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Abstract 

 

In medication discovery, pegylation the covalent attachment of polyethylene glycol (PEG) 

chains to biomolecules including proteins, peptides, or nucleic acids—has emerged as a key 

tactic. This alteration improves the therapeutic medicines' pharmacokinetic and 

pharmacodynamic characteristics, providing increased bloodstream solubility, stability, and 

half-life. Additionally, pegylation lessens enzymatic breakdown, inhibits immunogenicity, and 

delays the immune system's quick clearance. Gene delivery systems, vaccinations, and 

therapeutic proteins have all been developed using this method. The review looks at the 

difficulties in optimizing pegylation, including the possibility of changing the drug's biological 

action and the variation in PEG chain length. The study also covers the successful clinical uses 

of pegylated medications, including PEGylated interferons, liposomes, and enzymes, 

emphasizing how well they work as therapeutics to treat diseases like cancer, viral infections, 

and genetic disorders. It ends by examining new developments and pegylation's promise to 

improve drug delivery and personalized treatment in the future. 

 

Keywords: Pegylation, Polyethylene glycol (PEG), Immunogenicity, Liposomes, Enzymes. 

 

 

INTRODUCTION 

 

Pegylation, the covalent attachment of polyethylene glycol (PEG) chains to therapeutic 

molecules such as proteins, peptides, and nucleic acids, has emerged as a transformative 

technology in the field of drug development. The process of modifying biomolecules with PEG 

has garnered significant attention due to its ability to enhance the pharmacokinetic and 

pharmacodynamic properties of these agents, leading to improved therapeutic efficacy, reduced 
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toxicity, and enhanced patient compliance. The innovation of pegylation has been instrumental 

in overcoming several challenges inherent in biologic drug development, such as poor 

solubility, rapid renal clearance, immunogenicity, and susceptibility to proteolytic degradation 

[1]. 

 

The advantages of pegylation go far beyond pharmacokinetics; this alteration may affect the 

drug's immunogenicity, bioavailability, and tissue distribution, among other properties. The 

addition of PEG chains makes the altered molecule more sterically protected and hydrophilic, 

preventing the immune system from clearing it quickly and shielding it from enzymatic 

degradation [2,3]. 

 

PEGylated liposomal formulations have improved the delivery of chemotherapeutic agents, 

increasing their efficacy and decreasing side effects, while PEGylated interferons, for instance, 

have demonstrated improved patient compliance in the treatment of hepatitis C by lowering 

the frequency of injections needed. 

 

The need for safe and effective drug delivery methods has increased recently due to the 

introduction of biologic therapies and targeted treatments for a number of illnesses, such as 

cancer, genetic disorders, and viral infections. By increasing their circulation duration and 

reducing their immunogenicity, PEGylated monoclonal antibodies have transformed the 

therapy of autoimmune disorders and cancer. Similarly, for gene therapy applications, 

PEGylated gene delivery methods have demonstrated potential in enhancing the therapeutic 

transport of nucleic acids, including DNA and RNA [4]. 

 

Some patients have developed anti-PEG antibodies, which could compromise the efficacy of 

PEGylated medications by causing hypersensitivity reactions or counteracting their therapeutic 

effects. Concerns have been raised by this problem about the use of PEGylated medications in 

some patient groups, especially those who need ongoing care. Thus, research is being done to 

better understand how the immune system reacts to PEGylated molecules and to create plans 

to lessen any negative consequences that might be associated to the immune system [5,6]. 

 

The goal of this extensive analysis is to present a complete investigation of pegylation 

technology, emphasizing its mechanics, conjugation techniques, benefits, and drawbacks. With 

an emphasis on therapeutic proteins, liposomes, enzymes, and gene delivery systems, it will 

explore the numerous uses of pegylation in drug development [7]. The review's analysis of 

pegylation technology's present status will shed light on its potential to further targeted 

treatment approaches and biologic drug development in the future [8]. 

