanoparticles  

5.2.2.1 Preparation of bare nanoparticles (NP) 
Zein nanoparticles were prepared by a desolvation procedure previously described 
(Reboredo et al., 2021), with minor modifications. Briefly, 200 mg zein and 30 mg lysine 
were dissolved in 20 mL ethanol 55% with magnetic stirring for 10 minutes at room 
temperature. Nanoparticles were obtained by the addition of 20 mL purified water. The 
ethanol was removed in a rotatory evaporator under reduced pressure (Büchi Rotavapor 
R-144; Büchi, Postfach, Switzerland) and the resulting suspension of nanoparticles was 
concentrated and purified by ultrafiltration through a polysulfone membrane cartridge 
of 500 kDa pore size (Medica SPA, Medolla, Italy). Finally, 1 mL of a mannitol aqueous 
solution (200 mg/mL) was added to the suspension of nanoparticles and the mixture 
was dried in a Büchi Mini Spray Dryer B-290 apparatus (Büchi Labortechnik AG, 
Switzerland) under the following experimental conditions: (i) inlet temperature, 90 °C; 
(ii) outlet temperature, 45−50 °C; (iii) air pressure, 4−6 bar; (iv) pumping rate, 5 mL/min; 
(v) aspirator, 80%; and (vi) airflow, 400− 500 L/h.  
 
5.2.2.2. Preparation of PEG-coated nanoparticles (NP-PEG50) 
The coating of nanoparticles with PEG was performed by simple incubation between the 
just formed nanoparticles (before the purification step) and PEG 35,000 at a PEG-to-zein 
ratio of 0.5. For this purpose, a stock solution of PEG 35,000 was prepared by dissolving 
the polymer in water to a final concentration of 100 mg/mL. Then, the needed volume 
of this stock solution was added to the suspension of fresh nanoparticles. The mixture 
was maintained under magnetic agitation for 30 minutes at room temperature. After 
this time, nanoparticles were concentrated and purified by tangential filtration and 
dried as described above. 
 

5.2.3. Physico-chemical characterization of the formulations 

The size and polydispersity index (PDI) of the nanoparticles were determined, after the 

dispersion of the dry powder in ultrapure water at 25 ºC, by dynamic light scattering 

(DLS). The zeta potential was measured by electrophoretic laser Doppler anemometry 

of aqueous suspensions of nanoparticles. All these measurements were performed in a 

Zetasizer (Brookhaven Instruments Corporation, Holtsville, NY, USA). The yield of the 
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total process of production of nanoparticles was calculated by gravimetry (Arbós et al., 

2002).  

 

5.2.4. Evaluation of zein nanoparticles on the lifespan of C. elegans 

5.2.4.1. Strain and culture conditions 

Wild type N2 Bristol Caenorhabditis elegans strain was used for the experiments. The 

strain was obtained from the Caenorhabditis Genetics Center (CGC, University of 

Minnesota, MN, USA) and cultured as previously described (Lazzaro and Schneider, 

2014). Worms were cultured at 20 ºC on Nematode Growth Medium (NGM) agar plates 

with Escherichia coli OP50 as normal diet. Before any experiment, worms were age-

synchronized by bleach (sodium hypochlorite) treatment, where only eggs can survive. 

Then, eggs were maintained in M9 buffer solution until hatching (L1 larvae stage). 

 

5.2.4.2. Treatment with nanoparticles and lifespan follow-up 

The lifespan assay was conducted at 20 ºC in 6-well plates filled with 4 mL NGM 

containing 5-Fluoro-2′-deoxyuridine (40 mM), compound that avoids the growth of new 

worms. Orlistat® (Orl) was used as positive control at a concentration of 6 µg/mL. Both 

formulations (NP and NP-PEG50) were resuspended in purified water and added to the 

NGM plates at a final concentration of 5 mg/mL of nanoparticles. An aqueous solution 

of PEG (1.65 mg/mL) was also added to assess the effect of the polymer alone. The same 

volume of water was added to the control wells. All the treatments were added to the 

wells with liquid NGM and plates were allowed to solidify in a dark environment. 

Afterwards, a suspension of E. coli OP50 was added over the NGM agar and let dry. 3 

wells were used for each treatment, with about 25 worms per well. 

 

L1 age-synchronized worms were grown in NGM supplemented with glucose (0.5%; 

w/w) until L4 larvae stage (46 h). Afterwards, they were harvested and passed to the 6-

well plates containing NGM supplemented with the treatments and kept at 20 ºC. 

Worms were counted every 2-to-3 days and dead ones were removed from the plates. 

Worms were considered as dead if they did not move and did not react to physical 

stimuli.  

 

5.2.5. Evaluation of zein nanoparticles on the cognitive impairment of SAMP8 mice 

Experiments were carried out in male SAMP8 and SAMR1 mice (28-30 g; 7-month-old) 

obtained from an inbreed colony. SAMR1 (Senescence-Accelerated Mouse Resistant-1) 

animals were used as control. Animals were housed in constant conditions of humidity 

and temperature (22 ± 1 °C), with 12-hour/12-hour light-dark cycle (lights on at 7:00 h). 

Food and water were available ad libitum. All the procedures followed in this work were 

in compliance with the European Community Council Directive of 20 November 1986 

(86/609/EEC) and were approved by the Ethical Committee of the University of Navarra 

(protocol 026-18).  

Animals from both strains were divided in three groups (n = 10). The first group received, 

by oral gavage, a dose of 200 mg/kg of bare nanoparticles (dispersed in approximately 
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300 μL water) every two days. The second group received, by the same route and 

posology, PEG-coated nanoparticles. Finally, the animals of the third group received 

water (control).  

 

5.2.6. Behavioral and cognitive tests 

After two months of treatment, the following behavioral and cognitive tests were 

conducted: (i) open field, (ii) rotarod, and the (iii) Morris water maze.  

 

5.2.6.1. Open field test (OFT) 

Animals were placed into square-shaped boxes (35 cm length × 35 cm width × 30 cm 

height) for 30 minutes and allowed to move at will. A virtually generated 20 cm x 20 cm 

square region in the center of the arena represented the center, while the outer region 

was defined as the peripheral area. During those 30 minutes, animals were being 

recorded with a video tracking system (Ethovision XT 11.5 plus multiple body point 

module) (Ethovision XT 11.5; Noldus Information Technology B.V, Wageningen, The 

Netherlands). The total distance walked (cm), its proportion in the central area (%), and 

their velocity (cm/s) were calculated.  

 
5.2.6.2. Rotarod 
The motor coordination and balance of the mice were evaluated in a rotarod device 
(LE8200 Panlab, Harvard Apparatus, Holliston, MA, USA). First, mice were taught to stay 
on the rod. For that purpose, animals were placed over the rod, which was rotating at a 
constant speed of 5 rpm, until they could stay longer than one minute. If any mouse 
dropped during the learning phase without reaching one minute, it was placed again 
over the rod and the countdown was restarted. After all the animals learned to stay on 
the rod, the motor coordination evaluation was performed three times per mice. For 
the evaluation, the mice were placed on the rod that was scheduled to gradually 
accelerate from 4 to 40 rpm in a 5-minute time lapse. The time that every mouse took 
to fall was scored and the mean of the three trials calculated.   
 
5.2.6.3. Cognitive evaluation: Morris water maze (MWM) 
The spatial, working and reference memories evaluation was carried out by the Morris 
water maze test (Diaz-Perdigon et al., 2020). The water maze consists of a circular pool 
(145 cm diameter) filled with water at 21-22 ºC and virtually divided into four quadrants. 
The procedure involves 3 phases. In the first phase, or habituation phase, animals were 
dropped into the pool 6 times in one day (day 1), each time from a different quadrant 
and always facing the wall. During this phase, there was a platform that raises above the 
water. If animals did not reach the platform within the first minute, they were manually 
placed and let there for 15 seconds.  
In the second phase, or acquisition phase, animals were dropped into the pool 4 times 
per day for 6 consecutive days (days 2 to 7). At each trial, animals were dropped from a 
different quadrant but always facing the wall. In this case, the platform was completely 
sunk, so it could not be visible by the mice. However, some visual clues were placed in 
the walls of the room to help the mice reaching the platform. Again, as during the 
habituation phase, each trial lasted for 1 minute or until the mouse reached the 
platform, what happened first. If animals did not reach the platform in one minute, they 
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were manually placed and let there for 15 seconds. The time that it takes for each mouse 
to reach the platform is known as the scape latency, and it was used to assess the spatial 
learning and memory of the mice.   
 
Finally, in the third phase or retention phase, the memory of the animals was evaluated. 
This evaluation was performed at days 4 and 7, prior to the daily acquisitions. The 
platform was removed from the pool and then, each mouse was dropped once and 
allowed to swim for one minute. The percentage of time swum in the target quadrant 
was quantified and used as a memory parameter.  
 
Every trial was monitored and recorded with a camera placed over the center of the 
pool and connected to a video tracking system (Ethovision XT 11.5; Noldus Information 
Technology B.V., The Netherlands). Moreover, as an indirect measurement of the 
locomotor activity of the mice, their swimming velocities were also quantified.  
 
5.2.7. Study of the longevity of SAMP8 mice receiving zein nanoparticles 
After performing the cognitive and behavioral tests, SAMR1 mice were sacrificed and 
SAMP8 mice were kept to evaluate the influence of the oral administration of 
nanoparticles over their lifespan. Animals received the same dose of nanoparticles, by 
the same route and posology, until their death. To gather maximum life span data, 
animals were allowed to get old and die naturally. Moribund animals were immediately 
euthanized by cervical dislocation. Animals were considered as moribund if they fail to 
eat or drink, did not respond to touch stimuli, became completely blind (due to the 
degeneration of typical periophthalmic lesions (Nomura and Okuma, 1999)) or 
developed tumors. The weight of the mice was followed up during the experiment.  
 
5.2.8. Statistical analysis 
Means and standard errors were calculated for every data set except for the MWM in 
which the mean ± standard error of the mean (SEM) was used. All the group 
comparisons and statistical analyses were performed using a one-way or two-way 
ANOVA test followed by a Tukey’s multiple comparisons test. Two-way ANOVA analysis 
was performed to assess the main effect and the interaction of the treatment and the 
strain. Statistical differences in survival plots were calculated using Log-rank (Mantel-
Cox) test. Significant differences with respect to control group are marked as follows: *p 
< 0.05, **p < 0.01 or ***p < 0.001. All calculations were performed using GraphPad 
Prism v6 (GraphPad Software, San Diego, CA, USA) and the curves were plotted with the 
Origin 8 software (OriginLab Corp, Northampton, MA, USA). 
 

5.3. Results 

5.3.1. Nanoparticles characterization 
The main physico-chemical characteristics of bare nanoparticles (NP) and PEG-coated 
nanoparticles (NP-PEG50) are shown in Table 1. The coating with PEG did not 
significantly modify the mean size of the resulting nanoparticles, with a typical diameter 
close to 190 nm and a polydispersity index (PDI) lower than 0.15. Moreover, the coating 
with PEG slightly decreased the negative zeta potential of the resulting nanoparticles. 
Finally, the total preparative process yield (after the drying step) was calculated to be 
around 60%, without differences between formulations. 
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Table 1. Physico-chemical characteristics of NP and NP-PEG50. Data expressed as mean 
± SD (n ≥ 3).  
 

Formulation 
Size  
(nm) 

PDI 
Zeta potential 

(mv) 
Yield  
(%) 

NP 189 ± 18 0.11 ± 0.08 -53 ± 4 62.6 ± 3.5 
NP-PEG50 194 ± 8 0.09 ± 0.02 -50 ± 1 64.5 ± 5.9 

 

5.3.2. Effect of nanoparticles over the lifespan of C. elegans 

The supplementation of the NGM medium with nanoparticles induced a very significant 

increase in the lifespan of the worms (Figure 1). Both types of nanoparticles, bare and 

PEG-coated, showed to have the same effect on expanding the life expectancy of the 

worms, without differences between them. Table 2 summarizes the main results of the 

influence of the treatments over the lifespan. The supplementation with nanoparticles 

increased not only the mean lifespan but also the median and the maximum life 

expectancy of the worms. In worms treated with bare nanoparticles, a 55% increase in 

the mean and the median lifespan were observed, while for the maximum lifespan the 

increase was of 32%. Regarding the worms treated with PEG-coated nanoparticles, a 

50% increase in the mean, 55% in the median and 32% in the maximum lifespan were 

observed. Moreover, no effect over the life expectancy was observed for the worms 

treated with a solution of PEG 35,000, meaning that the increased longevity is due to 

the presence of nanoparticles.  

 

 
Figure 1. Effect of NP, NP-PEG50, and a solution of PEG 35,000 over the lifespan of C. 

elegans. Kaplan-Meier representation of the percentage of worms alive over time (n ≥ 

70 worms). NGM: control medium supplemented with water; PEG: medium 
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supplemented with a solution of poly(ethylene glycol) 35,000 (1.65 mg/mL); NP: 

medium supplemented with bare nanoparticles (5 mg/mL); NP-PEG50: medium 

supplemented with PEG-coated nanoparticles (5 mg/mL). The statistical difference 

shown is compared to NGM (control), using the Log-rank (Mantel-Cox) test. 

 

Table 2. Summary of the main lifespan data of C. elegans without treatment (NGM), 

treated with two different nanoparticles (bare and PEG-coated), and treated with a 

solution of PEG (n ≥ 70 worms). ***: P < 0.001 compared to NGM. 

 

Lifespan 

Treatment 
Mean 
(days) 

Median 
(days) 

Maximum 
(days) 

NGM 18 ± 4 18 28 
PEG 17 ± 4 16 30 
NP 28 ± 5*** 28 37 
NP-PEG50 27 ± 6*** 28 37 

 

5.3.3. In vivo evaluation of nanoparticles in mice. 

5.3.3.1 Behavioral and cognitive tests 

The results obtained from the open field test showed no differences in the total distance 

travelled (Figure 2A) or in the velocity (Figure 2B) between treatments and strains. 

However, the results of their exploratory behavior, measured as the percentage of the 

travelled distance in the central zone, clearly demonstrated a significant difference 

between the SAMR1 and the SAMP8 strains (50 vs 30% approximately; Figure 2C). This 

reduction in the percentage walked in the zone by SAMP8 mice is a demonstration of 

their increased anxiety. However, no differences were found between mice receiving 

nanoparticles and the control ones, neither in the SAMR1 nor SAMP8 strains.  
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Figure 2. Effect of the oral administration of NP and NP-PEG50 over the motor 

performance and the exploratory behavior. R1 corresponds to SAMR1 mice, used as 

control. P8 corresponds to SAMP8 mice. Control: animals receiving water; NP: animals 



121 
 

receiving bare nanoparticles (200 mg/kg); NP-PEG50: animals receiving PEG-coated 

nanoparticles (200 mg/kg). Three different parameters were evaluated: the total 

distance walked (A), the movement velocity (B), and the % of distance walked in the 

center, as a measurement of the exploratory behavior (C). Data expressed as mean ± SD 

(n ≥ 8). ***: p < 0.001. 

