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Review of the current state of protein aggregation
inhibition from a materials chemistry perspective:
special focus on polymeric materials

Robin Rajan, *a Sana Ahmed,a Neha Sharma, b Nishant Kumar,a Alisha Debasa

and Kazuaki Matsumura *a

Protein instability caused by exposure to external additives or severe stress may result in different diseases.

Of these diseases, many are triggered by protein misfolding and denaturation, leading to neurodegenerative

disorders. Additionally, many other diseases are treated by biopharmaceutical approaches using proteins as

drugs, which is again prone to denaturation. Numerous reagents and methods have been developed to

understand protein instability and protection. However, the development of polymer-based protein

protection agents as well as small molecules and peptides for combatting protein instability by inhibiting

aggregation and facilitating protein refolding only gained attention in the last decade. In this review, we

discuss protein aggregation inhibition and the role of polymers in protein protection. Further, we outline

the significance of chemical additives in facilitating protein refolding and their importance in the use of

recombinant proteins for treating neurodegenerative disorders.

1. Introduction

Protein aggregation occurs when misfolded/unfolded proteins

physically aggregate due to a series of sequential and parallel

events, which may be accompanied by changes in the native

state of the protein, structural perturbations, and protein–

protein interactions. Protein aggregation, which causes various

diseases including neurodegenerative diseases, is a major challenge

to the development of protein-based biopharmaceuticals.1–5

Protein drugs are an indispensable class of biopharmaceutical

products used to treat severe health conditions that cannot be

treated using conventional drugs. As promising biotherapeutic

agents, proteins offer advantages such as selectivity, specificity,
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and potency. A common example of protein drugs is insulin,

which is used for the treatment of type 1 and type 2 diabetes.

According to a recent report by Syngene Research, the global

market for protein-based therapeutics is expected to reach

almost 303 billion USD by 2026.6 However, protein instability is

a challenge for biopharmaceutical formulations, and overcoming

it requires in-depth understanding of the underlying physical

process and the methods that can be used to protect proteins.

Neurodegenerative disorders, such as Parkinson’s disease,

Alzheimer’s disease, amyotrophic lateral sclerosis, andHuntington’s

disease are caused by protein aggregation.1,2 Globally, B10 million

people suffer from Parkinson’s disease, and in the USA,

B5.4 million individuals have Alzheimer’s disease.7 These

disorders do not have definite cures; however, multiple strategies

for disease management have been reported, including administer-

ing cholinesterase inhibitors for cognitive disorders,8 drugs, and

suppressing the effects of genetic mutations.9–13 For combating

neurodegenerative disorders, strategies to remove amyloid fibrils or

refold misfolded proteins from the brain may be effective. A

brief schematic illustration of protein aggregation and inhibition

strategies is shown in Fig. 1.

Several processes and compounds that suppress protein

aggregation inhibition with relative success have been developed.

Several reviews on protein aggregation, it’s mechanistic aspects,

and strategies for suppressing aggregation have been previously

published,4,14–20 focusing on small molecule inhibitors of protein

aggregation. For example, W. Wang has reviewed protein

aggregation phenomenon with emphasis on small molecule

compounds used for the inhibition of this process.4 Similarly,

Estrada and Soto17 and Dhouafli et al.16 have described

protein aggregation inhibition by short peptides and phenolic

compounds, respectively. Polymers have recently been recognized

as efficient alternatives to small molecules for the inhibition of

protein aggregation, as these have great potential to combat

aggregation-induced issues and are effective in inhibiting protein

denaturation and facilitating refolding. An exhaustive review

detailing the problems, inducements, consequences, and available

inhibitors of protein aggregation, with focus on polymers is

required. Moreover, a review focusing on the refolding of

denatured/misfolded proteins using chemical additives is unavail-

able in the literature.

In this review, we summarize recent advances in protein

studies and discuss various mechanistic aspects and strategies

to overcome protein aggregation. Further, we emphasize the

development of polymeric compounds for stabilizing proteins

both in vitro and in vivo and discuss the removal of aggregated

species (refolding) using chemical additives. This review aims

at providing an understanding of the mechanisms underlying

protein aggregation and ways to overcome it, with particular focus

on polymer-based inhibitors of protein aggregation. These

inhibitors have the potential to be game-changers in the field

of protein-based biopharmaceuticals owing to their greater

flexibility and tunability compared to small-molecule analogues.

2. Protein aggregation

Under normal conditions, newly synthesized proteins fold into

distinct three-dimensional structures and occasionally assemble

into multimeric protein complexes. Self-assembly is a folding

process through which proteins attain a specific conformation

(Fig. 2). However, self-assembly is successful only under optimal

Fig. 1 Overview of the modes of protein aggregation, problems associated with aggregation, and the various inhibition strategies.
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conditions and in the absence of any external factors.21 At times,

correctly folded proteins are exposed to cellular and physical

stress, resulting in aggregation, misfolding, and unfolding.22

Many factors, including thermodynamic behaviour, affect

the durability and strength of proteins.23 There is high prob-

ability for the loss of protein function and impairment of

critical function under stresses such as heat shock and oxida-

tive stress, resulting in protein misfolding or unfolding.24

Misfolding results in the transformation of proteins into non-

native structures and further into organized fibrils.25 Over 35

human diseases, including Alzheimer’s disease, Parkinson’s

disease, Huntington’s disease, and sickle cell anaemia, are

reportedly associated with protein aggregation and misfolding,

presenting challenges for medical technology and industries.26

Additionally, the possibility of formation of intermediates such

as protofibrils and oligomers cannot be ignored.27

There are 20 homologous proteins and a few associated

proteins such as Ab1–40,28 lysozymes,29 and insulin,30 which

are known to form amyloid fibrils that trigger incurable diseases

such as Parkinson’s disease.31 Amyloid fibrils comprise 3–6

filaments that change form when the unfolded monomers are

assembled into oligomers, followed by transformation into the

metastable b-sheet conformation and subsequently into b-sheet

rich structures.32 These oligomers can function as nucleation

seeds to form further oligomers and fibrils; however, the

dimension of the nucleus depends on the reaction kinetics and

conditions.33,34

Several factors, such as covalent and non-covalent inter-

actions, are involved in the formation of clusters that lead to

the loss of biological activity, immunogenicity, and other

effects.35 The initiation of aggregation may occur due to the

interaction between hydrophobic patches on proteins, resulting

in a highly flexible folded state and insolubility.36 Non-covalent

interactions such as van der Waals forces and electrostatic

interactions are responsible for self-aggregation.37,38 Insulin

is a perfect example for studying oligomers in the native state,

and it forms amyloid fibrils in a non-physiological state under

reversible aggregation conditions.39 Similarly, covalent aggregates

are formed through disulphide linkages via free thiol-groups

where disulphide-bonded proteins aggregate due to interchange

via b-elimination.40 Dityrosine formation, oxidation, and the Mail-

lard reaction are a few examples of covalent interactions that

induce protein aggregation.41 Thus, only a few aggregate types

have been characterized so far, viz. irreversible or reversible,42 non-

covalent43 and covalent,44 and small soluble aggregates;45 where

the nucleation–propagation mechanism46 is commonly involved

in the formation of aggregates.

3. Consequences of protein
aggregation

Changes in protein structure associated with aggregation result

in the formation of oligomers, followed by the growth of linear

aggregates, and eventually, visible particles with low solubility

are formed. In 1931, Hsien Wu outlined the issue of protein

instability47 and postulated a theory on protein denaturation.

Protein aggregation in addition to triggering neurodegenerative

diseases, causes challenges in the development and commercia-

lization of biotechnology products and is observed in all stages of

protein product development andmanufacturing processes, such

as protein expression,48 formulation,49 purification,50 product

filling,51 lyophilization,52 and storage (Fig. 3).53 Protein purifica-

tion poses different challenges for the solubilization of insoluble

particles or aggregates, and the requirement of additional steps

may result in reduced final yield of proteins, which is not

Fig. 2 (A) Diagrammatic representation of the steps for the formation of

aggregation. (B) Depicted events shows the misfolded proteins or amyloid

fibrils can form protein aggregate or refold back to the native structure.

Fig. 3 An overview of various problems associated with protein aggregation.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1141
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economically viable. Moreover, other techniques steps such as

vial filtration (purification method), inactivation, and chromato-

graphy can cause protein aggregation. In addition, conditions

such as high protein concentrations, shear stress, changes in pH,

and ionic strength may also trigger protein instability. For

instance, chromatography, one of the most used purification

methods that involves the presence of stationary and mobile

phases (solvent), requires the addition of protein stabilizers to

avoid aggregation. Another example is the addition of glutathione

and ascorbic acid to prevent the generation of reactive oxygen

species, which may promote aggregation.54,55 Moreover, proteins

may adsorb on the stationary phase, leading to protein unfolding

and increased aggregation. In addition, chromatography may

require low pH, resulting in conformational or colloidal instabil-

ity of the protein and causing aggregation.50 Preparation of

protein samples also involve centrifugation and filtration, which

expose proteins to shear stress. Furthermore, the proteins at the

air–liquid interface may form soluble or insoluble aggregates.

Thus, conditions resulting in protein aggregation during

purification need to be mitigated. Processes such as product

filling, lyophilization, and long/short-term storage are discussed

in the next section.

Additionally, protein aggregation can occur during or after

the administration of protein in a therapeutic context.56,57

Multiple disorders and ailments such as myocardial infarction,

diabetes, and cancer can be cured using commercially available

protein-based products. At present, hundreds of such products

are in the preclinical and clinical development stages. After

production, the pharmaceutical protein must be stabilized and

ideally requires a shelf life of 1.5–2 years.58 This task is

challenging as proteins are prone to aggregation, leading to

their chemical and physical degradation and subsequent loss of

activity.59,60

Physical degradation occurs during the unfolding, accumulation,

aggregation, and surface adsorption of the protein.59–61 Chemical

degradation involves the oxidation, deamidation, and movement of

the disulphide bond. Aggregation can occur under the influence of

stresses and even under favourable conditions for native state/

conformation. The formation of small aggregates is reversible, but

denatured protein aggregation or the formation of non-native

b-sheet structures is an irreversible process.62 Protein drugs that

are currently available have aggregation issues; for example, insulin

tends to precipitate and cause blockages in implantable and

portable delivery systems. The most popular delivery method

for insulin is via syringe, but its improper storage could lead to

insulin aggregation. The use of lysine or arginine as additives

may also induce the aggregation of insulin, as arginine changes

the overall charge and hydrophobicity of insulin by binding to

partially unfolded intermediates. The induced structural

changes do not depend on the native structure of the protein

or the final morphology of the aggregates. Further, the delivery

of insulin via the gastrointestinal tract is not feasible owing to

the presence of acid and enzymes. Multiple factors such as

protein stabilizers, additives, and pH can affect the adsorption,

aggregation, and retention of insulin in the gastrointestinal

tract.63

Glucagon is another synthesizable hormone that is used to

maintain blood glucose levels in diabetic patients, and it facilitates

glycogenolysis and gluconeogenesis by the liver. Glucagon helps

treat acute hypoglycaemia, and it quickly restores normal levels of

glucose. Its crystalline form is dissolved in diluted acid buffer and

injected intramuscularly. In aqueous solutions, glucagon forms

aggregates and precipitates owing to its low solubility64 and is

known to form amyloid-like fibrils in alkaline and acidic

conditions.65–67 Therefore, it is important to have an alternative

or analogue of glucagon with similar biological activity that is

sufficiently soluble and stable under relevant physiological

conditions.

