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Abstract: Monoclonal antibodies (mAbs) are powerful therapeutic agents known for their high specificity and 

effectiveness in treating complex diseases. Yet, one of their major challenges is their tendency to aggregate, 

which can reduce treatment efficacy and even trigger unwanted immune responses. This review focuses on 

how pharmaceutical excipients can help prevent antibody aggregation, particularly during the drug 

administration process, a phase often overlooked. We conducted a systematic literature search using Scopus, 

PubMed, and ScienceDirect, targeting studies on excipients and aggregation in therapeutic proteins. After 

applying the selection criteria, six original research articles were analyzed. The findings reveal that several 

excipients—such as L-arginine, polysorbates, trehalose derivatives, proline analogs, and cyclodextrins—can 

effectively stabilize mAbs. They work by reducing interfacial stress, minimizing protein–protein interactions, 

and preserving antibody structure during stress conditions like infusion or inhalation. These insights highlight 

the importance of choosing the right excipient based on the administration route to ensure antibody stability 

and therapeutic impact. By shifting the focus from formulation to administration, this review provides a 

practical perspective that can support the development of safer and more effective mAb therapies. 

Keywords: Therapeutic protein, Biopharmaceutical stability, Surfactant agent, Parenteral formulation, 

Aggregation inhibitor 

 

1. INTRODUCTION 

Monoclonal antibodies (mAbs) have become a vital component of modern therapy due to 

their high specificity, strong therapeutic potential, and ability to target complex biological pathways 

that small-molecule drugs cannot reach [1-3]. These biologics are widely employed in the treatment 

of various conditions such as cancer, autoimmune disorders, and genetic conditions [4]. The success 

of these therapies has revolutionized medicine by offering more effective and targeted treatment 

options for patients [5,6]. However, despite their significant clinical benefits, monoclonal antibodies 

face major stability challenges, requiring extensive research and development to optimize their use. 

One of the primary obstacles in developing monoclonal antibody drugs is their inherent 

instability, particularly their tendency to aggregate [7]. Aggregation can be triggered by 
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environmental factors such as temperature fluctuations, pH changes, interaction with other 

substances, and mechanical agitation [8-10]. This process not only reduces drug efficacy by 

decreasing the bioavailability of functional antibody molecules but also raises safety concerns, as 

antibody aggregates can elicit unwanted immune responses in patients [11]. Studies have shown that 

aggregation in biopharmaceutical formulations can negatively impact therapeutic outcomes and 

patient safety, highlighting the critical need for effective stabilization strategies [12]. 

Beyond formulation and storage, the stability of monoclonal antibodies remains a concern 

during administration [10,13]. Factors such as dilution, exposure to infusion devices, and interactions 

with excipients or container materials can exacerbate aggregation issues [14-16]. Different 

administration routes—whether intravenous, subcutaneous, or inhalation—impose distinct stress 

conditions, necessitating tailored stabilization approaches [17,18]. Without proper stabilization 

measures, monoclonal antibodies may lose their structural integrity during administration, 

ultimately reducing treatment efficacy and increasing the risk of adverse effects for patients. 

To address these challenges, various strategies have been developed, including the use of 

pharmaceutical excipients designed to prevent antibody aggregation [19,20]. Excipients such as 

polysorbates, amino acids, and sugars play a crucial role in stabilizing MAbs formulations by acting 

as surfactants, osmolytes, or cryoprotectants [21-24]. These compounds help maintain protein 

solubility, prevent surface adsorption, and reduce mechanical stress during administration. The 

choice of excipients depends on the specific antibody and its administration route, making excipient 

selection a critical factor in formulation development. 

While previous reviews have primarily focused on the formulation and storage stability of 

monoclonal antibodies, this review provides a novel perspective by specifically addressing the often-

overlooked challenges of antibody aggregation during drug administration. By systematically 

examining the role of excipients across different delivery routes, this review aims to fill a critical 

knowledge gap and support the development of more robust therapeutic antibody formulations. 