 

The results of the spontaneous motor activity and coordination, evaluated by the 

rotarod test, are shown in Figure 3. In this case, SAMR1 displayed a superior motor 

coordination and balance than SAMP8 mice (p < 0.001). Nevertheless, the 

administration of formulations did not show any effect on improving the coordination 

of the mice.  

Figure 3. Mean rotarod speeds achieved by the animals. R1 corresponds to the SAMR1 

strain, used as control. P8 corresponds to the SAMP8 strain. Control: animals receiving 

water; NP: animals receiving bare nanoparticles (200 mg/kg); NP-PEG50: animals 

receiving PEG-coated nanoparticles (200 mg/kg). Data expressed as mean ± SD (n ≥ 8). 

***: p < 0.001.  

 

Figure 4 summarizes the results of the acquisition phase of the Morris water maze 

(MWM). During the 6 days of the acquisition phase, SAMR1 mice showed a decreasing 

tendency of the time needed to reach the platform (escape latency), showing a learning 

capacity (Figure 4A). On the contrary, SAMP8 mice did not show any improvement over 

days of the acquisition phase, confirming their learning impairment (Figure 4B). 

Nevertheless, no differences were found in the learning capacity of the mice treated 

with nanoparticles, neither in the SAMP8 nor in the SAMR1 strains.  
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Figure 4. Escape latencies of A: SAMR1 mice; and B: SAMP8 mice during the acquisition 

phase. Control: animals receiving water; NP: animals receiving bare nanoparticles (200 

mg/kg); NP-PEG50: animals receiving PEG-coated nanoparticles (200 mg/kg). Data 

expressed as mean ± SD (n ≥ 8).   

 

At the beginning of the fourth and seventh day, the memory retention of the mice was 

evaluated. The results of the retention test are shown in Figure 5. On the one hand, 

SAMR1 mice showed an increase in the time spent at the target quadrant from day 4 to 

day 7 (Figure 5A), what demonstrates their capacity to learn and to remember. On the 

other hand, SAMP8 mice did not show any increase in the time spent at the correct 

quadrant (Figure 5B), thus, demonstrating their lack of learning and memory capacities. 

For day 7, The retention values of SAMP8 mice were very significantly lower than those 

for SAMR1 mice (p < 0.001). However, no differences were observed between animals 
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receiving water, NP, or NP-PEG50, independently of the strain or the day of the retention 

evaluation.  

Figure 5. Times spent in the correct quadrant by mice during the two retention 

evaluations (days 4 and 7). R1 corresponds to SAMR1 mice, used as control. P8 

corresponds to SAMP8 mice. Control: animals receiving water; NP: animals receiving 

bare nanoparticles (200 mg/kg); NP-PEG50: animals receiving PEG-coated nanoparticles 

(200 mg/kg). Dashed line stablishes the 25% threshold, considered as the value 

randomly reachable. Data expressed as mean ± SEM (n ≥ 8). 
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During the seventh day retention test, the swimming velocity of every mouse was 

tracked and analyzed, as an indirect measurement of their locomotor activity. As shown 

in Figure 6, no differences were found between animals receiving water, NP or NP-

PEG50 in the SAMR1 mice. However, in the SAMP8 mice, animals treated with NP-PEG50 

showed a higher swimming velocity compared to control and NP-treated mice (p < 0.01).   

Figure 6. Swimming velocities of the mice during the evaluation of the 7th day retention. 

R1 corresponds to SAMR1 mice, used as control. P8 corresponds to SAMP8 mice. 

Control: animals receiving water; NP: animals receiving bare nanoparticles (200 mg/kg); 

NP-PEG50: animals receiving PEG-coated nanoparticles (200 mg/kg). Data expressed as 

mean ± SD (n ≥ 8). **: p < 0.01 compared to control.  

 

5.3.3.2. Effect of nanoparticles over the lifespan of SAMP8 mice 

The lifespans of SAMP8 mice receiving the different treatments are shown in Figure 7. 

Oral administration of PEG-coated nanoparticles showed no effect over the lifespan of 

the animals, with a curve overlapping the one of control animals. On the other hand, 

animals treated with bare nanoparticles showed a significant increase in their life 

expectancy, compared to controls.  
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Figure 7. Effect of oral administration of bare nanoparticles (NP) and PEG-coated 

nanoparticles (NP-PEG50) on the lifespan of SAMP8 mice. Kaplan-Meier representation 

of the percentage of mice alive during time (n ≥ 8). Control: animals receiving water; NP: 

animals receiving bare nanoparticles (200 mg/kg); NP-PEG50: animals receiving PEG-

coated nanoparticles (200 mg/kg). The statistical difference shown is compared to 

control group, using the Log-rank (Mantel-Cox) test. 

 

The main results of the influence of the treatments over the lifespan of SAMP8 mice are 

summarized in Table 3. The oral administration of NP increased not only the mean 

lifespan (28%) but also the median and the maximum (32% and 41%, respectively). On 

the other hand, animals receiving NP-PEG50 did not show any relevant difference in the 

lifespan, compared to control animals.  

 

Table 3. Summary of the main lifespan data of SAMP8 mice receiving water (control), 

bare nanoparticles (NP) or PEG-coated nanoparticles (NP-PEG50) (n ≥ 8). *: p < 0.05 

compared to control.  

 

 

 

 

 

 

 

 

Finally, the weights of the animals during the whole experiment are summarized in 

Figure 8. No differences were observed in the weight gain/loss of the animals receiving 

different treatments during the 13 months that lasted the experiment.  

Lifespan 

Treatment 
Mean 

(months) 
Median 

(months) 
Maximum 
(months) 

Control 13.13 ± 2.50 13.43 16.63 
NP 16.81 ± 4.43* 17.73 23.50 
NP-PEG 12.82 ± 1.97 12.95 15.50 
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Figure 8. Effect of the oral administration of bare nanoparticles (NP) and PEG-coated 

nanoparticles (NP-PEG50) on the bodyweight of SAMP8 mice. Control: animals receiving 

water; NP: animals receiving bare nanoparticles (200 mg/kg); NP-PEG50: animals 

receiving PEG-coated nanoparticles (200 mg/kg). Data expressed as mean ± SD (n ≥ 8).   

 

5.4. Discussion 

The senescence-accelerated mouse prone-8 (SAMP8) is a widely used murine model for 

AD (Morley et al., 2012; Su et al., 2018). SAMP8 is characterized by the deposition of 

amyloid-beta (Aβ) protein in cerebral cortex and hippocampus areas, similar to those 

observed in AD, leading to rapid development of learning impairments and memory 

disorders (at about 6 months of age)  (B. Liu et al., 2020; Moreno et al., 2017). In addition 

of these features of pathogenesis of AD, SAMP8 mice also exhibit an abnormal 

expression of antiaging factors and several characteristics of insulin resistance including 

hyperglycemia, and high levels of free fatty acids, as compared to SAMR1 (Cuesta et al., 

2013; Liu et al., 2015) 

 

Zein is the major storage protein present in maize and is considered as a GRAS material 

by the FDA (Reboredo et al., 2021). Moreover, in addition to its biocompatibility, 

biodegradability, and safety, peptides derived from the hydrolysis of this protein possess 

several interesting properties, including antioxidant (Shukla and Cheryan, 2001; Tang et 

al., 2010), immunomodulatory (Liang et al., 2020; P. Liu et al., 2020), and hypoglycemic 

(Higuchi et al., 2013; Mochida et al., 2010) effects. These three properties of zein 

hydrolysates could induce some benefit in the management of AD since the pathology 

runs with increased oxidative stress (Wang et al., 2014), inflammation (Kinney et al., 

2018), and decreased insulin sensitivity, which is usually caused by sustained 

hyperglycemia (Shieh et al., 2020). Moreover, the capability of zein nanoparticles to 
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induce insulin secretion, as well as to improve the glycemic control in healthy animals, 

by triggering incretins secretion has also been demonstrated (Chapter 2). Both incretins 

(GLP-1 and GIP) exert some beneficial neuroprotective effects over the brain, such as 

improved memory and sensorimotor coordination, and reduced neurodegeneration 

(Anderberg et al., 2016; Baggio and Drucker, 2007; Hölscher, 2014; Nyberg et al., 2005; 

Rowlands et al., 2018). In a similar way, insulin receptors are also found in the central 

nervous system, where the union with the ligand trigger several metabolic pathways 

with neuroprotective and neuromodulatory effects that are involved in the control of 

cognition and memory (Blázquez et al., 2014; Hallschmid, 2021). Hence, oral 

administration of zein nanoparticles could improve the outcomes of AD via the 

increased secretion of incretins and insulin.  

 

In the study carried out in a murine model of AD, 7-month-old SAMP8 mice showed the 

typical behavioral and cognitive alterations of this strain. SAMP8 mice were significantly 

more anxious than their healthy counterparts SAMR1, as measured by the reduction in 

the time spent in the open area of the OFT. A clear cognitive and memory impairment 

was also evidenced in the SAMP8 mice by the MWM. In that study, SAMP8 animals 

showed neither learning skills during the acquisition phase (see Figure 4) nor memory 

during the retention phase (see Figure 5). Disappointingly, the administration of zein 

nanoparticles (200 mg/kg every two days, for 3 months, from the age of 7 months), 

either mucoadhesive or mucus-permeating, did not show any improvement in the 

anxiety or cognitive impairment of the mice. This might be explained because, at the age 

of 7 months, SAMP8 mice have already developed the typical histopathological lesions 

characterizing AD such as tau hyperphosphorylation and Aβ deposition (Bayod et al., 

2015; Del Valle et al., 2010; Moreno et al., 2017; Zhang et al., 2019). Hence, by this time, 

even if the oral administration of zein nanoparticles could induce an increased 

production of insulin and incretins, it could not reverse the accumulation of 

hyperphosphorylated tau proteins nor the Aβ deposition. This phenomenon has been 

previously reported by Kamei and co-workers (Kamei et al., 2017). In this study, 

increased levels of insulin in the brain slowed the progression of memory loss of young 

SAMP8 mice. However, in older mice (more than 6 months), the administration of insulin 

did not induce a recovery of the cognitive dysfunction.  

Regarding the locomotor activity of the animals, both the rotarod and the swimming 

velocity in the MWM, showed that SAMP8 had a significant reduction in the physical 

endurance, compared to SAMR1 mice (Figures 3 and 6, respectively). In contrast, during 

the OFT, both strains walked similar distances and at similar velocities, without statistical 

differences. These findings are in the line with those previously reported (Moreno et al., 

2017). The administration of zein nanoparticles did not improve the physical 

performance of the mice in the rotarod nor in the OFT. However, animals treated with 

NP-PEG50 showed a surprising increase in their swimming velocity during the MWM.  

 

The first step of our longevity study was to evaluate the effect of zein nanoparticles on 

the lifespan of C. elegans. For that purpose, worms were cultured under high glucose 

conditions, which simulate the hyperglycemic state of diabetic patients (Zhu et al., 
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2016), in a medium supplemented with nanoparticles. We found that the addition to 

the medium of either NP or NP-PEG50 increased, very significantly (p < 0.001), the 

lifespan of the worms (Figure 1). It is worth noting that the increased lifespan of the 

worms is induced only by the nanoparticles, since the supplementation with PEG did not 

show any relevant difference, compared to controls. The reason for this may be the 

protein composition of the nanoparticles, whose digestion and eventual absorption of 

the peptides and amino acids, trigger metabolic pathways involved in the lifespan of the 

animal. The PEPT-1 peptide transporter, located in the enterocytes of the worm (Miguel-

Aliaga, 2012), is tightly related to the lifespan of the worm (Schifano et al., 2019). In fact, 

a downregulation of PEPT-1 in C. elegans induces a significant reduction in their median 

lifespan (Dysarz et al., 2021). Thus, the uptake of peptides through this transporter may 

also be influencing the longevity of the worms. This suggestion would reinforce the 

results obtained in Chapter 4, where we hypothesized that the reduction in the fat 

accumulation observed in the worms could be PEPT-1-mediated. However, further 

studies should be addressed to verify the hypothesis of the implication of PEPT-1 in the 

reduced fat content and increased lifespan found in worms grown in media 

supplemented with nanoparticles.  

 

When the evaluation of the longevity was carried out in the SAMP8 animal model, 

surprising results were found (Figure 7). PEG-coated nanoparticles (NP-PEG50) did not 

induce any expansion on the life expectancy of the animals while animals treated with 

bare nanoparticles (NP) displayed a significantly enhanced longevity (p < 0.05). The 

reason for the difference between both formulations may be a contrasting residence 

time within the gut of the animals. On the one hand, NP-PEG50 flow rapidly through the 

gastrointestinal tract due to its increased mucus-diffusivity (Reboredo et al., 2021) and 

reduced interaction with proteins and other components from the medium (Pozzi et al., 

2014; Tobío et al., 2000). Moreover, PEGs have been described to have a laxative effect 

(Corsetti et al., 2021) caused by the draw of water into the lumen due to an osmotic 

action (Chen et al., 2013; Corsetti et al., 2021) that leads to the hydrogen bonding 

between water molecules and PEG (Leung, 2014). This increases the volume of the stools 

and leads to the stretching of the epithelium of the gut, what triggers peristaltic reflexes 

(Birrer, 2002). In studies conducted in humans, oral administration of PEG improved very 

significantly the symptoms of constipation, including a higher number of bowel 

contractions and less hardened stools, without causing diarrhea or any serious adverse 

effect (DiPalma et al., 2000; McGraw, 2016). Moreover, in these studies, the dose of PEG 

was more than 3-times greater than the one given to the mice and the polymer was of 

low molecular weight (3350 da), which is more toxic than high molecular weight PEGs 

(Leung, 2014). These might be the reason why no diarrhea episodes were observed in 

animals treated with PEG-coated nanoparticles. Thus, the increased peristalsis would 

accelerate the excretion rate of NP-PEG50, reducing its presence inside the small 

intestine of the mice, without causing diarrhea.  

 

In any case, the effect over the longevity of NP observed in mice would be related to 

their hypoglycemic effect (Chapter 4). SAMP8 mice display, naturally, a hyperglycemic 
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state (Cuesta et al., 2013; Liu et al., 2015), condition that leads to an increased formation 

of ROS and AGES and, thus, an accelerated aging (Moldogazieva et al., 2019; Volpe et 

al., 2018). In this context, a growing number of studies have indicated that metformin 

(an oral antidiabetic drug), can potentially stall aging and delay the onset of age-related 

diseases in humans (Fang et al., 2018; Glossmann and Lutz, 2019; Martin-Montalvo et 

al., 2013). On the other hand, some authors have showed data that lead to suspect that 

an upregulation of fasting and postprandial production of GLP-1 would be responsible 

for the versatile health protection conferred by some agents employed in the treatment 

of type 2 diabetes (i.e., acarbose) (McCarty and DiNicolantonio, 2015). In fact, GLP-1 

may act on the liver to modulate the production of fibroblast growth factor-21 (FGF21) 

and insulin-like growth factor (IGF-I) and, thus, promoting longevity (Liu et al., 2019; Yan 

et al., 2021). 