Monoclonal antibodies (mAbs) are multidomain glycoproteins

used by the immune system to protect the body against various

invaders. They are used in treating infectious ailments, auto-

immunity/inflammation, and metabolic disorders, and in onco-

logical studies. Presently, more than 30 mAbs are commercially

available. The preferred method of delivery, i.e., subcutaneous

injection, needs relatively high concentrations of antibodies.

However, antibodies can aggregate irreversibly and form amyloid

structures enriched in b-sheets,68,69 because of change in

temperature, pH, salt concentration, type of buffer, and storage

conditions.70,71 Bansal et al. analysed the aggregation of two

antibodies (with pI of around 8.5 and 8.0) at different temperatures

using acetate and citrate buffers (100 mM concentrations and

pH 3.0 with 100 mM NaCl). The rate of aggregation was

prominently higher in the presence of citrate relative to acetate

buffer.72 Dispersed antibodies in citrate buffer have low stability,

which leads to high aggregation. Moreover, there is less protein–

protein repulsion due to decrease in protein charge, as citrate

molecules possess higher charge. Hence, electrolytes in citrate

buffer shield the electric double layer around the protein, thus

decreasing the energy barrier. It is possible that faster aggrega-

tion in citrate buffer results because of the decrease in the net

energy barrier for protein–protein interaction leading to antibody

instability. To function, proteins must be stably folded into their

three-dimensional framework. In certain circumstances, this may

not occur due to the presence of mutations, failure of the

proteostasis network, pathological conditions, or the prevalence

of conditions such as temperature fluctuations, high pressure

and agitation, or extreme pH, resulting in unfolded/misfolded

proteins and aggregates.

More than forty human diseases are caused by the accumulation

of distinct proteins with a unique clinical profile. For example,

Alzheimer’s disease (AD) is characterized by b-amyloid and tau

protein aggregates, Parkinson’s disease (PD) by a-synuclein

(aSyn), and Huntington’s disease by Huntington protein (Htt)

aggregates. Alzheimer’s disease (AD), which was first detected in

1906, affects millions of lives worldwide,73 and is a major cause

of dementia with no substantial treatment. The pathological

hallmark of AD is the extracellular plaque deposition in the

brain, which consists primarily of the b-amyloid peptide. The

most toxic species of this peptide comprises 42 amino acids

with a molecular weight ofB4.5 kDa. In solution, b-amyloid can

form filamentous b-sheet aggregates without any change in

physiological conditions.74
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In contrast, protein aggregates reportedly have a positive effect

on stressed striatal neurons.75,76 Leitman et al. have proposed

that protein aggregation is a defensive mechanism to protect,

isolate, and segregate faulty proteins.75 In this context, Arrasate

et al. have shown that inclusion bodies (IB) protect neural cells by

regulating the diffusion of toxic Htt.77 Elevated b-amyloid protein

levels are a marker for AD; however, in C. elegans, toxic aggregates

of b-amyloid 42 were reduced under the influence of insulin/

insulin growth factor-1-like signalling pathway (IIS).78 The IIS

pathway is responsible for determining the lifespan of multiple

model organisms such as C. elegans, flies, mice, and humans as it

regulates aging, stress, and resistance to disease.

Protein purification requires the solubilization of insoluble

particles or aggregates, and it involves the use of conditions

such as high protein concentrations, shear stress, changes in

pH, and ionic strength, which may cause protein instability.

Further, it involves the use of procedures that cause losses in

the final yield that are not economical. Purification steps such

as viral filtration, inactivation, and chromatography can cause

protein aggregation. For instance, chromatography is an important

filtration method and uses stationary and mobile phases (solvent)

requiring the addition of protein stabilizers such as glutathione

and ascorbic acid. This is done to prevent the generation of

reactive oxygen species, which may provide hot spots for

aggregation.54,55 The stationary phase may also cause adsorption

of protein to the surface, leading to protein unfolding and

increased aggregation. In addition, chromatography may require

the presence of low pH, leading to conformational or colloidal

instability in the protein, causing aggregation.50 Protein pre-

parations also require centrifugation and filtration, which

expose proteins to shear stress (high speed of centrifugation).

Further, exposure of proteins at the air–liquid interface may

lead to the formation of soluble or insoluble aggregates. Thus,

conditions leading to protein aggregation during purification

need to be mitigated.

Protein aggregation is an inevitable challenge at every stage

of protein synthesis, processing, and administration, which needs

to be overcome using appropriate measures. Moreover, protein

aggregation triggers numerous complications in vivo. Hence,

developing strategies to both protect proteins from aggregation

as well as remove it post-aggregation is extremely crucial in

many fields.

4. Factors affecting protein
aggregation

Proteins can aggregate under various environmental conditions,

and the extent of aggregation depends on intrinsic (indirect) and

extrinsic (direct) factors. Extrinsic factors include environmental

factors, genetic factors, metal ions, and oxidative substances that

promote aggregation.79 In this review, we focus on environmental

factors and explain the role of temperature, pH, ionic strength,

salt type and concentration, co-solutes, ligands, and various

processes in protein handling that affect aggregation (summarized

in Table 1).

4.1 Temperature

Temperature affects protein aggregation in multiple ways by

influencing protein–protein interactions, rate of protein diffusion

in solutions and the solid-state, conformational stability, solubility

of proteins/aggregates, and chemical degradation. The thermo-

dynamic stability of native protein conformation ranges from

B5–20 kcal mol�1 in free energy.94,95 In physiological conditions,

the native state of a protein is stable relative to the unfolded and

biologically inactive conformations.96–98 Electrostatic forces, hydro-

phobic interactions, hydrogen bonding, van der Waals forces, and

local peptide interactions are responsible for the free energy of the

folding state.99 Conformational entropy is the driving force that

induces protein unfolding, and it is sensitive to changes in salt,

solution pH, and temperature.

The thermodynamic stability of the native protein state as a

function of temperature shows a typical parabolic profile.100 An

increase in temperature is likely to accelerate the aggregation

process due to an increased rate of protein diffusion and the

amount of partially unfolded states for various proteins.101,102

Table 1 Factors affecting the process, rate, and mechanism of protein aggregation

Factors Protein/antibodies Condition of protein aggregation Literature

Temperature b-Lactoglobulin Rapid increase in aggregates from 30 1C to 50 1C. 80
pH Bovine-serum albumin, b-galactosidase

glucagon-like peptide-1
pH 7 to 1 caused freezing-induced aggregation (20 to �25 1C). 81

b-Lactoglobulin pH 8.2 to 7.5 resulted in the formation of amyloid-like fibrils. 82
Building blocks vary at pH 2 and 3.5. 83 and 84

Ionic strength Soy protein Decrease in surface charge and hydrophobicity when strength was
increased from 0–500 mM.

85

Ligands Insulin Small peptide prevented the early formation of a critical nucleus. 86
Cosolutes Lysozyme, insulin Trehalose inhibits aggregation. 87
Salt type Myofibrillar protein MgCl2 and CaCl2 induced higher disulphide bonding than NaCl. 88
Salt concentration Potato protein Increase in NaCl affects surface dilatational elasticity and surface

activity; also facilitates protein–protein interactions within surface film.
89

Pumping Intravenous Ig Electrostatic interactions between pump surfaces (negatively charged)
and antibodies (positively charged).

90

Agitation Whey protein At 5% protein concentration, aggregation increased at a high shear rate. 91
Drying Blood plasma Sugar addition checks freeze-drying-induced aggregation. 92
Light exposure a-Lactalbumin Disulphide-mediated aggregation on exposure to UV-B (0–24 h). 93

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1143
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In terms of Gibbs free energy (DG = DH� TDS) for the transition

between folded and unfolded state, DG decreases as temperature

increases and eventually becomes zero and subsequently the free

energy of the unfolded state of proteins becomes lower than that

of the folded state. Thus protein unfolding becomes thermo-

dynamically favourable at elevated temperatures.99,103,104 At high

temperatures, proteins denature or degrade physically, in what is

mostly an irreversible aggregation, as seen in the recombinant

human Flt2 ligand,105 streptokinase,106 ribonuclease A107 and the

recombinant human keratinocyte growth factor.108 Completely

folded protein molecules do not form aggregates because aggre-

gation is initiated at temperatures well below the equilibrium

melting temperatures of proteins; at these temperatures, the

amounts of native and denatured proteins are at equilibrium.62

Meanwhile, decreasing the temperature can cause cold-folding of

the protein leading to its aggregation. Luan et al. have shown that

the ribosomal protein L9 exhibited 76% aggregation at 4 1C

and B36% aggregation at 25 1C.109 For antibodies, a decrease

in temperature could induce precipitation as seen for the

monoclonal IgM cryoglobulin at 14–15 1C.110 A recent report

by Wälchli et al. using two immunoglobulins showed various

types and mechanisms of aggregate formation between 40 1C

and 5 1C.111 Further, reversible oligomerization has been

demonstrated in mAbs.112,113 Wang et al. have shown that

antibodies with overall attractive protein–protein interactions

at low temperatures could exhibit liquid–liquid phase separation,

which is a type of protein condensation that involves separation

of proteins into two phases: protein rich (bottom) and protein-

poor (top).114

Temperature plays a crucial role in reaction kinetics as rate

constants increase exponentially with temperature, i.e., the rate

of protein aggregation increases at high temperatures because

of the rise in global molecular mobility (kinetic energy). There-

fore, an increase in temperature accompanies an increase in

the probability and number of collisions with enough energy to

overcome activation energies.115 Moreover, these phenomena

work in a cycle, with a rise in temperature enhancing the rate of

monomer diffusion, accelerating the rate of the reaction.

Proteins such as bevacizumab may follow the traditional Arrhenius

relationship within a narrow temperature range between 25 1C and

50 1C;116 however, most proteins do not behave this way for a wide

range of temperatures.117,118 Therefore, the rate of aggregation

might be different at 25 1C than at 40 1C70 due to the change in

protein aggregate solubility,119 various aggregation mechanisms,120

conformational stability,121 and the reversibility of protein

aggregation122 at different temperatures. Thus, prescribed storage

temperatures for proteins based on accelerated stability data,121

calculated using a modified Arrhenius equation121 and the

extended Lumry–Eyring (ELE) aggregation model should be

followed.123

4.2 pH and ionic strength

Protein stability changes with alterations in solution conditions.

