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ABSTRACT 

 
  The synthesis and characterization of biomimetic molecularly 

imprinted nanoparticle polymers (MIPs) via chemical patterning was studied using 

two sources of insulin for determination of effective selectivity. Dynamic laser light 

scattering (DLS) measurements revealed that the zeta potentials of the nanoparticles 

were size-dependent and were between -20 to -33 mV with an average particle size in 

the range of 200 to 220 nm. This was confirmed by transmission electron microscopy 

(TEM) observations and atomic force microscopy (AFM) images which showed the 

template pattern-dependencies and confirmed that the accommodated bionanomaterial 

was inside the nanopores with a size of 22525 nm (heightlengthwidth). This 

was also related to the geometry of the insulin. Analysis by the Brunauer-Emmett-

Teller (BET) demonstrated the presence of mesopores of around 20 nm as well. AFM 

images showed the immobilization of isolated amino acids assembled on the insulin 

surface within the internal particle that tuned the scattering as determined by the 

Raman intensities and their expected involvement in the viability of the geometry. All 

the MIPs exhibited a much higher affinity towards the insulin and the bound islets 

with different adsorption kinetics due to two equilibria. There was a significantly 

higher partition behavior at a pH of 7.4 in a sustained–release manner for 12 h, 
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compared to the pH of 1.2. In vitro-in vivo correlations in diabetic Wistar rats showed 

that the measured rate limitation   was the same within 2 h, as the result of the small-

molecule ligands that were associated at the outer layer and presented a barrier for the 

diffusion of both types of oral insulin across the GI resulting in a significant 

hypoglycemic effect for up to 24 h. Thus, the MIPs biomimetic receptors were 

employed for analysis of functional and directional-molecular interactions in the 

nanoscale material for biocompatibility and showed a potential for designing 

switching formulations for the delivery of oral insulin. Further investigation in the 

effects of interaction of MIPs nanoparticles with insulin on intestinal transport was 

carried out in animal models. Fluorescence spectroscopic analysis and desorption test 

revealed the better interaction of MIP with insulin compared to the control polymer 

(NIPs). Immunohistochemistry study indicated that the insulin remained active after 

the oral administration. Immunofluorescence staining results showed the in vivo 

absorption of MIPs nanoparticles and insulin. The fluorescent intensity of rhodamine 

labeled insulin for MIPs was significantly greater (P< 0.0001) than that of NIPs. 

Ultrastructural examination of intestinal segments by electron microscope displayed 

the uptake of insulin loaded MIPs nanoparticles via transcellular pathway by 

enterocytes whereas; no insulin was observed in the paracellular space. 

Histopathological observation exhibited no obvious toxic effect after orally treated 

with MIPs loaded insulin (100 mg/kg) daily for 14 days compared to control group. 

The above results suggest that biomimetic-insulin MIPs nanoparticles could be an 

effective tool for oral insulin delivery. The approach of imprinting for oral delivery 

application has potential to enhance bioavailability.  
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CHAPTER 1 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

Rapid advancement in biotechnology and cell biology research has resulted in 

a variety of potent therapeutics including proteins and peptides. Several chronic 

diseases (i.e., hepatitis, rheumatoid arthritis, cancer and diabetes) have been treated 

with proteins and peptides drugs (Tan et al., 2010; Patel et al., 2014).  Diabetes is a 

group of metabolic disorder associated with hyperglycemia which occurs due to lack 

of insulin production or ineffective action of insulin. The chronic hyperglycemic 

condition can cause long-term damage to body tissues which can lead to life-

threatening diseases including risk of blindness, renal failure, nerve damage and heart 

diseases (Gavin et al., 2003). The prevalence of diabetes is now considered as a 

global public health threat and 415 million people estimated to have diabetes 

according to information of the International Diabetes Federation (IDF) 7th edition, 

2015.  Currently 78.3 million people of South-East Asia are suffering from diabetes 

which will soar to 140.2 million by 2040, if the current demographic pattern 

continues. As a result the overwhelming burden of diabetes will continue to have an 

adverse impact on economy. Pancreatic beta cells produce insulin hormone that is 

essential for utilizing glucose from food to convert into energy as well as to maintain 

glucose homeostasis (Fu et al., 2013). Insulin therapy has been used to combat the 

both type I (insulin-dependent) and type II (noninsulin-dependent) diabetes. Since the 

introduction of insulin as a therapeutic agent in 1922, the subcutaneous (s.c.) has been 

the main route of choice for insulin therapy. However, daily multiple injections of 

insulin have major drawbacks such as risk of pain, infection, hyper-insulinemia, 
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lipoatrophy, insulin neuropathy etc. lacking patient compliance (Owens et al., 2003).   

Therefore, a number of alternative insulin formulations have been explored including 

oral, buccal, nasal, transdermal, pulmonary and other non-invasive systems but only 

with a little success (Owens, 2002; Cefalu, 2004; White et al., 2005; Lelej-Bennis et 

al., 2001; Bruce et al., 1991; Heinemann, 2010). Intrapulmonary route gained lots of 

interest for administering insulin due to the large surface area of the respiratory tract 

that have potential for peptide drug and encouraged for the development of inhaled 

insulin (Owens et al., 2003). However, the inhaled insulin was withdrawn from the 

market because of long term safety and patient compliance issues (Bailey and Barnett, 

2007). In insulin dependent diabetes mellitus pancreatic transplantation could be the 

best intervention to control the blood glucose level avoiding insulin therapy. 

Nevertheless, the highest morbidity rate of pancreas transplantation limits its 

application to the patients (Afaneh et al., 2011).   

Among the alternative routes, the most compelling method for insulin 

administration is oral route due to the convenience and high patient compliance. In 

addition, orally administered insulin would imitate the physiologic insulin secretion 

pathway similar to non-diabetic individuals and could provide better glucose 

homeostasis (Kim et al., 2010). However, insulin is a protein drug therefore it is 

susceptible to enzymatic degradation due to the digestive enzymes like proteases in 

the gastrointestinal (GI) tract and chemical degradation by the harsh chemical 

environment of the GI tract (Huining et al., 2013). In recent years various  approaches 

have been investigated to improve oral insulin including chemical alteration of 

peptides (Hinds and Kim, 2002), use of enzyme inhibitors (Marschütz and Bernkop-

Schnürch, 2000; Su et al., 2012), enteric coating with chitosan (Cui et al., 2009; Fonte 
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et al., 2012) and microencapsulation of insulin (Kim et al., 2009; Cárdenas-Bailón et 

al., 2015). The other obstacle of oral insulin delivery is the limited permeability of 

insulin to the gastrointestinal mucosal epithelial layer results in poor bioavailability of 

the drug even after high dose of oral administration (Avadi et al., 2010).  

Hydrogel delivery system is another prominent contemporary effort to develop 

oral delivery using ‘smart’ carrier for achieving controlled release of insulin (Lowman 

et al., 1999; Kumar et al., 2006). The advantage of hydrogel delivery is their ability to 

slow the drug release due to the interaction of drug with the hydrogel networks. 

Therefore, they provided slower rate of insulin release than the conventional injection 

therapy and enabled the delivery of insulin in the GI tract (Morishita et al., 2006).  

However, the drawbacks of this system still remained to solve owing to the lack of 

molecular recognition leads to difficulties such as significant insulin release in 

stomach resulted in inactivation of insulin by digestive enzymes or physiological 

conditions in stomach. Besides the reloading of insulin occurred mainly from non-

specific adsorption which lacks an effective treatment (Byrne and Salian, 2008).   

Recently, nanoparticle based approaches have gained interest for 

proteins/peptides drug delivery. Polymeric nanoparticles may be defined as the solid, 

colloidal carriers in the size range of 10 to 1000 nm (Rao and Geckeler, 2011). 

Polymeric nanoparticles have advantages over the other carrier system which is 

attributed to their high surface area to volume ratio that enables the surface of 

nanoparticles to interact with the GI epithelium and mucus result in the improvement 

of transmucosal transport. In addition, they are capable of protecting the encapsulated 

proteins/peptides from chemical degradation.  Moreover, controlled-release properties 
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can be offered by nanoparticulate system for encapsulated drugs (Lowe and Temple, 

1994; Janes et al., 2001; Galindo-Rodriguez et al., 2005).  

Molecular recognition is an essential biological process ubiquitous in nature 

can be considered as the mainspring of life courses that mimics the natural 

counterparts (Bergmann and Peppas, 2008). Molecular imprinting is a promising 

technique to form a synthetic network with molecular recognition sites for a specific 

template molecule, with selectivity mimicking antigen-antibody interaction and 

enzymatic catalysis. The drawback of biological receptors is their physicochemical 

stability and limited shelf-life as well as isolation and purification is expensive and 

time consuming. Molecularly imprinted polymers (MIPs) are able to selectively 

recognize a specific biomolecule (template) because of the presence of 

complementary recognition sites within the polymer matrix. MIPs are usually 

prepared by the polymerization of the functional monomers and crosslinkers in the 

presence of the desired template in suitable porogenic solvent. Afterwards the 

template is removed and left behind the memory of the template inside the polymer 

structure which is complementary in terms of size, shape and positioning of the 

functional groups as shown in Figure 1 (Kryscio and Peppas, 2012).  

 



5 
 

 

Figure 1 Illustration of the synthesis of molecularly imprinted polymer nanoparticles 

in this study. (A) Mixture of template (protein), functional monomers and 

crosslinkers. (B) Complexation between template and functional monomers via non-

covalent interaction. (C) Polymer network formation by free radical polymerization. 

(D) Removal of template allows remaining the complementary binding sites.  

The selective recognition of MIPs originates from the interaction of the 

template molecule with the functional monomers via non-covalent or covalent 

chemistry. Non-covalent approach involves self-assembly process which occurs from 

various interactions i.e., ionic, electrostatic, van der Waals, hydrophobic and 

hydrogen bonding. The non-covalent imprinting has been employed for the 

biomacromolecules because it is simple in operation, easy to remove the template and 

provides higher affinity binding sites (Vasapollo et al., 2011; Yan and Row, 2006; 

PBS pH 7.4
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EL-Sharif et al., 2014). Unlike small molecule the protein templates provide several 

binding sites from different cluster of peptide sequences which may participate in 

recognition characteristics via hydrogen bonding, hydrophobic or other electrostatic 

interactions. The hydrophobic residues are the target regions of molecular recognition 

for protein. Polar residues remaining on the protein surface are suitable for 

hydrophobic and electrostatic interactions which are responsible for maintaining the 

protein conformation and folding of proteins even though the amino acids 

composition and sequence is associated to structure and function cannot be effectively 

imprinted because of specific dynamic effects of some amino acids. Therefore, 

capitalizing non-covalent interaction to create the binding sites in different region of 

the polymer matrix that is corresponding to the suitable position of the protein surface 

would promote effective binding (Turner et al., 2006). The functional material 

obtained by this approach may lead to the opportunities in the formation of synthetic 

biomimetic system that is able to detect and function in cell signaling pathway. The 

covalent imprinting comprises pre-organized approach by the formation of covalent 

linkage between template and functional monomers. The success of this technique 

relies on the maintenance of stable reversible covalent interaction during 

polymerization at the same time the covalent linkage should be easily removable 

without affecting the binding sites (Wulff et al., 1977; Wulff, 1995).        