 

In summary, oral administration of either NP or NP-PEG50 have demonstrated beneficial 

effects over the lifespan of C. elegans. However, when the same formulations were 

evaluated in a mouse model of accelerated aging (SAMP8 mice), only NP increased the 

life expectancy of the animals. This effect on the longevity of animals may be related to 

their capability as inductor of GLP-1 release when orally administered. In any case, other 

different pathways may be involved in the lifespan-expanding effects observed; thus, 

further research must be carried out in order the elucidate them. Nevertheless, none of 

the formulations improved the learning impairment of the mice, denoting that their 

beneficial effects are not enough to counteract the outcomes of an already-developed 

state of Alzheimer’s Disease.  
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Abstract 

Zein, the major storage protein from corn, has a GRAS (Generally Regarded as Safe) 

status and may be easily transformed into nanoparticles, offering significant payloads 

for protein materials without affecting their stability. In this work, bare zein 

nanoparticles (mucoadhesive) and nanoparticles coated with poly(ethylene glycol) 

(mucus-permeating) were evaluated as oral carriers of insulin (I-NP and I-NP-PEG, 

respectively). Both nanocarriers displayed sizes of around 270 nm, insulin payloads close 

to 80 µg/mg and did not induce cytotoxic effects in Caco-2 and HT29-MTX cell lines. In 

Caenorhabditis elegans, where insulin decreases fat storage, I-NP-PEG induced a higher 

reduction in the fat content than I-NP and slightly lower than the control (Orlistat®). In 

diabetic rats, nanoparticles induced a potent hypoglycemic effect and achieved an oral 

bioavailability of 4.2% for I-NP and 10.2% for I-NP-PEG. This superior effect observed for 

I-NP-PEG would be related to their capability to diffuse through the mucus layer and 

reach the surface of enterocytes (where insulin would be released), whereas the 

mucoadhesive I-NP would remain trapped in the mucus, far away from the absorptive 

epithelium. In summary, PEG-coated zein nanoparticles may be an interesting device for 

the effective delivery of proteins through the oral route.   
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6.1. Introduction 

The oral route is the preferred way for drug administration due to its advantages for the 

patient but also for the manufacturer. For the patients, this route facilitates the 

administration of the drug and avoids the association of the medication with a painful 

act (as sometimes occur with parenteral administrations); increasing the compliance of 

the treatment  (Mahmood and Bernkop-Schnürch, 2019; Sim et al., 2016). For the 

manufacturer, medications intended for the oral route have less demanding cleaning 

and sterility requirements than for parenteral drugs. However, the large majority of 

peptides and therapeutic proteins are formulated and administered as injections due to 

their very low bioavailability when orally administered (usually lower than 1%) (Brown 

et al., 2020). The reason for this low availability is the presence of several obstacles that 

hamper their access to the absorptive epithelium. These obstacles include the chemical 

and enzymatic barriers, as well as the protective mucus layer. The chemical barrier 

comprises the varying pH conditions all along the gastrointestinal tract, shifting from 

highly acidic in the stomach (pH ≈ 1.2) to slightly basic in the colon (pH ≈ 7.5). Under 

these conditions, many proteins undergo a loss of their activity due to hydrolysis, 

deamination, or pH-induced oxidation processes (Ahmad et al., 2012; Brown et al., 

2020). The enzymatic barrier refers to the efficient degrading enzymes present in the 

lumen of the gastrointestinal tract and in the apical membrane of the enterocytes, 

including pepsin, trypsin, chymotrypsin, elastase, carboxypeptidases, aminopeptidases, 

etc. (Frizzell and Woodrow, 2020). Those proteases degrade around 94-98% of all the 

proteins administered orally (Langguth et al., 1997). Finally, the mucus layer is a 

hydrogel matrix that covers the whole gastrointestinal tract and acts as the first line of 

defense against epithelial damage by physical, chemical, or biological aggression. This 

protective layer is mainly composed of mucins (highly O-glycosylated proteins), which 

confer a negative charge to the gel (Li et al., 2013) and expose hydrophobic domains 

where proteins may bind and get retained (Johansson et al., 2011). 

However, the intestinal epithelium itself acts as a selective fence, hindering the pass of 

molecules according to their molecular weight and chemical properties. The transport 

of macromolecules from the lumen to the bloodstream can occur through two different 

pathways: transcellular or paracellular (Hwang and Byun, 2014). The paracellular 

transport occurs by passive diffusion through the spaces between two adjacent cells, 

spaces occupied by tight junctions that bind both cells together and act as a selective 

barrier (Lee et al., 2018). However, peptides absorbed through this route must be 

hydrophilic, neutral, and with a low molecular weight (Xu et al., 2019). Thus, molecules 

larger than 700 Da would enter the cell via active transport (Hwang and Byun, 2014). 

The transcellular pathway (a type of active transport) involves the endocytic uptake at 

the apical site, intracellular vesicle traffic, and basolateral efflux of the content (Li et al., 

2021). This phenomenon occurs both in the enterocytes and in the M cells of Peyer 

patches localized in the intestinal epithelium (Shakweh et al., 2004). Hence, due to the 

large molecular weight of insulin (5.8 kDa) (Vakilian et al., 2019), it would not be suitable 

to be absorbed through the paracellular route. Moreover, previous studies suggest that 

the transcellular transport through the enterocytes would be the main route for insulin 
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absorption (McGinn and Morrison, 2016). In fact, enterocytes present insulin receptors 

in both their apical and basolateral membranes (Ben Lulu et al., 2010). After binding to 

its membrane receptor, insulin would be internalized by endocytosis and, once in the 

intracellular space, released to the cytoplasm (Ben Lulu et al., 2010; Hall et al., 2020). 

To minimize the negative effect of these drawbacks on the bioavailability of orally 

administered peptides and proteins, several strategies have been proposed. These 

strategies include the use of polymer-drug conjugates (Ibie et al., 2019; Marschütz and 

Bernkop-Schnürch, 2000), liposomes (Torchilin, 2005; Wong et al., 2018), SNEDDS 

(Irache et al., 2011; Li et al., 2014), and polymeric nanoparticles (Fonte et al., 2014; 

Hirlekar et al., 2017; Paques et al., 2014). Thus, in recent years, clinical trials with oral 

peptide and protein-based products have progressively increased. As a result of these 

research efforts, in 2019, the US-FDA approved semaglutide (Rybelsus®) as an oral 

medication against type 2 diabetes mellitus. Nevertheless, the possibility of using the 

oral route as a way for the administration of peptides and proteins requires the 

development of delivery systems adapted to the particularities of both the gut and the 

macromolecules. 

In this context, a possible alternative may be the use of zein-based nanoparticles. Zein 

is a natural GRAS (Generally Recognized As Safe by the FDA) protein found in corn that 

has been widely used in the pharmaceutical industry, as well as for the development of 

polymeric nanocarriers, due to its safety, biodegradability, and low toxicity (Luo and 

Wang, 2014). Zein nanoparticles have already demonstrated an important potential to 

increase the oral bioavailability of both small (Penalva et al., 2015) and large molecules 

(Inchaurraga et al., 2020). Moreover, although zein nanoparticles display a 

mucoadhesive behavior (Peñalva et al., 2015), their surface properties can be easily 

modified with hydrophilic polymers (e.g., poly(ethylene glycol)); abolishing the 

possibility of developing adhesive interactions with the components of the mucus layer 

and, thus, facilitating the possibility of reaching the intestinal epithelium. Hence, the 

coating of zein nanoparticles with poly(ethylene glycol) 35,000 (PEG) permits to increase 

their mucus diffusivity (Reboredo et al., 2021), which could lead to an increased oral 

bioavailability of the loaded biologically active compound. 

The objective of this work was to evaluate the capability of two different zein-based 

nanoparticles, with either mucoadhesive or mucus-permeating properties, for oral 

protein delivery, using insulin as a model. For this purpose, the capability of both 

formulations to reduce the fat accumulation in C. elegans (regulated by insulin 

pathways), as well as their effect in an animal model of diabetic rats was assessed. 

 

6.2. Materials and methods 

6.2.1. Materials 

Zein, lysine, human recombinant insulin, Rose Bengal sodium salt, poly(ethylene glycol) 

35,000, sodium hydroxide, Nile red, Orlistat®, glucose, isopropanol, Triton X-100, 

agarose, trypan blue, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), dimethyl sulfoxide, trypsin-EDTA, and monobasic sodium phosphate were 
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purchased from Sigma-Aldrich (St. Louis, MO, USA). Absolute ethanol was obtained from 

Scharlab (Sentmenat, Spain). 10% heat-inactivated FBS was obtained from Biochrom 

(Berlin, Germany). 1% penicillin/streptomycin 100X was from Biowest (Riverside, MO, 

USA). NEAA (non-essential amino acids) 100X were purchased from Gibco (Amarillo, TX, 

USA). DMEM with Ultraglutamin was from Lonza (Basilea, Switzerland). Human colon 

adenocarcinoma cells (Caco-2) were purchased from American Type Culture Collection 

(ATCC, United States). Mucus-producing cells (HT29-MTX) were kindly provided by Dr. 

T. Lesuffleur (INSERM U178, Villejuif, France). Isoflurane (IsoVet®) was from Braun 

(Kronberg, Germany). Sodium chloride, trifluoroacetic acid (TFA) and acetonitrile (HPLC 

grade) were from Merck (Darmstadt, Germany). Lumogen® F Red was provided by BASF 

(Ludwigshafen, Germany). European bacteriological agar and peptone were acquired 

from Laboratorios Conda (Madrid, Spain). 96-well plates and T75 flasks were purchased 

from Corning Inc., (Steuben County, NY, USA). “Insulin Enzyme Immunoassay Kit” was 

purchased from Arbor Assays (Ann Arbor, MI, USA). 

 

6.2.2. Preparation of nanoparticles 

6.2.2.1. Preparation of bare nanoparticles loaded with insulin (I-NP) 

A desolvation procedure previously described (Reboredo et al., 2021) was followed to 

prepare zein nanoparticles, with minor modifications. Briefly, 20 mL of a hydroalcoholic 

solution (61% pure ethanol in water) was used to dissolve 200 mg zein and 30 mg lysine, 

under magnetic stirring during 10 min. In parallel, 20 mg insulin was dissolved in 2 mL of 

slightly acidulated water (HCl 10 mM). Both solutions were mixed and, after 10 min of 

incubation, the desolvation step of zein was induced by the addition of 20 mL purified 

water. Afterwards, ethanol was removed using a rotatory evaporator (Büchi Rotavapor 

R-144; Büchi, Postfach, Switzerland) and the suspension of nanoparticles was purified 

by tangential flow filtration using a membrane with a molecular weight cutoff of 500 

kDa (Repligen, Rancho Dominguez, CA, USA). Finally, the suspension of nanoparticles 

was dried in a Büchi Mini Spray Dryer B-290 apparatus (Büchi Labortechnik AG, 

Switzerland). The drying conditions in the spray-dryer were as follows: (i) inlet 

temperature, 90 °C; (ii) outlet temperature, 45–50 °C; (iii) air pressure, 4–6 bar; (iv) 

pumping rate, 5 mL/min; (v) aspirator, 80%; and (vi) airflow, 400–500 L/h. 

Empty nanoparticles (NP), used as controls for some experiments, were prepared in the 

same way but in the absence of insulin. 

6.2.2.2. Preparation of insulin-loaded PEG-coated nanoparticles (I-NP-PEG) 

The coating of the nanoparticles with poly(ethylene glycol) 35,000 was achieved by 

incubation of the just-formed nanoparticles, prior to the purification step. For this 

purpose, 100 mg/mL stock solution of PEG in water was prepared, and 1 mL of this stock 

was added to the suspension of nanoparticles. The mixture was incubated for 30 min 

under magnetic stirring at room temperature. Then, nanoparticles were purified and 

dried as described above. 

Control PEG-coated nanoparticles (NP-PEG), in absence of insulin, were prepared in the 

same way as described above. 
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6.2.2.3. Preparation of nanoparticles fluorescently labeled with Lumogen® F Red 305 

For the fluorescently labeling of nanoparticles, 2.6 mL of a solution of Lumogen® Red 

(0.4 mg/mL in ethanol) were added to the hydroalcoholic solution of zein and lysin and 

the mixture was magnetically agitated during 10 min at RT. Then, the desolvation and 

drying steps were conducted as aforementioned. 

 

6.2.3. Characterization of the physico-chemical properties of the resulting 

nanoparticles 

6.2.3.1. Mean zize, PDI (polydispersity index), ζ-potential, and total process Yyield 

The particle size, PDI and zeta potential of the resulting formulations were assessed in a 

Zetasizer analyzer system (Brookhaven Instruments Corporation, Holtsville, NY, USA), 

after dispersion of the dried powder of nanoparticles in water. The yield of the complete 

process was calculated by gravimetry (Arbós et al., 2002). 

6.2.3.2. Morphology evaluation 

The surface morphology and the shape of the nanoparticles were examined by scanning 

electron microscopy (SEM). 1.5 mg of dried nanoparticles were dispersed in 1 mL 

ultrapure water, mounted on SEM grids and allowed to dry overnight at room 

temperature. Then, the samples were coated with a gold layer using a Quorum 

Technologies Q150R S sputter-coated (Ontario, Canada) and images were obtained 

using a ZEISS Sigma 500 VP FE-SEM apparatus. 

6.2.3.3. Assessment of the surface hydrophobicity of the nanoparticles 

The evaluation of the surface hydrophobicity of the resulting nanoparticles was 

performed following the Rose Bengal method (Doktorovova et al., 2012) with minor 

modifications. In brief, 500 μL-aliquots of nanoparticle suspensions at different 

concentrations (ranging from 0.03 to 3 mg/mL) were mixed with 1 mL of an aqueous 

solution of Rose Bengal dye (100 μg/mL). Then, the mixtures were incubated for 30 min 

at 25 °C and 1500 rpm shaking in a Labnet VorTemp 56 EVC (Labnet International Inc., 

NJ, USA). Afterwards, samples were centrifuged for 30 min at 13,500× g in a centrifuge 

MIKRO 220 (Hettich, Germany) and the supernatants were collected. The amount of 

Rose Bengal (Rose Bengal unbound) was calculated by the measurement of the 

absorbance at 548 nm, using a PowerWave XS Microplate reader (BioTek Instruments 

Inc., Winooski, VT, USA). The calculations carried out for the determination of the 

surface hydrophobicity are as follows: 

The total surface area (TSA) of the nanoparticles was calculated assuming that the 

nanoparticles were completely spherical in shape and monodisperse, whose diameter is 

equal to the mean size determined by DLS. 

TSA = (SANP) × (NTNP)  [Equation 1] 

In which SANP corresponds to the surface area of a single nanoparticle (4πr2), and NTNP 

represents the total number of nanoparticles present in the dilution, calculated with 

Equation (2): 
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NTNP = mNP/(ρzein × VNP)  [Equation 2] 

where mNP is the mass of nanoparticles present in the dilution, ρzein corresponds to 

the density of zein (1.41 g/mL) calculated by pycnometry (Martínez-López et al., 2021b) 

and VNP represents the volume of a single nanoparticle, calculated using as diameter 

value the mean size obtained in the Zetasizer. 

