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Abstract 

There are a lot of proteins and enzymes in the human body and their dysfunction can lead to 

disease. The use of proteins as a drug is common in various diseases such as diabetes. Proteins 

are hydrophilic molecules whose spatial structure is critical to their correct function. There are 

different ways to administration of proteins. Protein structures are degraded by gastric acid and 

enzymes in the gastrointestinal tract and also have a small ability to permeation from the 

gastrointestinal epithelium due to their large hydrophilic nature. Therefore, their oral use has 

limitations. Since the oral use of drugs is one of the best and easiest routes for patients, many 

studies have been done to increase the stability, penetration and ultimately increase the 

bioavailability of proteins through oral administration. One of the studied strategies for oral 

delivery of protein is the use of pH-sensitive polymer-based carriers. These carriers use 

different pH-sensitive polymers such as eudragit, chitosan, dextran, and alginate. The use of 

pH-sensitive polymer-based carriers by protecting the protein from stomach acid (low pH) and 

degrading enzymes, increasing permeability, and maintaining the spatial structure of the 

protein leads to increased bioavailability. In this review, we focus on the various polymers used 

as pH-sensitive polymer-based carriers for the oral delivery of proteins. 

Keywords: pH-sensitive polymer-based carriers; Protein delivery; Oral administration; 

Bioavailability 
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1 Introduction 

Oral administration of the drug is the most choice of administration route; due to its simplicity, 

suitability, less associated pain, and better patient compliance especially when used for the 

treatment of chronic therapy (1, 2). This route also has some advantages, such as flexible 

dosing, fewer person-hours and training requirement for staff, reduced costs associated with 

clinic or hospital visits or direct contact requirements and related expenses, which is attractive 

to the pharmaceutical industry (1). An important type of drug that helps patients most in new 

therapies is therapeutic protein and used for the treatment of several diseases such as diabetes, 

cancers, etc. (3). Protein as large and hydrophilic molecules and sensitive to acid and enzyme 

degradation have low bioavailability when administered orally through the GI tract; therefore, 

other delivery routes such as subcutaneously or intravenously, to achieve higher bioavailability 

are usually adopted (4-6). pH-sensitive polymer-based carriers (pH-SCs) are typically used in 

the oral route to overcome the low bioavailability. Such pH-SCs for oral drug delivery are used 

to enhance the stability of the drug in the low-pH of the stomach and allowing their controlled 

release in intestines at higher pH (7). pH-SCs have various benefits such as controlled drug 

release, enhanced solubility and stability, protection from acid and enzyme, increase efficacy 

and reduced toxicity (8). For example, Abdallah Makhlof et al., (9) designed novel pH-

sensitive chitosan (CS) nanoparticles and Han et al., (10) developed hyaluronic acid (HA) pH-

sensitive polymer-based carriers for oral insulin delivery. The main goal of the present review 

was to summarize various polymers used as pH-sensitive polymer-based carriers reported used 

for oral delivery of protein.  

2 pH-sensitive polymer-based carriers 

pH-SCs are chemical molecules/compounds that use as oral drug delivery to enhance the 

stability and control release of the drug delivered through the stomach (1). According to the 
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structure, pH-sensitive carriers are categorized mainly as polymeric compounds that may 

someone is also known as pH-sensitive nanoparticles carriers or pH-sensitive hydrogel carriers 

(11, 12). 

2.1 Nanoparticles (NPs) carriers 

NPs are solid particles with a size in the range of 10-1000nm. The main purpose of designing 

such a delivery system is to control particle size and surface properties to permit the suitable 

rate of release of the drug and be used for oral delivery of proteins (13, 14). They include the 

following: 

2.1.1 Polyanions based pH-sensitive polymer-based nanoparticle  

Eudragits are poly (methacrylic acid-co-methyl acrylate) copolymers that are widely used for 

pH-sensitive NPs formulation. Several types of Eudragits exist, such as Eudragit L100 and 

Eudragit S100, that separately dissolve at pH>5.5 and pH>7.0, respectively (7, 15). This range 

of pH illustrates that they are suitable for drug delivery to the duodenal and ileal parts of the 

small intestine. Dai et al., worked on polyanions pH-sensitive NPs to improve the 

bioavailability of cyclosporine A (CyA). They showed that approximately 99% of the drug was 

encapsulated with S100 NPs (16).  