 

2. MATERIALS AND METHODS 

The next step involved screening the title, abstract, and full articles, resulting in 6 articles relevant 

to the study being conducted. The literature search flowchart is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Literature Search Flowchart 
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The literature search was conducted using the keyword “excipient OR stabilizer AND 

aggregation AND "therapeutic protein" AND administration” in the Scopus, PubMed, and 

ScienceDirect databases. The search results from these databases were further screened using 

inclusion criteria, which consisted of original articles, English language, and open access availability. 

Articles were excluded if they did not mention or assess the route of administration, used samples 

that were not in formulation form or the study was not relevant for the review. 

 

3. RESULTS AND DISCUSSION 

3.1. Stability Challenges of Monoclonal Antibodies Based on Route of Administration 

Administering monoclonal antibodies (mAbs) involves a series of steps that can potentially 

affect their stability and overall effectiveness. Throughout this process, these delicate molecules are 

exposed to conditions that may cause them to degrade, ultimately reducing their therapeutic 

potential. Things like dilution, contact with infusion materials, and specific factors related to the 

delivery route can all play a role in destabilizing mAbs [25,26]. The sections below explore the key 

stability challenges faced during administration, specifically focusing on intravenous (IV), 

subcutaneous (SC), and inhalation routes. Although the FDA has approved at least twelve 

administration routes for monoclonal antibodies [27], these three were the most frequently reported 

and discussed in the literature sources extracted for this review, indicating their prominence in 

current formulation and stability research. 

3.1.1. Intravenous (IV) 

The intravenous administration of monoclonal antibodies requires high protein 

concentrations to achieve adequate therapeutic doses within a limited injection volume. A significant 

challenge in formulating protein-based drugs for IV administration is protein aggregation, which can 

increase the viscosity of the solution and disrupt manufacturing, storage, and administration 

processes [28,29]. High-concentration mAbs are prone to self-association due to protein–protein 

interactions, leading to the formation of dimers, trimers, or larger aggregates [30]. This not only 

reduces the mAb's bioavailability but also poses a risk of triggering undesired immunological 

responses. 

Antibodies administered via the IV route may also undergo aggregation triggered by several 

factors, such as pH changes, elevated temperatures, exposure to air–liquid interfaces, interaction with 

infusion device surfaces, and dilution prior to entering the body [22,31,32]. The study by Hribar-Lee 

et al. emphasized that high-concentration antibody formulations can significantly increase viscosity 

due to aggregate formation, thereby hindering the flow of the solution during injection [30]. Protein–

protein interactions may lead to either reversible or irreversible self-association of antibody 

molecules [33,34]. Irreversible aggregation is often associated with partial unfolding, which exposes 

hydrophobic regions of the protein and initiates the formation of non-native aggregates. Another 

challenge in IV mAb formulation is maintaining the antibody in a solution with a neutral pH or near 

its isoelectric point (pI), as the reduction of electrostatic repulsion between molecules can increase 

aggregation risk [22]. 

The process of mixing mAbs into an IV bag and diluting them with solvents such as saline or 

dextrose can significantly alter the original formulation environment [35]. Dilution of mAbs may also 

dilute their protective excipients, such as polysorbate 20 and polysorbate 80, which function to 

prevent interfacial aggregation [21]. When the concentration of surfactant in the IV bag decreases, the 
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air–liquid interface may become insufficiently protected. This condition allows monoclonal 

antibodies (mAbs) to adsorb onto surfaces, unfold, and subsequently form aggregates. Vargo et al. 

demonstrated that agitation or mixing within IV bags induces intense interfacial activity, driven by 

changes in physical orientation and fluid movement [21]. These dynamics create so-called 

“aggregation rafts”—interfacial regions where protein molecules directly interact in the absence of 

adequate surfactant protection. Exposure to these interfaces induces conformational changes, 

particularly the exposure of usually buried hydrophobic regions, which promotes the formation of 

subvisible particles and large aggregates [36,37]. 