The hydrophobicity of the formulation was determined by the slope of the line obtained 

by the representation of the TSA (X axis) against the partitioning quotient (PQ) (Y axis), 

where PQ is the quotient between the amount of Rose Bengal bound and unbound. The 

higher the slope of the line, the higher the hydrophobicity of the formulation. 

6.2.3.4. Nanoparticles surface evaluation by fourier transform infrared resonance (FTIR) 

The Fourier transform infrared spectroscopy (FTIR) spectra of the nanoparticles were 

obtained using a Fourier transform spectrophotometer IR Affinity-1S (Shimadzu, Japan) 

coupled to a Specac Golden Gate ATR. For that purpose, a small amount of powder of 

nanoparticles was placed over the diamond and the reflectance spectra were obtained 

scanning from 600 to 4000 cm−1 at 2 cm−1 of resolution, and 50 scans per spectrum. 

Then, the Labsolution IR software was used to analyze the spectra. 

 

6.2.4. Insulin analysis 

6.2.4.1. Insulin payload and encapsulation efficiency 

The insulin loading of the resulting nanoparticles was quantified by ELISA. For this 

purpose, nanoparticles were dissolved in ethanol 70% and diluted with purified water 

until a theoretical concentration of 600 pg/mL insulin. Afterwards, the quantification 

was carried out following the specifications described by the manufacturer. The payload 

was expressed as the amount of insulin (μg) per milligram of nanoparticles and, the 

encapsulation efficiency (EE, expressed as a percentage), was calculated as the quotient 

between the amount of insulin quantified and the total amount of insulin added for the 

formulation of the nanoparticles. 

6.2.4.2. In vitro release studies 

Insulin release studies from the nanoparticles were performed in simulated gastric fluid 

(SGF; pH 1.2) and simulated intestinal fluid (SIF; pH 6.8). For this purpose, 5 mL of 

aqueous suspensions of nanoparticles (10 mg/mL) were placed into Float-A-lyzer® 

devices with a molecular weight cutoff of 300 kDa (Spectrum Labs, Breda, Netherlands). 

Then, the devices were placed in vessels containing 45 mL SGF and kept for 2 h under 

magnetic agitation. After 2 h of incubation in SGF, the devices were transferred to other 

vessels containing 45 mL SIF and incubated for 24 h. The whole experiment was carried 

out at 37 °C. At determined times, 200 μL were withdrawn and replaced with 200 μL 

fresh medium. Samples were analyzed by HPLC. 

The amount of insulin was quantified in an Agilent model 1200 series (Agilent 

Technologies, Waldbronn, Germany), coupled with a photodiode array detection system 

at 240 nm. A Jupiter column (5 μm C18 300 A, 150 × 4.6 mm; Phenomenex, California, 

United States) was used as stationary phase, whereas the mobile phase was composed 
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of an isocratic mixture of acetonitrile and 0.1% trifluoroacetic acid in water (7:3 by vol.). 

The flow rate was 0.8 mL/min and the temperature of the column was set to 25 °C. The 

calibration curve was performed using 8 different insulin solutions with concentrations 

ranging from 7 to 1000 µg/mL (1000, 500, 250, 125, 62.5, 31.25, 15.62 and 7.8 µg/mL). 

Good linearity (R2 = 0.9994) was obtained in the studied range. Under these conditions, 

the detection limit for insulin quantification was found to be 7 µg/mL. 

 

6.2.5. Cellular studies 

6.2.5.1. Caco-2 cell culture 

The human colon carcinoma cell line Caco-2 was used as a model of the intestinal 

epithelial cell due to its property of forming a monolayer of polarized cells with the 

phenotype of the small intestine (Lechanteur et al., 2017). Moreover, epithelial cells 

represent the most abundant type of cell in the gastrointestinal tract. Caco-2 cells were 

incubated at 37 °C in a 5% CO2/95% O2 atmosphere and 90% relative humidity in an 

incubator (ESCO CelCulture® CO2 incubator, Singapore). Cells were cultured in 

Dulbecco’s Modified Eagle Medium with Ultraglutamine (DMEM ATCC) supplemented 

with 10% heat-inactivated fetal bovine serum (FBS), 1% (v/v) penicillin/streptomycin 

(100 U/mL and 100 µg/mL, respectively) and 1% (v/v) non-essential amino acids (NEAA). 

Cell passages were performed once a week with trypsin-EDTA (0.25%, 0.05%) and 

seeded in 75 cm2 flasks at a density of 4 × 105 cells/flask. The medium was changed every 

two days. 

6.2.5.2. HT29-MTX cell culture 

The mucus-secreting HT29-MTX cell line was used as model of intestinal goblet cells due 

to their phenotypical similarities. In addition, mucus-secreting cells correspond to the 

second most abundant population of cells in the gastrointestinal tract (Hilgendorf et al., 

2000). HT29-MTX cells were maintained at 37 °C in a 5% CO2/95% O2 atmosphere and 

90% relative humidity in an incubator (ESCO CelCulture® CO2 incubator, Singapore). Cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 

FBS, 1% penicillin/streptomycin and 1% NEAA. The medium was changed every two days 

and cells were subcultured once a week with trypsin-EDTA at a density of 4 × 105 cells/75 

cm2 flask. 

6.2.5.3. Cytotoxicity evaluation 

The potential cytotoxic effect of insulin-loaded nanoparticles was assessed against Caco-

2 (passage 70–75) and HT29-MTX (passage 45–50) cell lines using the MTT procedure. 

Both cell lines were separately grown in culture flasks with the complete medium, as 

described before. Cells were detached from the flask, seeded into 96-well plates at 

20,000 cells/well for Caco-2 and 10,000 for HT29-MTX cell lines, and incubated for 24 h. 

Afterwards, the medium was removed, and cells were washed twice with phosphate-

buffered saline (PBS) prior to the addition of different concentrations (1.7–70 µg/mL) of 

insulin loaded into nanoparticles dispersed in fresh medium without FBS 

supplementation. A positive control without nanoparticles, and a negative control of 

Triton X-100 (1%) were also added. After 24 h of incubation, the media were removed, 
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and cells were washed twice with PBS. Then, the MTT solution (0.5 mg/mL in cell-culture 

medium) was added to each well and incubated for 4 h in a dark environment. 

Subsequently, the MTT solution was removed and 200 µL DMSO was added to each well 

in order to solubilize formazan crystals. Plates with DMSO were shaken in an orbital 

shaker for 15 min at room temperature and covered from light. Then, the absorbances 

were measured in a plate reader (Biotek Synergy 2, Winooski, VT, USA) at 570 and 630 

nm wavelength. The cell viability was calculated according to the following equation: 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
sample value −negative control

positive control−negative control 
×  100 [Equation 3] 

 

6.2.6. In vivo evaluation of insulin-loaded nanoparticles in an animal model of 

Caenorhabditis elegans 

6.2.6.1. Strain and culture conditions 

Caernoharbditis elegans (C. elegans) was chosen as an animal model for a first-step 

evaluation of the suitability of insulin-loaded zein nanoparticles. C. elegans is a 

nematode sensitive to human insulin in which the hormone binds to the DAF-2 receptor 

and modulates its downstream signaling cascade, including fat accumulation (Lazzaro 

and Schneider, 2014; Martínez-López et al., 2021b). For this purpose, C. elegans were 

maintained and cultured as described previously (Martínez-López et al., 2021b). The 

Wild-type N2 Bristol strain was obtained from the Caenorhabditis Genetics Center (CGC, 

University of Minnesota, MN), and was cultured at 20 °C on NGM (Nematode Growth 

Medium) agar, with Escherichia coli OP50 as a normal nematode diet. For all 

experiments, age-synchronized worms were obtained by bleaching with hypochlorite, a 

condition in which only eggs can survive. Recovered eggs were left to hatch overnight in 

an M9 buffer solution. 

6.2.6.2. Nanoparticles intake 

To evaluate the intake of nanoparticles by the worms, Lumogen® red-loaded 

nanoparticles were supplemented to the growth medium of C. elegans. After the 

preparation of the NGM plates, a suspension of fluorescent nanoparticles was added 

and let dry. Afterwards, 50 µL of a culture of OP50 were added over the solid NGM plates 

supplemented with the nanoparticles and let dry in darkness overnight. About 500 adult 

(L4 stage) worms were placed onto each plate and incubated for 2 h at 20 °C. After the 

incubation time, worms were collected and fixed with agarose over glass slides. Agarose 

was prepared at a 2% concentration (w/v) and supplemented with 1% sodium azide to 

kill the worms during fixation. Glass slides containing the fixed worms were observed 

with a Nikon eclipse 80i epi-fluorescent microscope. Two different filters were used to 

observe the glass slides: the rhodamine filter, to visualize the Lumogen®-loaded 

nanoparticles, and the DAPI filter to observe the whole body of the worms (C. elegans 

shows autofluorescence under the DAPI filter). 
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6.2.6.3. In vivo efficacy of the nanoparticles in C. elegans 

The evaluation of the efficacy of insulin-loaded nanoparticles was performed by the 

quantification of the fat tissue inside the worm, as described previously (Lucio et al., 

2017). The assays were carried out in triplicates in 6-well plates containing 4 mL glucose-

supplemented NGM (0.5% w/v) per well. The insulin treatment (free or 

nanoencapsulated) was added at a concentration of 50 µg/mL in NGM. Treatments of 

empty nanoparticles (NP and NP-PEG) were also added to evaluate the effect of the 

vehicle itself. A positive control of Orlistat® (6 µg/mL), as a fat-reducing agent, was 

employed. 

L1 larvae worms were transferred into the wells containing the NGM supplemented with 

treatments and were allowed to grow until the L4 larvae stage (approximately 46 h). 

Afterwards, worms were harvested and washed with 0.01% triton-X in phosphate-

buffered saline (PBST). Washed worms were fixed with 40% isopropanol and stained by 

the addition of Nile Red solution (3 µg/mL) and incubation for 30 min at room 

temperature with soft rocking. Finally, stained worms were fixed in 2% agarose over 

glass slides. Images of the worms were obtained using a Nikon’s SMZ18 

stereomicroscope (Nikon Instruments Inc., Japan) attached to a DS-FI1C refrigerated 

color digital camera and an epi-fluorescence system. For the acquisition of the images, 

a GFP filter was used (Ex 480–500; DM 505; BA 535–550). The post-acquisition 

processing of the images and the fat quantification were carried out using the FIJI (image 

J) software. 

 

6.2.7. In vivo evaluation of insulin-loaded nanoparticles in diabetic rats 

6.2.7.1. Strain and housing conditions 

Healthy male Wistar rats were purchased from Envigo (Indianapolis, USA) with a weight 

in the range of 180–220 g. They were housed with 12-h dark/light cycles under 

controlled temperature (23 ± 2 °C) and with free access to food and water. Upon arrival, 

animals were allowed to acclimate at least for one week before any manipulation. 

During the procedures, animals had free access to water but were deprived of food. All 

the manipulations were carried out following an approved protocol by the “Ethical and 

Biosafety Committee for Research on Animals” from the University of Navarra, following 

the European legislation on animal experimentation (protocol 063-20). 

6.2.7.2. Induction of diabetes 

Diabetes was induced by a single intraperitoneal injection of streptozotocin (80 mg/kg) 

to overnight fasted animals (Inchaurraga et al., 2020). For that purpose, streptozotocin 

was dissolved in 0.1 M citrate buffer (pH 4.5). After 5–8 days, rats with frequent 

urination and fasting blood glucose levels higher than 250 mg/dL were considered as 

diabetic and, thus, randomized for further studies. 

6.2.7.3. Efficacy evaluation 

The efficacy evaluation was carried out in diabetic rats fasted for 12 h prior to any 

administration. All the administrations were performed through oral gavage by using a 

stainless-steel cannula, except otherwise stated. Animals were divided into the 
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following four groups (n = 6): (i) control animals receiving 1 mL purified water; (ii) I-NP 

group, receiving a suspension of bare nanoparticles loaded with insulin, dispersed in 

purified water, at a dose of 50 IU/kg; (iii) I-NP-PEG group, receiving a suspension of 

insulin-loaded PEG-coated nanoparticles, dispersed in purified water, at a dose of 50 

IU/kg; (iv) Ins sc group, receiving a subcutaneous administration of an aqueous solution 

of insulin at a dose of 5 IU/kg. 

Blood samples were collected from the tail vein in isoflurane-anesthetized animals. 

Samples were collected prior to the administration of the treatments, to establish the 

glucose baselines, and at fixed times after the administration. At every extraction point, 

blood glucose levels were analyzed with an Accu-Check® Aviva glucometer (Roche 

Diagnostics, Basel, Switzerland). Insulin levels in blood were quantified using an ELISA 

kit. 

6.2.7.4. Pharmacokinetic and pharmacodynamic analysis 

The hypoglycemic effect was estimated by calculating the area above the curve (AAC0–

6h) from the blood glucose curves. The calculation was carried out by using the 

trapezoidal method, calculated using the PKsolver software (Zhang et al., 2010). The 

relative pharmacological availability (PA) was calculated as the percentage of the 

hypoglycemic effect induced by the formulations compared to the sc insulin (Equation 

3) AACoral 

PA =
AAC oral × Dose sc

AAC sc × Dose oral
×  100  [Equation 4] 

The main pharmacokinetic parameters (Cmax, Tmax and area under the curve (AUC0-6h)) 

were calculated from the representation of the serum insulin levels vs time, again using 

the PKsolver software. The relative bioavailability of oral formulations (Fr) was 

calculated as the percentage of AUC of oral formulations compared to the subcutaneous 

injection. 

 

6.2.8. Statistical analysis 

For statistical analyses, the means and standard errors of each data set were calculated. 

The comparisons between groups were carried out using a one-way ANOVA test 

followed by a multiple comparison test (Tukey–Kramer test), except for pharmacokinetic 

and pharmacodynamic studies in which t-student was used to compare I-NP to I-NP-

PEG. Significant differences are marked as follows: * p < 0.05, ** p < 0.01 or *** p < 

0.001. All calculations were performed using GraphPad Prism v6 (GraphPad Software, 

San Diego, CA, USA) and the curves were plotted with the Origin 8 software (OriginLab 

Corp, Northampton, MA, USA). 

 

6.3. Results 

6.3.1. Characterization of nanoparticles 

Table 1 summarizes the main physicochemical properties of empty and insulin-loaded 

nanoparticles. Zein nanoparticles, containing insulin, were obtained by desolvation and, 

eventually, “decorated” by incubation with PEG 35,000. Then, the nanoparticles were 
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purified and dried. The encapsulation of insulin increased the mean size of the resulting 

nanoparticles (from about 230 nm to 270 nm) and decreased the negative zeta potential 

(from −54 mV to −39 mV). In a similar way, the coating of nanoparticles with PEG 35,000 

did not importantly affect the size or the zeta potential of the resulting nanoparticles, 

compared to bare ones (Table 1). The insulin loading was calculated to be close to 80 

µg/mg nanoparticles. Again, the coating of nanoparticles with PEG 35,000 did not 

modify their insulin payload. 