2.1.2 Polycations based pH-sensitive polymer-based nanoparticle  

Chitosan, a cationic polymer used for preparing pH-sensitive NPs and enhances the absorption 

of these particles by the intestinal epithelium. There are several modified CS derivatives such 

as thiolated CS, PEGylated CS, and carboxylate CS that used to improve CS properties for oral 

delivery (17). Modified CS derivatives developed and the properties of CS significantly 

improved by various methods such as copolymerization, free radical graft, N-substitution and 

O-substitution  (18). Intestinal penetration and improved antigen stability upon using CS  NPs 

and antigen-cyclodextrin enhanced. These NPs could be promising antigen-delivery systems 
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for oral vaccination  (19). Mumuni et al., research also showed that the formation of insulin CS 

NPs can be a potentially safe approach to protect insulin from the acidic environment of the 

stomach (20).  

2.1.3 Mixed polyanions and polycations pH-sensitive polymer-based Nanoparticles 

The combination of polyanions and polycations NPs can be more useful because they do not 

require a homogenizer or a cross-linker. Therefore protein-containing NPs drugs can be 

prepared using two oppositely charged polymers, which prevent the denaturation of the protein 

drug and improve oral absorption and uptake in the certain region of GI such as the colon (21). 

NPs systems composed of a positive-charged and a negative-charged polymer have been 

developed, such as CS mixing with Eudragit (22-24). Recently, layer by layer (LBL) coated 

NPs have attracted considerable attention (15, 25). Zhou et al. used LBL chitosan/alginate 

coatings on poly(lactide-co-glycolide) NPs for antifouling protection and folic acid-binding 

(26). Sarmento et al. worked on alginate and CS nanoparticles for oral delivery of insulin and 

reported improved oral absorption and bioactivity (27). As a way to pass interferon-alpha 

(INFα ), the tight junctions of the GI epithelium, pH-SCs nanoparticles improved oral delivery 

of protein as chemotherapeutic agent (28).  

Some studies of the different pH-SCs for improved oral bioavailability of proteins are 

summarized in table1. 
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Table1. Some Examples of different studies that use of pH-SCs for oral administration of proteins   
 

 Protein A main polymer of  
pH-SCs 

Research 
object Main result Ref. 

Calcitonin Eudragit P-4135F Rat model After 8-12 h, the relative pharmacological effect became most 
extreme based on the oral delivery by  pH-SCs (29) 

Insulin  
Chitosan/alginate 

coated polyelectrolyte 
complexes  

Diabetic rat  The insulin-loaded NPs can effectively reduce blood sugar levels 
and prolong the release of insulin after the oral route. (30) 

Bovine serum 
albumin (BSA) 

Eudragit L100–55 
(EGAC-BSA) Rat model Oral use of BSA loaded  pH-SCs significantly enhanced the 

intestinal permeation of BSA compared to free BSA (31) 

Low-molecular-
weight heparin 

(LMWH) 
Eudragit P4135F  In Vitro Observed an efficient LMWH encapsulation, and a pH-controlled 

drug release (32) 

Interferon-α 
Poly(methacrylic acid-

grafted-ethylene 
glycol) 

In Vitro Increase the permeation of IFN-α through the tight junctions of 
the GI epithelium model (33) 

Insulin Alginate/Gum 
Tragacanth In Vitro 

Retention of nearly all of the trapped insulin in a simulated 
gastric system and controlled release of insulin in a simulated 

intestinal buffer 
(34) 
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Cp1-11 
peptide/insulin CS/Alginate Diabetic rat The oral delivery of  insulin appeared to show excellent 

hypoglycemic effect and higher bioavailability of insulin (35) 

 Insulin/heparin 
sodium 

CS and Methacrylic 
acid Diabetic rat Oral delivery of NPs showing the relief of diabetic symptoms  (36) 

Cyclosporine A Eudragit S100 and 
Sylysia 350  Rat model  The findings of a comparative pharmacokinetic analysis showed 

a relative bioavailability of 90.8 percent for the optimized carrier (37) 