The advantages of MIPs include the high stability, re-usability, resistance to 

harsh environment, ease of preparation and cost-effectiveness. These make MIPs 

suitable to use in several fields such as in chemical sensors (Kotova et al., 2013; Latif 

et al., 2014; Suksuwan et al., 2015; Naklua et al., 2016), separation (Balamurugan et 

al., 2012; Yang et al., 2016), catalysis (Czulak et al., 2013; Orozco et al., 2013), 
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artificial antibodies (Karimian et al., 2014; Kunath et al., 2015), and discovery of 

potential drugs (Yu et al., 2002; Naklua et al., 2015). Other applications of MIPs in 

pharmaceutical aspects include protein crystallization (Saridakis et al., 2011; 

Saridakis and Chayen, 2013), cell culturing (DePorter et al., 2012; Murray et al., 

2014), tissue regeneration (Rosellini et al., 2010) and molecular probes (Naklua et al., 

2016a; Iwata et al., 2016).  Furthermore, the high loading capacity of MIPs and their 

ability to sustain the release of the drug which can be achieved from modification of 

the cross-linking type and amount that allow them to fulfill the requirements for 

modern drug delivery systems (Puoci et al., 2011). Suedee et al. developed the 

enatioselective drug delivery system employing MIPs for selective release of the 

target β-blockers (Suedee et al., 2000). 

 A biomimetic recognition system of MIPs relies on the synthesis of the 

polymerized materials surrounded by template protein structure regarding the 

monomeric mixture consisted of MIPs formulation. The resultant biomimetic 

imprinted materials play a massive role in mimicking as a surface layer barrier of 

solutes, chemical molecules and microorganisms (Hussain et al., 2013). The ability of 

the MIPs of mimicking the nature of the enzymes by the formation of three 

dimensional cavities enabled them the biomimetic recognition of biomacromolecules 

(Parmpi and Kofinas, 2004).  Rational design of biomimetic protein imprinted 

materials involves the selection of template, functional monomers, cross-linker and 

polymerization process plays an important role to get the desired imprinted polymers. 

The recognition properties of biomimetic MIPs are strongly dependent on the 

judicious choice of functional monomers and monomer-template ratio. Acrylic 

derivative such as methacrylic acid (MAA) is the most widely used functional 
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monomer for protein imprinting. It provides strong ionic interaction with basic 

functional group of protein and carboxyl group of this monomer act as an excellent H-

bond donor and acceptor (Chen et al., 2009). Acrylamide (AAm) is a common 

monomer which is usually exploited for imprinting macromolecules with affinity and 

selectivity as well as specific recognition to the target protein (Pan et al., 2009). 

Cross-linker provides the mechanical properties to the polymer matrix which 

combined the ingredient to form a component assembly is important for maintaining 

the porous structure of the polymer and three-dimensional shape of the recognition 

sites after template removal. The choice of cross-linking monomer greatly affects the 

rigidity of the polymer, which is important for rebinding process especially for protein 

where the flexibility of the cross-linked polymer is required that play vital role on 

maintaining the resultant imprinted sites from collapsing after washing out the 

template (Yang et al., 2012). In the typical formation of protein recognition water 

soluble cross-linker, N,N-methylene-bisacrylamide (MBAA) is suitable for template 

protein solubility and can provide the affinity in the polymer matrix. The imprinted 

polymer consisted of polyacrylamide hydrogel prepared by using MBAA as cross-

liner has been investigated for protein crystallization that demonstrated selective 

affinity between MIPs and target protein (Saridakis and Chayen, 2013).     

 Preparation of highly selective protein imprinted polymers is extremely 

challenging in contrast to small molecules because there are few key issues need to be 

addressed such as protein solubility, size, conformational instability and nonselective 

binding (Verheyen et al., 2011). Most of the proteins are water soluble therefore an 

aqueous system is usually used as porogenic solvent during polymerization. However, 

aqueous medium can interfere with the non-covalent interaction between functional 
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monomers and template protein that may lead to the formation of less recognition 

sites (Yang et al., 2012). Due to the large size of the protein, cross-linked density of 

the imprinted polymer affect the mass transfer of the template that result in low 

rebinding kinetics (Valdebenito et al., 2010). The presence of large number of 

potential binding sites at the protein surface can cause non-specific binding of the 

template and may give little imprint effect (Zahedi et al., 2016). The complexation 

between functional monomers and protein template (Figure 1 B) during pre-

polymerized process governs the nature of imprinted pattern and the protein imprinted 

binding sites. Therefore, this template-functional monomer assembly creates the 

imprint cavity which should keep intact during polymerization process and 

simultaneously assist in subsequent template removal without affecting the 

recognition sites in the polymer network (Kryscio and Peppas, 2012).   

Human insulin which is the template of interest in this study is a globular 

protein composed of 51 amino acid residues with molecular mass of 5808 Da. It is 

consisted of two polypeptide chains named as A- and B- chains are connected by two 

disulphide bonds (Figure 2). The A-chain consists of 21 amino acids and has an extra 

disulphide bond between A6 and A11 residues while chain B has 30 residues 

(Gualandi-Signorini and Giorgi, 2001). At low concentration (about 1 ng/mL) and 

neutral pH insulin exists as monomer which is the active form of the hormone, zinc 

ions promotes the formation of hexamer state at higher concentration (Drachev et al., 

2004). The isoelectric point (IP) of human insulin is 5.3. The insulin exhibits a net 

negative charge above the pH than IP and it shows positive charge when the pH is 

below than isoelectric point. In this work, we used intermediate acting insulin as 

suspension formulation that acts as one template and another one is insulin-bound 
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islets that were isolated from rat pancreas. The insulin formulation is hexameric form 

of insulin containing glycerol as tonic stabilizer and meta-cresol or phenol as 

preservative. The pH of the vehicle is buffered at 6.9-7.5 (Gualandi-Signorini and 

Giorgi, 2001).  

 

Figure 2 Amino acid sequence of human insulin (Drachev et al., 2004). 

Monodisperse MIPs nanoparticles have been reported to allow surface 

imprinting for small molecules in polymer and they can be prepared by various 

polymerization methods such as suspension polymerization (Alizadeh et al., 2012), 

microemulsion polymerization (Belmont et al., 2007), multi-step swelling 

polymerization (Haginaka and Sanbe, 2001), nonaqueous dispersion (Dvorakova et 

al., 2010) and precipitation polymerization (Yoshimatsu et al., 2007). Among these 

techniques, precipitation polymerization is a common method for synthesizing of 

monodispersed MIPs due to its ability to produce spherical particles with controlled 

size distribution (Wang et al., 2007). The other advantages of this method are devoid 

of grinding and/or sieving that destroy the template binding sites (Pardeshi et al., 
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2014) and ease of preparation without addition of surfactant or stabilizer (Chaitidou et 

al., 2008). This technique provides the high affinity with greater accessible binding 

sites over the entire particle since it does not require any solid substrate. The size of 

particles can be controlled by sedimentation and filtration during purification and 

extraction of the template. The choice of functional monomers, solvent and amount of 

cross-linker is related to particle size of the resultant synthesized nanoparticles. 

Previous study showed that aqueous precipitation polymerization is a rapid and facile 

procedure with biocompatibility for the preparation of the protein imprinted 

nanoparticles (Pan et al., 2013). In this study, we employed aqueous precipitation 

polymerization technique to generate recognition sites into MIP nanoparticles.  

Biomimetic systems using recognition materials in nanotechnology exhibit 

long-term stability that has recognition mimics to natural system for the nanoparticle-

protein association. Schirhagl et al. successfully prepared biomimetic materials for 

insulin sensing using molecular imprinting and showed that the approach can address 

the loss of mass transfer kinetics and the difficulty to remove large macromolecules. 

In addition, the design of MIPs enabled their prolonged usage (Schirhagl et al., 2010; 

Schirhagl et al., 2012). The mechanism of action of the increased protein/peptide 

uptake into cell for pharmacological effect is not precisely known. Recent evidence 

has shown that a number of protein translocation can penetrate into the epithelial cell 

(Nakayama et al., 2011). It is well known that the chemical compounds and sensing 

molecules that provide the active transport of macromolecules passing across the GI 

epithelial layer in the electroporation interaction. However, the dynamic amino acids 

within protein structure that maintain the natural integrity for protein folding would 

affect the uptake on the lipid-protein bilayer in the cell membrane. The MIPs carrier is 
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associated to not only geometry effect of the protein but also diversity of cell 

activities. Their surface properties such as charge, chemical groups, and hydrophobic 

effect should be adjusted to make the complementary binding sites with the functional 

monomers within the surrounded cross-linking chain. In addition, the uses of the 

imprinted materials as a biomimetic information processing unit may gain insight into 

molecular mechanism of a particular protein passage into the body that despite the 

potential barrier to absorption via oral route could provide the systemic delivery of 

biopharmaceuticals.  

Verspohl and Ammon reported that the insulin receptor present in the rat 

pancreatic islets interact with the exogeneous insulin (Verspohl and Ammon, 1980). It 

is highly desirable to understand the nature of the specificity of the insulin’s natural 

counterparts of the pancreatic receptors. In this study, adsorptions pattern of insulin 

molecule and cell attachment are imprinted in different regions on insulin 

formulation. For this the insulin as the pharmaceutical formulation containing the 

amino and carboxylic group or the islets bound insulin that was isolated from the rat 

pancreas formed the interaction with the functional monomer and polymerization into 

the polymer matrix. Furthermore, recent study identified the presence of several N-

linked glycoproteins on mouse beta cell surface that could be used in targeting and 

promoting protein on the cell membrane for accessibility (Stützer et al., 2012).  The 

hydrophilic and hydrophobic property of functional monomer promotes stronger 

adsorption of protein-monomer assembly into the polymer matrix that may provide 

nanomaterial size features and an effective imprinting effect. 

Raman spectroscopy has been widely used for the study of biological and 

nanomaterial characterization to get biological information. It provides the vibrational 
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fingerprint information that is very sensitive to composition, chemical structure, 

conformation, bonding and interactions and enables for the determination of 

biological molecules (Ortiz et al., 2004). The proof-of-principle of vibration 

transitions involves the interaction between the monochromatic incident radiation and 

molecules of the sample that cause inelastic collision and give rise to the Raman 

spectrum. After striking the sample with the monochromatic radiation, when it 

scatters the same frequency with the incident light, it creates Rayleigh scattering. If 

the scattered radiation is lower than the incident light frequency then it is Stokes 

Raman Scattering. On the other hand, when the frequency of scattered radiation 

becomes higher than the incident radiation anti-Stokes line appears (Figure 3).  

Stokes bands are used in Raman spectroscopy (Bumbrah and Sharma, 2016). The 

confocal Raman spectroscopy was used to investigate the structural information of 

insulin. This technique was well suited for examining the interaction between the 

functional monomers of the MIP nanoparticles and dynamic amino acids of template 

during the polymerization process and that transferred the chemical entities 

surrounded by the polymer nanoparticles.  
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Figure 3 Different types of light scattering after monochromatic radiation exposure 

on sample (Butler et al., 2016).  

Atomic force microscopy (AFM) has been broadly used for the surface 

analysis at the atomic level to interpret topographic features. AFM system consists of 

a sharp tip attached to cantilever which is mounted on a piezoelectric scanner as 

shown in Figure 4. The AFM works by scanning the tip over the sample surface up 

and down, the laser beam deflected due to the tip movement give information to the 

photodetector. The deflection of the cantilever is used to determine the force between 

the tip and the surface of the sample (Maver et al., 2016). The imprinting pattern of 

insulin crystal on the polyurethane surface showing the formation of receptor sites has 

been assessed by the AFM (Schirhagl et al., 2012). Surface topography and imprinted 

cavity at nanoscale level after the template removal was evaluated by the AFM, which 

provided the nature of molecular structure within the three-dimensional space for the 
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imprinted cavity that remained or transferred the information of the protein during 

imprinting process.  