Table 1. Physico-chemical characteristics of empty (NP and NP-PEG) and insulin-loaded 

nanoparticles (I-NP and I-NP-PEG). Data expressed as mean ± S.D. (n ≥ 3). 

Formulation 
Size        

(nm) 
PDI 

Zeta 

Potential 

(mV) 

Insulin 

Payload 

(µg/mg) 

EE         

(%) 

NP 239 ± 19 0.17 ± 0.07 −56.7 ± 3.4 - - 

NP-PEG 222 ± 19 0.14 ± 0.07 −51.2 ± 1.8 - - 

I-NP 277 ± 14 0.17 ± 0.06 −39.4 ± 0.2 76.1 ± 2 77.3 ± 3 

I-NP-PEG 263 ± 19 0.15 ± 0.05 −38.9 ± 2.3 81.1 ± 6 84.8 ± 3 

 

The surface morphology and shape of insulin-loaded nanoparticles, evaluated by SEM, 

are shown in Figure 1. Both types of nanoparticles were spherical in shape but with 

differences in surface morphology. While bare nanoparticles (I-NP) showed a rough 

surface, PEG-coated nanoparticles showed a smooth surface, without perceptible 

irregularities. 
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Figure 1. SEM microphotographs of insulin-loaded nanoparticles. A: bare nanoparticles 

(I-NP); B: PEG-coated nanoparticles (I-NP-PEG). White squares are magnifications of the 

nanoparticles, in which the scale bar corresponds to 200 nm. 

The surface hydrophobicity of the nanoparticles, calculated by the Rose Bengal test, is 

shown in Figure 2. Interestingly, the encapsulation of insulin in bare nanoparticles 

increased the hydrophobicity of the resulting nanoparticles (Figure 2; p < 0.05). On the 

contrary, the incorporation of insulin in PEG-coated nanoparticles did not significantly 

modify their hydrophobicity, when compared to empty NP-PEG. 

Figure 2. Surface hydrophobicity of A: empty and insulin-loaded bare nanoparticles (NP 

and I-NP); B: empty and insulin-loaded PEG-coated nanoparticles (NP-PEG and I-NP-

PEG). Values are normalized to the hydrophobicity of the empty formulation (NP or NP-

PEG). Data expressed as mean ± S.D. (n = 3). *: p < 0.05. 

Figure 3 shows the FTIR spectra of the different formulations, as well as the raw 

materials employed for the formulation of the nanoparticles. Both proteins (zein and 
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insulin) displayed characteristic absorption bands corresponding to amide I, and II 

groups. In free zein, as well as in zein nanoparticles, a band centered at about 1647 cm−1 

(mainly attributed to the C=O stretching vibration of amide I) was detected. In addition, 

the –N-H bending coupled to –C-N stretching vibration (amide II) was observed as a 

broad band at 1517cm−1. However, in the insulin spectrum, both signals appeared as 

multi- shouldered broad bands centered at 1639 cm−1 for amide I and 1512 cm−1 for 

amide II. Regarding the amide III (combination of N-H in-plane bending and C-N 

vibrations), also characteristic of proteins, was observed as multiple signals (1247–1352 

cm−1) in the spectrum of zein nanoparticles. For insulin, the amide II band appeared as 

a broad band centered at 1236 cm−1. It is worth noting that the spectrum of I-NP clearly 

showed the characteristic vibration band corresponding to insulin amide I (1639 cm−1) 

together with the superposition of signals corresponding to insulin and zein amide II. 

Moreover, the appearance of multiple signals in the amide III vibration region was 

associated with an overlapping of signals from both proteins (insulin and zein). The slight 

displacement of insulin vibration bands of 1236 to 1240 cm−1 (among others) could be 

attributed to a weak interaction between insulin and zein as a result of the hormone 

encapsulation. In the spectrum of I-NP-PEG, insulin bands previously mentioned (mainly 

amide I and II) together with multiple PEG signals (1465, 1338, 1276, 1240, 1145, 1101 

cm−1) and those corresponding to the polymer fingerprint region (1060, 960 and 840 

cm−1) were presented. In addition, the displacement of some of them (e.g., 1093 cm−1 

to 1101 cm−1 corresponding to PEG alcoholic group) confirmed the interaction between 

zein and PEG. 
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Figure 3. FTIR spectra of PEG 35,000, zein, insulin, empty zein nanoparticles uncoated 

(NP) and coated with PEG (NP-PEG), and insulin-loaded nanoparticles with (I-NP-PEG) 

and without PEG coating (I-NP). Straight line corresponds to the 1647 cm−1 band 

belonging to the amide I group; dashed line corresponds to the 1517 cm−1 band 

belonging to the amide II group; dashed-dotted line corresponds to the 1236 cm−1 band 

belonging to the amide III group; dotted line corresponds to the 1096 cm−1 band 

belonging to the alcoholic group of PEG. 

 

6.3.2. In vitro release behavior of insulin-loaded nanoparticles 

The release behavior of the formulations during their incubation in SGF and SIF is shown 

in Figure 4. Both formulations (I-NP and I-NP-PEG) displayed a similar release profile; 

although, the coating of zein nanoparticles with PEG 35,000 induced a slightly slower 

release rate, compared to bare nanoparticles. In SGF, after 2 h of incubation, the amount 

of insulin released from I-NP represented about 37% of the payload. For I-NP-PEG50, 

only 30% of the insulin loading was released in 2 h of incubation. When nanoparticles 

were transferred to the SIF, the release rate for both formulations appeared to be similar 

to that observed in SGF, evidencing the null effect of the pH on the release of insulin 

from the nanoparticles. After 22h in SIF, both formulations of nanoparticles had released 

the total content of the initial payload. 

 
Figure 4. In vitro release behavior of insulin from I-NP and I-NP-PEG50 in SGF and SIF at 

37 °C. Data presented as mean ± S.D. (n = 3). 

 

6.3.3. Cytotoxicity evaluation of insulin-loaded nanoparticles 

The cytotoxic effect of insulin-loaded nanoparticles (I-NP and I-NP-PEG50) over two cell 

lines that mimic the most predominant cell types in the intestines, Caco-2 cells 

(epithelial cells) and HT29-MTX cells (mucus-secreting cells), were quantified by the MTT 
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assay. Figure 5 displays the results of the cell viability after 24 h of incubation of the cells 

with either bare or PEG-coated insulin-loaded nanoparticles. After 24 h of incubation of 

the cell lines with the treatments, none of the formulations showed a cytotoxic effect at 

any of the concentrations tested, ranging from 1.7 to 70 µg/mL of insulin. 

Figure 5. Effect of insulin-loaded nanoparticles (I-NP and I-NP-PEG50) on the viability of 

A: Caco-2 cells; B: HT29-MTX cell lines. Data presented as mean ± S.D. (n = 6). 

 

6.3.4. Effect of insulin-loaded nanoparticles in C. elegans 

The effect of insulin (free or loaded in zein nanoparticles) on the fat content of C. elegans 

grown in a medium (NGM) supplemented with glucose is presented in Figure 6. As 

expected, the incorporation of free insulin (50 µg/mL) to the medium induced a 

reduction in the fat accumulated by the worms (p < 0.01). This reduction was calculated 

to be about 15%, in comparison with control animals. 

A 

B 
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Figure 6. Effect over the fat storage of C. elegans cultured under high-glucose conditions 

of empty and insulin-loaded zein nanoparticles (coated with PEG and uncoated), as well 

as a solution of free insulin. Data presented as mean ± S.D. (n ≥ 75 worms). * p < 0.05; 

** p < 0.01. Orl: Orlistat®; Ins: free insulin; NP: empty bare zein nanoparticles; I-NP: 

insulin-loaded bare nanoparticles; NP-PEG50: empty PEG-coated nanoparticles; I-NP-

PEG50: insulin-loaded PEG-coated nanoparticles. 

Regarding the effect of nanoparticles, the first step was to confirm if the worms ate the 

nanoparticles. As presented in Figure 7, the fluorescence caused by the presence of 

lumogen® red in nanoparticles (incorporated in the medium in which the worms were 

grown) is observed all along the gastrointestinal tract of the animal. For I-NP-treated 

worms, the amount of fat accumulated in these animals was calculated to be about 30% 

lower than for control worms (NGM group in Figure 6). In a similar way, animals treated 

with I-NP-PEG50 displayed a reduction in their fat content close to 40%; slightly lower 

than the effect produced by Orlistat® (6 µg/mL; employed as positive control), which 

was quantified to be 42%. Another interesting fact was to evidence that empty zein 

nanoparticles (both bare and PEG-coated) also induced a decrease in the fat content of 

the worms (about 11% for NP and 14% for NP-PEG50). 

 
Figure 7. Fluorescence micrographs of C. elegans. A: self-fluorescence of a worm under 

DAPI filter. B: Worm fed with fluorescently-tagged nanoparticles. 
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6.3.5. Evaluation of the hypoglycemic activity in diabetic rats 

Figure 8 shows the evolution of glycemia in animals as a function of the treatment. 

Animals receiving a subcutaneous injection of insulin solution (5 IU/kg) displayed a rapid 

decrease in blood glucose levels. Thus, 2 h post-administration, the glycemia of these 

animals represented 22% of the initial blood glucose levels, reaching blood glucose 

levels below 120 mg/dL. These low blood glucose values were maintained for at least 

four more hours. On the other hand, animals treated with insulin-loaded nanoparticles 

exhibited a slower and more sustained decrease in glycemia. Hence, one hour after the 

administration of I-NP and I-NP-PEG50, both groups of animals presented similar values 

of glucose in the blood. For later extraction points, on the one hand, animals treated 

with I-NP showed the same glycemic values without any relevant further reduction. This 

group of animals achieved a maximum decrease in the blood glucose levels of 57%, 

compared to initial values, displaying glycemic values close to 280 mg/dL. On the other 

hand, rats treated orally with I-NP-PEG50 exposed decreasing values of glycemia with 

time, reaching the highest decrease 6 h after the administration, with 32% of the initial 

values, corresponding to blood glucose levels around 170 mg/dL. Moreover, at this 

extraction point, the glycemic values of animals treated with I-NP-PEG50 matched the 

values of those treated with the subcutaneous injection of insulin. 

 
Figure 8. Blood glucose levels (% of initial values) of streptozotocin-induced diabetic rats 

after administration of subcutaneous solution of insulin (Ins sc; 5 IU/Kg) or oral 

administration of water (control), insulin-loaded bare nanoparticles (I-NP; 50 IU/Kg), or 

insulin-loaded PEG-coated nanoparticles (I-NP-PEG50; 50 IU/Kg). Data expressed as 

mean ± S.D. (n ≥ 6). * p < 0.05; ** p < 0.01; *** p < 0.001, compared to control. 
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From the curves of glycemia over time, the main pharmacodynamic parameters were 

calculated (Table 2). The most remarkable finding is that the oral administration of I-NP-

PEG50 decreased the blood glucose levels (Cmin) to almost the same values as the 

subcutaneous injection of insulin. Furthermore, this formulation needed 2 h more to 

induce the maximum decrease in glycemia (Tmax) than for animals treated with either 

subcutaneous insulin or with oral nanoparticles (5 h vs. 3 h, respectively). It is also 

important to highlight that the coating of the nanoparticles with PEG increased more 

than 3-fold the pharmacological availability (PA) of insulin administered in bare 

nanoparticles. The PA of I-NP was calculated to be 4.7% compared to the control 

(subcutaneous insulin) while, for I-NP-PEG50, the PA was calculated to be close to 15%. 

Table 2. Main pharmacodynamic parameters after a subcutaneous administration of 

insulin (5 IU/kg) or after oral administration of bare nanoparticles loaded with insulin (I-

NP; 50 IU/kg) or PEG-coated nanoparticles loaded with insulin (I-NP-PEG50; 50 IU/kg). 

AAC corresponds to the area above the glycemic curve; Tmax corresponds to the time 

when the maximum effect was achieved; Cmin corresponds to the minimum levels of 

glucose (as a % of the initial values) achieved; PA corresponds to the pharmacological 

activity. Data represent the mean ± SD (n ≥ 6). ***: p < 0.001, compared to I-NP. 

Treatment 
Dose 

(IU/kg) 

AAC       

(μg/hmL) 

Tmax             

(h) 

Cmin              

(% of Initial 

Values) 

PA                  

(%) 

Ins sc 5 1789.8 ± 155.5 3.1 ± 0.9 22.4 ± 8.7 100 

I-NP 50 845.9 ± 357.6 5.1 ± 0.9 56.7 ± 15.6 4.7 ± 1.9 

I-NP-PEG50 50 1267.3 ± 297.0 5.6 ± 0.7 31.9 ± 20.1 14.9 ± 1.6 *** 

 

Figure 9 shows the plasma levels of human insulin in rats receiving a subcutaneous 

administration of insulin (Ins sc; 5 IU/kg) or an oral administration of nanoencapsulated 

insulin (I-NP or I-NP-PEG50; 50 IU/kg). The main pharmacodynamic parameters, 

calculated from the insulin plasma levels, are summarized in Table 3. Animals treated 

with a subcutaneous dose of insulin showed the typical profile characterized by a fast 

rise, reaching the Cmax during the first 2 h post-administration, achieving insulinemic 

values of almost 6 ng/mL. Afterwards, plasma levels of insulin decreased to almost 

undetectable levels after 4 h. For oral nanoencapsulated insulin, both formulations 

showed the same pattern, characterized by a rapid increase in the blood levels of insulin 

1 h post-administration, when the insulin levels in blood were found to be around 1 

ng/mL for I-NP and 2.5 ng/mL for I-NP-PEG50. The fast rise observed 1 h after the oral 

administration of I-NP and I-NP-PEG50 was followed by a plateau state that lasted 

several hours. Despite both formulations showed the same profile, PEG-coated 

nanoparticles produced blood levels of insulin which were about two-fold than those 

obtained with bare nanoparticles. As a result, the relative oral bioavailability of insulin 

formulated in bare nanoparticles was calculated to be 4.2%, whereas, for I-NP-PEG50, 

this value increased almost 2.5 times (10.2%). 
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Figure 9. Serum insulin levels vs time after the subcutaneous administration of an insulin 

solution (Ins sc; 5 IU/Kg) or oral administration insulin-loaded bare nanoparticles (I-NP; 

50 IU/Kg), or insulin-loaded PEG-coated nanoparticles (I-NP-PEG50; 50 IU/Kg). Data 

expressed as mean ± S.D. (n ≥ 6). **: p < 0.01. 

Table 3. Pharmacokinetic parameters of insulin administered either subcutaneously or 

orally. Ins sc: subcutaneous insulin (5 IU/kg); I-NP: insulin-loaded bare nanoparticles (50 

IU/kg); I-NP-PEG50: insulin-loaded PEG-coated nanoparticles (50 IU/kg); Cmax: maximum 

plasma concentration; Tmax: time when the maximum plasma levels of insulin were 

achieved; AUC: area under the curve; Fr%: oral bioavailability relative to subcutaneous 

administrations. Data expressed as mean ± SD (n = 6). *: p < 0.05 compared to Ins sc. **: 

p < 0.01 compared to Ins sc. 