3.1.2. Subcutaneous (SC) 

The subcutaneous route has become a preferred option for mAb administration because it 

improves patient compliance, enables self-administration, and reduces healthcare costs. The 

challenges of administering mAbs via the subcutaneous (SC) route share many similarities with the 

intravenous (IV) route. However, one key difference is the limited injection volume for SC delivery, 

typically around 1–2 mL, whereas IV administration can tolerate larger volumes when delivered 

through infusion [38]. To achieve a therapeutic dose, mAb formulations must be prepared at high 

concentrations, which significantly increases solution viscosity and potentially leads to protein 

aggregation [39,40]. Additionally, absorption of mAbs through the SC route is slower compared to 

IV administration, where the drug is immediately available in the bloodstream. 

The increase in viscosity is caused by protein–protein interactions (PPIs), both electrostatic 

and hydrophobic in nature, especially when mAb concentrations approach or exceed 150 mg/mL 

[41,42]. At a pH near the antibody’s isoelectric point (pI), electrostatic interactions become dominant 

and may actually promote molecular association between antibodies, worsening viscosity and 

increasing the risk of aggregation [42].  

3.1.3. Inhalation 

The administration of monoclonal antibodies via the inhalation route offers advantages such 

as a rapid onset of action and increased local availability in the lungs, achieved with lower doses 

compared to systemic routes [43,44]. However, inhalation formulation and administration face major 

challenges in terms of protein stability, particularly related to aggregation induced by spray drying 

and interactions within the pulmonary environment [45]. During the spray drying process, proteins 

are subjected to physical stresses such as atomization and heat, which can lead to partial 

denaturation, unfolding, and aggregate formation, potentially affecting biological activity and 

increasing the risk of immunogenicity [46]. Antibodies are also highly susceptible to mechanical and 

thermal stress during aerosolization, which can cause unfolding, conformational changes, and 

aggregation [23]. Another challenge arises during administration via intratracheal insufflation, where 

powder distribution in the lungs may be uneven, with deposition of large particles and aggregates in 

the upper respiratory tract. This can impact absorption and potentially trigger local immune 

responses [45]. 

One of the primary causes of protein damage during nebulization is interaction with the air–

liquid interface [47]. Due to the amphipathic nature of proteins, when a solution is aerosolized, the 

surface area of the interface drastically increases, thereby elevating the risk of protein adsorption to 

the interface. This adsorption often leads to partial denaturation and aggregate formation, 

particularly if protective excipients such as surfactants are not adequately present to coat the interface 
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[23,48]. Furthermore, there is the potential for in situ aggregate formation following interaction 

between the protein and endogenous surfactants or pulmonary fluids, especially in dry powder 

formulations. This presents an additional challenge in maintaining protein stability after reaching the 

target site in lung tissues [45]. 

3.2. Excipients for preventing aggregation in therapeutic protein formulations 

To address the challenges of protein aggregation during drug formulation and 

administration, various pharmaceutical excipients have been employed to enhance the stability of 

therapeutic proteins. These excipients serve distinct functional roles, such as surfactants, osmolytes, 

cryoprotectants, and viscosity modifiers, to protect proteins from denaturation, interfacial stress, and 

undesirable protein–protein interactions [49-51]. Their effectiveness depends not only on the 

chemical nature of the excipient itself but also on the specific characteristics of the protein and the 

route of administration. Table 1 presents a compilation of selected excipients used to stabilize 

monoclonal antibodies (mAbs) across various routes of administration, including intravenous, 

subcutaneous, pulmonary, and nebulization delivery. The excipients are listed along with their 

mechanisms of action—such as interfacial protection, colloidal stabilization, water replacement and 

vitrification, and viscosity modulation. Dosage forms include aqueous solutions, dry powders, and 

cryoprotectants. This table provides a comparative overview by illustrating how different classes of 

excipients contribute to enhancing protein stability across various clinical delivery scenarios. 