 

In summury, pegylation has emerged as a crucial technique in the creation of medicinal and 

biologic compounds.. Pegylation is positioned to be a key component of the upcoming 

generation of targeted therapeutics, providing better drug delivery methods and more potent 

treatments for patients globally as research in this area progresses [9]. 
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Chemistry behind Pegylation 

 

To change a molecule's physicochemical characteristics, polyethylene glycol (PEG) chains can 

covalently connect to proteins, peptides, lipids, or nucleic acids. This process is known as 

pegylation. The synthetic polymer PEG is made up of repeated units of ethylene glycol (-CH₂–

CH₂–O–). Its molecular weight can vary, with common versions ranging from 1 kDa to more 

than 40 kDa. The conjugated biomolecule's solubility, stability, and pharmacokinetic 

characteristics can be significantly changed by the hydrophilic and flexible polymer chain that 

is introduced during the pegylation process [10]. 

 

PEG Conjugation Mechanisms 

 

 Direct Conjugation: Attaching PEG molecules directly to functional groups on the 

target molecule is known as "direct pegylation." Amino groups (-NH₂), carboxyl groups 

(-COOH), thiol groups (-SH), or hydroxyl groups (-OH) are the functional groups that 

are most frequently targeted for pegylation. Usually, these groups are present on the 

surface of medicinal substances or in the amino acids of proteins [11]. 

 Amine (–NH₂) Group Conjugation: Conjugating PEG to primary amine groups via an 

amide bond is the most widely utilized method. PEG derivatives with reactive groups, 

like isothiocyanate or succinimidyl ester (NHS-ester), are frequently utilized to create 

strong amide bonds with proteins or peptides. The NHS group is released as a byproduct 

of the reaction between the NHS-ester and the free amino group, which forms a covalent 

bond [12]. 

 Carboxyl (–COOH) Group Conjugation: Carbodiimide reagents, such as EDC or 

EDC/NHS, can help carboxyl groups react with amines by forming amide bonds. PEG is 

commonly coupled to proteins or other compounds with free carboxyl groups via this 

technique [13]. 

1. Linker-Based Conjugation: In order to offer flexibility, stability, and occasionally 

certain cleavage qualities, linker-based pegylation uses a chemical spacer, also known as 

a linker, between PEG and the biomolecule. The linkers can be made to break down under 

particular chemical or enzymatic circumstances, enabling the biomolecule to be released 

in a controlled manner [14]. 

2. The most common linkers are: 

 Disulfide Linkers: PEG and the molecule are joined by a disulfide bond (–S–S–) 

in these linkers. These bonds can be used for targeted medication administration 

since they break down in the intracellular space's reducing environment [15]. 

 Peptide Linkers: PEG can be attached to the biomolecule using a peptide sequence 

that can be broken down by particular enzymes, such as proteases or matrix 

metalloproteinases. The pegylated agent can be released at the target site under 

regulated conditions thanks to this method [16]. 

 Hydrazone Linkers: These linkers, which are made up of hydrazine and 

ketone/aldehyde groups, can cleave in acidic environments but remain stable at 

neutral pH levels [17]. 
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Techniques Behind Pegylation 

 

Pegylation is the technique of covalently attaching polyethylene glycol (PEG) chains to 

molecules, such as proteins, peptides, nucleic acids, or liposomes, in order to improve their 

stability, pharmacokinetic characteristics, and immunogenicity. The three main methods of 

pegylation are- 

 

1. Direct Conjugation: PEG chains connect directly to functional groups on the target 

molecule, such as amino, carboxyl, thiol, or hydroxyl groups, in a process known as direct 

conjugation. The most used method for pegylating peptides and proteins is this one [18]. 

 Amine-based Conjugation: This technique uses PEG derivatives with reactive 

groups, such as succinimidyl esters (NHS-ester), to conjugate PEG to primary 

amines (-NH₂) on the target molecule. A stable amide bond is created when these 

reactive PEG derivatives interact with the amine group. The NHS group is released 

as a byproduct when the NHS-ester forms an intermediate that subsequently 

covalently binds to the amino group on the biomolecule [19]. 