 

 

Figure 4 A schematic diagram of AFM (Shan and Wang, 2015). 

The amount of insulin adsorbed by the polymers was determined by the 

following equation: 

Q = (Co - C)  V / 1000  W  (1) 

, where Q is the amount of adsorbed insulin (mg/g); Co and C are the initial and final 

concentrations of insulin (μg/mL), respectively; V is the volume of the solution (mL); 

and W is the amount of polymer (g) (He et al., 2014). 

The physicochemical characterization of the prepared insulin-imprinted 

nanoparticles was carried out by Zetasizer analysis, pore size analysis, surface 

morphology by scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). The surface solid-state properties of the synthesized MIPs were 
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examined using AFM. Confocal Raman spectroscopy was used to examine the 

specific region of the insulin on the surface of the nanoparticles that is responsible for 

the interaction with the binding sites of the polymer. Protein adsorption and in vitro 

release were assessed. Oral administration of insulin-loaded MIPs on Wistar rats was 

also evaluated to investigate blood glucose level reduction. 

The interaction of the nanoparticles with the intestinal epithelium plays the 

pivotal role in the systemic absorption and site-specific toxicity of nanoparticles. 

Hence, it is so important to understand the interaction which is the crucial area of drug 

delivery. Moreover, a better understanding of the physicochemical properties of 

nanomaterials and their influence in the interaction with biological systems at various 

levels such as systemic, organ, tissue, cell etc. are required for safe and effective 

clinical use (Bannunah et al., 2014). The physicochemical properties (e.g., chemical 

composition, size, surface charge, and surface chemistry) of nanoparticles influence 

the interaction with biological system resulting in intestinal uptake (Albanese et al., 

2012; Sohaebuddin et al., 2010). Safety and toxicity are the major concerns for the 

successful application of the nanotechnology in drug delivery (De Jong and Borm, 

2008).  

Fluorescence spectroscopy is a powerful technique to examine the interactions 

of protein with other element. The fluorescence of the insulin molecule originates 

from tyrosine residues are intrinsic fluorophores present in the protein. The previous 

study have reported about the using of fluorescence microscopy to determine the 

interaction and surface heterogeneity effect of MIP surface on the adsorption of the 

protein (Naklua et al., 2016a). Tumor cell lines have been studied to investigate the 

study of the nanoparticle uptake into the cell in the recent years (Wang et al., 2012; 
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He et al., 2013). However, Tissue level study is needed to elucidate the detail 

mechanism of nanoparticle transport. It is more realistic approach to investigate the 

uptake of nanoparticles within intestinal tissues rather than the monitoring 

nanoparticle bulk transport through Caco-2 cells or everted intestinal sac of mouse 

models with inhibitors. The shortcomings of these approaches are firstly, because of 

their specific metabolic needs the cancer cells including Caco-2 cells exhibit over 

expression of nutritional ligands and uptake of nutrients from the extracellular space. 

Secondly, the possibility of nanoparticle retention due to the change of cellular 

structures by inhibitors leads to difficulty in elucidating the real mechanism (Simovic 

et al., 2015). 

Sonaje et al. used fluorescent nanoparticles to determine the in vivo absorption 

of the fluorescent labeled insulin after the treatment to the rat model with the 

nanoparticles and the confocal images of the rat intestinal segments showed that the 

nanoparticles were within the adsorptive intestinal villi (Sonaje et al., 2012). Previous 

study reported that chitosan can act as an absorption enhancer for insulin via 

paracellular route by opening tight junction in lanthanum-stained intestinal segments 

upon the delivery of chitosan loaded with insulin (Chen et al., 2013). Nevertheless, 

the paracellular space represents <0.5% of intestinal absorptive surface and restrict the 

passage of nanoparticles. Therefore, other routes of transport such as transcellular 

pathway have gained much attention which involves transcytosis of nanoparticles by 

enterocytes (Munishkina and Fink, 2007). Different mechanisms of nanoparticles 

uptake in the intestinal epithelium are shown in the Figure 5.  
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Figure 5 Schematic illustrations of different transport mechanisms of nanoparticles 

across the intestinal epithelium. The detailed mechanism of phagocytosis, 

macropinocytosis and endocytosis is shown in insets (Chen et al., 2011).  

 Within this work, MIPs with insulin and the isolated islets from rat 

containing insulin binding sites were prepared which created both hydrophilic and 

hydrophobic surfaces on MIPs that could be obtained from the monomeric reaction in 

different polymerizing mixtures. The selectivity of the MIPs to the templates was 

related to the imprinted recognition sites formed from combination of MAA and N-

hydroxyethyl acrylamide (HEAA) as functional monomers and MBAA as a cross-

linking monomer in different ratios. The insulin and insulin in rat pancreatic islets 
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were used as the templates and aqueous precipitation polymerization technique was 

employed using pH 7.4 phosphate buffer saline (PBS) as porogen to synthesis the 

MIPs. According to previous study, MAA exhibits mucoadhesive properties at higher 

concentration (Achar and Peppas, 1994). HEAA acts as a hydrophilic nonionic 

monomer with adhesive characteristic to protein owing to better coordination effect of 

the binding block as hydrogen bond receptor (Li et al., 2011). This could be 

advantageous for the chemical stability of the protein during polymerization process. 

We investigated the intestinal uptake of insulin loaded MIP nanoparticles 

within intestinal tissues to elucidate the transport mechanism and intracellular 

localization of internalized nanoparticles. Evaluation of the activity of orally 

administered MIP nanoparticles, which may provide nature and the extent of their 

toxicity effect in rat model that were carried out by immunohistochemistry and 

immunofluorescence studies as well as ultrastructural examination using TEM. 

Within the second part of the thesis work, we attempted to develop the synthetic 

material in nanosized scale by molecular imprinting for studying on reactive toxicity 

into their appropriate component regarding to MIPs formulation. Toxicity study was 

conducted by repeated oral administration of MIPs nanoparticles to Wistar rats for 14 

days.    
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CHAPTER 2 

OBJECTIVES  

 

 The main objective was to develop a nanoparticulate carrier system for 

controlled release delivery of oral insulin by using molecular imprinting approach. 

The aims of this work were: 

1. To prepare molecularly imprinted polymers (MIPs) consisted of selective 

recognition of imprinted cavity for template by aqueous precipitation 

polymerization technique using insulin and islets bound insulin as templates. 

MAA and HEAA were used as functional monomers with different 

template/monomer ratio and MBAA as cross-linker with different degree of 

crosslinking. Non-imprinted polymers (NIPs) were synthesized by similar 

protocol except the addition of the template protein. The average particle size 

and the zeta potential of the nanoparticles were determined by the dynamic 

light scattering (DLS) measurements.  

2. To characterize the surface morphology of the prepared MIPs and NIPs by 

SEM, TEM, AFM after template removal. Confocal Raman spectroscopy was 

used to examine the interaction between protein template and functional 

monomer during polymerization and imprinting process. 

3.  To measure the surface areas and porosity of the polymers by Brunauer-

Emmett-Teller (BET) analysis with automated gas sorption system. Barrett-

Joyner-Halenda (BJH) method was employed to determine the pore size 

distribution and pore volume of the nanoparticles. The thermal properties of 
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the obtained polymer nanoparticles both MIPs and NIPs were evaluated by 

the differential scanning calorimetry (DSC) analysis.  

4. To determine the recognition ability of all the MIPs by protein adsorption 

study using batch binding experiments. Binding isotherm was obtained by 

incubating nanoparticles with different concentrations of insulin in parallel 

experiment with the corresponding NIPs. 

5. To investigate the interaction between MIPs and insulin by fluorescence 

spectroscopic analysis was using fluorescence spectroscopy. To study the in 

vitro protein release from the MIPs and NIPs nanoparticles buffer solution pH 

1.2 and pH 7.4 were used to examine the effect of protein structure in the 

solution media mimicking the environment of GI tract. 

6. To assess the in vivo hypoglycemic effect the pharmacological activity insulin 

loaded MIPs were determined by administering orally to streptozotocin 

induced diabetic Wistar rat and blood glucose level was measured by using a 

glucose meter.  

7. To investigate the effect of rat intestinal tissue lysate on insulin transfer from 

MIPs, desorption and partitioning of insulin was carried out. To investigate 

the development of pancreatic tissue response after the oral administration to 

the diabetic animals, bioactivity of the insulin loaded in MIPs was examined 

via immunohistochemistry (IHC) using anti-insulin antibody.  

8. To study in vivo absorption of MIPs loaded insulin by immunofluorescence 

study. The transport of the MIPs and insulin across the intestinal epithelium 

was investigated by ultrastructural examination of intestinal segments using 

immunogold staining technique and visualization with TEM.  
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9. To study the toxicological effect of the resultant MIPs nanoparticles, the 

insulin loaded MIPs were administered orally to male Wistar rats for 14 days 

daily and examined the intestine, liver and kidney tissues to detect 

morphological changes.  
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CHAPTER 3 

SIGNIFICANT RESULTS AND DISCUSSION  

 

Preparation and characterization of MIPs 

 In this work, we used molecular imprinting to generate the recognition sites 

for pharmaceutically active insulin and the evaluation of the synthesized materials for 

selective delivery of the insulin via oral route of administration. The MIPs were 

prepared by aqueous precipitation polymerization technique. The present method led 

to the MIPs nanoparticles that specifically targeted the insulin for function and 

activity in the body that possessed the amine and carboxylic groups in the polymer, 

which endowed a high expression level of biomimetic sites to the template molecules.  

The varying amounts of MBAA as well as the concentrations of the MAA functional 

monomer and addition of HEAA eventually formed the polymeric region which was 

responsible for the protein affinity to its rebinding sites. The average particle size and 

the zeta potential of the synthesized MIPs obtained by dynamic light scattering 

measurements are shown in Table 1.  

The average hydrodynamic sizes of MIPs were in the range of 200-220 nm 

with negative surface charge around -32 mV. Surface charges played an important 

role in the uptake of nanoparticles by the intestinal epithelium. Positively charged 

nanoparticles interacted with the negatively charged mucin and enhanced the duration 

of the retention of the particles on the mucosa. Nonetheless, the absorption of the 

nanoparticles that led to intestinal uptake decreased due to the high interaction 

between the positively charged nanoparticles and the mucin (Andreani et al., 2014). 

Previous studies reported a better transport capacity of the negatively charged 
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nanoparticles across the intestinal epithelial layer as well as a better penetration 

through the mucus layer passage inside the epithelial cells. In addition, the negatively 

charged nanoparticles could mimic the virus like characteristics that allowed them to 

diffuse into the mucus as a result of the lower interaction between the mucin (de 

Sousa et al., 2016). The results obtained in this study supported that the imprinted 

nanoparticles might enhance the permeation across the mucus barrier and therefore 

increased the absorption of the insulin higher than the control polymer NIPs. The 

research findings indicated that the NIPs had a slightly higher PDI and larger particle 

size than that of MIPs where penetration through the adsorptive epithelial layer is 

increased, the blood glucose level was significantly reduced and the ultrastructural 

examination was clearly noticeable. 

Table 1 Characteristics of prepared polymers. 

