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At the beginning of the transcription of a protein, thanks to the intracellular chaperone systems and the biophysical

laws governing protein folding, correct folding occurs most of the time. When due to cellular defects and rapid

protein expression, protein folding becomes problematic, and several fates may occur for the protein. In cases

where misfolding leads to the loss of protein activity (such as enzymes), the corresponding disease will appear

directly. As this state continues, the misfolded protein may turn into amorphous clots or aggregates with regular

structures, each of which can lead to various neurological diseases or even cancer. In the most optimistic scenario,

the misfolded protein enters the proteasome machinery and is initially converted into smaller peptides and finally

broken down into building amino acids.

protein drugs  antibody drugs  pharmaceutical proteins and peptides  denaturing stresses

protein drug characterizations

1. Genetic Engineering: Protein Analogs

With the discovery of genetic engineering and gaining the knowledge that it is possible to change the DNA

sequence in our favor, in 1973, the hope was revived to start producing proteins with properties beyond the natural

states. From that year onwards, precisely 1982, and with the creation of the first protein drug with a human genetic

source (insulin), it was gradually added to the number of recombinant drugs . Today, with all types of analog

insulins, all types of stability and speed of activity are accessible to diabetic patients . The genetic manipulation of

medicinal proteins and peptides should be aimed at not harming the protein’s activity as much as possible and only

stepping in the valley of its stability must be careful. Meanwhile, two general strategies for the production of analog

proteins using direct mutation (site-directed mutagenesis) and random mutation of proteins and the production of

fusion proteins will be discussed.

1.1. Site-Directed Mutagenesis

There are countless ways to induce a mutation in the genetic structure of the protein to produce a protein analog,

which is to create a more resistant or even more active species than the wild form of the protein. For the purposeful

creation of protein analog species, one must have sufficient knowledge of the structure of the wild-type protein.

Among all changes that lead to the production of analog or mutant proteins, it is worthwhile to refer to substitution,

deletion and addition of one or more amino acids in the protein structure. As an example, in author's previous
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study, two amino acids lysine were added at the end of the B chain of insulin, which led to the aggregation of

obtained analogs during subcutaneous injection, which increased the in vivo stability of these insulins . Besides,

sometimes, some essential amino acids are also added to native proteins to introduce the glycosylation and

acylation sites, for increasing the biological and physical stabilities of the target proteins with the help of sugar and

fatty acid molecules.

Studying some successful protein drugs such as interferon (IFN) β1b, human fibroblast growth factor (FGF) and

granulocyte colony-stimulating factor (G-CSF), has had the result that the substitution of cysteine residue with

serine has led to the production of some analogs with a longer half-life . Today, with the help of in silico

platforms for estimating and predicting domains sensitive to aggregation (such as hydrophobic domains buried in

the structure of proteins), researchers can succeed in mutations that make the resulting proteins more stable

against temperature and other physical stresses. Human growth hormone (hGH) and G-CSF can be mentioned

among these case studies. In the first case, it was reported that the obtained hGH analogs with 10–14 mutations

showed a four- to ten-fold increase in shelf life and an increase in temperature stability. Speaking about G-CSF, it

was also reported that in addition to an increase in temperature stability up to 16 °C compared to the wild-type

protein, the analog has activity in cell proliferation studies, as well . As previously reviewed, the

digestion/degradation and cleavage of medicinal proteins in many chemical modifications such as oxidation and

deamidation can be the coup de grâce to the proteins. Accordingly, efforts to create mutants resistant to protein

digestion can be valuable. For example, it is commonly seen that the site of proteolysis of proteins is evolutionarily

institutionalized in the flexible loops. Thus, mutations that increase the flexibility of proteins may cause resistance

to proteolytic digestion . As an example, it has been found that the mutation of two arginine amino acids in the

flexible region of factor VIIIa protein leads to the resistance of this medicinal protein to the proteases of thrombin,

activated protein C, and factor VIIIa .

1.2. Fusion Strategies

Usually, the most important purpose of creating a fusion state in medicinal proteins is to increase their half-life in

the blood circulation system and significantly improve pharmacokinetic profiles . For this reason, it is often used

to increase the size of protein molecules to escape from the renal filtration system. In this achievement, a protein

that can circulate in the blood for a long period is usually used (such as albumin or the FC part of antibodies) .