Treatment 
Dose 

(IU/kg) 

Cmax 

(ng/mL) 

Tmax 

(h) 

AUC 

(ng/hmL) 

Fr 

(%) 

Ins sc  5 5.87 ± 2.07 1.37 ± 0.48 15.86 ± 4.13 100 

I-NP 50 2.10 ± 0.93 ** 6.00 ± 0.00 6.65 ± 2.74 * 4.2 

I-NP-PEG50 50 4.02 ± 1.67 5.49 ± 0.90 16.18 ± 9.76 10.2 

 

6.4. Discussion 

Orally administered therapeutic proteins and peptides need to face several biological 

barriers that make the oral bioavailability of the drug almost negligible. In principle, the 

use of nanoparticles for the oral delivery of such compounds may be an adequate 

approach to protect the loaded cargo against premature degradation, including the 

acidic conditions of the stomach, the presence of enzymes, as well as the mechanical 

stress in the lumen (e.g., osmotic pressure and peristalsis) (Homayun et al., 2019; Wu et 

al., 2019). On the other hand, the design of nanoparticles with either mucoadhesive or 

mucus-permeating properties may be of interest to increase the residence time of the 
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drug delivery system in close contact with the epithelium, improving the probabilities 

for insulin absorption and/or interaction with its receptor (Hall et al., 2020). 

From a general point of view, protein-based nanoparticles offer some advantages for 

drug delivery purposes, including their biodegradability and capability to accommodate 

a high variety of compounds in a non-specific way (Jain et al., 2018). In this context, zein 

possesses some peculiarities that provide additional advantages for the formulation of 

nanoparticles. First, an optimal regulatory status. Second, its lipophilic character that 

facilitate both the preparation of stable nanoparticles, without the need for stabilization 

or cross-linking procedures (Inchaurraga et al., 2020), and the modification of their 

surface with different coating agents by simple non-covalent based procedures (Pascoli 

et al., 2018; Reboredo et al., 2021). Third, its lower allergenicity (Reddy and Rapisarda, 

2021) and slower digestion than other proteins (Calvez et al., 2019). 

In this work, zein-based nanoparticles with either mucoadhesive (NP) or mucus-

permeating properties (NP-PEG50) were selected to evaluate and compare their 

capability to deliver insulin orally. Both types of nanoparticles (bare and PEG-coated) 

displayed a mean size of around 270 nm and negative zeta potential (Table 1). 

Noteworthy, the surface zeta potential of insulin-loaded nanoparticles was markedly 

less negative than empty nanoparticles, suggesting that, in the formation of insulin-

loaded nanoparticles, some structural changes may happen during the insulin 

encapsulation. The insulin payload of the nanoparticles was calculated to be around 8%. 

However, the insulin release profile of PEG-coated nanoparticles has been 

demonstrated to be slightly slower and more sustained than for bare nanoparticles. This 

may be caused by the presence of the PEG coating, which generates a shell that 

surrounds the nanoparticle and delays the release of insulin to the outer medium. It is 

worth noting that the pH conditions of the SGF and SIF seemed not to affect the insulin 

release profiles, denoting stability of the system in both incubation media. 

FTIR analysis was employed to put in evidence the presence of both insulin and PEG in 

their corresponding formulations. Likely, the encapsulation of inulin did not affect the 

coating of nanoparticles, since the displacement of the PEG bands was similar for both 

empty and insulin-loaded formulations (Figure 3). Zein nanoparticles do not display a 

shell-core structure, but a fractal-like conformation composed of 20 nm spherical blocks 

of zein that, during the desolvation, collide to form the nanoparticle (Lucio et al., 2017). 

Thus, during the formation of nanoparticles, some insulin molecules may get adhered 

to the surface of the nanoparticle and, hence, induce the changes in the surface 

hydrophobicity for I-NP observed in Figure 2. 

The safety of the formulations has been evidenced by the cytotoxicity evaluation carried 

out in Caco-2 and HT29-MTX cells. Since our formulations are intended for oral delivery 

purposes, these two cell lines were selected for being widely used as a model for 

intestinal epithelial cells (Caco-2) (Ye et al., 2017) and intestinal goblet cells (HT29-MTX) 

(Reale et al., 2021). The cell viability of both cell lines has been demonstrated not to be 

affected by the incubation with insulin-loaded nanoparticles, either uncoated or PEG-

coated. Thus, since no toxicity was observed in these cellular models, no toxic effects 
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would be expectable in greater animal models such as C. elegans or rodents receiving 

insulin-loaded zein nanoparticles through the oral route. 

C. elegans is an animal with insulin signaling pathways highly conserved with humans. 

Under high-glucose conditions, these nematodes experience an expansion of the 

adipose tissue caused by the activation of the DAF-2 receptor (Martínez-López et al., 

2021b). Likely, human insulin exerts an antagonistic effect over this receptor, blocking 

the metabolic pathways that lead to increased fat storage (Martínez-López et al., 2021a; 

Pierce et al., 2001). On the other hand, the intestine of C. elegans has some homologies 

with that of mammals (Cohen and Sundaram, 2020), including the presence of an 

absorptive layer of ciliated cells covered by a glycocalyx. These characteristics make this 

animal model an interesting instrument for the evaluation of insulin-loaded 

nanoparticles intended for oral administration. When the worms were treated with 

insulin, as expected, a decrease in the fat accumulation was observed (Figure 6). This 

decrease in the fat content of worms was significantly higher when insulin was 

administered into nanoparticles; particularly when insulin was formulated in PEG-

coated nanoparticles. This observation may rely on the protection conferred by the 

nanoparticles against the physical and chemical digestion in the gastrointestinal tract of 

the worms. The superior capability of PEG-coated nanoparticles to decrease the 

accumulation of fat, when compared with bare nanoparticles, would be related to the 

increased diffusivity of the nanoparticles in mucus, facilitating their arrival to the 

epithelium surface (Reboredo et al., 2021). 

In rats with streptozotocin-induced diabetes, the administration of a subcutaneous 

injection of insulin showed a fast decrease in the glycemia, reaching the lowest values 

at around 2–3 h post-administration. This result is in the line with others previously 

reported (Jin et al., 2012; Mumuni et al., 2020; Sarmento et al., 2007; Sonaje et al., 

2009). On the other hand, administration of insulin-loaded nanoparticles induced a 

hypoglycemic effect that started 1 h post-administration and lasted for at least 5 h more, 

being I-NP-PEG50 significantly more potent I-NP (p < 0.001). This fact suggests that the 

capability of zein nanoparticles to effectively deliver insulin through the oral route would 

be directly determined by their biodistribution within the gut. While bare nanoparticles, 

with a mucoadhesive behavior (Martínez-López et al., 2021b), are mainly trapped in the 

protective mucus layer (remaining away from the absorptive epithelium), PEG-coated 

nanoparticles are able to diffuse through the mucus layer and reach the surface of 

enterocytes (Reboredo et al., 2021). Moreover, PEG-coated nanoparticles have shown 

the capability of reaching the cecum more rapidly than bare nanoparticles and, despite 

the cecum function is mainly to absorb water and small molecules, insulin can also be 

absorbed in this section of the gut (Chen et al., 2017; Guo et al., 2016). The arrival of 

nanoparticles close to the surface of the intestinal epithelium, and onsite release of the 

loaded hormone, would facilitate the interaction of insulin with its receptor and, thus, 

the absorption of the peptide through the receptor-mediated endocytosis (Hall et al., 

2020). The sustained release of insulin from the nanoparticles (as observed in Figure 4) 

is reflected in the sustained levels of insulin in the rats’ blood. 
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In our work, the relative oral bioavailability of insulin formulated in PEG-coated 

nanoparticles was calculated to be close to 10%, 2.5-fold higher than for bare 

nanoparticles. This oral bioavailability is higher than other values previously published 

with PLGA-chitosan composite nanocarriers (about 8%; (Xu et al., 2017)) or SNEDDS 

(about 1.8%; (Bravo-Alfaro et al., 2020)); although, it is lower (about 2-times) when 

compared with other previous results obtained with liposomes decorated with PEG and 

folic acid (19.08%; (Yazdi et al., 2020)), folate-chitosan nanoparticles (17.04%; (El Leithy 

et al., 2019)), or zein/caseinate-based nanoparticles co-encapsulating insulin and cholic 

acid (20.5%; (Bao et al., 2021)). In spite of the lower capability to promote the oral 

absorption of insulin, our formulation offers some interesting advantages that may 

facilitate a translational approach; particularly in those aspects related to the scale-up 

of a reproducible process (including the drying step) and the simplification of non-clinical 

toxicity assessments of the regulatory dossier. Among others, PEG-coated zein 

nanoparticles may be obtained in a simple and scalable preparative process that only 

requires the use of pharmaceutical acceptable reagents and solvents (ethanol and 

water) and allows the generation of a powder formulation, easily dispersible in water, 

with a high insulin payload. Furthermore, as described previously (Reboredo et al., 

2021), PEG-coated zein nanoparticles do not enter the systemic circulation minimizing a 

possible accumulation in the body and toxicological issues. 

In summary, zein nanoparticles can be used to encapsulate insulin and produce (through 

a simple and reliable method) cheap, safe, and efficient nanocarriers for oral delivery 

purposes that would protect the cargo in the harsh conditions of the gut after an oral 

administration. The resulting nanoparticles display an appropriate size and surface zeta 

potential, with high entrapment efficiencies. Moreover, the coating of insulin-loaded 

nanoparticles with a hydrophilic polymer (PEG) did not alter the physicochemical 

properties of the nanoparticles and led to a significant increase in the oral bioavailability 

of insulin and a more potent hypoglycemic effect. Thus, this type of nanocarrier might 

be a suitable tool for the effective delivery of insulin through the oral route. 
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7. General discussion 

7.1. General discussion 

7.1.1. Why zein nanoparticles? 

Zein presents several properties that makes it an interesting biomaterial for the 

development of new nanometric devices for drug delivery purposes. On the one hand, 

zein is the major storage protein of maize, comprising around the 80% of the total 

content of corn (Corradini et al., 2014). Moreover, due to its regulatory status (Generally 

Recognized As Safe by the FDA), this protein has been widely used in the pharmaceutical 

and food industries (Berardi et al., 2018; Luo and Wang, 2014), as well as in other sectors 

(Rastogi and Samyn, 2015). On the other hand, due to the physicochemical properties 

of the protein, it can be used to form stable nanoparticles in a fast, reliable, and scalable 

way without the needing of using crosslinkers or other reactive agents (Martínez-López 

et al., 2020; Reboredo et al., 2021). 

Zein nanoparticles have been demonstrated to effectively entrap, and orally deliver, 

both hydrophobic (Brotons-Canto et al., 2021; Penalva et al., 2017) and hydrophilic 

(Inchaurraga et al., 2020) molecules. Moreover, the promising results acquired in 

laboratory animals have led to the evaluation of zein nanoparticles in humans, where 

the oral administration of resveratrol loaded into zein nanoparticles showed great 

pharmacokinetic values, with a more than 3-fold increase in the t1/2, compared to free 

resveratrol (Brotons-Canto et al., 2020). Another interesting property of zein 

nanoparticles is that their surface properties can be easily modified by the coating with 

different polymers, such as poly(ethylene glycol) (Inchaurraga et al., 2019), Gantrez®-

based conjugates (Martínez-López et al., 2021b), soluble soybean polysaccharide (Li et 

al., 2019) or alginate/chitosan complexes (Khan et al., 2019).  

Another important aspect to highlight is the fact that zein hydrolysates (obtained from 

enzymatic digestion of the native protein) appear to possess antioxidant (Shukla and 

Cheryan, 2001; Tang et al., 2010), immunomodulatory (Liang et al., 2020; P. Liu et al., 

2020), and hypoglycemic properties (Higuchi et al., 2013; Mochida et al., 2010). 

 

7.1.2. Why mucus-diffusive (or mucus-permeating) rather than mucoadhesive 

nanoparticles? 

Mucoadhesion may be defined as the adhesive interaction (adhesion) between two 

materials, at least one of which is a mucosal surface (Ponchel and Irache, 1998). This 

phenomenon involves an effective trap of the mucoadhesive material in the proactive 

mucus layer lining the mucosal surface. On the contrary, mucus-permeation involves 

certain degree of diffusion and movement across the protective mucus layer and the 

capability for the mucus-permeating material of reaching the epithelium surface 

(Pangua et al., 2021). Thus, for some administration routes, such as buccal, bladder, and 

vagina, mucoadhesiveness is an asset due to the increased residence time (Netsomboon 

and Bernkop-Schnürch, 2016; Serra et al., 2009). However, mucus-permeating 

nanocarriers have been demonstrated to be more effective than mucoadhesive ones for 
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drug administration through the nasal (Porfiryeva et al., 2021), ocular (Popov, 2020), 

pulmonary (Dong et al., 2020; Popov et al., 2016b) and oral administration routes (Chen 

et al., 2013; Yamazoe et al., 2021).   

Different approaches can be chosen to confer mucus-diffusive properties to the 

nanoparticles, what would allow them to cross the mucus layer and reach the absorptive 

epithelium (Pangua et al., 2021). Facilitating the close contact between the nanocarrier 

and the enterocyte would reduce the exposure of the loaded drug against the harsh 

conditions of the gastrointestinal tract and, thus, increase its oral bioavailability. A 

schematic representation of the behavior of mucoadhesive and mucus-penetrating 

nanoparticles in the gastrointestinal tract is shown in Figure 1.  

 

Figure 1. Schematic representation of the behavior of mucoadhesive and mucus-

permeating nanoparticles in the gastrointestinal tract. Figure produced using Servier 

Medical Art pre-made icons and templates (http://smart.servier.com/). 

 

7.1.3. Why to use PEG to produce mucus-diffusive nanocarriers? 

Several strategies can be addresses in order to increase the mucus diffusivity of a 

nanoparticulated device. Depending on the way of action, mucus-penetrating 

nanoparticles can be classified as active or passive systems (Menzel and Bernkop-

Schnürch, 2018). Active systems modify the structure of the mucus, making it leakier 

(Dünnhaupt et al., 2015). The functionalization of the nanocarrier with thiol groups leads 

to the cleavage of the disulfide bonds between mucins, conferring a more mucus-

diffusive behavior (Dünnhaupt et al., 2015; Rohrer et al., 2016). The decoration of 

nanoparticles with proteolytic enzymes, such as bromelain (Wilcox et al., 2015) or 

papain  (Müller et al., 2014), has demonstrated to increase the capability of the system 

to diffuse in the mucus. However, the alteration of the structure of the mucus may be 

http://smart.servier.com/
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risky because reducing its rheological properties could compromise its protecting 

function over the epithelium (Chater et al., 2018).   