Polymer Particle size analysis Pore analysis 

Mean 

diameter 

(nm) 

Polydispersity 

index 

Zeta 

potential 

(mV) 

Surface 

area 

(m2/g) 

Pore 

volume 

(ml/g) 

Pore 

diameter 

(nm) 

MIP1 221.86 ± 

23.55 

0.39 ± 0.03 -32.2 ± 

5.1 

21.83 0.089 14.82 

MIP2 198.73 ± 

3.05 

0.33 ± 0.02 -32.3 ± 

4.23 

149.1 0.462 12.40 

NIP1 302.46 ± 

10.5 

0.46 ± 0.08 -28.9 ± 

3.7 

27.39 0.263 38.02 

NIP2 236.56 ± 

31.33 

0.43 ± 0.05 -33.6 ± 

2.3 

86.85 1.031 47.50 
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 The pore diameter of the MIPs was around 14 nm which was 3 times smaller 

than the corresponding NIPs (Table 1). Figure 6 shows the nitrogen adsorption-

desorption isotherms of MIPs nanoparticles displayed similar characteristics of type-

IV isotherm indicating the mesoporous construction of the polymers. The pore 

diameter of the NIPs was larger than the MIPs in which no template was used during 

polymerization and the isotherm exhibited type-III curve characteristics 

demonstrating nonporous structure with low interaction. 

 

  

 

 

 

 

 

 

 

Figure 6 Nitrogen adsorption /desorption isotherms of the MIPs and NIPs. 

 Confocal Raman spectroscopy was used to assess the interaction of the 

insulin-MIPs nanoparticles during the polymerization process after template removal, 

the functionalities of the protein that transferred into the polymer networks. The 

Raman shift and the peak intensities of insulin and the polymers are presented in 

Table 2. The Raman fingerprint of insulin is found in different wavenumbers such as 

tyrosine (Tyr) at 832 cm-1, phenylalanine (Phe) at 1010 cm-1 and the 1215 cm-1 band 

for Tyr and Phe. These are characteristics peaks for R6 conformation of hexameric 
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human insulin. We took the advantage of the detection of the peak intensities of MIPs 

derived from changed orientation of the insulin molecule upon polymerization process 

which led to a self-assembly component of a polymer in the presence of insulin 

predicting the spatial motifs and functional modification. Further information of the 

insulin-bound islet in the imprint was not discernable from the Raman spectra. 

Table 2 Raman data of the insulin and polymers after template removal. 

Raman peak Raman 

shift  

(cm-1) 

Peak intensity 

Insulin MIP1 MIP2 NIP1 NIP2 

Tyrosine (Tyr)  832.53 464.38 330.25 45.56 306.33 250.92 

C-C 940.24 307.84 279.05 66.66 175.59 162.64 

Phenylalanine (Phe) 1010.98 369.50 332.96 85.14 133.21 164.16 

Tyr and Phe 1215.25 1005.62 743.97 154.27 470.31 421.45 

 

Rebinding capacity of MIPs and in vitro insulin release 

 The adsorption capacity of the MIP1 and MIP2 were 2.65 and 3.26 mg/g, 

respectively which were 2.5 times greater than that of the corresponding NIPs. The 

binding parameters determined by Scatchard equation are summarized in Table 3. 

The equilibrium dissociation constant (Kd) value of MIP2 (3.049 μM) is slightly 

higher than MIP1 (1.914 μM). However, the apparent maximum number of the 

binding sites (Bmax) for both MIP1 and MIP2 were the same (4 μM/g) indicating the 

construction of uniform binding sites. MIP2 consisted of two functional monomers 

(MAA and HEAA) with lower amount of cross-linker showed a much faster in vitro 

release (k = 7.35 ± 0.89) than the MIP1 (k = 4.73 ± 2.57) which comprises with single 

monomer, MAA only with high degree of cross-linkage at pH 7.4. The greater insulin 
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release from MIP2 was further corroborated by a higher Kd value of MIP2 (3.049 μM) 

compared to MIP1 (1.914 μM).  

Table 3 Binding parameters and Release kinetics data of the MIPs.  

Polymer                  Binding parameters Release kinetics data at pH 7.4 

Kd  (μM) Bmax (μM/g) R2 n* k* r2 

MIP1 1.91 ± 0.18 4.05± 0.15 0.997 0.536  ± 0.122 4.74 ± 2.57 0.977 

MIP2 3.05 ± 0.43 4.34 ± 0.29 0.995 0.451 ± 0.028 7.36 ± 0.90 0.998 

* For mean ± SD (n=3).  

 

The drug release data at pH 7.4 were analyzed by the Korsmeyer-Peppas equation as 

follows: 

Mt / M∞ = ktn    (2) 

, where Mt / M∞ is the fraction of insulin released at time t and k is the release rate 

constant. The diffusion exponent n characterizes the release mechanism of the drug 

depending on the geometry of the material tested. For the radial geometry, n = 0.45 

corresponds to the Fickian transport, 0.45 < n < 0.89 corresponds to the non-Fickian 

(anomalous) transport, and n = 0.89 is related to the case II transport (36). The 

diffusion exponent (n) values of MIP1 and MIP2 were found to be between 0.45 and 

0.89 (Table 3), which imply a non-Fickian transport. The results suggested that the 

release of insulin occurred from diffusion and dissolution in the aqueous medium that 

may change the hydrodynamic properties of the particles, corroborated to effective 

adsorption data and hence, the reduced mass transfer resistance of protein in the 

imprinted matrix. 
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In vivo evaluation of insulin loaded MIPs on diabetic rats 

 After the oral administration of the insulin-loaded MIPs (50 IU/kg) to the 

diabetic rats, the blood glucose level was reduced markedly compared to the NIPs. 

Using MIP2, the initial blood glucose level was reduced significantly (p < 0.05) by 

(44% within 4 h) and was maintained at this level for up to 12 h. On the other hand, 

no hypoglycemic effect was found for the insulin loaded with NIPs nanoparticles. The 

results indicated that the insulin bound to these MIPs rather than onto a non-specific 

site to pass from an aqueous phase to the membrane of the GI lumen. Table 4 shows 

the parameters of the plasma glucose levels at a dose of 50 IU/kg. The relative 

pharmacological bioavailability in the percentage reduction of glucose of the MIP1 

and MIP2 were 1.73% and 1.55%, respectively. The results suggested that the insulin 

absorption was markedly increased by the action of the MIPs delivery system after 

oral administration. 

Table 4 Relative pharmacological bioavailability and parameters of plasma glucose 

levels (n=5).  

Parameters  INS-MIP1 INS-MIP2 INS-SC 

Insulin dose (IU/kg) 50 50 1 

Cmin
* (mg/dL) 61.58 ± 10.57 54.65 ± 9.43 40.76 ± 11.65 

tmin
** (h) 4 4 2 

AAC 1577.71 ± 208.29 1422.887 ± 254.90 1816.2 ± 188.96 

PA% 1.74 1.55 100 

   *Cmin, minimum plasma glucose concentration (% of initial)  

   **tmin, time at which Cmin is attained; AAC, area above the blood glucose level-time 

curves; PA%, relative pharmacological bioavailability. 
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 The observation in significant difference of surface morphology between MIP 

nanoparticles and NIP with fluorescein isothiocyanate (FITC) and rhodamine (Rh) 

conjugated MIP-FITC were higher than that for corresponding NIP-FITC loaded with 

insulin-Rh when the polymers were exposed to the Wistar rats intestinal segments. 

The MIP-FITC was observed on the mucus layer as well as a greater amount was 

present in the lacteal side of the villi for the tissue sections. The insulin-Rh with MIP-

FITC was found mostly inside the enterocytes and lacteal side of the villi. An oral 

administration of the MIP loaded with insulin produced a significantly elevated (P< 

0.0001) fluorescent intensity of insulin-Rh which is almost 10 times greater than that 

of NIP (Figure 7). We found that the insulin imprint promoted the absorption rate and 

extent of Rh-insulin probably via diffusion of protein concentrations through lipid 

bilayer across the surface of epithelial cell of intestine, while the fluorescence of 

insulin-Rh was diminished for NIP in every section under the same condition. The 

similar fluorescence intensity of insulin-Rh for MIP in all the segments of the 

intestinal epithelial cells indicated that has dissipated after 3 h of oral administration.  
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Figure 7 Fluorescent intensity of insulin-Rh for MIP and NIP. Values are mean ± 

SEM (n=4) per group. ***P< 0.0001 compared to NIP.  

 

The extent of insulin transport along with the polymer nanoparticles across the 

intestinal epithelium as determined by immunoreactivity using anti-insulin antibody 

followed by anti-guinea pig antibody and detection by immunogold staining using 

TEM appeared to be strongly affected in different segments of rat intestine. The 

consequence of the transport of insulin in the MIP delivery across the intestinal 

epithelial cells is that the amount of insulin increased as immunoreactivity of the anti-

insulin antibody followed by the detection of the biotin gold nanoparticles at the same 

time has been shown to be correlated to the barrier function of the GI tract (Figure 8).   
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Figure 8 TEM micrographs of immunogold-stained intestinal segments after 3 h of 

orally administered insulin loaded with MIP (A, B) and NIP (C, D). Insulin was 

investigated by immunolabeling with guinea pig anti-insulin antibody followed by 

goat anti-guinea pig antibody conjugated with 60 nm biotin gold nanoparticles (black 

dots). The permeation of insulin occurs through the transcellular route (white arrows) 

and thw absence of insulin in the surface of paracellular space indicated by black 

arrows. Scale bar, 2 μm. Insets designate the 12000 x magnified views of tissue 

region.  

 We found that the amount of insulin molecules was greater when administered 

orally with MIP than that of NIP. The nanoparticle-biotin absorption for MIP (P< 

0.0001) was statistically significant while the amount of insulin for NIP was 

diminished. However, intestinal absorption of insulin from NIP was examined and it 

has less effect which confirmed that the recognition of insulin into MIP nanoparticles 

A Microvilli  

Enterocyte 

C Lumen 

Enterocyte 

D Lumen 

Enterocyte 

Goblet cell

B Lumen 
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leading to the distinctive response in the insulin activity which is in conformity with 

the immunofluorescence results. Interestingly, the penetration of insulin to 

enterocytes was observed via transcellular pathway (white arrows) as they were 

absent in the surface of paracellular space (black arrows). These findings suggested 

that there was a difference in the underlying interaction of dynamic molecular 

mechanisms of the transport for insulin contained in the nanoparticles for MIP 

preserving the small entities or amino acid sequence could translocate the insulin into 

specific cellular organelles as a result of insulin imprint in nanoparticles upon 

polymerization process for biomolecular system in the polymer matrix. We found that 

the transcellular pathway so as to deliver insulin effectively in the cell organelles by 

MIP. 