As a famous and appreciated example, the etanercept protein that is used medicinally for rheumatoid arthritis

disease, today, is obtained from the addition of the extracellular domain of p75 tumor necrosis factor receptor

(TNFR) and the Fc part of IgG antibody. The FC part leads to an increase in the life of the protein in the blood

circulation by the mechanisms of increasing the size of the fusion protein and possibly by endosomal recycling. On

the other hand, because the Fc part is a dimer, the binding rate of this protein to TNF-alpha is between 50 and

1000 times higher than that of monomeric TNF-alpha samples . Regarding albumin, two major mechanisms have

been proposed. One is the direct binding of this protein to the medicinal proteins (e.g., different variants of

barbourin  and hirudin  and the other is the binding of peptides that can act as linkers between the medicinal

protein and albumin (peptides that have a high binding tendency to albumin); extending an albumin-binding peptide
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label to the anti-tissue factor D3H44 Fab that increased the half-life nearly 40-fold . In addition to these two

natural protein molecules, other molecules have also been used to produce fusion therapeutic proteins. 

Sometimes, the purpose of creating a fusion is to increase the stability of the medicinal protein in bacterial

expression systems. Especially for therapeutic peptides, the expression of such small molecules in prokaryotic

systems such as E. coli is always accompanied by the challenge of protease digestion in the bacterial cells, which

leads to a low yield of the final product. On the other hand, by designing fusion (carrier protein) to the target

peptide, post-expression pathways such as purification will take place more easily. As a previous attempt, in the

expression system of E. coli, the genes of insulin A and B chains were separately fused with the chaperone protein

carrier alpha-B crystallin of the human eye lens, in addition to increasing the efficiency of the expression in the

bacterial platform, the purification pathways were also conducted more simply . Recently, a similar study has

been carried out to produce proinsulin in the prokaryotic system .

2. Covalent Engineering

In this section, the purpose is to explain those changes that are covalently applied to the structure of proteins and

peptides to increase their stability. In general, this category of changes includes the connection of synthetic

polymer molecules such as polyethylene glycol and some other extracted molecules: sugars and fatty acids.

2.1. Protein–Polymer Conjugates

The challenges to the stability of medicinal proteins and peptides are so deep that they cannot be completely

solved by the strategies reviewed so far. In many cases, low-stability proteins need to be conjugated with synthetic

polymers to brighten the hope of increasing their stability. One of the most prominent examples of protein-polymer

conjugation is the PEGylation of medicinal proteins, which leads to an increase in the life of proteins in the

circulatory systems . There are currently more than 40 FDA-approved protein drugs that have been conjugated

by PEG . In addition to increasing the life expectancy in plasma, other benefits such as protein stability in the

digestive system, control of receptor-ligand binding, and improving the storage stability of medicinal proteins using

PEG polymer have been reported. It is necessary to take great care about the selection of the type of protein, the

type of polymer and even the conjugation method, to follow the paths that the guest protein does not change from

its natural state (fold) to an unnatural form (unfold) .

In this section, the types of polymers that have been used for the engineering of medicinal proteins will be

discussed. In order to correctly and systematically choose a suitable polymer for conjugation to protein, it is

necessary to consider several criteria.

Additionally, in the selection of protein, attention should be paid to the types of functional groups that can react with

the selected polymer. These functional groups should not be considered in the sensitive areas or the active site of

the protein. The following figure (Figure 1) shows the types of possible active groups in proteins
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Figure 1. Introducing several active groups on the surface and inside a hypothetical protein structure to introduce

desired covalent modifications.

In addition to both C- and N-ends of a protein, disulfide bonds, side chains of lysine and tyrosine as well as free

thiol can undergo purposely various chemical changes to increase protein stability.