Table 1. Excipients for Preventing Protein Aggregation and Their Mechanisms of Action 

mAb Name 
Route of 

Administration 
Excipient 

Excipient Mechanism 

of Action 
Dosage Form 

Refe

renc

e 

Monoclonal 

antibody 

(IgG4) 

Intravenous 

(IV) 

L-Arginine 

Hydrochloride 

Reduces protein-

protein interactions by 

occupying binding 

sites on the antibody 

molecule, thereby 

reducing aggregation.  

Aqueous solution [30] 

Monoclonal 

antibodies 

(mAb1–

mAb4) 

Intravenous 

(IV) 

L-Arginine 

and L-

Glutamate 

(Arg-Glu) 

Arg-Glu enhances 

colloidal stability and 

prevents aggregation 

by increasing the onset 

aggregation 

temperature (Tagg) 

and stabilizing the 

protein at neutral pH.  

 

Aqueous solution [22] 

Monoclonal 

antibodies 

Intravenous 

(IV) 

Polysorbates 

(PS 20 and PS 

80) 

Stabilizes the air-water 

interface to prevent 

protein aggregation 

during mixing and IV 

dose preparation.  

Aqueous solution [21] 

Monoclonal 

antibodies 

(mAbs) 

Subcutaneous 

(SC) 

Proline and 

proline 

analogs 

Proline and its analogs 

reduce protein solution 

viscosity by forming 

electrostatic and 

hydrophobic 

interactions, 

preventing 

aggregation. 

Aqueous solution [42] 
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3.3. Mechanisms of stabilization of therapeutic protein preparations by excipients  

3.3.1. L-Arginine Hydrochloride 

L-arginine hydrochloride is a water-soluble salt form of the amino acid L-arginine, containing 

a positively charged guanidino group at physiological pH. This structure enables L-arginine to 

interact with protein surfaces through electrostatic and hydrophobic interactions, forming the basis 

of its function as an excipient [52,53]. In the context of monoclonal antibody formulations, L-arginine 

hydrochloride acts as a cosolute capable of modulating viscosity and reducing protein aggregation 

through a competitive mechanism at the antibody binding sites [54,55]. 

One of the standout features of L-arginine hydrochloride as an excipient is its ability to bind 

to the same regions on antibody molecules that typically interact with other antibodies [30]. 

Occupation of these sites helps prevent antibodies from sticking together and forming dimers, 

trimers, or even larger aggregates. In simulation studies using a binding polynomial model, L-

arginine significantly reduced the formation of large aggregates and increased the number of 

antibodies that remain in a stable, monomeric state. Essentially, L-arginine hydrochloride acts like a 

competitive blocker. It steps in and binds to interaction-prone areas on the antibody surface before 

other antibody molecules can, halting aggregation before it even starts. The stronger this interaction, 

the more effectively it delays the formation of unwanted complexes [30]. 

What’s especially important is that L-arginine doesn’t interfere with the antibody’s natural 

structure or its ability to recognize and bind to its intended target [55]. It simply shields the antibody 

from forming unwanted protein–protein interactions without compromising its biological function. 

This makes L-arginine a safe and practical choice for stabilizing monoclonal antibody formulations, 

particularly those at high concentrations [53-56]. 

 Another key advantage of L-arginine hydrochloride is that its protective role continues 

beyond just formulation and storage. During administration, when the solution may be diluted, 

shaken, or come into contact with tubing or vials, L-arginine helps keep the antibody stable and in 

its active form. By reducing the risk of stress-induced aggregation, it helps ensure the antibody 

remains effective and safe right through to the point of delivery [30]. 