 The results indicated that after orally administered insulin loaded MIP for 14 

days using hematoxylin and eosin (H&E) staining the examination of the intestine, 

liver and kidney tissues were morphologically not changed that affected by the STZ-

induced diabetes. No toxicity was found concerning body weight change, 

histopathological characteristics, and clinical symptoms like diarrhea or fever for 14 

days of the experiment. When considering the varying of functional monomer and 

cross-linker content in the monomeric mixture resulted in different mean diameter of 

nanoparticles and pore volume for NIPs compared to the respective MIPs. In addition, 

the use of mixed functional monomers (MAA and HEAA) and lower amount of cross-

linker the mean diameter and pore volume were reduced. We conclude that the 

introduction of MIPs is advantageous in oral insulin delivery with potential benefit as 

nanocarrier system. 
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CHAPTER 4 

CONCLUSION   

 

 The current study results suggested that the insulin-rebinding with 

respect to the different functional chemistries and changed charges in the hysteresis 

pore, engaged the dynamic reactivities of the protein and appeared to maintain high 

selectivity. These studies proved considerable drug delivery system and selectivity 

towards optimal release of the insulin regardless of the environment in the GI tract 

that confirmed the absorption of insulin into blood circulation. By adjusting the 

functionalized chemistry in a nanosized particulate drug adsorption capacity of the 

biomimetic recognition enhanced loading and accessibility for the template protein to 

recognition sites when placed into the GI cavity that represented a preventative barrier 

for the oral delivery. The findings may have important functional implementations for 

transport of protein and peptide therapeutics in the body. It is possible to use MIPs to 

overcome biological barrier for the biopharmaceuticals which could indicate the 

response of cell signaling and the insulin uptake across the intestinal epithelial cells 

into the blood circulation. Quite interestingly, the transport across the microporous 

plate impregnated with the MIPs which was incubated within the intestinal tissue 

lysate appears to be markedly reduced insulin release in vitro as compared to the 

NIPs. The in vitro and in vivo correlation for oral administration with the insulin-Rh 

loaded MIPs is substantial that resulted in the observation of insulin crosses the cell 

membrane into the rat intestine. This is likely due to the insulin-MIP interaction by 

self-assembly that greatly increased the ability to transport across intestinal epithelial 



34 
 

cells via transcellular pathway. On the other hand, the complementary functional 

monomers and template functionality within three-dimensional structure of the 

protein imprint was modified by the highly cross-linked MBAA-polymer which could 

indicate the adaptation of binding sites for spatial conformation and chemical 

structure of insulin with physical properties as they could provide chemical 

interactions more closely with the biological membrane of the different parts of 

Wistar rat intestine. This can be explained by the significant difference in protein 

absorption, relatively protein uptake and the distribution within the intestinal tissues. 

The driving force of this phenomenon could be the surface free energies of the 

polymer carrier and the biomacromolecule that were influenced by hydration energy 

of the protein was different for NIPs. This allowed for faster protein viability by the 

entropy and hence the lower free energy than that of the natural protein while the 

movement of nanoparticles present in outermost of the blood vessel within the GI 

tissue led to effective transport. No inflammatory or immunogenic effect was detected 

in the subjects tested. Thus, these MIPs nanomaterial obtained by imprinting 

technique are capable of improving the treatment of diabetes. In future, further 

investigation on endocytic trafficking pathway of MIPs loaded with insulin uptake 

into intracellular matrix and organelles would be interesting to gain a better insight 

into the detailed mechanism of localization and internalization of nanomaterial. Our 

study showed that the MIPs nanoparticles on delivery of insulin via oral route 

improved the pancreatic β-cells produced insulin and the normal function of the 

organs was observed which influenced the lower blood glucose level. These studies 

clearly support that the added insulin in MIPs is important for the functional activity 

of insulin through the intestinal epithelial layer into the blood circulation and the 
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development of pancreatic tissue in the STZ-induced diabetic rats by increasing the 

absorption in the intestinal cell layer and the systemic delivery of the insulin.  
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Graphical Abstract 
 

An innovative mimicking of the structure of therapeutic protein for GI transport in 

vivo was achieved in this work. When it incubated within the extracellular mucous gel 

seemed to have a markedly reduced insulin release, leading to the lipophilic domains 

within affected areas across the epithelial cells. 
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Abstract 

A molecularly imprinted polymer nanoparticle (MIP) was prepared by 

integrating a mixed functional monomer into a highly cross-linked polymer. The 

nanosized insulin as a template transferred into the binding cavities, anchored 

functional monomer(s) that the insulin structure formed within free space of the 

molecular size region by MIP nanoparticles. The oral administration with the insulin-

loaded MIP resulted in higher fluorescence intensity of rhodamine-labeled insulin into 

the epithelial cells. We observed the correlation between the lipophilic domains of 

dye over the affected areas of sites with the interplay of the intestinal epithelial layer 

on the different intestinal sections. And, the detection with guinea pig anti-insulin 

antibody followed by goat anti-guinea pig antibody clearly elicited the efficient 

insulin function in the necessary biological milieu. The root mean square roughness of 

the MIP indicated difference of the surface density, significantly lower compared with 

the polymer attributed to the protein-mucin uptake that efficiently promoted the 

insulin penetration. Eventually electron microscopy data of the conjugated biotin-gold 

nanoparticles showed the transport of insulin across the intestinal epithelium via 

transcellular pathway, and the development of the pancreatic β cell in the 

streptozocin-induced diabetic rats. Histopathological observation exhibited no 

obvious toxic effect after orally treated with MIP loaded insulin (100 mg/kg) daily for 

14 days compared to control group. The use of an insulin-loaded MIP was proven to 

be an effective therapeutic protein delivery through transmucosal oral route. 

Keywords: Molecularly imprinted polymers, biomimetic system, extracellular mucus 

gel, insulin, nanotechnology, diabetes. 
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1. Introduction  

Many diabetic patients currently receive subcutaneous injections, which have 

the drawbacks of insulin leakage due to dose measurement error and pain at the 

injection area leading to poor patient compliance [1]. The use of insulin pens (e.g., 

Novo fill with NovoFine needles or insulin discs) limited the number of 

administration and expensive. If its shortcoming of low stability in the gastrointestinal 

(GI) environment [2] is addressed, alternative administration of insulin through the 

oral route can solve to the problem. Since most biomacromolecules have poor 

absorption through the cell membrane into the blood circulation. Using of an 

innovative approach that was produced with a highly selective material capable of 

adjusting of the small dynamic part of protein structure for the diversity of bioactivity 

and translational function and penetration in vivo. By this means, the molecular 

imprinting related to nanotechnology drawn much attention for biomacromolecular 

uptake and advanced drug delivery [3]. A molecularly imprinted polymer (MIP) has 

all the attributes to be a candidate for efficient delivery due to its predetermined 

selectivity of robust artificial material and the biocompatibility suitable for the 

development into the blood circulation [4]. The small entities of inhibitor or amino 

acid sequences for specific recognition bind to the target receptor, where structurally 

driven groups of natural peptide transport into the cell membrane [5]. A polymer 

matrix anchored functional groups e.g. deoxychlolic acid was found to act on the 

integral membrane bilayer for enhanced of the cellular absorption [6]. Within this 

study the systemic absorption of biopharmaceutical compounds can be accomplished 

by the approach related to the physicochemical properties (e.g., composition, surface 

charge, and surface chemistry).  

The imprinting of the insulin template is important in diabetic treatment, 

which is one of the fatal diseases in the world. The strategic method of MIP in 

nanotechnology is selection of an appropriate monomer that emerged from the 

naturally occurring compound derived template is of interesting and great 

advantageous for the therapeutic protein delivery [7]. The surface properties of a 

peptide, protein drug is largely dependent on the viscoelastic nature of the 

extracellular mucus gel. The effective adhesive interaction of mucous and mucins 

allowed for their protective and lubricating properties within the GI lumen that made 
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the feasibility in bio-interactions between the nanoparticles and the intestinal mucus. 

MIP can facilitate to produce the nanoparticle-protein association besides; previous 

studies have successfully prepared biomimetic materials for insulin sensing using 

molecular imprinting [8]. 

  

However, very little is known so far about the transport mechanism of MIP across the 

intestinal epithelium into the deeper cell layers. In addition, the toxicity of the 

polymer nanoparticles has to be understood in greater depth and this usually induces 

specific molecular interaction. The reason for this is that the systemic levels, organs, 

tissues, and cells are needed to corroborate the various systems into a biological 

process reflects the functions and signaling pathways of the body [9]. MIP under 

physiological medium mimics a molecular interaction would affect the biological 

activity of the protein that can exploit a biomimetic system [10]. MIP nanoparticles 

with desired affinity have been used for in vivo application that can effectively 

capture the cytotoxic peptide in bloodstream [11]. A molecular imprinting, which is 

one aspect of nanotechnology, is applied and discussed in biomimetic approach with 

respect to the pharmaceutically active insulin as a template. Though, a new method 

for determination of reaction or transformation in diabetes treatment [12], that the 

outermost epithelial cells and the enterocyte spaces of tight junctions restrict the 

passage of nanoparticles, which determine directly that, cannot be characterized by 

sequencing or structural similarity [13]. Mounting evidence in molecular imprinting 

techniques has emerged the use of a single monomer seemed to control flexible 

complex in water and produce the recognition sites with weak interaction [14]. Our 

recent report demonstrated the MIP helped to facilitate transport of insulin delivery. 

The key functional material was the hydrophobicity of the methacrylic acid (MAA) 

based material with the particle size, which allowed for a prolonged transit time. A 

series of tests previously supported that controlled size of the polymer nanoparticles 

can be achieved by a mixed functional monomer, methacrylic acid (MAA) and N-

hydroxyethyl acrylamide (HEAA) in different ratios and PCL-T in the presence of 

insulin as the template, using an aqueous precipitation polymerization technique. The 

size of the insulin-imprinted polymers was influenced by the amount of the cross-

linking monomer and variations of the concentrations of the functional monomers. 
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Lower degree of crosslinking by N,N-methylene-bisacrylamide (MBAA) which 

allowed high binding efficiency with minimum non-specific binding for the re-bound 

protein target of MIP nanoparticles during the polymerization process [15]. However, 

only adjusting of the polymer composition in MIP formulation enabled higher 

strength and selectivity of MIP which was important for determining the efficiency 

for template recognition and to stabilize interaction between the functionality of the 

monomers and the insulin crossed the intestinal cell membrane. As a consequence of 

the change in the environment and enzyme catalysis the fate of the essential protein 

was dependent on its accessibility to the imprint sites. To the best of our knowledge 

presently, this molecular imprinting created the opportunities for interactions 

triggered resulted in effects on the stability of protein into the environment that led to 

a detectable protein when administered orally to the diabetic rats which was supported 

by the immunohistochemistry. By repertoire of functional significance of such 

template-MIP assembles in the polymer matrix, we could investigate of the insulin 

uptake into the gastrointestinal cell layers [16]. Recently, the studies of the 

nanoparticle uptake into cells have drawn interest, mostly in tumor cell lines [17] 

involving either a paracellular or a transcellular route [18]. Previous reports in the 

literature have indicated that chitosan acts as an enhancer of insulin absorption, by 

opening tight junctions reversibly [19], which accounts for <0.5% of the intestinal 

absorptive surface in the Caco-2 cell monolayer [20].  

In this study, we synthesized and characterized an insulin-imprinted polymer 

prior to the investigations in the orally-administered insulin. Then by 

immunohistochemical and immunofluorescence analyses based on transmission 

electron microscopy (TEM), we studied the intracellular localization of internalized 

nanoparticles in order to investigate the biomacromolecular absorption mechanism of 

the insulin-loaded MIP. The non-imprinted polymer (NIP) was also used to assess the 

selectivity of the imprinted material. An ultrastructural examination was carried out, 

and the nanotoxicity within diabetes-induced Wistar rats after treatment for 14 days 

was discussed.           