The suitable environment for the reactivity of lysine (pKa~10.5) is more in the neutral to basic ranges, which is not

suitable for some proteins that are not stable in this range . Additionally, the amino acid surface accessibility and

the charge around it will be effective in its reactivity. In the case of cysteine, because it is less abundant than lysine

in the primary structure of proteins, the residue is more popular for targeted chemical modifications. Nevertheless,

the changes in this amino acid are a bit riskier and can lead to changes in the protein structure. So, the structural

characterization of proteins should be investigated after cysteine modification. In many medicinal proteins and

especially antibodies, there are a large number of disulfide bonds, which with their slight reduction, it has been

seen that it does not cause severe damage to the tertiary structure of the proteins. The same method is used for

the changes of some proteins in the reduced cysteines. For example, in the brentuximab vedotin antibody model,

after partial reduction of the disulfide bonds, the obtained structure is then conjugated to the maleimide

functionalized anti-cancer drug . This method cannot be useful for small proteins with a small number of disulfide

bonds, since the whole structure may collapse by reducing the bonds. For chemical changes in the disulfide bonds
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of these proteins, replacing natural disulfide bonds with synthetic ones has obtained hopeful results .

Additionally, pka for the N-terminus amine of proteins is usually reported 6–8, which is usually used as a mindset

for changes in the amine end (pH-dependent reactions). For example, the pegfilgrastim protein drug with the same

method has a PEG at the N-terminus amine. Reductive amination in acidic pH usually leads to N-terminus amine

PEGylation of proteins with yields above 90% . However, it should be kept in mind that connecting the

polymer to the N-terminus amine will be advantageous in proteins that are small and have a few lysine residues.

Because the amine group located in the side chain of lysine can win by competing with the amine at the end of the

protein and reducing the percentage of the final product. Usually, it is difficult to distinguish between the C-terminus

of the protein and the carboxyl present in the side chain of amino acids Asp and Glu, which indicates the necessity

of using tags at the C-terminus to confirm the reactivity of this end . Tyrosine is also a residue that has a low

abundance on the surface of proteins and is usually not followed by high popularity in the field of polymer-protein

conjugation due to its cross-reactivity with the amino acid histidine in nucleophilic reactions.

2.2. Linker Chemistry

The linker is a very essential part of protein conjugation, especially for ADCs. Linker chemistry can be tuned to

impart adequate stability for protein drugs . As mentioned above, PEGylation is an example of using hydrophilic

PEG linkers to improve drug efficacy . There are many factors to consider when choosing linkers for ADCs.

Nevertheless, one of the most important of them is the stability of the linker throughout its presence in the plasma,

while it must break down as soon as it enters the target cell (in the form of a conjugate with ADCs) and leads to the

activation of the released anti-cancer drugs . There are cleavable and non-cleavable linkers. The cleavable

linkers are cleaved by chemical or biochemical changes in the environment such as acidic changes for hydrozone

linkers and glutathione or high pH values for disulfide linkers. Some other cleavable linkers contain enzymatic

digestion sites and are sensitive to the enzymes inside the vesicle such as valine-citrulline di-peptides for cathepsin

B enzyme. On the other hand, the non-cleavable linkers depend on the complete digestion of the antibody after

entering the vesicle .

Among the important reasons that led to the removal of Mylotarg from the marketing list in 2010 were items such

as the instability of the hydrazine linker and its payload release . More recently, Trastuzumab-emtansine (T-

DM1) 1 with a non-cleavable linker is the first generation of ADCs approved for the treatment of HER2 (human

epidermal growth factor receptor 2)-positive breast cancer. Second-generation ADCs targeting HER2, trastuzumab

duocarmazine (SYD985), was characterized to supersede T-DM1 by overcoming all resistance using a cleavable

linker and a more potent payload, duocarmycin (DUBA) via different conjugation chemistry. There are, however, no

measurable changes observed between the half-life of Adcetris  with a cleavable linker and Kadcyla  with non-

cleavable linker at the clinical level .

The linker property will also determine how the final products act during blood circulation and also touch the

sensitivity of the antibody to environmental stresses . Some disulfide-linked ADCs were found to conjugate with

blood proteins through cleaved free thiols. Hydrophobic linkers and payloads frequently encourage the aggregation

of ADC molecules, e.g., King et al. showed that multiple loading of the BR96 antibody that is simultaneously
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attached to doxorubicin drug leads to non-covalent dimerization of the antibody, which will eventually lead to

hepatotoxicity . It has also been seen that the linkers that are more hydrophobic are not able to significantly

affect the MDR1  cells. Instead, linkers with a more polar and amphiphilic nature were able to appear with a

greater effect such as mal-PEG4-N-hydroxysuccinimide and N-Hydroxysuccinimidyl-4-(2-pyridyldithio)-2-

sulfobutanoate (sulfo-SPDB) . In addition to the MDR1 challenge, it has also been found that reducing the

percentage of hydrophobicity by employing hydrophilic linkers containing negatively charged sulfonate groups,

polyethylene glycol (PEG) groups, or pyrophosphate diester groups can also help in improving therapeutic index

level and pharmacokinetics .