On the other hand, passive systems intend to avoid interactions between the 

nanoparticle and the mucus components (Menzel and Bernkop-Schnürch, 2018). 

Depending on the surface properties of the nanoparticle (mainly hydrophobicity and 

surface charge), its behavior can be mucoadhesive or mucus-diffusive. For instance, 

nanoparticles with positive surface zeta potential have increased electrostatic 

interactions with the negatively-charged mucins (main component of the mucus 

conferring the gel-forming properties), thus, displaying a mucoadhesive behavior 

(Cheng et al., 2021; Vieira et al., 2018). Regarding the surface hydrophobicity of the 

nanoparticle, an increase in the hydrophilicity leads to a reduced interaction between 

the hydrophobic components of the mucus and the system, what is translated into an 

increased mucus diffusion (Pangua et al., 2021). For this purpose, the surface properties 

of the nanoparticles can be modified by the coating with different polymers, such as 

poly(ethylene glycol) (PEG) (Inchaurraga et al., 2015), poly(vinyl alcohol) (PVA) (Popov 

et al., 2016a), N-(2-hydroxypropyl) methacrylamide (HPMA) (Cui et al., 2017), 

conjugates between poly(acrylic acid) and poly(allylamine) (Laffleur et al., 2014), 

conjugates between Gantrez® AN and manosamine (Matías et al., 2020), dextrans 

(Iglesias et al., 2017), or zwitterionic polymers (Gao et al., 2021)  

The “decoration” of nanoparticles with PEG or pegylation is one of the most popular 

strategies to confer mucus-diffusive properties (Abdulkarim et al., 2015). PEGs are 

widely employed in the pharmaceutical industry as excipients in many pharmaceutical 

dosage forms. These hydrophilic and neutral compounds are not absorbed when orally 

administered (Chen et al., 2013). In principle, PEG coating may be achieved by simple 

adsorption (Luis de Redín et al., 2019; Yoncheva et al., 2007) or by covalent binding 

through functional groups located on the surface of just formed nanoparticles (Ruiz et 

al., 2013). Another possibility to decorate nanoparticles with PEG may be the synthesis 

of conjugates between PEG and a polymer (Tobío et al., 2000) or a protein (Lee et al., 

2018) before the formation of nanoparticles. Finally, the coating of nanoparticles with 

PEG considerably reduces their interaction with digestive enzymes  (Tobío et al., 2000). 

 

7.1.4. Why to use C. elegans as a model to evaluate oral nanocarriers? 

C. elegans is an animal model that has been widely used in research because of its 

several advantages, which include optical transparency, genetic manipulability, low cost, 

ease of manipulation, non-hazardous, conserved metabolic pathways with humans, and 

a short life cycle (DasGupta et al., 2020; Hunt, 2017; Yu et al., 2020). Moreover, the 

intestinal tract of this animal model shares some similarities with that of mammals, such 

as acidic environment, secretion of degrading enzymes, intestinal cells with microvilli, 

and peristalsis (Hunt, 2017). Nevertheless, the surface of the absorptive intestinal cells 

of C. elegans is also covered by a glycocalyx-like layer composed by mucins, among other 

compounds (Cohen and Sundaram, 2020). Hence, this animal model seems to be an 

excellent candidate to evaluate the toxicity and viability of orally administered 

nanoparticles by the simple evaluation of its motility, offspring, quantification of 
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reactive oxygen species, gonad morphology, accumulation of autofluorescence, and 

lifespan (Hunt, 2017).  

In addition, this animal model is particularly interesting for the evaluation of oral 

delivery of insulin due to its conserved insulin/IGF-1 metabolic pathway with humans 

(Ayuda-Durán et al., 2019). Insulin binds to the DAF-2 receptor and trigger signaling 

pathways that are involved in aging, development, oxidative stress, thermal stress, and 

lipid metabolism (Ayuda-Durán et al., 2019; Bai et al., 2020; Zheng et al., 2019). When 

worms are cultured under high glucose conditions, they display increased values of 

oxidative stress (Yan et al., 2017), which causes, in last term, an increase in the fat 

accumulation and a reduction in the lifespan (Wang et al., 2018; Yan et al., 2017). In this 

hyperglycemic state, the binding of human insulin to DAF-2 leads to a decrease in the 

fat accumulation within the worm (Martínez-López et al., 2021a; Pierce et al., 2001). 

Thus, the amount of lipidic droplets can be easily quantified and used as marker to 

assess the efficacy of orally delivered insulin.  

 

7.1.5. Which is the mechanism underlying the hypoglycemic effect exerted by the oral 

administration of zein nanoparticles? 

The gastrointestinal tract plays a key role in the glucose homeostasis via the secretion 

of incretin hormones (GLP-1 and GIP) from the enteroendocrine L and K cells, 

respectively. The effect of the incretins over the glucose management is so huge that 

their influence accounts for above 50% of the total insulin release in the body (Bugliani 

et al., 2018; Röhrborn et al., 2015; Vilsbøll and Holst, 2004; Wu et al., 2015). These 

enteroendocrine cells act as sensors of the composition of the chyme and, in response, 

they release the hormones. Both K and L cells sense saccharides, fats, and proteins (Chai 

et al., 2012; Nadkarni et al., 2014; Seino et al., 2010), although carbohydrates and lipids 

are the most potent incretin secretion inductors (Lim and Brubaker, 2006; McIntosh et 

al., 2009). Regarding the protein-mediated stimulation, L cells seem to be more sensitive 

to oligo- or large peptides than to free amino acids (Ishikawa et al., 2015), although some 

of them (e.g., L-glutamine, glycine, alanine, phenylalanine, and arginine) have 

demonstrated to induce GLP-1 secretion (Clemmensen et al., 2013; Pais et al., 2016a, 

2016b). From both incretins, GLP-1 is the most relevant on glucose homeostasis (Holst, 

2019). Despite GLP-1 has effects over several tissues throughout the body, regarding 

glucose homeostasis, the main targets are pancreas, liver, muscle, and heart. It 

stimulates the glucose uptake from heart, muscle, and liver, as well as increases the 

hepatic glucose clearance (Ayala et al., 2009; Nikolaidis et al., 2004). Moreover, it also 

upregulates the inulin production and release from the pancreas (Nadkarni et al., 2014; 

Rowlands et al., 2018), even in healthy humans (Aulinger et al., 2015). Nevertheless, 

GLP-1 also inhibits glucagon release, leading to a hypoglycemic effect (Müller et al., 

2019). In addition, GIP has homologous effects to GLP-1 over the pancreas (Baggio and 

Drucker, 2007; Kim and Egan, 2008). All these factors lead to a decrease in the circulating 

levels of glucose (Chapter 4, Figure 3) and in a better tolerance to a glucose overload 
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(Chapter 4, Figure 8). A schematic representation of how zein nanoparticles would 

achieve they hypoglycemic effect is shown in Figure 2.  

Figure 2. Schematic representation of the mechanisms underlying the hypoglycemic and 

incretin-release inductor effect observed for orally administered zein nanoparticles. 

Arrows represent stimulation; T-bars indicate inhibition.  

 

7.1.6. Why zein nanoparticles induced a hypoglycemic effect but the free protein did 

not? 

In principle, the differences observed in the capability to induce hypoglycemic effects in 

rats between the free protein and zein nanoparticles would be mainly due to their 

physico-chemical behavior and different biodistribution in the gut. The total proteolytic 

activity of digestive enzymes varies in different regions of the intestine, being markedly 

greater in the proximal than in the distal portions (Oleinik, 1995)  

The free protein is highly hydrophobic, what makes it to aggregate upon resuspension 

in water. Furthermore, the aggregates formed by the aqueous resuspension harden very 

quickly when the temperature is below 40 ºC (Zhang et al., 2022), leading to a plastic-

like structure. These hard and highly hydrophobic aggregates will get retained in the 

stomach and upper regions of the gut, where will be digested. It has been demonstrated 

that even before the digestion starts, some amino acids are released from zein (leucine 

> phenylalanine > isoleucine > valine >methionine); and, after enzymatic digestion,  the 

most abundant amino acid released is leucine (Matthews et al., 2011). Leucine is known 

to be one of the amino acids with most potent insulinogogue activity  (Newsholme et 

al., 2006; Yang et al., 2010), and is particularly abundant in zein (Gianazza et al., 1977; 
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Rosentrater and Evers, 2018). Moreover, the digestibility of zein in distal regions of the 

gut (ileum) has been demonstrated to be very poor (Calvez et al., 2021). On the other 

hand, nanoparticulated zein redisperses much better in water than the free protein, 

avoiding the generation of such hard and hydrophobic aggregates. Thus, they reach 

further regions of the gastrointestinal tract in a faster way, especially for PEG-coated 

nanoparticles. Nevertheless, zein nanoparticles are very resistant to the digestion in 

gastric conditions, however, in the intestines, they are digested into peptides (Cheng et 

al., 2019).  

Hence, a feasible hypothesis is that orally administered zein nanoparticles display a 

reduced degradation in the upper regions of the gastrointestinal tract and, once reached 

distal zones, is degraded. The degradation of the nanoparticles would lead to the release 

of peptides (and eventually amino acids) that would be sensed by the enteroendocrine 

cells from the mucosa, leading to the release of incretins (Clemmensen et al., 2013; Pais 

et al., 2016a). Then, GLP-1 stimulates the glucose uptake in several tissues, as well as 

increases the hepatic glucose clearance and pancreatic insulin secretion (Ayala et al., 

2009; Nadkarni et al., 2014; Nikolaidis et al., 2004; Rowlands et al., 2018). Thus, the 

hypoglycemic effect observed seems to be driven directly by the action of GLP-1 on 

increasing glucose uptake from tissues, and indirectly by the increased secretion of 

insulin. Moreover, some amino acids released are able of reaching the pancreas through 

the bloodstream and directly stimulate the β cells (Deeney et al., 2000; Fu et al., 2012; 

Newsholme et al., 2006), what might be potentiating the release of insulin. On the 

contrary, following oral administration, the free protein would start being digested in 

the stomach, releasing peptides and amino acids with potential insulinogogue effect. 

Thus, the release and absorption of leucine and other amino acids in the upper regions 

of the gut may be involved in the development of the hyperinsulinemia observed 

(Chapter 4, Figure 4). However, this increased levels of insulin are not translated into a 

glycemic decrease because when the levels of some amino acids in blood rise, the 

glucose metabolism is inhibited and the protein metabolism is potentiated (James et al., 

2017), even in hyperinsulinemic conditions (Pisters et al., 1991). Afterwards, the 

remaining zein reaches further regions of the gut, where its digestibility is very poor, 

leading to the absence of effect observed over GLP-1 secretion.   

Figure 3 shows a schematic representation of the observed results in animals after oral 

administration of nanoparticulated (NP and NP-PEG50) or free zein, according to their 

biodistribution and digestibility in the gastrointestinal tract.  
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Figure 3. Schematic representation of the fate of orally administered zein nanoparticles 

(NP and NP-PEG50) and the free protein, and the biological effects observed. NP: bare 

zein nanoparticles; NP-PEG50: PEG-coated zein nanoparticles; K: K cell of the intestinal 

epithelium; L: L cell of the intestinal epithelium; GLP-1: glucagon-like peptide 1.  Figure 

produced using Servier Medical Art pre-made icons and templates 

(http://smart.servier.com/). 

 

7.1.7. Why PEG-coated nanoparticles (NP-PEG50) displayed a more potent effect than 

bare nanoparticles? 

Again, the difference remains on the biodistribution of the nanoparticles within the 

gastrointestinal tract. PEG-coated nanoparticles show a more mucus-diffusive behavior 

than bare nanoparticles, thus, they are able of getting closer to the intestinal epithelium 

and reaching further regions of the gut in the same timeframe (Reboredo et al., 2021). 

These, combined with the larger amount of L cells present in the distal zones of the 

intestines (Mortensen et al., 2003; Pais et al., 2016a), lead to the greater GLP-1 release 

observed in animals receiving NP-PEG50 (Chapter 4, Figure 5). Therefore, this group of 

animals also showed an increased secretion of insulin (Chapter 4, Figure 4) and a more 

potent hypoglycemic effect (Chapter 4, Figure 3).  

 

7.1.8. Would the administration of empty zein nanoparticles be useful for the 

management of T1D? 

No. Oral administration of zein nanoparticles has demonstrated to improve the glycemic 

control through incretins and insulin signaling (Chapter 4). However, in the case of T1D, 

the basis of the pathological condition is a destruction of the β cells of the pancreas, 

what leads to an insulin deficiency (Katsarou et al., 2017; Tan et al., 2019). Thus, despite 

of the insulinogogue effect of the nanoparticles, no increase in the insulinemic values of 

a T1D individual would be expected. However, the administration of insulin into zein 

nanoparticles could be beneficial for the patient due to the synergistic effect of GLP-

1/GIP combined with insulin. Actually, it has been reported that patients receiving GLP-

http://smart.servier.com/
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1R agonists in combination with subcutaneous insulin displayed a better control of the 

glycemia, as well as reduced daily insulin doses and a decrease in the glycated 

hemoglobin levels (Liu et al., 2019). Moreover, the administration of insulin into zein 

nanoparticles could also be beneficial not only for the glucose management but also to 

improve other outcomes of T1D such as bone deterioration thanks to the effects of GLP-

1 and GIP (Mansur et al., 2015). 

 

7.1.9. Why would the hypoglycemic effect of the nanoparticles be beneficial for the 

management of Alzheimer’s Disease? 

Alzheimer’s Disease (AD) is the most common type of dementia (Hodson, 2018; Soria 

Lopez et al., 2019), although the etiology of the illness is still not well understood. 

However, new understandings regarding its pathogenesis brought to light a close 

relationship between AD and diabetes (De la Monte, 2014). Actually, the relationship 

seems to be so close that some authors refer to AD as type 3 diabetes (De La Monte and 

Wands, 2008; Kandimalla et al., 2017; Mittal et al., 2016). A reduced insulin signaling in 

the brain (De la Monte, 2014; Kandimalla et al., 2017; Rorbach-Dolata and Piwowar, 

2019) and increased blood glucose levels (Crane et al., 2013) are associated to the 

development of dementia. In fact, the treatment of AD animal models with insulin (Mao 

et al., 2016; Salameh et al., 2015; Vandal et al., 2014) or GLP-1 analogues (Batista et al., 

2018; Hansen et al., 2015) have demonstrated to alleviate the symptoms of the 

pathology. Thus, Mao and coworkers, found that the intranasal administration of insulin 

improved the brain insulin signaling, leading to an increase in hippocampal neurogenesis 

and reduction in β-amyloid production and cognitive impairment in mice. In addition, 

Batista and coworkers, demonstrated that administration of liraglutide (GLP-1 analogue) 

reduced the symptoms of insulin resistance in the brain, protected against a chemical 

induction of AD (based on a loss of insulin receptors), and led to a cognitive 

improvement in mice and primates.  

Therefore, the hypoglycemic, insulinogogue, and GLP-1-secretion inductor effects 

observed for orally administered zein nanoparticles may improve the development, and 

outcomes, of Alzheimer’s Disease. 