One such condition is the solution pH, which affects protein

aggregation by causing changes in protein conformation and

stability.124–126 Filipe et al. showed that immunoglobulin G1

(IgG1) transformed from dimers to micrometer-sized aggregates

in a few hours when the pH decreased from 6 to pH 1.127 The pH

can cause differences in the growth of the nucleus and the rate

of aggregation128 by influencing protein–protein interactions,129,130

the solubility of protein aggregates,131 and the reactivity of protein

cross-linking reactions.132 Proteins can be very sensitive to a change

in pH outside a narrow pH range, e.g., insulin,133 relaxin,134

ribonuclease A,135 rhGCSF,136 and the recombinant factor VIII

SQ.137 pH affects electrostatic interactions and consequently protein

stability in two ways; e.g., when the solution pH is significantly

different from the isoelectric point of the protein, it causes the

protein to become highly charged, giving rise to repulsions.99 These

repulsions can destabilize the protein conformation via unfolding

due to a change in charge density, and the unfolding decreases the

free energy of the protein. Second, conformational stability changes

while ion pairing, and instead of destabilizing the folded protein

conformation, ion-pairing stabilizes it.99,138 Therefore, ionic

strength influences protein aggregation.139,140 Ionic strength may

first change the nature and extent of protein–protein interactions by

altering the conformational stability of the protein.141 Anions

and cations affect protein aggregation differently by binding or

screening the protein molecules,129,142 and anions affect protein

aggregation significantly143 and for a wider range of pH due to

their association with positively charged protein groups.144 The

effect of ionic strength greatly relies on the solution pH.

Further, the ability of anions to affect aggregation varies with

the electroselectivity and polarizability of the protein and

solution conditions.142,145

4.3 Cosolutes and ligands

Strongly binding ligands play a crucial role in the physical

stability of a protein. According to the Wyman linkage function,

in a two-state equilibrium during ligand binding, equilibrium

always shifts towards the state with greater binding. Between

the native and unfolded states of the acidic fibroblast growth

factor, polyanions bind to and shift the equilibrium towards the

native state.107 Similarly, zinc ions bind to the human growth

hormone leading to a rise in the free energy of unfolding.146

Compounds such as ammonium sulphate, sugars, and polyols

provide stability to the native state of proteins, whereas guanidine

hydrochloride and urea are known denaturants.147,148 This may

occur due to a difference in solute binding to a protein in which

some solutes prefer the folded (native) state over the unfolded

state, and vice versa.

Sugars and polyols, which act as protein stabilizers and are

added as co-solutes to solutions, inhibit aggregation and impart

physiological osmolality in drug formulations. Exclusion of

co-solutes from protein surfaces is preferential and varies with

the ratio of solvent concentration to protein surface area.147,149

Preferential exclusion refers to the repulsive force of protein

molecules observed when interactions between solvent and

protein molecules are unfavourable. Exclusion increases as the

surface area of the protein increases with protein unfolding,

indicating a preference for the native folded state of proteins.

Nicoud et al. has shown that the addition of sorbitol to glycosylated

IgG1, in absence of a polyol sugar, delays the depletion of

1144 | Mater. Adv., 2021, 2, 1139�1176 2021 The Author(s). Published by the Royal Society of Chemistry
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monomers corresponding to the protein unfolding.150 Furthermore,

solutes that bind weakly to the protein surface negatively impact the

rate of protein aggregation.

4.4 Salt type and concentration

Salts can affect the physical properties and stability of a protein

by altering the protein conformation, solubility, and the rate of

aggregation.151–153 The addition of NaCl alters the solubility

equilibrium for the recombinant human tissue factor path-

way154 and causes a decrease in the aggregation speed of the

recombinant factor VIII SQ.137 In contrast, NaCl addition

causes the rate of aggregation to increase for rhGCSF.155 As

explained earlier, cations and anions bind protein surfaces

preferentially via unpaired charged side chains. When multi-

valent ions are present, they can bind to side chains and

crosslink charged residues on the protein surface, stabilizing

the native state of the protein.156 However, ions can destabilize

the native state of the protein via binding to peptide bonds,

which have a partial negative charge on the carbonyl oxygen,

and a partial positive charge on the amino group.153 Electro-

lytes modulate the strength of electrostatic interactions

between charged groups, both within the protein and between

protein molecules. Thus, whereas intramolecular charge–

charge interactions affect conformational stability, intermole-

cular electrostatic interactions affect equilibrium and the rate

of aggregate formation.

Salt concentration is another vital parameter required for

protein stability. A salt affects protein–protein interactions

while also interacting with protein molecules. At high salt

concentrations, ions primarily interact with a protein to shield

and bind to the protein surface. This results in higher protein

solubility while decreasing the thermodynamic stability,152

leading to destabilized protein folding and denaturation.157

Metal salts can denature proteins and form insoluble metal–

protein salts; for instance, silver nitrate was shown to cause

fluorescence quenching of tryptophan in BSA.158 Silver ion is a

hydrophobic quencher that induces protein misfolding and

unfolding, thereby distorting the native state of the protein.

In contrast, low concentrations of salts reduce electrostatic

interactions as the ions shield the charges instead of binding

them. Thus, the type, number, and distribution of charges in a

protein depend on the pH. Hence, the effects of salts vary

greatly depending on changes in pH.

4.5 Processes

Various processes for manufacturing drug products (proteins)

may influence the aggregation behaviour of proteins, as

explained below.

4.5.1 Pumping and agitation. Pumping is a process used in

filling (or packaging) of drugs into vials. Since the piston pump

used in pumping contacts the protein surface, leading to the

application of pressure and shear stress, it may lead to protein

aggregation. Further, depressurizing may create air voids,

which elevate protein aggregation.159 Proteins such as hGH and

IgG1 can withstand a shearing stress of 10000 s�1,160 but insulin

forms fibrils at a minimal shear of 150 s�1.161 Another procedure

in drug manufacture is filling, which requires prior mixing

of proteins to ensure homogeneity, using methods like stirring

and suspended impellers that may cause protein damage and

aggregation.162 However, multiple methods can cause agitation

while mixing protein solutions such as vortexing, shaking, stirring,

and rotating,163 leading to aggregation in different proteins or

peptides.140,164–166

4.5.2 Drying and exposure to light. Protein aggregates form

during freeze-drying and spray-drying,167 possibly because of

the partial removal of the hydration layer of the protein.168 Further,

exposure to light can cause protein degradation and the production

of reactive oxygen species. Protein monomers may become more

susceptible to aggregation after prolonged light exposure. The

ultraviolet or visible light treatment of antibodies causes heavy

aggregation,169,170 perhaps due to oxidation at trypsin and

methionine residues that facilitate aggregation.171,172

Sonication affects protein aggregation and causes partial

unfolding due to an increase in temperature, pressure, and void

formation.173,174 Additionally, the long-term storage of protein-

containing syringes could produce particles and aggregates of

protein due to the formation of radicals on exposure to radia-

tion during the sterilization process.175

5. Mechanism of protein aggregation

In 1954, Lumry and Eyring outlined a theory that laid the founda-

tion for protein structure, stability, folding, and aggregation.176

Aggregation is a common and critical issue during the synthesis

and storage of proteins. The classic Lumry–Eyring model describes

an irreversible protein denaturation in two steps:

N ! U - F,

where N indicates the reversible folding of the native protein

and U indicates reversible modification of the unfolded protein,

which produces F as the final state. Due to the limitations of the

classic model, a revised version has been described for the

quantitative analysis of irreversible aggregation and thermo-

dynamics of the reaction. At elevated temperatures during

transitions between folded and unfolded states of the native

protein, protein unfolding becomes the rate-determining step.

The extended model includes kinetics of conformationally

mediated irreversible aggregation and also explains the effects

of reversible conformations. It was recently used for explaining a

decrease in nucleation and growth of aggregates when the

temperature was changed from 4 to 30 1C in mAbs.177 Each

protein exhibits a unique stability pattern due to physical and

chemical differences. We summarize three hypotheses to out-

line the mechanisms underlying protein aggregation (Fig. 4).

5.1 Systematic and reversible association of the native

monomer

The reversible association hypothesis is valid for native and

denatured proteins and starts with the aggregation of monomers

into the growing aggregate. The hypothesis postulates that the

tendency for reversible aggregation of a protein is intrinsic to its

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1145
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native form. In native monomers, self-association takes place and

results in small reversible oligomers. The surface of protein

monomers may have various complementary regions, which

may provide multiple interface types with different patterns for

the growth of oligomers, and multiple conformations for oligo-

mers with identical stoichiometry. Insulin is an example of a

therapeutic protein that readily associates to form reversible

oligomers,178 which can greatly affect its bioactivity; additionally,

structural or confirmational rearrangement in the aggregates

could produce new entities.179 An increase in the concentration

of protein and the growth of oligomers may eventually cause

aggregates to turn into irreversible forms; e.g., interleukin-1

receptor antagonist (rhIL-1RA) forms reversible dimers that convert

to irreversible dimers and trimers at high concentrations.180 This

mechanism has two types of variants, where (a) the conformation of

monomers is altered, and (b) the monomer is modified chemically.

5.2 Conformationally altered monomer

In this mechanism type, the monomer does not associate

reversibly. However, after partial refolding or owing to a change

in conformation, monomers tend to associate strongly. Mono-

mer changes to a non-native state usually occur when the

amount of protein monomer is quite small. Conformational

changes occur mostly by heat or shear stress, which facilitates

protein aggregation. The conditions that stabilize or favour the

native state inhibit the process of aggregation. G-CSF181 and

interferon182 have been shown to exhibit this mechanism. This

mechanism is predominant for many proteins and has been

extensively discussed in multiple reviews.183,184

5.3 Chemically modified products

In this mechanism, changes in the covalent structure of proteins

due to chemical degradation such as proteolysis, deamidation, or

oxidation of methionine occur, which may lead to the formation

of new regions on the protein surface or result in a decrease

in electrostatic repulsion between monomers. For example, the

un-glycosylation or under-glycosylation of glycoproteins causes

aggregation. Unlike the conformationally-altered monomer,

modified protein monomers can be present in large amounts

and are a diagnostic feature of this mechanism. However,

aggregates do not contain modified monomers exclusively and

harbour non-modified monomers as well. Therefore, the

enhancement of chemical stability can reduce aggregation.

Importantly, chemically modified protein aggregates can be

precisely immunogenic.185

5.4 Surface-induced aggregation

Here, native monomers first bind to a surface to initiate the

process of aggregation. Next, a conformational change in the

monomer (e.g., to increase the contact area with the surface)

may occur. The driving forces could be hydrophobic or electro-

static interactions, based on the nature of the surface. The

mechanism is different from those described previously for

conformationally-altered monomers, as aggregation takes place

at the surface or after the detachment of monomers into the

solution. Freeze/thaw damage can also lead to protein aggrega-

tion due to instability resulting from temperature changes

which can occur via surface-induced aggregation. Aggregate

formation at the surface of ice crystals or due to a change in

pH may also occur. Processes involving induction of shear

forces or agitation can cause long exposure to surfaces and

lead to changes in protein conformational stability (as dis-

cussed in the case of conformationally altered monomers).

Thus, it is difficult to identify the actual stress that causes

protein aggregation.