 Carboxyl-based Conjugation: With this technique, carboxyl groups (-COOH) are 

activated to react with amines. To activate the carboxyl group and promote the 

creation of an amide bond between PEG and the target molecule, chemicals such 

as carbodiimides (such as EDC) are employed. 

 Thiol-based Conjugation: PEG can be conjugated via a thiol-reactive group, such 

as maleimide or 5-ethylthio-1,2,3-diazabicyclo[5.4.0]undec-7-ene (EDC), when 

the target molecule has thiol groups (–SH). Stable thioether bonds are created when 

the maleimide groups on PEG interact with the free thiol groups on cysteine 

residues. 

 Hydroxyl-based Conjugation: PEG can be covalently attached to hydroxyl 

groups (-OH), which are frequently present in specific proteins, lipids, or 

carbohydrates, by using PEG molecules with reactive groups like tosylate or 

epoxide. In contrast to amine-based conjugation, these reactions are used less 

frequently [20,21]. 

 

2. Linker-Based Conjugation: Linker-based pegylation adds flexibility, stability, or 

controlled release by using a chemical spacer or linker between PEG and the biomolecule.  

 Disulfide Linkers: With these linkers, the PEG and the biomolecule are joined by 

a disulfide bond (-S-S-). Disulfide linkers are perfect for controlled release, 

especially in intracellular drug delivery systems, because they cleave in the 

reducing environment of cells or tissues. The medicinal chemical is released more 

precisely when the disulfide link is broken. 

 Peptide Linkers: This method makes use of a brief peptide sequence that certain 

proteases can cleave. For instance, peptide linkers can be broken down by enzymes 

like matrix metalloproteinases (MMPs) or specific esterases, allowing the 

pegylated medication to be released at the site of action in a regulated way. This is 
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especially helpful when targeting tissues or cells with overexpressed proteases, 

such as cancer cells. 

 Hydrazone Linkers: A hydrazine group combines with carbonyl groups (–C=O), 

usually aldehydes or ketones, to produce hydrazone linkers between PEG and the 

target molecule. This method is helpful for targeted distribution to acidic tumor 

microenvironments or lysosomes because hydrazone bonds are stable at neutral pH 

but can cleave in acidic conditions [22,23]. 

 

3. Enzymatic or Site-Specific Pegylation: The attachment of PEG to specified locations 

on the target molecule is catalyzed by specialized enzymes in enzymatic pegylation procedures. 

 

 Transglutaminase-Mediated Pegylation: The creation of covalent connections 

between amine and glutamine residues is catalyzed by the enzyme 

transglutaminase. Transglutaminase can help PEG covalently connect to proteins 

at particular locations by adding PEG groups that include reactive groups like 

isocyanate [24]. 

 Sortase-Mediated Pegylation: Sortase is an enzyme that facilitates the 

transpeptidation reaction, which is the process by which peptides or proteins bind 

to other molecules. The enzyme helps PEG covalently conjugate to a target peptide 

or protein at a particular location in sortase-mediated pegylation. This method is 

useful for binding PEG to specific sites on a molecule without changing its 

biological function since it is very precise. 

 Click Chemistry: A class of reactions known as "click chemistry" is frequently 

employed for site-specific pegylation because it is extremely effective, selective, 

and bioorthogonal. PEG can be highly selectively conjugated to proteins or 

peptides using this process, giving exact control over the attachment point [25,26]. 

 

4. Site-Specific Pegylation Using Genetic Engineering 

 

Sometimes, in order to promote pegylation at exact sites, particular functional groups—like an 

azide or alkyne group—are introduced into the target molecule using genetic engineering 

techniques [27]. 