       

2. Materials and Methods 

2.1. Chemicals and reagents 
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Human insulin (recombinant DNA origin; 100 IU/mL) was obtained from Eli 

Lilly Asia, Inc. (Bangkok, Thailand). Methacrylic acid (MAA), N-hydroxyethyl 

acrylamide (HEAA), N,N-methylene-bisacrylamide (MBAA), polycaprolactone triol 

(PCL-T), fluorescein isothiocyanate (FITC), rhodamine 6G (Rh), streptozotocin, 

protease inhibitor cocktail, goat anti-guinea pig IgG, and gold nanoparticles 

conjugated with biotin (60 nm) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). 2,2′-Azobis-(isobutyronitrile) (AIBN) was obtained from Wako Pure Chemical 

Industries Ltd (Osaka, Japan), 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) 

from Thermo Fisher Scientific (Waltham, MA, USA), and guinea pig anti-insulin 

antibody from Abcam (Cambridge, UK). The Vectastain® Elite ABC kit and 

diaminobenzidine (DAB) were from Vector Laboratories (Burlingame, USA). All the 

other reagents were either analytical or HPLC grade and were used as received.  

 

2.2. Synthesis of insulin imprinted nanoparticles 

The MIP nanoparticles were prepared by aqueous precipitation polymerization 

with insulin as template. MAA and HEAA were used as mixed functional monomers, 

MBAA as the cross-linker, and phosphate-buffered saline (PBS; pH 7.4) as the 

porogenic solvent. Initially, 35 mg (0.6 mM) of insulin was added to 10 ml of PBS 

(pH 7.4), followed by the addition of 430.3 mg (1.6 mM) MAA, 230.26 mg (2.0 mM) 

HEAA, 493.34 mg (8.5 mM) MBAA, and 15 mg (0.05 mM) PCL-T. The reaction 

mixture was transferred into a 30-ml vial and 6.56 mg (0.04 mmol) AIBN was added. 

The resulting mixture was purged with nitrogen gas for 5 min and then polymerized 

overnight at room temperature, with UV exposure at 254-nm wavelength. After 

polymerization, the synthesized MIP was washed with Milli-Q water to remove 

unreacted monomers and then was collected by centrifugation at 10,000 rpm for 5 

min. The insulin was removed from the polymers by washing with 0.5-M NaCl 

solution and Milli-Q water several times. The complete extraction of insulin was 

confirmed by testing the supernatant at 272 nm with the use of a UV-Vis 

spectrophotometer. Similarly, the control polymers (NIP) were prepared by using the 

same protocol applied for the MIP, except for the addition of insulin during 

polymerization.    
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2.3. Characterization of MIP 

The average hydrodynamic diameter of the MIP was determined by dynamic 

light scattering (DLS) with the use of a Zetasizer Nano ZS system (Malvern 

Instruments Ltd, Malvern, UK) at a detection angle of 90° and temperature of 25°C. 

The zeta potential was determined with the same instrument by diluting the samples 

in Milli-Q water. The surface morphology of the insulin-imprinted nanoparticles was 

observed by scanning electron microscopy (SEM; Quanta 400; FEI, Czech Republic) 

and transmission electron microscopy (TEM; JEM-2100F; JEOL Inc., Tokyo, Japan). 

The topography and surface geometry of the polymers were examined by atomic force 

microscopy (AFM; SPA400-SPI4000; Seiko Instruments Inc., Chiba, Japan). 

 

2.4. Fluorescence study and recognition ability of the MIPs for insulin 

The interaction between the MIP and insulin was studied by fluorescence 

spectroscopic analysis with the use of a spectrofluorometer (FP-6200; JASCO 

International Co., Ltd, Tokyo, Japan). Five milliliters of insulin solution (0.5 mg/ml, 

0.08 mM) in phosphate buffer (pH 7.4) was used for the assay. The fluorescence 

emission spectra from 290-320 nm were recorded at an excitation wavelength of 280 

nm. MIP/NIP nanoparticles concentrations of 1, 3, 5, and 10 mg were added to the 

insulin solution, and the fluorescence emission intensity of insulin was determined 

[21]. The fluorescence emission spectra of six different concentrations of insulin, 

ranging from 0.5 to 3 μM, were recorded at 300 nm. The solutions were incubated 

with 10 mg of the MIP/NIP for 2 h. The emission spectra were then measured by 

excitation of the sample at 280 nm to obtain the relative intensity (I/Io), where I and Io 

denoted the fluorescence intensity of the insulin solution in the absence and the 

presence of the MIP/NIP polymer, respectively. A gradient plot was drawn for the 

concentration of insulin, in which the correlation coefficients of linear regression were 

determined.  

 

2.5. Differential scanning calorimetry  

The thermal properties of the MIP and NIP nanoparticles were examined by 

differential scanning calorimetry (DSC 8000; Perkin–Elmer, Norwalk, CT, USA).  A 
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Pyris Manager Software system (version 11.0.0) was used for data acquisition. 

Polymer samples (3 mg) were crimped into an aluminum pan and heated from 20 to 

350°C at a rate of 10°C/min under a stream flow of nitrogen.  

 

2.6. Evaluation of the desorption and partitioning of insulin 

 Wistar rats weighing 200 to 250 g were used in this study, which was 

approved by the Animal Ethical Committee of the Prince of Songkla University (Ref. 

36/2014). The rat small intestines were collected and homogenized in Tris-EDTA (10 

mM Tris-HCl and 1 mM EDTA; pH 7.4) containing protease inhibitor (10μl mL-1). 

The homogenate was centrifuged at 10,000 rpm for 10 min at 4° C [22]. Then, the 

supernatant was collected and used for the desorption study. The partitioning 

properties of insulin and insulin-loaded MIPs through rat intestinal tissue lysates were 

studied by using the 3M™ Empore™-vacuum manifold system (3M Bioanalytical 

Technologies, St. Paul, Minnesota, USA). We attempted to increase the transport of 

insulin through the MIP compared with the NIP by using the static Empore disc 

technique. Because the interfacial transfers through the filter plate that can be blocked 

by two immiscible phases is created at the surface of a sinter across the unstirred 

liquid. Stagnant diffusion can occur between both sides of the filter, which could 

contribute to the resistance of mass transfer. Thus, the effect of the tissue lysate on the 

insulin transfer from the MIP and NIP nanoparticles was determined by equilibration 

with insulin in PBS at 37°C for 2 h before the experiment. A solution containing 

insulin (100 μg mL-1) in PBS (pH 7.4) containing polymer nanoparticles were then 

placed in an Empore disk with PBS (pH 7.4) as eluent. In the control experiment, 500 

μl of the tissue lysate obtained from the rat small intestine as mentioned above was 

added in the disk which biomacromolecule transfer and desorption at appropriate time 

interval for 24 h. The amount of insulin in the solution which was taken from the 

receptor phase of desorption and assayed by inductively coupled plasma optical 

emission spectrometry (ICP-OES; Optima 4300 DV; Perkin Elmer Instruments, 

Waltham, MA, USA) after dilution with phosphate buffer (pH 7.4). The samples were 

analyzed at a wavelength of 296 nm. The insulin concentration in the receptor phase 
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was determined by comparison with the appropriate calibration curve. Each 

experiment was done independently in triplicate.       

 

2.7. Experimental animals and induction of type I diabetes  

The experiments were carried out on male Wistar rats (8 weeks old) weighing 

approximately 200-250 g at the beginning of the experiment. The animals were 

housed at the Southern Laboratory Animal Facility, Faculty of Science, Prince of 

Songkla University, under standard conditions of temperature (23±2 ºC) and humidity 

(50±10%), with alternating 12-hour periods of light and darkness. The experimental 

protocols were approved by the Animal Ethical Committee of Prince of Songkla 

University (Ref. 36/2014). The animals were allowed free access to a standard diet 

(dry pellet) and water ad libitum before the induction of type I diabetes (T1D) by a 

single intraperitoneal injection of streptozotocin (STZ) at a dose of 35 mg/kg body 

weight dissolved in citrate buffer (pH 4.5). Seventy-two hours after the STZ injection, 

type I diabetes (T1D) was confirmed by measuring the blood glucose concentration 

with a glucose meter (Accu-Chek® Performa) and test strips (Roche Diagnostics 

GmbH, Mannheim, Germany). Only rats with blood glucose levels above 250 mg/dL 

were considered as T1D. Blood samples were collected from the tip of the tail vein. In 

all the experiments, the body weight of the animals was recorded.  

 

2.8. Immunohistochemistry (IHC) and determination of insulin uptake 

The MIP and NIP loaded with insulin (50 IU/kg) were given orally to the 

STZ-induced diabetic Wistar rats that had been fasted overnight. Three hours after the 

oral administration, the rats were sacrificed, and each intestinal segment was dissected 

and fixed in 10% formalin. The tissues were processed for paraffin blocking and 

subsequently sectioned (5 μm) by using an 820 Spencer microtome (Leica). The 

paraffin was removed from the sectioned tissues by using xylene. The tissue sections 

were rehydrated in different grades of ethanol, incubated with 3% hydrogen peroxide 

to block the endogenous peroxidase, and then washed with 0.3% Triton X-100 in PBS 

(PBST). The de-paraffinized sections were permeabilized with 1% glycine in PBST 

and then blocked with 10% bovine serum albumin (BSA) for 1h at room temperature, 

followed by overnight incubation with guinea pig anti-insulin antibody (1:100 
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dilution) in a moist chamber at 4° C. The tissues were then rinsed with PBST, after 

which goat anti-guinea pig IgG conjugated with HRP (1:1000 dilution) was added for 

1 h at room temperature. Next, the tissues were washed with PBST and stained with 

diaminobenzidine (DAB), followed by counterstaining with Mayer’s hematoxylin. 

The resultant sections were then dehydrated in a series of graded ethanol solutions 

and cleared in xylene before being examined under a DP73 microscope equipped with 

the cellSens software (Olympus).       

 

2.9. Fluorescence microscopy and in vivo absorption of polymer-FITC and insulin-Rh  

The MIP-FITC was synthesized by using the method previously described 

[23], with minor modification. Briefly, the fluorescein isothiocyanate (FITC) solution 

was dissolved in anhydrous dimethyl sulfoxide (1 mg/ml). Then, 500 μl of the FITC 

solution was added to 10 ml of polymer suspension in PBS (1 mg/ml). The reaction 

mixture was kept in darkness for 8 h. The unconjugated FITC was then removed by 

washing the resultant precipitate and centrifuged at 10,000 rpm for 10 min until no 

fluorescence appeared. Similarly, the control polymer NIP nanoparticles were used to 

prepare the NIP-FITC. Insulin-Rh was prepared by applying the method reported in 

the literature [24]. Initially, rhodamine 6G (Rh) was dissolved in ethanol (1 mg/ml) 

and slowly added to an insulin suspension in PBS (7 mg/ml); the solution was then 

stirred overnight. Next, the synthesized insulin-Rh was washed thoroughly and 

centrifuged at 10,000 rpm for 10 min until no fluorescence appeared in the 

supernatant.   

   

2.10. Immunofluorescence studies   

The synthesized MIP-FITC and NIP-FITC loaded with insulin-Rh (1 mg/ml, 1 

ml) were given orally to overnight-fasted diabetic Wistar rats. The rats were sacrificed 

3 h after the oral administration and then were dissected to collect the intestinal 

segments, which were immediately washed with cold PBS. The isolated intestinal 

segments were embedded in OCT compound and frozen at -20° C. The frozen tissues 

were cut into 5-μm-thick sections with the use of a CM1850 cryostat (Leica) and then 

placed on 2% coated slides. The slides were post-fixed with cold acetone for 10 min, 

followed by washing with cold PBS. The nuclei of the cells were then stained with 
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4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). The excess DAPI staining 

solution was removed by rinsing with PBS thrice. The cover slips were mounted on 

slides and photographed under a DP73 fluorescence microscope (Olympus) to 

examine the absorption and distribution of FITC-labeled polymer nanoparticles and 

insulin-Rh in the different intestinal segments.   