5.5 Nucleation-controlled aggregation

In general, aggregation initiates via formation of a nucleus,

which grows and accumulates with time, leading to insolubility

and precipitation of the protein. The accumulation of insoluble

aggregates results in lower or no bioactivity of a protein, loss of

cellular function, and high toxicity due to disturbed intra-

cellular transport. This mechanism is well-studied, and the

formation of aggregates takes place slowly in a lag phase,

followed by an elongation (exponential) phase, and a final

plateau. For some proteins, the lag phase arises due to an

energy barrier for nucleation resulting from the free energy

required to create an interface between a solid particle of protein

and a liquid (solvent), and it varies with the size of the aggregates.

Here, the probability of production of small or mid-sized oligo-

mers is low. Therefore, the formation of moderate-sized aggregates

is called the ‘‘critical nucleus/seed’’, which probably converts to

larger species by the addition of monomers at a fast rate. The lag

phase is fairly slow, with no visible changes over a long period,

followed by sudden changes in the size of aggregates leading to

precipitation. Moreover, the formation of nuclei may vary with

orientation and may prefer a lower free energy for initiation. Fibril

formation is an example of nucleation-controlled aggregation. In

some cases, the rate-limiting step can involve the formation of a

pre-nucleus species. In aSyn, the pre-nucleus entity formed on

protein oxidation is a dityrosine-crosslinked dimer,186 and the rate

of nucleation increases rapidly when the dimer concentration is

B1–2% of the total protein population. Starting with preformed

dimer species (called seeding) could quickly result in fibril for-

mation. Nucleation can be of homogenous or heterogeneous type.

Fig. 4 Schematic illustration of the different modes of protein aggregation.
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In the former, as described above, the critical nucleus is itself a

product aggregate. In the latter type, the nucleus/seed can be a

contaminant instead of a protein. For example, silica (shed by

vials) or steel particles (shed by piston pumps during the filling

process) act as the nucleus/seed for aggregation.187,188 After a lag

phase, monomers convert to oligomers, leading to b-sheet for-

mation, which are intermediate structures known as protofibrils,

eventually forming fibrils till the final plateau phase occurs.

6. Characterization of protein
aggregation

Protein aggregates induce immunogenic responses that can be

fatal. Several techniques are widely used for the qualitative and

quantitative analysis of protein aggregates and amyloid particles.

In this section, we discuss the diverse analytical methods used for

the characterization and identification of aggregates, ranging from

simple investigations to sophisticated analytical methods that

require expertise. Changes in molecular weight, conformational

state, shape, and size are some of the physicochemical properties

studied to investigate aggregation. A few commonly used

techniques for the detection and characterization of protein

aggregates are outlined in Table 2.

6.1 Separation-based methods

Protein-based pharmaceuticals such as interferons and human

growth hormones are genetically engineered. At times, the

resultant proteins are unsteady, resulting in aggregation that

affects their biological activity. Chromatography is a convenient

and versatile technique to precisely monitor aggregation.

6.1.1 Size exclusion chromatography (SEC). The standard

SEC is an effective method for the analysis and purification of

proteins.228 SEC is used to determine and characterize protein

aggregation. Speed and reproducibility are the two features of

SEC that are important for validation and routine analyses.190

The elution, sizing, and quantification of aggregation can be

easily observed using the peak areas.229 Various studies have

been performed on the stable amyloid-beta (Ab) early oligomers

using SEC.230,231 The Ab monomers form dimers and higher-

order oligomers and have been investigated by analytical

SEC.232 Although SEC is crucial for the isolation and separation

of well-defined monomers and oligomers.233,234 The method

has limitations such as not being able to detect protein shape

and large sub-visible protein aggregates. Further, a range of

SEC columns is required for the efficient separation of monomers,

dimers, and large aggregates.235 The adsorption of protein mono-

mers and aggregates on column matrices is an important issue

that affects characterization by SEC. These aggregates can be

characterized by complementary methods such as ultracentri-

fugation, as discussed in the next section.

6.1.2 Analytical ultracentrifugation (AUC). AUC is used for

investigating the homogeneity of proteins/peptide solutions

and to examine the molecular weight over a broad range from

a few kDa to MDa.236 The method uses the sedimentation

characteristics of different sizes of aggregates. Factors such as

mass, size, shape, and gravity are crucial for this approach.237

Two components are involved in the characterization of hetero-

logous protein–protein interactions; sedimentation velocity

(SV-AUC) and sedimentation equilibrium (SE-AUC).238 In SV-AUC,

molecules sediment toward the bottom of the cell due to the

relatively high centrifuge speed. In SE-AUC, the centrifugal speed

Table 2 Summary of the various techniques used to identify and separate protein aggregates

Classification Method Aggregate size Pros Cons Ref.

Separation-based
methods

SEC 1–50 nm Short-run and quantitative analysis Large sub-visible aggregates cannot
be analysed

189 and 190

AUC 1–100 nm High resolution, quantification of proteins High concentration required, expensive 191 and 192
FFF 1 nm to

few mm
No stationary phase requirement, broad
size range possible

Less robust, concentration
dependence

191, 193
and 194

Scattering-based
methods

SLS 1 nm to
few mm

Detection of several absolute parameters
(radius of gyration, molecular weight)

Not applied for low molecular weight
solutes

195 and 196

DLS 0.1–5 mm Less sample required, high resolution Highly sensitive to temperature,
presence of any large particle or dust
can interfere

197 and 198

Imaging-based
methods

TEM 0.1 nm to
few cm

High powerful magnification and
resolution

Not quantitative, expensive,
time-consuming

199 and 200

AFM 0.1 nm–100 mm Non-destructive imaging, easy sample
preparation

Limited magnification range 199, 201
and 202

Calorimetric-based
methods

DSC N/A Specific for thermal stability assay of
proteins

Low accuracy and precision 203–205

ITC N/A Enables quantitative determination Large sample volume required 206–209
Spectroscopy-based
techniques

UV-vis N/A Non-destructive, quick analysis, easy to use Lack of sensitivity and selectivity 210–213
CD N/A Simple and quick technique, secondary

structure detection
Interference by buffer components 214–217

FT-IR N/A Fast solid-state analysis possible Low sensitivity 218–220
NMR N/A High reproducibility, useful for protein

folding
Requires concentrated samples,
which may lead to aggregation

221–223

X-ray scattering
techniques

XRD N/A Provides information about 3D protein
aggregate structure

Crystal production required,
time-consuming

224 and 225

SAXS 1–100 nm Provides information about various
stages of aggregation

Expensive, limited availability 226 and 227

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1147
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applied is relatively lower, and the concentration of a protein is

determined as a function of the radial distance from the centrifugal

cell.238However, the flux of the centrifugal force (by the sedimenting

molecules and by the concentration gradient, via diffusing

molecules) is exactly balanced and in equilibrium.239 SV-AUC

is used to investigate the sedimentation coefficient, while

SE-AUC is used to characterize the associating species, mole-

cular weight, and association constants. In a study by Gabrielson

et al., SV-AUC was used with other techniques to characterize the

aggregation of a recombinant mAb. They demonstrated that

SV-AUC is better for estimating aggregates compared to SEC.240

Owing to various factors, such as the adsorption of particles onto

the stationary phase, SEC may result in artefacts.190 In addition,

the mobile phase could induce changes in pH and salt con-

centrations in solutions, leading to the disruption of aggregates,

which can affect the analysis.241 These problems can be avoided

using SV-AUC. Moreover, SV-AUC can reveal important information

to provide insights into the mechanisms of aggregation. Different

solvent conditions can be used for the efficient measurement of

AUC.242 The method requires expertise to perform experiments and

interpret the complex output data. Additionally, factors such as

co-solutes, high buffer concentrations, and the non-ideality of

the system could influence the data.243 The data accuracy and

reproducibility can be improved by appropriate instrument

configuration during data interpretation.

6.1.3 Field flow fractionation (FFF). Field-flow fractionation

(FFF) is a separation tool used for the characterization of proteins,

polymers, complex colloids, and nanoparticles in solution.244,245 It

is used to isolate particles ranging in size from nanometers to the

micrometer range and does not require a stationary phase. The

process of separation starts with a sample being injected into an

asymmetrical thin channel, and the molecular species are trans-

ported along a mobile phase in laminar flow.246 The smaller

particles readily diffuse back to the laminar flow, and are eluted

from the flow channel before the larger particles.247 FFF has been

efficiently used for the characterization of large aggregates, such as

for IgGs.248 However, this method is hard to validate and cannot

be utilized as a standard analytical method because it is largely

restricted to analysing soluble antibody aggregates and requires

expertise to achieve reliable and reproducible outcomes.

6.1.4 Sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis (SDS-PAGE). The separation of macromolecules can be

easily achieved using electrophoresis. Various components can

affect separation, such as net charge, shape, viscosity, size, and

medium composition.249 SDS-PAGE is a commonly used technique

for the characterization and detection of proteins250 and has

various advantages such as ease of handling; it can also provide

information about the molecular weight of proteins. This techni-

que allows for quick analysis and requires minuscule amounts of

samples for high throughput analysis.250 SDS-PAGE is commonly

used to estimate protein purity and shows a single band for highly

purified protein samples. Moreover, it can be used to distinguish

between covalent and non-covalent aggregates because SDS dis-

rupts non-covalent aggregates, thus allowing the identification of

covalent aggregates. Notably, this method is used to detect aggre-

gate sizes with weights ranging from ca. 5 to 500 kDa.251

6.2 Scattering-based methods

The size of protein aggregates can range from microscopic to

macroscopic in scale, which can be analysed using simple

techniques. Often, they can be detected with the naked eye

because of the change in turbidity or large aggregates clumping

together. Various promising technologies using visual inspection

and quantification methods can detect the aggregation of ther-

apeutic proteins in a reproducible manner, as discussed below.

6.2.1 Light scattering. Light scattering is used to detect

and characterize protein aggregates. Its ready availability and

ease of operation make it the technique of choice to study

protein aggregation. Several techniques have been developed to

monitor aggregation and are discussed below.

6.2.1.1 Static light scattering. Static light scattering is used

for investigating parameters such as molar mass and the radii

of biological macromolecules such as protein aggregates in

solution.252,253 It measures the intensity of scattered light and

using Rayleigh’s theory, helps estimate the molecular weight of

particles, which is proportional to the intensity of scattered

light, with larger particles scattering more light than smaller

particles. SLS measurements are generally taken at different

angles to determine parameters such as the radius of gyration,

which is used to predict the compactness of protein structure.254

Further, SLS can be used in combination with other methods like

FFF to provide better resolution and help determine the molecular

weight of different species in a solution to determine the extent of

aggregation.