3.3.2. L-Arginine and L-Glutamate (Arg-Glu) 

L-arginine and L-glutamate hydrochloride are charged amino acids that naturally occur in 

the body and have chemical structures that enable interaction with protein surfaces [57]. L-arginine 

  

continued Table 1…    

Anti-IL-4 

receptor 

alpha 

monoclonal 

antibody 

Pulmonary 

(inhalation) 

2HPβCD and 

L-Leucine 

2HPβCD stabilizes the 

protein through water 

replacement, 

vitrification, and 

surface activity effects, 

while leucine improves 

aerosolization and 

dispersion.  

Dry powder [24] 

Anti-SARS-

CoV-2 

antibody 

Nebulization 

Succinylated 

trehalose 

(C16TreSuc) 

Stabilizes the protein 

during nebulization by 

enhancing colloidal 

stability and antigen-

binding ability; acts as 

a cryoprotectant.  

Aqueous solution 

and cryoprotectant 
[23] 
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contains a positively charged guanidino group, while L-glutamate has a negatively charged 

carboxylate group. The combination of the two forms a unique ionic pair known as Arg-Glu, which 

is water-soluble and has a favorable safety profile for use in parenteral formulations [58]. 

As excipients, Arg-Glu possesses multifunctional properties in protein formulation systems, 

particularly due to its ability to stabilize proteins against aggregation by modulating intermolecular 

interactions. The amphoteric nature and high polarity of these amino acids help maintain charge 

balance around the antibody molecules and form a hydrated environment that supports protein 

structural stability. This combination also plays a role in reducing viscosity and expanding the pH 

stability range of antibodies [22]. 

The primary mechanism of action of Arg-Glu as an anti-aggregation excipient involves 

hydrogen bonding between arginine and glutamate, which helps to concentrate both ions around the 

protein surface. This increased local presence creates a crowding effect that effectively reduces 

interactions between protein molecules, thereby minimizing aggregation [59]. Additionally, the 

presence of Arg-Glu increases the aggregation onset temperature (Tagg), indicating improved 

thermal stability of the antibody [22]. 

Regarding its interaction with the antibody active substance, Arg-Glu does not form covalent 

bonds or induce significant conformational changes in the antibody structure. Instead, it forms 

reversible, non-covalent interactions, such as hydrogen bonds and weak electrostatic forces, sufficient 

to shield the protein surface from undesired association without interfering with its biological activity 

[22]. 

 

3.3.3. Polysorbates 

Polysorbate 20 (PS20) and Polysorbate 80 (PS80) are the most commonly used non-ionic 

surfactants in monoclonal antibody formulations [60-62]. Both are polyoxyethylene sorbitan esters 

with fatty acids—PS20 contains lauric acid, while PS80 contains oleic acid. This structure enables both 

surfactants to reduce surface tension and stabilize the air–liquid interface, which is a critical point for 

protein aggregation [21,61]. 

The primary property of these surfactants is their ability to coat liquid interfaces and prevent 

therapeutic proteins from directly interacting with surfaces that may induce denaturation. In 

antibody-based drug formulations, PS20 and PS80 function to protect antibodies from 

conformational changes caused by mechanical stress or open interfaces, such as those encountered 

during mixing in infusion bags [61,63]. The study shows that both PS20 and PS80 significantly reduce 

aggregate particle formation with increasing concentration, although their performance varies 

depending on the protein type and solvent environment [21]. 

The mechanism by which polysorbates prevent aggregation relies on two main principles: 

(1) reducing interfacial stress by lowering surface tension [64,65]; and (2) competing with proteins for 

adsorption at interfaces, thereby decreasing the chance of protein aggregation at those sites [66,67]. 

Observations indicate that PS20 reduces particle formation more quickly and effectively than PS80 

due to its faster and more efficient adsorption at the interface [21,65]. 