2.3. Acylation

This strategy has mostly been used in the case of medicinal peptides; liraglutide and insulin detemir are among the

most successful cases of lipidated peptides in the world market. It has been reported that lipidation in the backbone

of peptides can give positive characteristics to the obtained product, such as impressive stability against enzymatic

digestion, and specificity to the receptor and also to the bioavailability of peptides. In addition to the issues related

to the stabilization of medicinal peptides, this process has received much attention in the field of drug delivery of

medicinal peptides . This process occurs unsurprisingly in nature. In the living system, various enzymes help a

protein or peptide to react with a chain of saturated or unsaturated fatty acids in the form of N- and/or O-links .

The binding site of lipids can be the terminal amine and carboxyl, and even in the middle part of the primary

protein/peptide structure, which occurs through residues such as serine, threonine, glycine, lysine, and cysteine

. It is interesting to note that this addition of lipids can be irreversible (when it is through the connection of the N-

terminal of glycine/cysteine) or reversible (when a thioester bond occurs between the fatty acid and thiol group of

cysteine) . Regarding the medicinal aspects of lipidopeptides, some of these peptides are naturally extracted

from microorganism sources such as fungi and bacteria. The use cases of this type of peptides have been proven

in anti-cancer, anti-fungal and anti-bacterial fields . However, from another line of view, in silico addition of lipids

to peptides is also of special interest . In addition to the fact that the presence of peptides can lead to the

appearance of some new features in the peptide, it is reported that the type of spacer between the lipid and the

peptide, the type of lipid and its chemical nature (saturated and unsaturated) are also effective in the activity of the

lipidopeptide . 

2.4. Cyclization

Cyclization is another solution that has been proposed to increase the stability of medicinal peptides, especially

against enzymatic digestions. The idea of this strategy is taken from nature by discovering peptides such as

mammalian theta-defensins  and plant cyclotides . The best example of an engineered cyclic peptide is a 29

amino acids peptide, kalata-B1, which is resistant to a wide range of environmental stresses such as 8 M urea,

acidic environments (0.5 M HCl), 6 M GnHCl, and the presence of various proteases . Taken as a whole, the

high stability of these cyclic peptides has caused special attention in recent years to search for faster synthesis

methods and the purification of cyclized peptides.
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Most cyclic peptides belong to non-synthetic peptides, extracted from microorganisms. This is due to the complex

routes of cyclization of peptides and finally their purification to an acceptable level .

Based on the nature of the linkage between the two residues in the peptide structure that ultimately ensures the

cyclicity, there are two major classes of cyclic peptides: homodetic (involving only a conventional peptide bond) and

heterodetic (using a variety of functional groups that required for looping the peptides) .

2.5. Nanoparticles; Double-Blade Sword

In most past studies, nanoparticles have been used as a platform for the delivery of protein and peptide drugs. The

oral route of using biological agents is the easiest way to use such drugs, but due to the destructive conditions of

the digestive system (acidic environment, the presence of many protease enzymes, and a small percentage of

surface absorption in the small intestine), this route has always been associated with many challenges. For this

reason, the use of nanoparticles has been focused on facilitating the delivery of protein drugs in the alimentary

tract. However, in some studies, nanoparticle systems have also been used for the intravenous routes of drugs. In

any case, for the use of nanoplatforms for the delivery of protein or peptide drugs, the surface and nanoparticle

size are factors that should be taken into consideration . From the surface chemistry point of view, firstly,

nanoparticles should ideally have hydrophilic surfaces that can be easily dissolved in living systems and secondly

escape from the macrophage system .