6.2.1.2 Dynamic light scattering (DLS). DLS is a scattering

method used for investigating the distribution of particle size

with a diameter range of 1 nm to 5 mm.255,256 In contrast to SLS,

which measures the intensity of scattered light depending on

angle or concentration, DLS measures fluctuations of scattered

light in time. An autocorrelation function helps data interpretation

to yield parameters such as size distribution, mean hydrodynamic

radius, and polydispersity. DLS is used to monitor the aggrega-

tion process as small aggregates can be detected, and has

helped determine the aggregation kinetics of Ab, aSyn, and

huntingtin.257,258 DLS is a simple technique and provides fast

and accurate information; however, it cannot reliably provide

accurate quantitative information as it cannot differentiate

between the various stages of aggregation.

6.2.2 Imaging-basedmethods.Modernmicroscopic techniques

such as electron microscopy (EM) and atomic force microscopy

(AFM) have overcome the resolution limit of light microscopy.259

Ultrastructural imaging tools such as transmission electron micro-

scope (TEM) and AFM are useful techniques that are used to analyse

protofibrils and amyloid fibrils containing different numbers of

strands.260 The use of microscopy is essential for the morphological

investigation of large amyloid fibrils, which cannot be observed by

conventional light microscopy.261 TEM and AFM can be used

independently with the Thioflavin T assay to detect the presence

of fibrils. EM has been used to characterize amyloid fibrils

consisting of unbranched fibrils.261,262 However, a drying and

coating (staining) process is required for sample preparation
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that could affect data analysis, the original state of the sample,

or result in the formation of aggregates.263 Artifacts can be

introduced if the sample is not prepared carefully. A variant

technique known as cryogenic-TEM (cryo-TEM) is used in such

instances, to enable the exploration of unstained samples using

cryogenic temperatures, which is usually achieved using liquid

nitrogen. It allows the investigation of the native and hydrated

state of proteins as sample drying is not required. Detailed and

precise results can be achieved for protein targets which are

usually difficult to obtain using ordinary electronmicroscopes.264,265

Cryo-EM has also been used for the observation of aSyn, which is a

presynaptic neuronal protein associated with Parkinson’s disease

(PD).266,267

Scanning transmission electron microscopy (STEM) is a method

similar to TEM but incorporates certain features of SEM and can be

used to decipher the organization of amyloid aggregates. Like

cryo-TEM, STEM does not require sample staining and is used

in molecular biology to analyse the structure of biological

molecules. It also provides better spatial resolution. Scattered

electrons can be observed to obtain intensities that are proportional

to the mass of the irradiated region.268 Subsequently, the mass per

length (MPL) of the sample can be investigated by observing the

incident electron beam flux under certain conditions. STEM has

been used for the determination of the secondary structure of

amyloid fibrils.269–272 The MPL calculation has been used

to characterize the b-helix-like structure of the HET-s prion

(HET-s218–289) protein fibrils, in which peptide molecules

spanned 2 turns of the b-helix.273

AFM is an imaging technique used to visualize sample

topography. It provides high-resolution information about the size,

structure, stage, and distribution of aggregates, especially amyloid

aggregates. AFM has been used to characterize low molecular

weight oligomers,274,275 insulin fibrils,276,277 conjugated IgG

aggregates,278 and other fibrillar systems such as collagens,279–281

fibrillogenesis,282 and silk protein fibrils.283 Additionally, it provides

information on the height, contour length, and periodicity of the

fibril structure. AFM has multiple advantages, such as enabling

work in normal atmospheric pressure and room temperature

conditions, high-resolution imaging at the molecular level, and

the ease of sample preparation. Moreover, liquid samples can also

be analysed using AFM at the physiological temperature.284,285

However, the slow speed scan rate and small scan area are a

drawback of this technique. Still, AFM is a powerful and robust

technique for investigating protein aggregation.

6.2.3 Calorimetry-based methods. Calorimetric techniques

are versatile biophysical methods that enable the investigation

of kinetic and thermodynamic stability for identifying the full

profiles of aggregation. Detailed thermodynamic behaviour of

misfolded and aggregated proteins can be analysed using

various calorimetric techniques.

6.2.3.1 Differential scanning calorimetry (DSC). DSC is a cost-

effective method used for determining the thermodynamic

aspects of protein stability and unfolding in terms of the

thermal transition temperature (melting temperature, Tm),

and the energy needed to disturb the interactions stabilizing

the tertiary structure (enthalpy, DH) of proteins.204 Protein

samples are subjected to temperature changes, and the native

state of the proteins undergo conformational alterations and the

heat change is recorded. DSC can measure the DH associated with

protein unfolding and the heat capacity (Cp) for denaturation. The

water molecules next to the hydrophobic domains of the protein’s

surfaces are usually more ordered and strongly bound, resulting in

greater hydrogen bonding between water molecules and the

formation of a clathrate-like structure.70 On increasing the tem-

perature, the highly ordered water molecules tend to reorganize

and become more disordered, generating a large heat capacity.

The unfolding of the protein due to temperature yields the

enthalpy (DH) due to the disturbance of hydrophobic interac-

tions, and can be determined by the heat capacity of the sample

relative to temperature.286

DH ¼

ð

T2

T1

CpdT

Entropy (DS) can be determined from the area under the curve

of Cp/T vs. T.

DS ¼

ð

T2

T1

Cp

T

� �

dT

In one study, the thermodynamic characterization of lysozyme was

investigated via stabilizing and destabilizing interactions using the

DSC method.286 DSC has several advantages such as high precision

temperature control and the direct observation of protein folding.

However, this method may provide misleading information about

misfolding and aggregation due to the large size and heterogeneity

of aggregates, since larger sticky aggregates may stick on DSC cell

surfaces and produce noise in the DSC thermogram.

6.2.3.2 Isothermal titration calorimetry (ITC). ITC is used to

determine the binding and kinetic events associated with

ligand or excipients induced aggregation. ITC was initially used

for determining Gibbs free energy, and is used for monitoring

biomolecular interactions such as between enzymes and

substrates.287,288 In contrast to DSC, which uses a constant

temperature between the sample and the reference while the power

used is variable, ITCmeasures the variation in temperature between

the sample and the reference when using the same power. During

the process of heat release or absorption, a signal can be detected,

indicating binding between the two reactants. The variation in heat

is represented as the change in Gibbs free energy (DG = RT lnKD),

where KD is the dissociation constant indicating the binding affinity

between the interacting molecules. ITC is a quantitative technique

used specifically for studying intermolecular interactions for pro-

teomics and pharmacogenomics applications.287 Additionally, ITC

can determine the binding affinity and binding stoichiometry of

molecules. In ITC, sample concentration is an important parameter

for obtaining reliable data, and care needs to be taken to avoid small

molecule impurities and changes in pH, which can generate non-

reliable thermograms.

6.2.4 Spectroscopy-based techniques. Spectroscopic methods

enable the investigation of different assemblies of protein

aggregates. Compared to other techniques, spectroscopy is an

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1149
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accessible and reliable technique that provides detailed infor-

mation in a relatively short time. Some of the spectroscopic

methods used to probe protein aggregation are discussed below.

6.2.4.1 UV-vis spectroscopy. UV-absorption spectroscopy is a

rapid, safe, high-resolution technique which is used extensively

to investigate protein aggregation. The thermodynamic and

kinetic modes of protein aggregation, changes in protein con-

formation, and dynamic fluctuations can be investigated via obser-

ving the change in turbidity using UV-vis spectroscopy.289,290 An

increase in absorbance in the non-absorbing region is used to

predict the extent of aggregation.291 The measurement of turbidity

or cloud point is used to uncover details of protein unfolding.292 The

standard equation for determination of the turbidity is:

Turbidity (t) = �ln(I/I0),

where I0 and I are the intensity of the incident and transmitted

light, respectively. Further, the aggregation index (AI) can be

also be calculated by UV-vis using the equation:

AI = A350/(A280 � A350) � 100,

where A280 and A350 are the measured absorbances at 280 and

350 nm, respectively.

The AI parameter can be straightforwardly used for determining

protein content.293–295However, this methodmay not be universally

applicable for all conditions of proteins, with or without excipients,

though the kinetic study of turbidity is often utilized in the field of

protein pharmaceuticals to characterize the inhibitory effect of

protein aggregation.293

6.2.4.2 Dyes and extrinsic fluorescent probes. Certain extrinsic

dyes can provide details about the folding and unfolding of

proteins.293 Dyes have been used for the determination of

amyloid fibrils and to study the extent of aggregation (Fig. 5).293

The fluorescence of the protein sample mixed with dye is

measured and any change in the fluorescence signal in terms of

wavelength shift (blue shift: hydrophobic environment; red

shift: hydrophilic environment) or intensity change is recorded.

A protein undergoing structural change will interact with dyes

differently than proteins in their native state, and this information

can assist in quantitatively determining protein aggregation. One

such dye is Congo Red (CR), which is often used for investigating

amyloid fibrils that are rich in b-sheet content, yielding a char-

acteristic apple-green birefringence under polarized light.240

Although this measurement using CR is easy and gives quick

results, it poses certain challenges, as reports show that CR can

interfere with protein structure. A recent study showed that CR

triggered the b-sheet formation and peptide aggregation of

Ab1–40, and induces a b-sheet rich conformation in other

amyloidogenic peptides.296,297 However, CR has also demon-

strated a positive effect by suppressing the formation of fibrils,

and has been found to be effective for modelling certain

neurodegenerative diseases.298

Thioflavin T (4-(3,6-dimethylbenzothiazol-2yl)-N,N-dimethyl-

aniline; ThT) is another extensively used dye as a fluorescent

probe for the analysis of fibril formation. It can be used for

in situ observation and does not affect amyloid formation

kinetics.299 Usually, ThT imparts a strong fluorescence signal

after binding with amyloid fibrils at 482 nm, after excitation at

450 nm.300 An increase in fluorescence intensity or a red shift is

observed on binding with b-sheet rich structures such as

amyloid fibrils. The exact mechanism of interaction between

CR or ThT molecules with amyloid fibrils is not completely

understood. A widely believed theory is that the intercalation of

ThT molecules takes place between the grooves of the amyloid

fibril parallel to the fibril axis.301–303 The extension of the

torsional angle between the benzothiazole and benzene rings

varies from 37 to 90 degrees.304 ThT-fibril binding and steady-

state ThT fluorescence emission is observed at 490 nm when

excited at 440 nm when the sample contains fibril structures

and the aggregated material can be estimated using a standard

curve showing linearity between fluorescence intensity and

protein concentration. At high concentrations of amyloid fibril,

a saturation effect may take place where ThT cannot be used

reliably.305 Further, a few amyloid fibres do not interact with

ThT and in a few other cases, ThT has been found to interact

with the excipients, generating false results. Thus, the results

should be verified by investigating the ultrastructure of the

aggregate.

Other dyes such Nile Red and Bis-ANS are frequently used

for the evaluation of protein aggregation. Bis-ANS does not

exhibit fluorescence in aqueous solution and shows fluores-

cence only in the presence of hydrophobic moieties.306 Hence,

misfolded and aggregated proteins can be detected using ANS.

However, in a few cases, the ANS dye does not exhibit fluores-

cence due the large size of Bis-ANS, which prevent its inclusion

into protein aggregates.

These studies demonstrate that extrinsic fluorescent dyes

are extremely versatile and can be used for monitoring aggregation.