 

Pharmacokinetics Behind Pegylation 

Pegylation primarily affects the pharmacokinetic parameters of absorption, distribution, 

metabolism, and elimination.  

 

Ⅰ. Absorption 

The absorption of medications from the site of administration is not substantially impacted by 

pegylation per se. Pegylation, however, may affect the therapeutic molecule's solubility in 

injectable medications. Pegylation keeps medications that must be administered intravenously 

soluble in aqueous solutions by avoiding precipitation or aggregation, which could otherwise 

hinder absorption [28]. 
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Ⅱ. Distribution 

The size and hydrophilicity of the PEG chains affect how pegylated medications are distributed. 

PEGylation makes the drug's molecules bigger, which may make it harder for it to pass through 

biological membranes [29]. Larger pegylated molecules are often only found in the circulation 

and extracellular fluid because they are less likely to move freely across cell membranes. The 

prolonged circulation duration of pegylation is one of its main pharmacokinetic advantages. 

Compared to their non-pegylated equivalents, PEGylated medications often have a longer half-

life in the bloodstream. Pegylated molecules have a longer half-life due to this "stealth" effect, 

which lowers dosage frequency and increases patient compliance [30,31]. 

 

Ⅲ. Metabolism 

Pegylation increases a drug's stability by lowering its vulnerability to enzymatic breakdown. 

Because PEG chains function as a physical barrier, enzymes like proteases and esterases, which 

normally break down therapeutic proteins or peptides, have a harder time cleaving PEG-

modified molecules. Additionally, the biomolecule's immunogenicity may be decreased by 

PEG modification, decreasing the likelihood that the immune system will target it for 

destruction. Because of this, pegylated medications frequently have slower metabolisms than 

their non-pegylated counterparts [32]. 

 

Ⅳ. Elimination 

The larger size and hydrophilicity of pegylated medications have a major impact on their 

removal. When compared to molecules that are not pegylated, PEGylation usually lowers renal 

clearance, especially for proteins or peptides that the kidneys would normally clear quickly. 

Because pegylated molecules are bigger, they can't cross the kidneys' glomerular filtration 

barrier, which lowers renal excretion. The reticuloendothelial system (RES), which is primarily 

found in the liver and spleen and is where macrophages and other phagocytic cells remove 

foreign particles and molecules, is more likely to remove pegylated medications [33]. 

 

Extended Half-Life and Reduced Clearance: The prolonged half-life of the altered 

medication is a characteristic of pegylation. Pegylation serves to extend the circulation half-

life of the molecule by decreasing the rate of clearance via the renal and RES routes. Pegylated 

interferons, for instance, have long half-lives when used to treat hepatitis C, which lowers 

injection frequency and increases patient compliance. Longer circulation durations are another 

feature of pegylated chemotherapeutic drugs, such as liposomal doxorubicin, which improves 

their therapeutic efficacy while lowering systemic toxicity [34]. 

 

5. Pharmacokinetic Models and Dosing Considerations 

 

Numerous methods, such as compartmental models, population pharmacokinetics, and non-

compartmental analysis, can be used to model the pharmacokinetic characteristics of pegylated 

medications [35]. These models consider variables such the PEG chain's size and structure, the 

kind of molecule being altered, and the administration method. Clinicians can tailor dosing 

schedules to balance efficacy and avoid negative effects by knowing the PK parameters of 
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pegylated medicines. For chronic illnesses that need long-term care, PEGylated medications 

with longer half-lives, for instance, can be dosed less frequently-once a week as opposed to 

daily [36]. 

 

Pharmacodynamics behind Pegylation 

 

The pharmacodynamic characteristics of these medications are greatly influenced by 

pegylation, which is the covalent attachment of polyethylene glycol (PEG) chains to molecules 

like proteins, peptides, or other medicinal agents.  