 

2.11. Image analysis 

The fluorescence intensity of the images was measured in digital units (D.U.). 

The mean fluorescence intensity was obtained as the total pixel intensity divided by 

the total pixels in the region of interest (D.U./pixels), using the ImageJ software 

developed by the National Institutes of Health (NIH). The intestinal absorption of 

MIP-FITC and insulin-Rh was measured by determining the mean fluorescence 

intensity on micrographs of four samples per animal (n=4) per group. The images 

were threshold; 16 villi from four samples per animal (n=4) per group were analyzed 

[25]. Statistical analysis was carried out by applying two-way analysis of variance 

(ANOVA), followed by Tukey’s post hoc test. A p-value <0.05 was considered 

statistically significant.  

 

2.12. Ultrastructural immunochemistry of intestinal segments 

The insulin transport through the polymer nanoparticles across the intestinal 

epithelium was investigated by immunogold staining with TEM [26]. In the present 

work, the animals were prepared according to the same protocol as in the IHC study 

previously described. The use of phase contrast images obtained from the 

immunofluorescence study and immunogold staining, as well as the TEM 

examination of the tissues, allowed a quantitative assessment of the spatial features of 

the objects, with high discrimination capability. The MIP and NIP loaded with insulin 

(50 IU/kg) were given orally to overnight-fasted diabetic Wistar rats. Three hours 

after the oral administration, the rats were sacrificed, and the intestinal segments were 

collected and washed in PBS (pH 7.4). The tissue samples were cut into sections (0.1-

0.5 mm3), fixed in 2.5% glutaraldehyde for 12 h, and then washed with PBS thrice. 

The specimens were post-fixed in 1% osmium tetraoxide for 2 h and then washed 

thrice with distilled water. Next, the samples were stained with 2% uranyl acetate for 
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20 min and dehydrated in different grades of ethanol. Propylene oxide and epoxy 

resin were infiltrated into the samples and embedded by polymerization at 70 °C for 

12 h to prepare the blocks for TEM.  

Thin sections (50-70 nm) of tissue in epoxy resin were mounted onto nickel 

grids for use in immunogold labeling. The samples were incubated with citrate buffer 

(pH 6) at 90 °C for 15 min and then rinsed with PBST. The grids were treated with a 

blocking solution (2% BSA) for 2 h before overnight incubation with guinea pig anti-

insulin antibody (1:20 dilution) at 4° C. Then, goat anti-guinea pig IgG conjugated 

with HRP (1:50 dilution) was reacted for 2 h at room temperature, and the specimens 

were incubated with ABC reagent for 1 h.  A solution of gold nanoparticles with 

biotin (1:20 dilution) was applied on the surface of the tissue samples, which were 

then washed with distilled water. The sections were counterstained with uranyl acetate 

and lead citrate before being studied under a JEM 2100F transmission electron 

microscope (JEOL Inc., Tokyo, Japan). 

 

2.13. Microscopic examination of the MIP-loaded insulin in diabetic rats 

STZ–induced diabetic male Wistar rats weighing approximately 180–200 g 

were acclimatized to cages with wire mesh lids. The animals were randomly divided 

into two groups of five rats each. The first group was orally given MIP nanoparticles 

loaded with insulin (100 mg/kg) daily for 14 days. The other group, which was 

considered as a control group, did not receive any treatment. The rats were allowed to 

a normal diet and water ad libitum, and changes in their body weight were carefully 

observed. After the animals were sacrificed, their internal organs were dissected and 

fixed in 10% formalin to prepare paraffin blocks, which were cut into 5-μm sections 

by using a microtome. The sectioned tissues were then stained with hematoxylin and 

eosin (H&E) by applying standard procedures [27]. All slides were analyzed by using 

a DP73 microscope equipped with the cellSens software (Olympus).       

 

3. Results and discussion  

3.1. Characterization of the MIP 
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The surface morphology and AFM were used to observe the imprinted cavities 

on the surface of the particles after the polymerization procedure. The TEM 

observations of insulin associated with the MIP (Figure 1A) showed well-distributed, 

discrete particle, rather than that for the NIP which showed more particles aggregates 

within the polymer matrix after the polymerization (see Figure 1B). Upon the 

synthesis of MIP, some of the unreacted areas of the functional monomers were found 

to be the same as those in the control polymer (NIP), as shown in TEM images 

(Figure 1B and D). The most satisfactory technique for elucidating the cavities 

imprinted by this approach was AFM which showed a rather high set of nanosized 

patterns, corresponding to the template (Figure 1E). The AFM image in Figure 1E 

shows the insulin template on the surface of a substrate. Because AFM is a localized 

analytical technique, it could provide an appropriate representation of the surface of 

the particles after the insulin template was washed off. Additionally, Figure 1F shows 

connected pores on the nanoparticles with the presence of significant differences on 

the particle surface, confirming the formation of a protein structure inside the polymer 

network.  

Therefore, based on the analysis of the AFM images, the diameter of the three-

dimensional structure of the nanosized porous particles of the MIP (Figure 1F, inset) 

was the insulin template onto the surface of a substrate lied approximately 2  25  25 

nm (height  length  width), as shown in the inset of Figure 1E. The image of 

morphological surface of MIP can be used to explain the interaction between the 

peptide chains as compared to the NIP (Figure 1G). The AFM images of NIP showed 

rather high set of nanosized scale material on the NIP. This is attributed to alter the 

polymer chain packing density according to the polymerization procedure with the 

omitting of the protein printed molecule that achieved under similar condition. AFM 

images (Figure 1F and G) show significant differences on the particle surface between 

the MIP and the NIP. Moreover, zeta potential of the insulin imprinted nanoparticles 

was found to be -32.3 ± 4.23 mV. This is attributed to specific control of the 

therapeutic protein which caused by the interaction between the insulin-imprinted 

nanoparticles MIP due to the particle surface made by the assembled sites from the 

appropriate monomeric system. The average particle size of the insulin-imprinted 

nanoparticles prepared by using the precipitation polymerization technique was found 
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to be 198.73 ± 3.05 nm, as determined by dynamic light scattering. These results 

provided insight into specific function of the peptide hormone achieved from the 

chemical functional precursor used in this study [15].  

 

3.2. Evaluation of the recognition ability of the MIP 

The recognition ability of the MIP for binding the protein template was 

examined by fluorescence spectroscopic analysis with the use of phosphate buffer (pH 

7.4). Figure 2 (A, B) shows the relative intensity of fluorescence emission of insulin 

in the presence and absence of the MIP/NIP nanoparticles. The fluorescence intensity 

of insulin was enhanced upon the addition of MIP (see Figure 2A). In addition, the 

fluorescence spectroscopic analysis showed that the insulin concentration was 

dependent on the fluorescence intensity due to the particle surface made by the 

assembled sites from the appropriate monomeric system, which resulted in binding to 

the insulin. In comparison to the NIP, the amount of insulin adsorbed on the MIP at 

all the studied concentrations indicated that there had been an effective construction 

of the insulin binding sites within the imprinted polymers. When the relative 

fluorescence of the MIP with different concentrations of insulin was considered, a 

better linear relationship (Figure 2C) with the correlation coefficient (R2 = 0.9653) 

compared with the NIP (R2 = 0.3196) was found. This result indicated that the surface 

properties of the MIP, probably tyrosine residues are intrinsic fluorophores [28] that 

led to the dramatic difference between the MIP and the NIP. The results showed that 

higher binding affinity of MIP increased linearly fluorescence intensity as compared 

to the NIP that showed negligible change in fluorescence intensity with increasing of 

the insulin concentrations as high as 3 µM. The selectivity upon adsorption process 

into the MIP binding sites is high in an aqueous medium (imprinting factor of 

MIP/NIP = 2.67) and high adsorption capacity which suggested that the binding 

within multiple point interaction. Concerning the data on the loading capacity and the 

loading efficiency of MIP was 55.75 mg of insulin per gram of nanoparticles and 

82.13%, respectively [15]. The imprinted polymers, MIP showed higher interactions 

for the adsorption process towards the template than did the NIP in an aqueous 

solvent to the specific binding site.  
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3.3. Differential scanning calorimetry  

To determine whether the thermal characteristics of the obtained polymer 

corroborate to the binding recognition and high selectivity of the imprinted cavities, 

we performed a thermal analysis using DSC, before and after template removal 

(Figure 3A). The DSC profile of insulin showed an endothermic peak at 103.8 °C 

(inset), which indicates the denaturation process of the protein [29]. All the polymers 

showed a depression in the phase temperature characteristics associated with the 

respective cross-linked polymer and slightly different molecular species within the 

polymer chain networks reduced approximately 325 °C. The MIP showed an 

endothermic peak at 334.5 °C which is related to the thermal decomposition, whereas 

the peak for the NIP shifted to a higher endothermic temperature (351.9°C) due to 

denser cross-linking in the polymer network [30]. Although the slight depression in 

the phase temperature characteristics of the MIP compared with the NIP, as well as 

the higher endothermic peak of the MIP-insulin (at 349 °C) compared with MIP alone 

(at 334.5 °C), indicating a little disturbance from the molecular bonding in a rigid 

glassy polymer. Therefore, this technique allowed the investigation of the energy 

formed by the interaction between the template and the MIP, compared with NIP by 

which structural facts and thermodynamic properties could not be strongly attributed 

to the increased resistance to thermal degradation.   

 

3.4. Desorption experiments 

Figure 3B shows the amount of diffused protein across the interfacial region 

within the pore that was impregnated with the MIP into the intestinal tissue lysate. 

The percentages of desorption for MIP with and without tissue lysate were found 45% 

and 25%, respectively, in PBS (pH 7.4) as eluent. The elution and the desorption of 

insulin from the MIP was less than that from its NIP where a considerable extent of 

insulin was transferred to almost 2.4 times more compared with the MIP into the 

receptor medium. This low desorption of the insulin was observed in the case of MIP 

that was incubated in the presence of tissue lysate and allowed for potential selective 

recognition compared to the NIP. The charged polymer and its bulk layer consisted of 

MIP binding sites rendered the incorporation of the desorptivity for MIP was lower, 
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which was agreeable to the previous report [31]. At pH 7.4 the MIP contained charged 

carboxylate anion as well as the insulin to be charged under this condition [32]. 

Previous observed different and surface topography influence of the MAA-HEAA 

polymers on imprinting the insulin in the polymer could be a consequence of the 

different chemical functionalizations of the molecular imprint sites that led to a 

differentiation of the molecular entities of the template biomacromolecules [15]. The 

presence of high free volumes in the polymeric network should give diffusion 

contribution of the polymer matrix. The particle size of MIP, which was about 200 

nm; this could be corroborated by a previous study that used atrial natriuretic peptide 

[33]. In comparison to the NIP, the MIP which had produced free space of the region 

occupied onto the nanosized insulin-MIP. Such binding cavities, within free space of 

the molecular size region occupied onto the MIP led to imperative role with the 

impregnated tissue lysate that disturbed the insulin across into the intestinal epithelial 

cells. The observed surface morphologies occurred by a self-assembly process, 

provided insights into the specific function of insulin in the presence of MAA-co-

HEAA in the MBAA-polymer for the selectivity by molecular-scale alteration of the 

insulin-imprinted cavities. 

 

3.5. Intestinal uptake of insulin-loaded MIP 

The bioactivity of the insulin loaded into the MIP was expected to vary with 

the physiologic conditions and required further examination. This result indicates that 

the anti-insulin antibody is highly specific and can be used to detect insulin. 