However, they have their limitations and cannot be used universally

to investigate protein aggregation. Therefore, proper care needs

to be taken to observe the presence of any unwanted inter-

actions (either between dye and protein, or dye, and excipients),

and the results need to be correlated with other methods

discussed in this review.

6.2.4.3 Circular dichroism (CD) spectroscopy. CD is a powerful

technique used in the investigation of different orders of
Fig. 5 Chemical structure of extrinsic dyes used for the detection of

aggregated proteins.
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protein structure, including the a-helix, b-sheet, b-turns, or

random structures. CD employs circularly polarized light which

is made to pass through an optically active solution like

those containing proteins. This induces differences in the 2

components of circularly polarized light (left and right) in

terms of speed, wavelength, and the extent of absorption. The

difference in molar absorptivity of proteins for the 2 components

is referred to as molar CD. CD has various advantages such as

simple operation, high precision, effectiveness, investigation of

the absolute configuration, and it can reveal secondary protein

structure.307 Consequently, CD has been extensively used for the

analysis of protein folding and unfolding.308 Measurements are

usually taken between the far UV and near UV wavelength range

(180–320 nm), which enables the efficient characterization of

distinctive secondary structural elements of proteins. Commonly,

the secondary structure of proteins is affected by temperature, pH,

ligand, denaturation, heat, mutation, and binding interactions.309

Investigating the resultant CD signals and observing the difference

between the native and the aggregated state can assist in under-

standing aggregation at the molecular level. The contents of higher-

order protein structures can also be evaluated by various

methods.310,311 Further, measuring CD at a particular wave-

length as a function of temperature can be used to estimate

the degree of unfolding.312 An advanced version of CD known as

vibration circular dichroism which is related to infrared spectro-

scopy can be used to investigate the sensitivity and chirality of

the supramolecular architecture of fibrils.313 Additionally, far

UV-CD (FUV-CD) can be used to investigate the kinetic and

thermodynamic information for changes in protein secondary

structure.313 However, the sensitivity of CD is low for data

interpretation, and therefore, appropriate controls are needed

for obtaining structural information.

6.2.4.4 Fourier transform infrared spectroscopy (FTIR). FTIR is

usually employed for analysing changes in the secondary

structure of proteins post denaturation or aggregation. It is

responsive to the amide I band (B1650 cm�1) and is usually

responsive and dependent on the secondary structure.314 This

method is relatively sensitive to the secondary structure of insoluble

proteins such as inclusion bodies,313 heat-gelled proteins,62 and

amyloid fibrils.315 FTIR is used extensively for the characterization

of the alignment of b-strands in Ab oligomers, amyloid fibrils

in vitro, and the study of conformational dynamics.316 A detailed

discussion on the use of FTIR for the analysis of protein structure

can be referred to in the review by Haris and Severcan.314

6.2.4.5 Nuclear magnetic resonance (NMR) spectroscopy. NMR

spectroscopy is widely used for the analysis of protein aggregation,

as it can reveal information on dynamic properties such as

relaxation and diffusion.317 The motility of proteins and inter-

nuclear distances are a few components that can provide details of

dynamics and structure. A study of relaxation times can reveal

information about the exchange kinetics of monomeric Ab and

oligomeric Ab protofibrils.318

Using the NMR method, information on b-strand segments,

backbone torsional angles, arrangement of b-strands in parallel

or anti-parallel b-sheets, and the relative orientation of b-sheets

can be obtained. In one study, fibril formation for aSyn was

measured using paramagnetic relaxation enhancement (PRE) NMR

to investigate the heterogeneously disordered monomers.319

Further, NMR can be used to investigate changes in amino acid

residues, which can reveal the possible mode of denaturation.320

Folded proteins yield a broad range of chemical shifts, whereas

denatured proteins exhibit a relatively narrow range of chemical

shifts.321 NMR can be used to examine the interaction of any

excipient with the protein by observing the individual amino acid

residues to reveal the mode of aggregation, or the protection from

aggregation.322 In a recent study by Taraban et al., water NMR was

compared with other characterization techniques such as SEC, DLS,

and others, and NMR outperformed them, proving to be more

effective and sensitive for detecting changes in soluble and

insoluble protein aggregates.221 Time-consuming investigation

of the relaxation analysis, peak assignments, and the inability to

characterize larger aggregates are some of the limitations of

solution NMR. However, solid-state NMR (ssNMR) can elucidate

the structure, dynamics, and kinetic aspects of protein folding

and aggregation, and can determine the intermediate states of

amyloid proteins323–325 and mutation of proteins.326 Moreover,

ssNMR can be used to characterize the large insoluble aggregates.

Tycko et al. have demonstrated the use of solid-state NMR for the

characterization of the structure of Ab fibrils in brain tissues.327

7. Protein aggregation inhibitors

Multiple strategies have been developed for inhibiting aggregation.

One method to change the protein structure uses site-directed

mutagenesis, which is effective under certain conditions.328–330

Tirrell et al. have shown that insulin denaturation can be pre-

vented by themodifying it via replacement of the proline residue at

position 28 (ProB28) with different groups.331,332 However, this

strategy cannot be applied universally for the stabilization of

proteins as the modification may result in proteins losing their

activity.328 Another method is to add external additives (excipients)

which change the environment around the protein to enable them

to retain their native structure even when subjected to severe

stress. In the following sections, we describe excipients as small

molecules and polymeric molecules and discuss the various sub-

categories and mode of action of these molecules in protecting the

proteins’ structure.

7.1 Small molecules

For inhibiting protein aggregation in vitro, several techniques

have been developed such as the use of molecular chaperones, pH

control, temperature, ionic strength, and protein concentration.

However, a simple and practical approach is the use of small

molecules as additives that can act as protein aggregating inhibi-

tors. Additives such as proline,333 polyamines,334 guanidine,335,336

and polyphenols have been used and are discussed in this review.

Some of the well-known classes of small molecule inhibitors are

briefly discussed in Table 3. For detailed discussions, refer to other

reviews.16–18,20,337

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1151
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7.1.1 Amino compounds. Arginine is a well-known protein

aggregation inhibiting agent that works in various situations.335,336

Certain characteristic structural properties of arginine like the

presence of a hydrophobic alkyl chain, an amine group, hydrogen

bond accepting carboxylate moiety, and having guanidinium as

functional group allow it to interact with the protein surface or

hydrogen bond accepting groups. Additionally, its zwitterionic

structure provides two ionic charge regions making arginine an

ideal protein inhibiting agent. Arginine increases the yield of

refolded proteins such as immunotoxin,352 antibody fragment,354

and lysozyme;353 however it affects the protein stability and

structure. Tsumoto et al. have studied the interaction between

arginine through its guanidine group and tryptophan side chains

on protein surfaces, which reduces protein aggregation.375

Although widely used, the mechanism of action of arginine is

not yet clear. A widely accepted belief is that an interaction exists

between the protein and arginine via aromatic-guanidium and

electrostatic interactions. However, despite its beneficial properties,

arginine does not solve the protein aggregation problem completely,

and the development of better additives was required.

Kudou et al. focused on some naturally occurring poly-

amines [spermine, NH2(CH2)3NH(CH2)4NH(CH2)3NH2; spermidine,

NH2(CH2)3NH(CH2)4NH2; putrescine, NH2(CH2)4NH2] as small

molecules for preventing the heat-induced aggregation and

inactivation of proteins. Further, they studied the effects of

some additives on the heat-induced aggregation and denaturation

of lysozyme.334 Monoamines, diamines, and diols were selected to

examine the effects of multivalent amines, chain length, and charge

on the inhibition of protein. The protein thermal aggregation

inhibiting curve of lysozyme was found to be almost identical to

lysozyme with 1,5-diaminopentane, although diols and mono-

amines did not prevent the thermal inactivation of lysozyme.

In 1998 T. K. S. Kumar et al., proposed that proline with a

concentration 43 M behaves as an enzyme stabilizer as well as

a protein solubilizing solute.350 The amino acid, proline, shows

solubility in water, and at higher concentrations, it behaves like a

hydrotrope.351 Due to these properties, proline was investigated

for its role as a protein-folding chaperone. It has been reported

that proline at concentrations 43 M forms an amphipathic

supramolecular assembly and successfully thwarts the aggrega-

tion associated with the refolding of bovine carbonic anhydrase.

In another study, Choudhary et al. reported the inhibition of the

protein fibrillation of lysozyme and insulin by proline and

sorbitol.376 Proline contains a closed ring structure in its side

chain which has a hydrophobic surface, which enables it to

interact with proteins through hydrophobic interactions.

7.1.2 Polyphenols. Polyphenols are a large group of naturally

occurring chemical compounds, though synthetic and semi-

synthetic molecules having one or more aromatic phenolic rings

have also been documented. Various polyphenols from natural

products like green tea, grapes, and red wine have been reported

to inhibit protein aggregation both in vitro and in vivo.377

Curcumin is a yellow substance present in turmeric ((1E,6E)-

1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione).

It has many beneficial anticancer, antioxidant and antiviral proper-

ties, and has also been investigated for its anti-aggregation properties

in proteins. Curcumin has been reported to inhibit the aggregation

of proteins such as Ab, insulin, lysozyme, synuclein, prion protein,

and lysozyme from hen egg white (HEWL).355,356 Owing to its

lipophilic nature, curcumin can easily cross the blood–brain barrier

and binds with amyloids, thereby destabilizing their oligomeric

forms and inhibiting amyloid formation.357 Curcumin can have

different modes of action for different proteins, such as preventing

the conformational changes in the protein, disaggregating the

Table 3 Summary of the small molecules used for protein aggregation inhibition

Category Inhibitors Mechanism of action Target protein Ref.

Molecular
tweezers

CLR01 Fibrillogenesis inhibition Ab, IAPP, transthyretin,
insulin

338 and 339

Metal chelators Pentosan polysulphate Important role in protein misfolding
pathologies

Prions 340 and 341
Deferrioxamine, clioquinol a-Synuclein

Nanoparticles BAM (N-isopropylacrylamide:
N-tert-butylacrylamide) Fe3O4

magnetic CDTe

Fibrillogenesis inhibition Ab, IAPP, lysozyme 342–344
Aggregates disintegration

Peptide Polyglutamine-binding peptide,
Ab peptide (KLVFF)

Fibrillogenesis inhibition Ab, polyglutamine 345–347

Phthalocyanines Zn(II) and Ni(II) derivatives of
phthalocyanine

Fibrillogenesis inhibition a-Synuclein, Ab 348 and 349
Aggregate disintegration

Polyamines Arginine, spermine, spermidine,
putrescine, monoamines,
diamines

Conformational change prevention Immunotoxin, lysozyme 334–336 and
350–354Fibrillogenesis inhibition

Aggregate disintegration
Polyphenols Curcumin, EGCG, apigenin,

resveratrol
Conformational change prevention Ab, a-synuclein, HEWL,

IAPP, insulin
355–361

Fibrillogenesis inhibition
Aggregate disintegration

Vitamins Vitamin E Conformational change prevention Ab, a-synuclein 362–366
Vitamin C Fibrillogenesis inhibition Insulin
Vitamin B12 Aggregate disintegration

Non-detergent
sulfobetaine

NDSBs, choline-O-sulphate Interacting with early folding intermediates Ab, b2 subunit (Tryptophan
synthase), lysozyme

367–371
Fibrillogenesis inhibition

Osmolytes Raffinose, betaine,
hydroxyproline,

Disintegration of amyloid fibrils TGFBIp, insulin, BSA 372–374
Preferential hydration and polar interaction,
disrupting inter-oligomer interactions
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formed aggregates, and inhibiting fibrillogenesis. Unfortunately,

its wide application is limited due to its pharmacokinetics, which

disfavours its bioavailability, and several derivatives have been

synthesized to overcome this issue.378,379

Another polyphenol, (�)-epigallocatechin-gallate (EGCG),

which is mainly found in green tea358 has been shown to have

antibacterial, antioxidant, neuroprotective, and antitumor activity

both in vitro and in vivo.359,360 EGCG shows promising results for

the inhibition of proteins such as Ab, tau, aSyn, IAPP, TTR, and

Htt; however, the mechanism involved is still unclear.