The interaction between polysorbates and antibodies occurs non-covalently, without altering 

the antibody’s structure or compromising its biological activity. However, it is essential to note that 

the use of these surfactants must be optimized, as at specific concentrations, they may promote the 

formation of soluble aggregates, particularly at critical concentration points, such as the 0.002% level 

observed with both PS20 and PS80 [21]. 
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The performance of polysorbates in preventing aggregation during administration is 

especially critical in real-world scenarios, such as the mixing of antibodies into IV bags prior to 

intravenous delivery. This process creates dynamic interfacial surfaces that can lead to aggregation 

if unprotected [63]. The study confirms that selecting and calculating the correct polysorbate 

concentration early in formulation development can provide end-to-end stability, from storage to 

administration [21]. 

3.3.4. Proline and Proline Analogs 

L-proline is an amino acid characterized by a unique five-membered ring structure 

(pyrrolidine), which makes it rigid and hydrophobic [68]. Unlike other amino acids, its amino group 

is integrated into the cyclic structure, giving it a unique stability against denaturation and making it 

an attractive excipient [69]. Proline and its analogs were used to reduce the viscosity of high-

concentration monoclonal antibody (mAb) solutions and to inhibit the formation of aggregates 

induced by protein–protein interactions (PPIs) [42]. 

The main property of proline and its analogs that is relevant as an excipient is their ability to 

form hydrophobic and weak electrostatic interactions with the surface of antibodies [70,71]. Several 

proline analogs studied also possess aromatic groups or charge distributions that support the 

formation of π-π and CH-π interactions with the aromatic residues of antibodies [72,73]. These 

interactions are considered important in reducing viscosity and preventing aggregation, especially 

in antibodies with predominantly hydrophobic surfaces [42]. 

The mechanism by which these excipients prevent aggregation is by forming an electrostatic 

interaction between the mAbs and the excipient, then the viscosity of the mAbs solution can be 

decreased. Molecular dynamics simulations demonstrated that the greater the level of interaction 

between the excipient and the antibody surface, the more significant the reduction in viscosity and 

aggregation observed [42]. 

The interactions between proline/its analogs and antibodies are specific but reversible, and 

they do not cause denaturation or major conformational changes in the antibodies. Physical stability 

tests using DLS and SEC showed that most proline analogs did not cause increased aggregation, even 

after four months of storage at 4 °C [42]. This indicates good compatibility with antibodies and 

supports their safety for long-term formulation applications. The ability of proline and its analogs to 

prevent aggregation is also highly relevant during subcutaneous administration, especially since 

high-concentration formulations tend to exhibit high viscosity, which can cause injection pain and 

difficulty. The viscosity reduction these excipients provide helps maintain desirable flow 

characteristics, improves patient comfort, and preserves antibody stability during injection. 

Therefore, proline and its analogs are promising excipient candidates for improving the stability and 

performance of high-concentration monoclonal antibody formulations [42]. 

In a systematic study, Prašnikar et al. evaluated 35 proline analogs for their effectiveness in 

reducing viscosity of concentrated subcutaneous mAb solutions and predicted their toxicity [42]. The 

results in Table 2 demonstrated that 12 of these compounds exhibited equal or greater viscosity-

reducing effects compared to native proline, likely non-toxic, and did not destabilize the mAbs.  
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Table 2. Summary of Proline and Its Analogs as Excipients for Preventing Monoclonal Antibody Aggregation  

Group Excipients Relative viscosity* 

Proline Analog D,L-Proline 0.77 

Dipeptides and Tripeptides with 

Proline 

H-Pro-Pro-OH 0.49 

 H-Pro-Gln-OH 0.69 

 H-Pro-Ala-OH 0.78 

 H-Gly-Pro-OH 0.66 

 H-Val-Pro-OH 0.74 

 H-Val-Pro-Pro-OH 0.69 

Mimetics of Proline and  

Nicotinic Acid 

Piperidine-4-carboxylic acid 0.75 

 Nicotinic acid 0.64 

 1H-pyrrole-2-carboxylic acid 0.72 

 (R)-pyrrolidine-3-carboxylic acid 0.61 

 1H-pyrrole-3-carboxylic acid 0.66 

*relative viscosities of test compound related to mAbs solution containing proline [42]. 