Immunostaining without incubation with the anti-insulin antibody served as a 

negative control (Figure 4A). Figure 4B shows the duodenum section stained with the 

anti-insulin antibody treated with the insulin loaded MIP for 3 h. As can be seen, the 

insulin-positive staining inside enterocytes which formed into layer of columnar 

epithelial cells as well as on the lacteal side of the villi (Figure 4B, inset). Positive 

staining of β-cells from normal (non-diabetic) rats was observed only in the insulin-

producing pancreatic β-cells (Figure 4C). On the other hand, no immunoreactivity 

was found after oral administration of the insulin-loaded NIP (Figure 4D) due to the 

lack of insulin recognition that could not be detected by IHC study. In the present 
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study, the results showed that the difference of the uptake for insulin could be 

distinguished by the anti-insulin antibody treated with MIP and NIP. 

 

3.6. The internalized insulin in vivo absorption  

The MIP-loaded insulin showed a difference in IHC after 3 h of oral 

administration, as described above. Figure 5 (A and B) presents the fluorescence 

images of the intestinal segments after the oral administration of MIP-FITC and NIP-

FITC loaded with insulin-Rh, respectively. As shown in Figure 5A, the fluorescent 

images of intestinal segments for MIP-FITC was generally distributed on the mucus 

layer with a greater amount on the lacteal side of the villi (white arrow) in all the 

sections . In the MIP, insulin-Rh was found mostly inside the enterocytes and on the 

lacteal side of the villi (yellow arrow). However, there was a decrease in the 

fluorescence of insulin-Rh (red fluorescence) in all sections for the NIP (Figure 5B). 

Upon oral administration with the insulin-loaded MIP resulted in a significantly 

higher fluorescence intensity of rhodamine-labeled insulin (P< 0.0001) compared 

with the NIP is almost 10 times. Moreover, the MIP increased the rate and extent of 

insulin-Rh fluorescence dissipation after 3 h of oral administration. It is noted that no 

significant difference between the fluorescence intensity (green fluorescence) of MIP-

FITC and that for NIP-FITC was obtained. Insulin consists of two disulfide-linked 

chains of peptides A and B, and its stability is sensitive to the net charge on the 

peptide, therefore the intrinsic charge of the insulin loaded MIP at pH 7.4 enabling the 

high unbound insulin under the conditions of intestinal epithelial cells. In contrast, 

NIP was less efficient in transporting insulin into the intestinal epithelium whereas the 

MIP showed high selectivity. Therefore, the protein recognition based on molecular 

imprinting resulted in the creation of MIP with great affinity to selectively recognize 

the protein template during the re-binding event, which is agreeable to the previous 

literature [34]. It was noted that the MIP nanoparticles that had binding cavities for 

the specific structural features were appropriately formed by the chemical 

functionalities and that two of the key factors was to control the particle size and the 

selection of the solvent. 

 

3.7. The absorption of insulin in the intestinal segments 
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The data obtained from electron microscopy showed the transport of insulin 

across the intestinal epithelium, showing that the insulin have infiltrated across the 

intestinal epithelial cells where the release of insulin took place (Figure 6). The 

amount of insulin molecules was larger when administered with the use of an MIP 

compared with an NIP. The higher nanoparticle-biotin absorption for the MIP (P< 

0.0001) enabled the transport of insulin, eventually leading to intestinal absorption 

(see Figure S1). The NIP was less effective because of the absence of insulin 

recognition and led to no interaction; this finding is concomitant with the IHC results. 

For the MIP, a greater amount of insulin was found around the surfaces adorned with 

the microvilli of the enterocytes (Figure 6A), compared to the corresponding NIP 

(Figure 6C). Interestingly, the penetration of insulin into enterocytes was observed 

through the transcellular pathway (white arrows) as they were not present in the 

surface of the outermost epithelial cells (black arrows), despite it is a common route 

for most molecules and the nutrients across the GI (Figure 6B and D). The previous 

study on the diffusion of nanoparticles within rat intestinal tissues has been reported 

through Caco-2 cells or to use mouse reverted intestinal sac models with inhibitors 

[35], however the transport mechanism is slightly elucidated. Scheme 1 shows the 

illustration of the distribution into differential segments of intestine for MIP 

nanoparticles. Accordingly, at a higher pH of the GI tract, the MIP could transport 

more protein compared to free insulin or insulin-loaded NIP. The diffusion of insulin 

exclusively in GI epithelial cells was the mode of transport of the 200-nm 

nanoparticles [36]. The observed distribution into different segments of the intestine, 

confirmed that insulin was released, to successfully deliver insulin to the GI epithelial 

layer, but not at the site of administration. At the different intestinal sections, the 

binding cavities formed on MIP nanoparticles, capable the lipophilic domains of dye 

over the affected areas of sites with the interplay of the intestinal epithelial layer. We 

examined root mean square (RMS) roughness of MIP around 1.2 nm in an image 

analysis of AFM method which was found to be significant lower compared to NIP 

(see Figure S2). The finding indicated that the surface adhesion of the insulin on the 

extracellular mucous gel, and hence the protein-mucin uptake, which promoted the 

insulin penetration into the systemic circulation [37]. As a result, higher absorption of 

insulin occurred that reflected on the significant reduction of blood glucose level 
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when administered orally with the MIP nanoparticles than that of NIP [15].  MIP 

nanoparticle to pass from an aqueous phase to the membrane of the GI epithelial cells 

it must initially overcome its hydration energy that crossed biological barriers. So the 

distribution of the insulin-MIP when the system for the delivery of insulin was 

exposed to physiological conditions was unaffected by the extracellular matrix and its 

penetration into the intestinal cell membrane. We hypothesize that the uptake of 

protein structure which is not only the binding affinity in the conditions but also the 

mechanism on the epithelial adsorptive cells. The MIP could give the specific 

anchored polymer with the assembled sites from the insulin molecules that can 

provide the activity of insulin administered orally. 

 

3.8. Nanotoxicity of the insulin-loaded MIP 

We examined how the insulin-loaded MIP regulates activity within the several 

tissues to function properly, which the investigation was carried out in the STZ-

induced diabetes. A little body weight gain of the treated animals was found which 

was similar to the control group for 14 days in the STZ-induced diabetic rat (Figure 

7A). After treatment with a daily oral dose of MIP loaded with insulin (100 mg/kg), 

the intestinal tissues showed intact enterocytes, similarly to the control (see Figure 

7B). For the results obtained, the insulin absorption into gastrointestinal epithelial 

cells enabled the observation of enterocytes, such that the development of the 

pancreatic β cell that suggested improvements in treatment of diabetes for MIP.  

There was no sign of necrosis and inflammation of the hepatocytes and the structure 

of the kidney still preserved without any changes in the renal corpuscles (see Figure 

7B). No such sign of toxicity was found, concerning body weight change and clinical 

symptoms i.e. diarrhea, fever were found 14 days after the experiment.  

 

4. Conclusions 

In this work, we reported the capability of insulin mimicking nanomaterial 

within free space of the molecular size region for the transport of insulin across the 

intestinal epithelium in vivo. We anticipated that the biomimetic method according to 

the ability of such the binding sites on the nanosized scale of material within an 
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intestinal fluid. The two important findings in this work are valuable in the field of 

systemic absorption of bioactive compound. Firstly, the finding suggested that self-

assembly of the protein template by molecular imprinting approach, which created an 

innovative mimicking of the structure of therapeutic protein for GI transport in vivo. 

The MIP incubated within the extracellular mucous seemed to have a markedly 

reduced insulin release due to complementary of the functional groups, leading to the 

lipophilic domains within affected areas across the GI epithelial cells to be probed. 

The second finding is the parenteral-switching-oral delivery of insulin as 

demonstrated in this study that highlighted a biorecognition property of this peptide 

delivery is of important for efficient insulin function in the streptozocin-induced 

diabetic rats with less toxicity. 
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Legends 

 

Figure 1:  Surface morphology of insulin-imprinted nanoparticles as obtained by 

SEM (A, MIP; B, NIP) and TEM (C, MIP; D, NIP). The AFM images show 

the topography and surface geometry of insulin (E), the MIP (F), and the NIP 

(G). The insets show the nanosize geometry of the insulin molecule (E) and 

imprinted cavity (F). 

Figure 2: Fluorescence emission spectra of insulin with (A) and without (B) MIP/NIP 

nanoparticles (λex=280 nm); (C) the relative fluorescence intensity (I/I0) at 300 

nm with different concentrations of insulin. 

Figure 3: (A) DSC thermograms of the MIP, the NIP, the insulin- loaded MIP, and 

insulin alone (inset); (B) the desorption of insulin with and without intestinal 

tissue lysate. 

Figure 4: The representative insulin-immunostained sections of pancreatic β cells: 

(A) negative control and (C) the positive staining of islet β cells indicated the 

specificity of the anti-insulin antibody. (B) A representative immunostained 

section of the duodenum after oral treatment with insulin-loaded MIPs for 3 h 

showed positive staining of the anti-insulin antibody in the enterocytes and on 

the lacteal side of the villi (inset; the arrows indicate the lacteal side of the 

villi. (D) The immunostained section of the duodenum with insulin-loaded 

NIPs showed no immunoreactivity of the anti-insulin antibody in the villi. IS; 

islets of Langerhans.  

Figure 5: (A) Fluorescence images showing the transport of FITC-labeled MIP 

(green, MIP-FITC) and the absorption of Rh-labeled insulin (red, insulin-Rh) 

in rat small intestinal tissue segments (blue, nuclei) at 3 h after oral treatment 

with fluorescence-labeled MIPs and insulin. (B) The transport and absorption 

of insulin through NIP nanoparticles; the white arrows indicate the presence of 

FITC-labeled MIP/NIP at the villi, the yellow arrow indicates Rh-labeled 

insulin, which was abundantly distributed within the villi of the small 

intestines, and the white asterisks indicate the intestinal lumen. (C) The 

fluorescence intensity of polymer-FITC and (D) insulin-Rh for the MIP and 
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the NIP. The values are the means ± SEM (n=4) per group. ***P< 0.0001 

compared with NIP.  

Figure 6: TEM micrographs of immunogold-stained intestinal segments 3 h after oral 

administration of the insulin-loaded MIP (A and B) and NIP (C and D). 

Insulin was investigated by immunolabeling with guinea pig anti-insulin 

antibody, followed by goat anti-guinea pig antibody conjugated with 60-nm 

biotin gold nanoparticles (black dots). The permeation of insulin occurred 

through the transcellular route (white arrows), and no insulin was observed on 

the surface of the paracellular space (black arrows). Scale bar, 2 μm. Insets 

designate the 12000 x magnified views of tissue region. 

Scheme 1: Schematic of the transport of insulin-loaded MIP nanoparticles across the 

intestinal epithelial cells through the oral route and of the insulin release by 

endocytosis and transcytosis through the enterocytes. The transport can be 

explained by the in vitro release of insulin through an Empore disc 

impregnated with MIP in the presence of intestinal tissue lysate in the receptor 

phase at pH 7.4. 

Figure 7: (A) Changes in body weight over time and (B) representative H&E-stained 

histologic sections of the intestine, liver, and kidney before and after treatment 

with MIPs. The rats showed no significant morphologic changes after oral 

treatment with MIPs for 14 days. CV, central vein; RC, renal corpuscle 

(glomerulus and granular capsule). The asterisks indicate the duodenal lumen.   
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Figure 3 
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Figure 5  
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Supplementary materials 
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Figure S2 
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The values are the means ± SEM (n=3). ***P< 0.0001 compared with NIP.  
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