Another compound, rosmarinic acid has the potential to

inhibit amyloid fibril generation and can destabilize preformed

fibrils similar to curcumin.361

A large number of polyphenols have been reported, and

some of their structures are shown in Fig. 6.

7.1.3 Peptides or peptidomimetics. Peptidomimetics are

protein-like small chain molecules that mimic peptides. They

can be developed either by modifying the existing peptides or

by chemical synthesis. Recently, peptide-based conjugates have

been reported as inhibitors in diseases linked to amyloid

formation, and these function by interfering with protein

aggregation.380 Diseases linked to amyloid formation can be

alleviated by interfering with protein aggregation. Many studies

have reported the targeting of Ab, whose aggregation is the initial

event in Alzheimer’s disease.381Diseases related to polyglutamine

(PolyQ) protein aggregation can be inhibited by PolyQ binding

peptide 1 (QBP1). QBP1 can also be used as a general therapeutic

agent in several neurodegenerative diseases.345 In another study,

the inhibition of Ab42 aggregation was reported by using a

peptide dependent on the core sequence of the Ab peptide

(KLVFF). In these modulator peptides, a non-amino acid mole-

cule with multiple hydrogen bond donor–acceptor sites was

introduced to target Ab42 b-sheet formation.346 Joana A. Lourerio

et al. introduced the concept of fluorinated peptides that act as a

beta-sheet breaker.347 The group showed that the fluorine atom

can prevent Ab aggregation, and the fluorinated peptides act as

fibrillogenesis inhibitors. ThT assay studies showed that two

fluorinated peptides (LVFfFD–PEG and LVfFFD–PEG) were able

to delay the aggregation of Ab. A limitation with these systems

is that the peptide-based structures can undergo enzymatic

degradation, resulting in a short half-life in the bloodstream

and poor bioavailability in tissues and organs, preventing their

use as therapeutic agents.382 In vivo stability and distribution

remains a challenge; therefore, stable inhibitors other than

peptide-based small organic molecules are under investigation.

7.1.4 Vitamins. Vitamins are essential organic molecules

present in the human body that are important for proper body

functioning. Their role in inhibiting protein aggregation has

been reported by various groups. Ono et al. have shown that

vitamin A can potentially inhibit the aggregation of aSyn fibrils

responsible for Lewy body diseases.362 Vitamin E has been

shown to prevent the aggregation of Ab causing Alzheimer’s

disease.363 Additionally, other vitamins such as C, B12, and K3

are used as protein inhibitors.383 Oxidative stress (OS) in

proteins is a major cause of their aggregation,364 and these

aggregates bind with metal ions and hydrogen peroxide leading

to the formation of reactive oxygen species (ROS).365 Vitamins

A, C, and E reduce ROS by their free electron scavenging action,

inhibiting protein aggregation.366

7.1.5 Non-detergent sulfobetaine. Another class of additives

used to inhibit aggregation are non-detergent sulfobetaines

(NDSBs). Although not widely used, these can prove to be useful.

NDSBs show a dramatic increase in the native protein yield in

hen lysozyme, and the renaturation of E. coli b-D-galactosidase.367

NDSBs inhibit protein aggregation368 as they act as pharmaco-

logical chaperones by preventing the aggregation of folding

intermediates and binding and stabilizing the folded state.369

Nicole et al. investigated the effect of NDSB-1 on the renatura-

tion of the b2-subunit of E. coli tryptophan synthase, bovine

serum albumin, and murine mAb, and additionally performed a

comparative study on the efficiency of 5 NDSBs in renaturing

denatured lysozyme and bacterial galactosidase.370 The results

showed that NDSB-1 efficiently inhibited these two proteins.

Among choline esters, the osmolyte choline-O-sulphate (2-(tri-

methylammonio)ethyl sulphate) shows inhibitory effects on

amyloid formation.371 Such information may enable researchers

to target specific species or phases of protein aggregation by

using small molecules or a combination of molecules. However,

one strategy may not apply to all amyloid diseases, as even a

small change in protein concentration can have a profound

effect on disease. A detailed understanding of the impact of small

molecules on aggregate formation and their structure–function

relationship is needed to develop efficient biopharmaceutics in

the future.

7.2 Polymeric inhibitors

The use of polymeric compounds in protein aggregation inhibition

has generated interest only in the last decade, despite their

tremendous potential. The molecular weight of polymeric

inhibitors can be easily manipulated according to require-

ments, and the compounds can have various useful properties

like flexible conformations (which may affect its interactions

with biological molecules), higher viscosity, surface charge, and

the incorporation of additional functionalities. In the next

Fig. 6 Chemical structures of some polyphenols.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1153
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section, we describe polymer-based inhibitors of protein aggre-

gation and have been summarized in Table 4.

7.2.1 Polyethylene glycol (PEG) derivates. PEG compounds

have been used in various biomaterial and biomedical fields for

increasing biocompatibility, changing circulation time, increasing

solubility, and shielding against deactivation.384–386 PEG in its

native form is used for a number of applications such as drug

delivery,387,388 as a laxative,389,390 and in wound healing.391 In

protein research, PEG has been used to conjugate proteins,

known as PEGylation, to protect them from degradation,

increase their circulation time, and minimize the immune

response. This method is extensively used in the field of

protein-based therapeutics for the treatment of a number of

diseases.392–394 Together, these reports clearly indicate the

potential of PEG to stabilize or protect proteins from denaturation

or aggregation.

In an important study by Kinbara and co-workers, the group

synthesized monodispersed triangular PEG which suppressed

the thermal aggregation of HEWL (Fig. 7).320 The polymer was

synthesized using pentaerythritol and substituted oligoethylene

glycol as the junction units using a multi-step reaction scheme.

The addition of the resultant polymer (30 mM) helped in the

retention of B75% enzymatic activity. Owing to the higher

dimensional structure, triangular PEG undergoes dehydration

and switches conformational state from gauche to anti-form on

increasing the temperature, suggesting that dynamic changes

take place in the molecule on heating. This results in increased

hydrophobicity of PEG, as seen by the occurrence of dehydration

at a lower temperature compared to linear PEG. The authors

hypothesized that triangular PEG interacts strongly with thermally

unfolded proteins, thus protecting them from aggregation-inducing

collisions.

In another study, Kameta et al. developed the functionalization

of nanochannels of soft nanotubes with PEG.395 The resulting

systems showed remarkable suppression of thermal aggregation of

HEWL. Further, the denatured proteins could also be refolded by

this system. Kameta et al. demonstrated that the activity results

due to the hydrophobic interactions between the short PEG chains

that have been dehydrated after heating at elevated temperature and

the surface-exposed hydrophobic amino acid domains of HEWL. In

the same year, Breydo and his team developed a hyper-branched

PEG-based polymer which contained dopamine.409 The polymer

synthesis was carried out using a one-pot RAFT polymerization of

dopamine methacrylamide, PEG diacrylate, and PEG methyl ether

acrylate. The resulting polymer suppressed fibril formation in aSyn,

and the activity was attributed to the presence of dopamine which

promotes the formation of oligomeric aggregates. These aggregates

are resistant to further conversion into mature fibrils as they can

form covalent adducts with aSyn, thus stabilizing the oligomeric

form. Although the activity of the hyper-branched polymer was less

than that of dopamine alone, the authors hypothesized that the

ability to change polymer structure and composition may assist

future studies examining the interaction between the polymer and

proteins.

These studies show the immense potential of PEG-based

polymers in suppressing the aggregation of proteins. Owing to

their biocompatible nature, PEG-based polymers, particularly

high molecular weight PEG, and PEG functionalized with

Table 4 Polymeric additives used to suppress protein aggregation

Type of polymer Probable mode of action Key results Ref.

PEG based Strongly interacts with unfolded proteins
due to dehydration of PEG

Nearly 80% enzymatic activity of lysozyme retained
at 30 mM triangular PEG

320 and 395

Pullulan-based nanogels Act as molecular chaperones Nearly 20% ThT fluorescence at glucose unit/Ab
ratio of 250

396–398

Late embryogenesis
abundant (LEA) proteins

Act as molecular shield Nearly 70% activity of LDH during desiccation at
PvLEA-22/LDH molar ratio

399–402

Zwitterionic polymers Act as molecular shield 0.42% ThT fluorescence of insulin after 12 incu-
bation with 1.5% poly-SPB and 30% BuMA

322, 403
and 404

Glycopolymers Combines action of sugars (vitrification,
water replacement, and water entrapment)
and surfactant (molecular chaperones)

Almost 100% activity of b-Gal at 10 wt% equiv. of
trehalose glycopolymers

405 and 406

Conjugated polymers Strong hydrophobic interaction between
polymer and proteins

Reduction in preformed amyloid plaques in brain
slice culture (B60%)

407 and 408

Fig. 7 Protein aggregation inhibition by structured monodisperse PEG. (a)

Molecular structures of triangular PEG; (b) schematic illustration of the

heat-triggered conformational change from gauche to anti-form; (c)

photographs of lysozyme and lysozyme + triangular PEG at 20 1C (upper

panel), and after heating at 90 1C for 30 min (lower panel). Photographs

clearly show aggregation of protein when heated in the absence of

polymer, and the presence of polymer suppresses aggregation; (d) residual

enzymatic activity of lysozyme heated in the presence of different additives,

demonstrating that the topology of PEG significantly affects their properties.

Reproduced with permission from ref. 320, copyright (2013), Wiley.

1154 | Mater. Adv., 2021, 2, 1139�1176 2021 The Author(s). Published by the Royal Society of Chemistry
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known inhibitors may show remarkable properties and have

potential use in clinical applications.