Proline and its structural analogs have gained attention as potential excipients for stabilizing 

monoclonal antibody (mAb) formulations by reducing viscosity and inhibiting aggregation. Analogs 

with rigid structures and aromatic moieties—along with appropriate charge properties—tended to 

be more effective in lowering viscosity without compromising the structural integrity of the 

antibodies. Supporting analyses using dynamic light scattering (DLS) and size-exclusion 

chromatography (SEC) confirmed that most analogs did not induce significant aggregation or 

degradation of mAbs, indicating a favorable safety and stability profile [42]. Overall, the use of 

proline and its analogs not only provides a viable strategy to reduce viscosity in SC formulations but 

also maintains the physicochemical stability of therapeutic antibodies over clinically relevant 

timeframes. 

 

3.3.5. 2-Hydroxypropyl-β-cyclodextrin (2HPβCD) & L-leucine 

2HPβCD is a derivative of β-cyclodextrin that has been modified with hydroxypropyl groups 

to improve water solubility and biological compatibility. Its core structure is toroidal, with a 

hydrophobic cavity on the inside and a hydrophilic surface on the outside. This property enables 

2HPβCD to act as an encapsulating agent for hydrophobic molecules or to interact with hydrophobic 

regions of proteins, including antibodies [74]. In protein formulations, 2HPβCD functions by 

stabilizing the protein surface through non-covalent interactions, helping to reduce interfacial energy 

and preventing protein–protein interactions that may lead to aggregation. Additionally, 2HPβCD is 

known to modify air–liquid or solid–liquid interfaces, which are critical sites for aggregation during 

processes such as nebulization or storage [75]. 

L-leucine, on the other hand, is a hydrophobic amino acid commonly used as an excipient in 

dry powder inhalation formulations [76]. The simple structure of L-leucine enables the formation of 

a protective layer on the surface of protein particles, preventing direct particle–particle contact and 

reducing the tendency for aggregation. Its mechanism involves enhancing physical stability by 

forming a dry matrix that isolates antibody molecules and reduces molecular mobility. L-leucine also 



J.Food Pharm.Sci. 2025, 13(2), 149-165   158 

 

improves particle morphology during spray drying, resulting in particles with better aerosol 

properties and higher stability [24]. 

Both excipients can interact with antibodies through hydrophobic bonds or weak electrostatic 

interactions, without disrupting the tertiary structure or biological activity of the antibodies. In 

antibody formulations intended for inhalation delivery, as tested by Pan et al., the combination of 

2HPβCD and L-leucine was shown to reduce protein aggregate formation after drying and during 

both rehydration and nebulization. This indicates that both excipients can provide protection against 

physical degradation of proteins during storage and administration an essential factor in preserving 

the therapeutic potential of antibodies [24]. 

 

3.3.6. Succinylated trehalose (C16TreSuc) 

Succinylated trehalose is an excipient derived from trehalose, a non-reducing disaccharide 

composed of two glucose units, widely known as a biomolecule stabilizer. Based on the study 

conducted by Noverraz et al., trehalose was chemically modified by the addition of fatty acid chains 

and a succinyl (carboxylate) group, resulting in an amphiphilic ionic surfactant such as C16TreSuc 

[23]. This structure gives the excipient a hydrophilic head from the trehalose and a hydrophobic tail 

from the fatty acid chain, allowing it to interact with protein surfaces and solution interfaces. 

The main properties of succinylated trehalose are its high water solubility, ability to form 

micelles, and good biological compatibility [77]. Compared to conventional surfactants like 

polysorbate 80, C16TreSuc does not contain PEG and is more environmentally friendly, as its 

degradation products—trehalose, succinic acid, and palmitic acid—are all naturally occurring 

compounds [78,79]. 