Insulin Trimethyl CS  and 
fucoidan In Vitro 

The NPs were able to modify the Caco-2 intestinal epithelial cell 
monolayer barrier and enhance paracellular insulin transport 

across the intestinal barrier 
(38) 

Recombinant 
protein as the 
subunit of the 

vaccine 

Thiolated Cellulose 
Acetate Phthalate BALB/c mice Oral immunization of a recombinant protein effectively delivered 

to Peyer’s patches eliciting mucosal IgA response (39) 

Insulin 
PGLA, alginate and 

the positively charged 
CS 

Diabetic rats A major hypoglycemic effect only 1 h after gavage and 
continuous release of insulin for at least 6 h was observed (40) 

BSA 
Carboxymethyl-β-

cyclodextrin grafted 
CS 

In Vitro 
The drug-loaded carriers showed controlled release profiles and 
the amount of BSA released from the  carriers was much higher 

in simulated intestinal fluid  
(41) 

Protein as vaccine Alginate-CS In Vitro Significantly increase the internalization of proteins at the Caco2 
and macrophage cells (42) 
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Insulin 
Carboxymethyl 
Starch/Poly(2-

isobutyl-acrylic acid) 
Diabetic rats The oral bioavailability of the insulin-loaded microgels enhanced 

23–38 times compared to insulin solution  (43) 
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2.2 Hydrogel 

Hydrogels have various properties of their structure that can be suitable for a specific 

therapeutic. Cross-linked hydrogel networks protect drugs from unsuitable environments, 

especially from low pH and can respond to pH and released drugs at higher pH (12, 44, 45). 

There is two main polymer type that used for preparing pH-sensitive hydrogel carriers: 1) 

synthetic polymer 2) natural materials. synthetic polymer for example carboxylic acid-

containing polymers like polyacrylic acid (PAA) and polymethacrylic acid (PMAA) have some 

advantageous features, including pH-sensitivity, enzyme inhibition, mucoadhesion, and open 

epithelial tight junctions that can increase the bioavailability of encapsulated drug (46). 

Mundargi et al. methacrylic acid and polyvinyl alcohol (PVA) carrier investigated for oral 

controlled drug delivery (47). a thermal and pH-sensitive hydrogel prepared by Yue et al., for 

the controlled and targeted delivery of the 5-Fluorouracil as an anti-cancer drug by PAA, the 

obtained hydrogels showed an excellent thermal and pH-sensitivities. According to the results 

of release profiles and cytotoxicity of hydrogels, they may have the potential to be used in some 

formulations for colon cancer delivery (48). Natural polymers such as alginate, HA, and CS 

are usually used for oral drug delivery due to their biocompatibility and physicochemical 

properties (49). Modification HA with carboxylic groups was developed to optimize the system 

for drug delivery to the colon with the pH-sensitive release (50). Abbasi et al. worked on a 

novel biodegradable pH-sensitive hydrogel for specific delivery of sulfasalazine in ulcerative 

colitis. They showed that pH-sensitive hydrogels are capable of effective drug delivery to the 

colon (51). In the following, some natural polymers used in the preparation of pH-sensitive 

hydrogel carriers are presented . 

2.2.1 Chitosan 

This cationic polymer is extensively used for drug delivery and pH-sensitive carriers (52). CS 

is safe to increase the absorption of the drug from the intestine, due to its pH-sensitivity, 
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biocompatibility, and mucoadhesion properties (53-55). Chemical modifications, such as 

trimethylated, thiolate, and carboxymethyl CS, have been studied for oral delivery of BSA (56, 

57). The intestinal absorption of insulin with CS nanoparticles evaluated by Panet al. that result 

showed that insulin aggregation occurred at up to 80%, and its release in vitro showed a 

tremendous initial burst with a pH-sensitivity property (58).   

2.2.2 Alginate 

Alginate is a biodegradable, non-toxic, mucosal immunogenic and immune-deficient polymers 

(53). In low pH or divalent cations environments, alginate is capable to form a gel complex 

(59, 60). Alginate blended with water-soluble CS (N, O-carboxymethyl chitosan, NOCC) to 

obtain microencapsulated beads for the delivery of BSA. The result showed excellent pH-

sensitive carriers for bioactive drug delivery in the intestine (61). 