 

Ⅰ. Enhanced Stability and Bioactivity 

Pegylation's capacity to increase the therapeutic molecule's stability is one of its main 

pharmacodynamic benefits. The medication is protected by PEGylation, which reduces its 

vulnerability to oxidation, proteolytic degradation, and other types of chemical instability. This 

enhanced stability is crucial for biologics, such as proteins or peptides, since it helps sustain 

the drug's bioactivity over an extended duration, enabling it to continue serving its intended 

therapeutic purpose. 

 

II. Reduction of Immunogenicity 

The decrease in immunogenicity is a major pharmacological effect of pegylation. The immune 

system may identify a foreign protein or therapeutic substance as a possible pathogen upon 

administration, causing the creation of antibodies that have the ability to neutralize or render 

the medicine inactive. The drug molecule's surface is sterically protected by adding PEG 

chains, which lowers the possibility of an immunological response by preventing immune cells 

from recognizing it. 

 

III. Extended Duration of Action 

The prolonged duration of action of pegylated medications has a significant impact on their 

pharmacodynamics. Pegylated medicines have longer half-lives than their non-pegylated 

counterparts because pegylation slows down the pace at which a medication is removed from 

the body (by renal clearance and identification by the reticuloendothelial system). The length 

of the therapeutic impact is directly correlated with this half-life extension.  

Pegylated interferons [37]. 

 

Ⅳ. Alteration of Drug Receptor Binding 

Pegylation may change the drug's receptor-binding characteristics, but it can also have major 

positive effects on immunogenicity and stability. A drug molecule's ability to attach to its 

receptor or target site may be sterically hampered by the addition of PEG chains. Extended 

half-life and decreased immunogenicity can be achieved while maintaining or even improving 

the drug's pharmacodynamic characteristics by carefully choosing the location and level of 

pegylation. 
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V. Targeted Delivery and Tissue Penetration 

Pegylation may also affect how the medication is distributed throughout the body. Pegylated 

molecules are more difficult to diffuse into tissues or cross cell membranes due to their greater 

size. When targeting certain locations, such the bloodstream or specific organs, this size 

increase can be advantageous because it can lessen the drug's dispersion to off-target places. 

This can enhance the medication's therapeutic index and lessen adverse effects.  

 

Ⅵ. Reduced Side Effects and Toxicity 

Pegylation can also result in less side effects and toxicity because it decreases a drug's 

immunogenicity and changes its distribution to lessen off-target effects. Pegylated medications 

can produce therapeutic benefits at lower doses by delaying circulation and limiting fast 

clearance, which lowers the possibility of adverse responses. Additionally, the general safety 

profile of pegylated medications is enhanced by lowering nonspecific binding to healthy tissues 

[38]. 

 

Advantages Behind Pegylation 

 

Ⅰ. Increased Half-Life and Extended Duration of Action 

The prolonged half-life of the changed molecule is one of the most important advantages of 

pegylation. The medication is less vulnerable to immunological detection and quick renal 

clearance when PEG chains are attached [39]. 

 

Ⅱ. Enhanced Stability and Protection 

By shielding therapeutic compounds from oxidation, aggregation, and proteolytic degradation, 

PEGylation increases their stability. Over time, the drug's bioactivity is preserved and 

enzymatic degradation is prevented by the protective "shield" that the PEG chains create 

around it.  

 

Ⅲ. Reduced Immunogenicity 

Because the PEG chains prevent the immune system from recognizing the therapeutic 

molecule, PEGylation aids in lowering immunogenicity. This lessens the possibility that the 

body will produce antibodies against the medication, which could result in allergic responses 

and a faster rate of elimination [40]. 

 

Ⅳ. Improved Bioavailability 

PEG's hydrophilic properties make weakly water-soluble medications more soluble, which can 

increase bioavailability. This is especially helpful for treatments based on proteins or peptides 

that could otherwise have solubility issues. 