Given particle size, in living systems of vertebrates, macrophages are responsible for ingesting large foreign

particles (size around 0.5 µm). The selected nanoparticles should be small enough to escape from this system on

the one hand, and on the other hand, they should be large enough to not quickly enter the outside environment of

the vessels through the vascular leakage system. It has been agreed that this size is between 150–200

nanometers in the spleen and liver on the one hand, and on the other hand, the gap junctions between endothelial

cells are between 100 and 600 nanometers . According to this evidence, choosing the right size is a

challenging factor. However, looking at the successful studies in this field, in general, it is understood that the

useful nanoparticles that have been used so far have been between 3 and 200 nanometers in size. A wide range of

nanoparticles have been used to deliver all kinds of drugs, nevertheless, in the case of protein and peptide drugs,

most of the attention has been on polymer nanoparticles and solid lipid nanoparticles. Of these two groups, the

latter has also been pursued more seriously due to the controlled release of the cargo and its ability to be

engineered for a specific organ . 

3. Non-Covalent Engineering of Therapeutic Proteins and
Peptides; Solvent Engineering Pathways

3.1. Formulation: Solvent Engineering Pathways

Another solution that has been used to preserve the integrity of medicinal proteins and peptides is the use of

excipients during storage and even through the use of such drugs. According to the types of these agents, their
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mechanisms of action are also diverse . Herein, the types of these excipients are presented along with their

mechanism to protect proteins. Some of these excipients should be used for a certain amount of window with

specific considerations such as salts that can lead to the aggregation of proteins after a critical concentration .

Or as another important example, in the category of sugars, usually non-reducing sugars are used because

reducing sugars via Millard’s reactions may cause destructive glycosylation of proteins .

According to all the information that was reviewed about the stabilization of proteins and peptides, at the end of this

section, it is necessary to briefly suggest which types of proteins usually suffer from which stress and what are the

proposed solutions to overcome the challenges (Figure 2).
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Figure 2. Proposed solutions to the challenges faced by medicinal proteins and peptides.

3.2. Choice of Container

Depending on the type and even the architecture of the protein containers, proteins may react with the containers’

surfaces, be adsorbed without or with a change in the tertiary structure, and lead to protein aggregation that is

either reversible or irreversible. For example, it has been detected that rhFVIII proteins undergo tertiary structure

changes in contact with hydrophobic silica surfaces, and changing the nature of the surface to a negative charge

has led to a slight change in the protein structure . It has also resulted in some cases where no significant

structural change occurs in the protein, but a severe aggregation behavior occurs during protein binding to the

surfaces. For instance, rhPAF-AH protein does not show a measurable change in contact with the hydrophilic

surface of silica, though, at a pH 6.5, it showed a very high aggregation rate .

Based on past efforts in this field, scientists have generally agreed that glass containers are not ideal, but suitable,

options for transporting and storing these therapeutic macromolecules . Some studies have also pointed out

that even these glass containers can interact with proteins and cause structural changes in them, which in itself

can reduce the stability of the protein and other consequences such as ectopic responses in the patient’s body .

It is worth mentioning a few studies on the changes that have been made to the surfaces of glass containers to

help stabilize drug proteins. From about 1850, therapeutic glass containers were introduced to world markets.

Then, in the 1950s, due to problems such as the reactivity of pharmaceutical proteins and some other chemicals

with glassware, efforts began to engineer glassware using beneficial polymers . Although glass vials are mainly

used for the storage of medications, in some of them, the presence of glass particles, separated from the bottom of

the container, has been reported . Container delamination is an undesirable process in which a thin layer of

glass is separated from the main body glass and the separated particles have the potential to destroy the drug .

For such cases, the US Pharmaceutical Association (USP) has guided assessment glass delamination called USP

<1660> . USP <1660> lists most of the possible factors: the composition of the glass, the conditions under

which the container is made, the subsequent displacement of the container and the medicinal product in the

container. Thus, assessing the inner surface of glass vials, including examining the surface of the glass using an

electron microscope (to analyze the degree of the surface cavity or depth), measuring the total composition that

may have been separated from the glass using inductively coupled plasma-mass spectrometry, or examination of

visible particles using dynamic light diffraction or scanning electron microscopy-energy scattering (SEM-EDX) is

essential . Combining all mentioned studies, for industrial technology, glass vials are preferred over plastic vials

due to the standard depyrogenation, operations of washing and possibly terminal autoclaving and in another view,

glass containers have less immunogenicity in comparison with plastic counterparts . Although in recent years,

different particles with an outer layer of silica have also been invented, which can be an alternative option for

current protein drugs containers. However, it is still necessary to go through several confirmation stages to

industrialize these candidates, .
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