2.2.3 Dextran 

Dextran is an extracellular polysaccharide produced by some bacteria. It is biodegradable and 

biocompatible and contains hydroxyl groups that allow a wide range of chemical manipulations 

(62). This polymer in combination with insulin has been investigated to improve 

pharmacokinetic and pharmacodynamics properties. In a study performed by Lopez et al., 

insulin was encapsulated in the CS-coated alginate core to make insulin-loaded alginate/insulin 

dextran nanoparticles (63). Polymersome synthesized based on amphiphilic copolymers of 

dextran and poly(lactic-co-glycolic acid) (PLGA) for the encapsulation of insulins showed a 

significant increase in the encapsulation efficiency of insulin (64). 

2.2.4 Gelatin 

Gelatin is a natural protein-polymer used for both oral and pulmonary insulin delivery and 

controlled release of protein (65, 66). It has several functional groups and has some 

hydrophobic properties. The release of growth factors from gelatin matrices was evaluated and 
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showed that the gelatin hydrogel system facilitates the release of growth factor protects and the 

protein from denaturing which seems to be applicable for any charged biomacromolecules (67). 

2.2.5 Hyaluronic acid  

HA is attractive for use in the drug delivery system due to its pH-sensitivity and protecting 

properties during oral administration of proteins (68, 69). Copolymer combined with HA was 

prepared for delivery of α-chymotrypsin that observed increases the percentage of 

chymotrypsin activity and this combined copolymer can preserve its activity under simulated 

gastric condition (70). 

2.2.6 Polylactic co glycolic acid  

PLGA is one of the most important drug carriers used for controlled release. PLGA breaks 

down to produce glycolic acid and lactic acid, which are metabolized by the body (71). This 

biodegradable system can be utilized as an oral drug delivery system for insulin (72). The 

various method of encapsulation of insulin in PLGA was investigated and its release over 

prolongs duration compare with the formulation that prepared by the anhydrous encapsulation 

method and shows the effectivity treatment of diabetic in rats significantly increased (73).  

2.2.7 Polyvinyl alcohol  

PVA is a biodegradable polymer with low toxicity and thermal stability (74). Like most 

synthetic polymers, it has a high level of mechanical strength. It can be mixed with natural 

polymers, resulting in a novel drug delivery system for enhanced features (75). BSA effectively 

loaded in PVA carrier (76). 

2.2.8 Pluronic 

Pluronics or poloxamers are polymers that are insoluble in water that are tasteless, odourless 

and waxy white granules that have the specific feature of being a thermal gel (77). Because of 

its thermal sensitivity, pluronic acid can be used in the production of injectable gels (78). The 

pluronic matrix also allows for the control of insulin release, and its nanoparticle may, 
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therefore, be suitable for use as a sustained insulin delivery system.  Xiang et al., (79) 

investigated vesicles from pluronic/poly (lactic acid) block copolymer as new carriers for oral 

delivery of insulin and proved that polylactic acid -[polyethylene oxide-propylene oxide-

polyethylene oxide]-polylactic acid (PLA-F127-PLA) could be effective carriers for oral 

delivery of insulin and used for prolonged hypoglycaemic effect. 

3 Conclusion  

Peptides and proteins play different roles in the human body and have great importance. 

Defects and disorders in some proteins cause various diseases, so the use of peptides and 

proteins as drugs is one way to treat those diseases. There are different routes for the 

administration of proteins such as intravascular, intramuscular, oral, etc. The oral route is 

preferred and has better compliance in most patients due to its unique characteristics and ease 

of use. However, due to the structure of proteins and the environment of the gastrointestinal 

tract, the possibility of using this route for the administration of protein is limited. The large 

hydrophilic structure of proteins, digestive enzymes, and stomach acidic environment are the 

main barriers to the oral use of proteins. The use of pH-sensitive carriers while protecting the 

protein from degradation by acid and digestive enzymes in the stomach, and increased protein 

permeability, thus lead to increases in its bioavailability. The use of pH-sensitive systems as a 

strategy in the oral delivery of some proteins for example insulin, LMWH, calcitonin, etc. 

shows improved their bioavailability. Therefore, in the future oral delivery of peptides and 

proteins by pH-sensitive carriers should be considered by researchers, and the development of 

this carrier should lead to the production of various oral pharmaceutical dosage forms of 

protein. 
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