 

7.1.10. Why the administration of zein nanoparticles did not improve the outcomes of 

the animal model of AD? 

In our study, the animal model of choice was the SAMP8 mice, which starts developing 

memory and learning impairments at the age of 6 months (Liu et al., 2020; Moreno et 

al., 2017). The age of the mice at the beginning of the experiment was 7-month-old, time 

by when the animals already show tau hyperphosphorylation and Aβ deposition (Bayod 

et al., 2015; Del Valle et al., 2010; Moreno et al., 2017; Zhang et al., 2019). Hence, the 

time when the administration of the treatments started could be too late to reverse the 

development of the histopathological lesions that lead to the cognitive impairment in 

AD, even if the treatments induces insulin and GLP-1 secretion. These findings would fit 

with a previous report in which the administration of insulin was able of slowing the 

progression of young, but not older (more than 6 months old), SAMP8 mice (Kamei et 
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al., 2017). Another reason for the lack of beneficial effects observed could be the dose 

or posology chosen (200 mg/kg every two days). Maybe, the followed administration 

schedule was not enough to achieve a good effect and, a daily dose of nanoparticles 

could have been more effective.  

 

7.1.11. Which could be the underlaying mechanism involved in the increased life 

expectancy observed in animals receiving zein nanoparticles? 

The lifespan-increasing effect observed in animals receiving NP may rely on a 

combination of the properties of the nanoparticles and its degradation products 

(peptides and amino acids). First, zein nanoparticles have demonstrated to induce an 

hypoglycemic effect (Chapter 4, Figure 3), which could counteract the physiological 

hyperglycemic state of SAMP8 mice (Cuesta et al., 2013; Liu et al., 2015). The reduction 

in circulating glucose levels would lead to a reduction in the formation of AGES and ROS 

that cause accelerated aging (Moldogazieva et al., 2019; Volpe et al., 2018). Second, the 

increased GLP-1 secretion-inductor effect of nanoparticles (Chapter 4, Figure 5) could 

be leading to a rise in the production of two factors with longevity-promoting effects: 

fibroblast growth factor-21 (FGF21) and insulin-like growth factor (IGF-I) (J. Liu et al., 

2019; Yan et al., 2021). Third, the composition of zein is particularly rich in leucine, a 

branched-chain amino acid that induces mitochondrial biogenesis, what is translated 

into a reduced accumulation of ROS and increased longevity in animals (D’Antona et al., 

2010; Duan et al., 2016; Valerio et al., 2011). Thus, a combination of all these 3 

phenomena may be driving the lifespan expansion observed in animals receiving a 

suspension of bare zein nanoparticles through the oral route.  

 

7.1.12. Why PEG-coated nanoparticles did not induce the same lifespan-expanding 

effect than bare nanoparticles? 

Although PEG-coated zein nanoparticles (NP-PEG50) displayed the most potent 

hypoglycemic (Chapter 4, Figure 3) and GLP-1-inductor effects (Chapter 4, Figure 5), 

SAMP8 mice receiving a suspension of this type of nanoparticles did not show an 

increase in the longevity (Chapter 5, Figure 7). The reason for this may be a reduced 

residence time within the gastrointestinal tract of the animals. NP-PEG50 have 

demonstrated to move rapidly through the gut, reaching the cecum of rats 2 hours post-

administration (Reboredo et al., 2021). In addition, in the experiment carried out in 

SAMP8 mice, the dose of nanoparticles was 200 mg/kg nanoparticles while in the 

experiment developed to evaluate the capability of nanoparticles to reduce the glycemia 

and increase GLP-1, the dose was 50 mg/kg nanoparticles. Hence, the higher dose of NP-

PEG50 carries with higher amounts of PEG. PEGs are polymers with a laxative function 

caused by the osmotic draw of water molecules (Chen et al., 2013; Corsetti et al., 2021) 

that generate hydrogen bond with the polymer (Leung, 2014). This retention of water in 

the lumen leads to an increase in the size of the stools, what stimulates peristaltic 

reflexes (Birrer, 2002). Therefore, the combination of these two factors (increased flow 

through the gut and laxative effect from PEG) may lead to a faster excretion of the 

nanoparticles, which would not have time enough to be degraded and release the 

biologically active peptides and amino acids.  
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7.1.13. Would you expect the administration of free zein to induce a similar effect as 

NP on the lifespan of mice? 

No. As already discussed, the fate of the orally administered free zein is not the same as 

the ones of NP and NP-PEG50. A suspension of free zein would form hard and highly 

hydrophobic aggregates that would alter the biodistribution and digestibility of the 

protein. This would lead to the null effect over the glycemia and GLP-1 release and, as 

consequence, no effect over the lifespan of the animals would be expectable either.  

 

7.1.14. What are the main advantages and limitations of the process employed for the 

preparation of insulin-loaded nanoparticles?  

The preparative process of zein nanoparticles, either bare or PEG-coated, is a simple and 

reproducible technique that does not need for the use of crosslinkers or other reactive 

compounds to obtain formulations displaying homogeneous sizes between batches. 

Moreover, resulting nanoparticles have a high encapsulation efficiency of insulin 

(around 80%) and the procedure does not alter or degrade the proteins. Nevertheless, 

the process is scalable, and the end-product is a dry powder ready to be dispersed in 

water. On the other hand, the disadvantages of the system are the high hygroscopicity 

of the powder and the presence of insulin molecules in the surface of the resulting 

nanoparticles.  

 

7.1.15. How could the presence of insulin on the surface of the nanoparticles be 

minimized? 

Due to the formulation process of the nanoparticles (desolvation) and the structure of 

the resulting zein nanocarriers, some insulin seems to be present in the surface of the 

system. Zein nanoparticles are formed by around 25 nm blocks that, during the 

desolvation step, collapse to form the 200 nm matrix nanoparticle (Martínez-López et 

al., 2020). During this process, the insulin that is present in the hydroalcoholic medium 

gets entrapped in the zein matrix, thus, some insulin molecules may get retained in the 

surface of the nanoparticle. One approach to reduce the presence of insulin in the 

surface of the nanoparticles would be to conjugate the insulin with a hydrophobic 

compound (e.g., bile salts, phospholipids, or fatty acids). Hence, after the addition of the 

insulin conjugates to the medium, and prior to the desolvation step, the conjugates 

would form droplets that upon desolvation would get covered by the zein blocks 

(Elzoghby et al., 2017). However, this would change the structure of the matrix 

nanoparticle to a nanocapsule with an oily core (Elzoghby et al., 2017; Sallam and 

Elzoghby, 2018). This would be an interesting approach because it would confer two 

benefits at once. On the one hand, the encapsulation of insulin-bile acid conjugates 

would reduce the presence of insulin molecules in the surface of the nanoparticle, 

leading to a reduced initial release of the hormone during incubation in gastric or 

intestinal fluids. On the other hand, the presence of bile salts could increase the uptake 

of insulin across the intestinal epithelium. 
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7.1.16. Is the encapsulation of insulin into zein nanoparticles enough to achieve a good 

oral bioavailability? 

No. The use of zein nanoparticles is a good strategy to protect the hormone during its 

pass through the gastrointestinal tract and, the coating with PEG, confers a muco-

diffusive behavior that led to an almost 2.5-fold increase in the oral bioavailability of 

insulin, compared to bare nanoparticles. However, the relative oral bioavailability 

achieved was still a 10.2%. Despite this value is slightly greater than others obtained 

with different nanocarriers such as SNEDDS (7.15%; (Zhang et al., 2012)) or PLGA-

chitosan composite nanocarriers (7.77%; (Xu et al., 2017)), it is lower than others 

reported for liposomes (15.7%; (Koland et al., 2021)) or other polymeric nanoparticles 

with mucus-penetrating properties (16.2%; (Zhou et al., 2020). Due to the fact that zein 

nanoparticles do not pass to the bloodstream (Irache and González-Navarro, 2017), their 

function is to transport intact insulin to the surface of the epithelium, where it will be 

released and absorbed by the enterocytes or M cells (Shakweh et al., 2004). However, 

the absorption of insulin is still very poor since the uptake is receptor-mediated (Hall et 

al., 2020) and most of the internalized insulin would suffer from endosomal degradation 

(McClain, 1992; Wu et al., 2019).  

 

7.1.17. How could the absorption of insulin through the intestinal epithelium be 

increased? 

To increase the uptake of insulin through the absorptive barrier different approaches 

could be addressed, which are schematically represented in Figure 4. One strategy could 

be the encapsulation of a fusion protein consisting on insulin and the Fc (fragment 

crystallizable) of immunoglobulins (Faust et al., 2020). The reason for this is the presence 

of Fc receptors (FcRn) in the apical membrane of enterocytes, what allows the 

internalization and trafficking of immunoglobulins through the intestinal epithelium 

(Date et al., 2016). This strategy has demonstrated to promote intestinal uptake of other 

molecules functionalized with Fc (Lawrence et al., 2021). Likely, similar results could be 

achieved with the insulin-Fc fusion protein. Another feasible strategy is the co-

encapsulation of insulin with bile salts (e.g., glycodeoxycholate, sodium deoxycholate or 

taurocholate), which are known to have absorption-enhancing effects by improving the 

solubilization of drugs through hydrophobic barriers, increasing the fluidity of the cell 

membrane (Moghimipour et al., 2015) and enhancing the paracellular permeability 

(Brayden and Stuettgen, 2021). Previous works have demonstrated that the 

encapsulation of insulin-sodium deoxycholate complexes into PLGA nanoparticles have 

a great hypoglycemic effect, inducing about 70% reduction in the glycemic values and 

lasting more than 24 hours (Sun et al., 2011). Moreover, an interesting feature of bile 

acids is their capability of inducing GLP-1 release (Bala et al., 2014). Thus, the co-

encapsulation of insulin with bile acids into zein nanoparticles could increase, 

synergistically, the efficacy achieved. The use of cell-penetrating peptides (CPP), as 

permeation enhancers, is another strategy that can be used to increase the 

internalization of insulin into enterocytes. CPPs are peptides of less than 20 amino acids 

that are efficiently internalized into the cells, and can be divided into cationic peptides 

(e.g., TAT peptide and oligoarginine) and amphiphilic peptides (e.g., penetratin) (Kamei 
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et al., 2013). The ways by which CPPs pass through the cell membrane depend on their 

composition and physicochemical properties (Gräslund et al., 2011). For instance, 

penetratin changes in secondary structure upon contact with the cell membrane and, 

due to its amphiphilic behavior, it passes through the membrane (Gräslund et al., 2011). 

Coadministration of insulin with different CPPs has demonstrated to increase intestinal 

absorption of the hormone in the ileum of rats (Kamei et al., 2008). Thus, the 

encapsulation of insulin-penetratin nanocomplexes (Kaklotar et al., 2016; Kristensen et 

al., 2015), into zein nanoparticles could increase the oral bioavailability of the drug. 

Finally, another strategy that could be addressed is the functionalization of insulin with 

endosomal scaping signals to avoid the degradation of the endosomal content. In this 

case, once the insulin-containing endosome would be internalized, the breakdown of its 

content could be evaded by different mechanisms, such as membrane fusion, pore 

formation, flip-flop phenomenon, or proton sponge effects, among others (Shete et al., 

2014; Varkouhi et al., 2011). Interestingly, some histidine-rich CPPs can also act as 

inductors of endosome escape by absorbing protons from inside the vesicle and 

swelling, leading to the alteration of the membrane of the vesicle (Shete et al., 2014). 

Thus, the conjugation of insulin with histidine-rich CPPs and further encapsulation into 

zein nanoparticles could be an interesting approach for increasing the oral bioavailability 

of the hormone. 

Figure 4. Schematic representation of different approaches that could increase the 

uptake of insulin across the intestinal epithelium. Fc: fraction crystallizable; FcRn: 

Fraction crystallizable receptor neonatal; CPP: cell-penetrating peptide. Figure produced 

using Servier Medical Art pre-made icons and templates (http://smart.servier.com/). 

  

http://smart.servier.com/
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8. Conclusions 

 

1. The coating of zein nanoparticles with poly(ethylene glycol) 35,000 can be carried out 

by incubating the excipient with the just formed nanoparticles in an aqueous 

environment, prior to the purification and drying in a spray-drier. The PEG layer confers 

a hydrophilic corona that significantly improve the capability of zein nanoparticles to 

diffuse in pig intestinal mucus. In vivo, PEG-coated nanoparticles (prepared at a PEG-to-

zein ratio of 0.5) displayed mucus-permeating properties and moved rapidly along the 

gut, reaching the cecum two hours post-administration.  

 

2. Zein-based nanoparticles, orally administered to healthy rats, induced a hypoglycemic 

response and improved the glycemic control against an ipGTT. These responses would 

be mediated by the ability of zein nanoparticles to induce the secretion of GLP-1. This 

effect was higher for PEG-coated than for bare nanoparticles, probably due to their 

mucus-permeating properties and their capability to reach rapidly distal areas of the 

ileum, where L cells are primarily found.  

 

3. In a mouse model of accelerated senescence (SAMP8), the oral administration of zein-

based nanoparticles at the age of 7 months did not induce any beneficial effect on the 

learning impairment and memory disorders of this model, similar to those observed in 

AD, probably due to the already-developed state of the pathology when the treatment 

started. 

 

4. Supplementation of the glucose-enriched growth medium of C. elegans with either 

NP or NP-PEG50 reduced the fat accumulation and increased the lifespan of the worms 

(more than 50%), without differences between bare and PEG-coated nanoparticles. 

Nevertheless, the addition of a solution of PEG to the culture medium did not affect the 

lifespan of the worms.  

 

5. SAMP8 mice receiving orally bare zein nanoparticles every two days from 7 months 

of age, displayed a median life expectancy significantly higher than control animals 

(about 30%). This increased lifespan was not found in animals treated with PEG-coated 

nanoparticles, probably due to the reduced intestinal retention caused by their 

increased movement within the gut combined with increased peristaltic reflexes caused 

by PEG.   

 

6. Zein nanoparticles can be loaded with insulin, achieving an insulin payload of around 

80 µg per mg nanoparticles. The encapsulation of the hormone did not alter the 

capability of the resulting nanoparticles to be coated with PEG.  

 

7. Supplementation of the glucose-enriched growth medium of C. elegans with insulin-

loaded nanoparticles significantly decreased the fat accumulation in the nematodes. 

This effect was significantly higher for insulin loaded in PEG-coated nanoparticles than 
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for bare ones. The reduction in the accumulation of fat in worms treated with I-NP-

PEG50 was similar to that provided by the positive control (Orlistat®). 

 

8. In diabetic rats, insulin-loaded nanoparticles enhanced intestinal absorption of insulin 

when orally administered. Both formulations showed a hypoglycemic effect that lasted 

for at least 6 hours. Moreover, the increased mucus-diffusivity of PEG-coated 

nanoparticles increased the main pharmacological and pharmacokinetic parameters, 

leading to a 14.9% pharmacological activity (PA) and a 10.2% relative oral bioavailability 

(Fr) compared to a subcutaneous injection of the protein. 
 