 

Ⅴ.  Reduced Toxicity and Side Effects 

Pegylated medications typically exhibit lower levels of toxicity and adverse effects because of 

their longer half-life and less systemic exposure. More regulated medication release is made 

possible by the longer circulation period, which lowers the possibility of negative reactions at 

high concentrations [41]. 
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Applications of Pegylation 

 

Ⅰ. Biologic Drugs (Proteins and Enzymes) 

The alteration of therapeutic proteins and enzymes is among the most important uses of 

pegylation. These biologic molecules would otherwise have a brief half-life because of quick 

renal clearance or immune system detection, but pegylation extends that period.  

 

Ⅱ. Cancer Therapy 

Pegylation is a technique used in cancer treatment to alter chemotherapeutic drugs and 

nanoparticles to enhance their ability to reach tumor cells. Pegylated medications, such as 

pegylated liposomal doxorubicin, can more successfully target malignant areas and evade 

quick clearance [42]. 

 

Ⅲ. Gene and Nucleic Acid Delivery 

PEGylated liposomes or nanoparticles can enhance the stability, bioavailability, and cellular 

uptake of DNA, RNA, or small interfering RNA (siRNA). Pegylation is used in gene therapy 

and nucleic acid delivery systems.  

 

Ⅳ. Vaccines and Immunotherapies 

Pegylation has been investigated in the creation of immunotherapies and vaccines. It can 

improve the therapeutic potential of vaccine components by extending their stability and 

release duration. To enhance the immune response and lessen negative side effects, pegylated 

immunotherapy drugs are also being researched [43] 

 

Challenges of Pegylation 

 

Ⅰ. Loss of Biological Activity 

The possible loss of the therapeutic molecule's biological function is one of the main problems 

with pegylation. PEG chains have the ability to sterically block the active areas of proteins or 

peptides, preventing them from interacting with biological pathways or target receptors. 

 

Ⅱ. Immunogenicity 

Pegylation is not always totally successful, but it usually lowers immunogenicity by protecting 

the medication from the immune system. Anti-PEG antibodies may form in some situations 

where the immune system is still able to identify the PEGylated molecule. These antibodies 

have the potential to decrease a drug's effectiveness by hastening its excretion from the body. 

 

Ⅲ. Manufacturing Complexity 

Pegylation is a complicated process that includes purification procedures, conjugation 

condition adjustment, and the production of PEG derivatives. Careful control over the PEG 

chains' length, structure, and attachment sites is necessary to produce pegylated products that 

are reliable and of excellent quality [44]. 
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Ⅳ. Cost 

Another issue is the price of pegylation. The cost of producing drugs can be greatly raised by 

the chemical modification process, the requirement for extremely pure reagents, and 

specialized equipment. The total economics of pegylated medicines may be impacted by these 

additional expenses, particularly for chronic illnesses that call for ongoing care. 

 

Ⅴ. Regulatory Hurdles 

Because of the intricacy of their manufacturing and the requirement for extensive testing to 

guarantee safety, efficacy, and consistency, regulatory approval for pegylated medications can 

be difficult. Before approving pegylated medications, regulatory bodies need comprehensive 

information on their pharmacokinetics, pharmacodynamics, and immunogenicity [45] 

 

Conclusion 

 

Pegylation has been a game-changing technique in the creation of therapeutic agents, providing 

significant enhancements to the pharmacokinetic and pharmacodynamic characteristics of 

medications, especially biologics. Pegylation is a crucial technique in the treatment of a number 

of illnesses, including cancer, genetic disorders, and chronic conditions. It does this by 

attaching polyethylene glycol (PEG) chains to molecules such as proteins, peptides, and 

nanoparticles. This process improves stability, prolongs half-life, decreases immunogenicity, 

and increases bioavailability [46]. 

 

Pegylation is not without its difficulties, though. To guarantee the effective development and 

use of pegylated medications, potential problems such the loss of biological function, 

immunogenicity issues, manufacturing complexity, high prices, and regulatory obstacles must 

be properly managed. Notwithstanding these difficulties, pegylation's benefits make it a crucial 

tactic in the development of next-generation medications [47]. 
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