As an excipient, the mechanism of action of C16TreSuc in preventing antibody aggregation 

lies in its ability to stabilize antibody structures through hydrophobic interactions with exposed 

protein regions caused by physical stress such as nebulization or freezing. This surfactant coats the 

antibody surface and the air–liquid interface to prevent unfolding and protein–protein interactions, 

which are the initial steps in aggregate formation. This stability was confirmed through Dynamic 

Light Scattering (DLS) tests, which showed that the addition of 5.6 mM C16TreSuc nearly eliminated 

all aggregate formation during the nebulization process [23]. 

The interaction between C16TreSuc and the antibody is non-covalent, involving hydrogen 

bonding and hydrophobic interactions, without altering the antibody’s affinity for its antigen. This 

was demonstrated by antigen-binding assays, which showed that sotrovimab stabilized with 

C16TreSuc remained capable of effectively recognizing the SARS-CoV-2 Spike protein even after 

nebulization [23]. 

The ability of C16TreSuc to maintain antibody stability is not limited to storage or freeze-

drying stages but has also proven highly effective during the nebulization administration process. 

This stability is especially critical for pulmonary therapies such as COVID-19, where therapeutic 

proteins like antibodies are highly vulnerable to denaturation from the mechanical stress of 

nebulizers [80]. With its ability to preserve the structure and function of antibodies throughout the 

entire product lifecycle—from storage and preparation to delivery—succinylated trehalose like 

C16TreSuc, is a highly promising excipient for the development of inhalable antibody formulations 

[23]. 

Maintaining the stability of monoclonal antibodies during administration is a critical but 

often underappreciated aspect of biologic drug development. While much of the research has focused 



J.Food Pharm.Sci. 2025, 13(2), 149-165   159 

 

on formulation and storage stability, the administration phase also presents unique stress conditions 

that can trigger protein aggregation. The right choice of excipients can serve as stabilizers during 

storage and protective agents during this vulnerable phase when the drug is delivered to the patient. 

This highlights the need for a more integrated formulation approach that considers the entire product 

lifecycle from manufacturing to administration. 

This review has shown that each route of administration comes with its own set of stability 

challenges, requiring tailored excipient strategies. Excipients like L-arginine, modified trehalose, and 

cyclodextrins have demonstrated strong potential in preserving antibody integrity under 

administration-related stress. However, long-term safety, biological performance, and regulatory 

acceptance must also be considered. Developing stable and effective monoclonal antibody 

formulations, therefore, depends not only on scientific evidence but also on practical and clinical 

evaluation of the excipients involved. 

Based on the findings of this review, future research is encouraged to consider the 

development of formulation strategies that take into account the drug administration stage, by 

incorporating excipients that have been proven to reduce aggregation under clinically relevant stress 

conditions. Additionally, stakeholders in regulatory and industrial sectors are advised to consider 

route-specific stability testing as a standard component in the evaluation of monoclonal antibody 

product stability. Interdisciplinary collaboration between formulation scientists, clinicians, and 

device engineers will also be essential to optimize excipient performance in real-world clinical 

delivery systems. 

 

4. CONCLUSION 

Monoclonal antibodies hold tremendous promise in modern therapeutics, but their stability, 

particularly against aggregation, remains a key challenge, especially during administration. This 

review highlights how pharmaceutical excipients are vital in maintaining antibody integrity under 

various stress conditions associated with intravenous, subcutaneous, and inhalation routes. 

Excipients such as L-arginine, trehalose derivatives, proline analogs, and cyclodextrins offer targeted 

mechanisms to prevent aggregation, from shielding hydrophobic interactions to stabilizing 

interfaces. Beyond formulation, their selection must consider safety, compatibility, and route-specific 

needs to ensure both efficacy and patient safety. By focusing on the role of excipients during 

administration, this paper addresses a critical but often underexplored aspect of therapeutic antibody 

development offering insights that may guide more robust and effective formulations in clinical 

practice. 
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