7.2.2 Pullulan-based nanogels. Akiyoshi et al. have published

a series of reports using pullulan-based nanogels as artificial

chaperones for the protection of proteins. In one of their earlier

studies, they reported the synthesis of hydrophobic pullulan,

which could self-assemble in water to form nanogels.410 For this,

1,6-diisocyanatohexane modified cholesterol was synthesized and

made to react with pullulan to obtain cholesterol modified

pullulan (CHP), which is capable of self-assembling in water

to form a nanogel (Scheme 1).

In subsequent studies, the authors demonstrated that these

nanogels can encapsulate protein molecules.411,412 Studies with –

CHP nanogels revealed that they can function as artificial mole-

cular chaperones and prevent the aggregation of denatured

proteins (Fig. 8a).398,413,414 In one study, Ikeda et al. showed

that CHP can inhibit the formation of amyloid-like fibrils of

Ab-(1–42).396 The authors synthesized a positively charged CHP

nanogel (CHPNH2) and compared its efficiency with neutral

CHP nanogels. The results showed that the positively charged

nanogel yielded greater activity compared to CHP, indicating

that electrostatic interactions affect the activity to a great extent.

Further, the proteins can be released from the nanogels by the

addition of a cyclodextrin derivative (methyl-b-cyclodextrin;

MbCD), which can bind to the cholesterol part of CHP, inducing

the disassociation of CHP nanogels (Fig. 8b). The recovered

proteins were examined and showed that fibril formation was

completely suppressed due to the interaction of Ab with the

nanogels. In another study, Sawada et al. reported that CHP

nanogels can act as artificial chaperones for horseradish peroxidase

(HRP) and protects it against thermal denaturation.397 They also

showed that CHP can assist in the refolding of denatured HRP,

indicating that CHPs may be useful for both the protection and

post-denaturation stages. Nochi et al. demonstrated that CHPNH2

can be used as a delivery vehicle for intranasal vaccine-delivery.415

To show its effectiveness, the authors administered a prototype

vaccine antigen (subunit fragment of Clostridium botulinum type-A

neurotoxin BoHc/A) incorporated into CHP. The neurotoxin was

successfully absorbed by the mucosal dendritic cells after it was

released from CHP nanogels and also induced the required

antibody response. Thus, the study by Nochi et al. highlights the

potential for the development of protein delivery vehicles using

polymeric materials.

7.2.3 Late embryogenesis abundant (LEA) proteins. LEA

proteins are intrinsically disordered, hydrophilic, low molecular

weight (10–30 kDa) proteins that reportedly protect plants from

desiccation induced stress.416,417 LEA proteins are associated

with cellular dehydration tolerance (for further details, see

review by Hincha and Thalhammer400), and are generally classified

into different groups based on their amino acid sequence and

gene expression pattern.417

Multiple studies have demonstrated the ability of LEA

proteins to protect biological entities such as proteins and

membranes in desiccating environments.400,418–422 In one such

study, Goyal et al. reported that recombinant forms of AavLEA1,

a group 3 LEA protein, can protect against desiccation induced

aggregation of citrate synthase (CS), and helps retain its

activity.401 They hypothesized that owing to an unordered and

flexible structure, LEA proteins can act as a molecular shield,

thus forming a physical barrier to suppress any contact between

CS molecules. Interestingly, they demonstrated that in the presence

of trehalose, LEA proteins can protect CS against heat-induced

Scheme 1 Synthetic route to prepare cholesterol pullulan (CHP).

Fig. 8 Schematic illustration of the interaction between CHP and

proteins; (a) probable mechanism of protection of proteins by CHP

nanogels via molecular chaperone function, and (b) releasing of proteins

from CHP nanogels by MbCD. Reproduced with permission from ref. 396,

copyright (2006), Elsevier.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1155
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aggregation (Fig. 9). Although LEA proteins alone do not possess

such properties, a synergistic effect occurs in the presence of

trehalose, causing LEA proteins to affect the unfolding pathway.

In a similar study, Furuki and Sakurai showed that the group 3 LEA

protein model peptide PvLEA-22 enables the retention of B70%

activity of lactate dehydrogenase during desiccation.399

The studies described above illustrate that LEA proteins

decrease molecular collisions by acting as a molecular shield,

but do not completely arrest the collisions, indicating that

proteins will aggregate eventually, albeit at a slower rate. To

corroborate this, Liu et al. studied the kinetics of polyglutamine

(polyQ)-dependent protein aggregation (polyQ sequences Q23

or Q37) in the presence of LEA proteins. Their results showed

that the anti-aggregation activity of LEA proteins in cells is time

dependent. Further, by using the time-dependent Thioflavin T

(ThT) analysis, Liu et al. observed that polyQ37 showed an

increase in ThT intensity in 1 h, indicating the formation of

polyQ37 aggregates, followed by a gradual increase in intensity

till 5 hours, after which a plateau was reached (Fig. 10). In

contrast, no increase was observed in the case of polyQ23. The

incubation of polyQ37 with LEA proteins resulted in a signifi-

cant reduction in polyQ aggregation in the initial phase, which

later increased with a longer incubation time. These results

suggested that LEA proteins reduce the rate of aggregation

alone, and act as kinetic stabilizers of aggregating proteins.

A study by Takao et al. showed that PvLEA-22 suppresses the

heat-induced aggregation of lysozyme.417 Importantly, the peptide

could facilitate the refolding of lysozyme on cooling, and B80%

native catalytic activity was restored. Based on simulation studies,

Takao et al. established that these peptide molecules act as a

physical barrier and shield the collision of denatured lysozyme

molecules, thus preventing aggregation. This is in good agreement

with the previous studies which suggested molecular chaperone-

like functions for LEA proteins.401,423,424 Interestingly, they

suggested that a rapid exchange takes place between the peptide

molecules attached to denatured proteins and they remain in

contact with the protein for a short period ofB200 ns, enabling

the retention of protein properties and promoting refolding on

the removal of heat-induced stress.

Since LEA proteins contain charged groups, they can be used as

polyelectrolytes or charged macromolecules in mechanistic studies.

Their ability to protect proteins under severe stress suggests that

they can act as potential models to help develop synthetic poly-

ampholytes or polyelectrolytes in the future for protein stabilization.

7.2.4 Polyelectrolytes. Polymers containing charged groups

are known as polyelectrolytes. They can be broadly divided into

three categories: polymers containing either positive or negative

charge, polyampholytes, and zwitterionic polymers. Polyampholytes

and zwitterionic polymers contain both positive as well as negative

charges. Polyampholytes can be either positive, negative, or neutral

(charge-balanced) molecules. Zwitterionic polymers are polyelectro-

lytes with positive and negative charges on the samemonomer unit,

i.e., they have the same number of opposite charges. Although all

zwitterionic polymers are also polyampholytes, for the sake of

simplicity, we will refer to polyampholytes as polymers containing

the opposite charges on different repeating units. Polyampholytes

and zwitterionic polymers have been widely used in several

biomedical applications.425–427

Zwitterionic polymers are excellent anti-biofouling agents,

as they canmaintain the water structure at the polymer-material

interface.428,429 They have also been conjugated with proteins to

improve the stability of proteins.430 In 2015, our group reported

that poly-sulfobetaine (poly-SPB), synthesized via reversible

addition-fragmentation chain transfer (RAFT) polymerization

(Fig. 11a), shows a remarkably high efficiency in suppressing

the thermal aggregation of HEWL (Fig. 12a).403 Additionally, the

zwitterionic polymer could protect the higher-order structure of

lysozyme from changing its conformation, and B85% activity

was retained even after heating at elevated temperatures in the

presence of poly-SPB (15% w/v). We hypothesized that owing to

the anti-biofouling property of poly-SPB, zwitterionic polymers

behave as molecular shields and suppress aggregation-inducing

collisions between the hydrophobic domains of misfolded

proteins, thus protecting proteins against aggregation. Increasing

the molecular weight resulted in increased efficiency of aggregation

inhibition, which could be attributed to the greater anti-biofouling

ability compared to polymers with lower molecular weight.431

Although the results were satisfactory, a high polymer

concentration was required to obtain high protein protection.

To further improve the efficiency of these copolymers, we

transformed the linear polymer to a core–shell nanogel. The

nanogels were prepared by utilizing the end group of the RAFT

agent and using poly-SPB as a macro-RAFT Agent (macro-CTA).

Next, a radical cross-linker and SPB monomers were polymerized

in the presence of macro-CTA to yield a core–shell nanogel

(Fig. 11b). These nanogels were synthesized with different

degrees of hydrophobicity in the core, and had different shell

sizes (NG-A to NG-F, where the molecular weight of the polymer

Fig. 9 Schematic illustration of the chaperone-like activity of LEA proteins.

Reproduced with permission from ref. 402, copyright (2016), Elsevier.

Fig. 10 Time dependent ThT assay of polyQ37 aggregation in the

presence of various proteins. polyQ23 and polyQ37 indicate different

polyQ sequences. Em and AavLEA1 indicates group 1 and group 3 LEA

proteins respectively. Lysozyme was used as a negative control. Repro-

duced with permission from ref. 416, copyright (2011), Elsevier.

1156 | Mater. Adv., 2021, 2, 1139�1176 2021 The Author(s). Published by the Royal Society of Chemistry
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in the shell and the degree of hydrophobicity increases from

A–F). The nanogel was found to protect lysozyme with a higher

efficiency relative to the linear polymer, possibly because of the

smaller size (Fig. 12b), resulting in greater shielding from

aggregation-inducing intermolecular interactions.404 Increasing

the incorporation of hydrophobic monomers also yielded

higher protection efficiencies, probably due to the proclivity of

hydrophobic moieties to cover the hydrophobic domains of

proteins. Preliminary mechanistic investigations revealed that

lysozyme loses its higher-order structure on prolonged heating

at elevated temperatures, as indicated by the disappearance

of signals representing various amino acid residues (Fig. 13a).

In contrast, when nanogels were added to lysozyme before heat

treatment, all the peaks identified had nearly equal intensity,

suggesting that the nanogel allowed the protein to retain its

higher-order structure under severe stress.

This was followed by another study where poly-SPB was

copolymerized with a hydrophobicmonomer (butyl methacrylate;

BuMA) to obtain random copolymers with different degrees of

hydrophobicity (Fig. 11c).322 The aggregation of insulin was

suppressed by the addition of the copolymers, and no turbidity

could be seen even after prolonged incubation at 37 1C for 24 h,

which would otherwise aggregate within 7 hours of incubation.

The addition of small doses of hydrophobic monomers to the

homopolymer of poly-SPB increased the protection efficiency

significantly. Further, a ThT assay revealed that the formation

Fig. 11 Structure of the various polymers prepared with sulfobetaine via RAFT polymerization; (a) poly-SPB homopolymer; (b) poly-(SPB-r-BuMA)

copolymer; (c) core–shell nanogel; (d) graft polymer.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1157
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of amyloid-like fibrils was prevented, and less than 3% fibrilla-

tion was observed after a 24 h incubation (Fig. 12c). CD spectro-

scopy revealed that secondary structural elements of insulin were

retained by the addition of zwitterionic polymers. To investigate

the underlying mechanism, 1H–1H TOCSY spectra were recorded

using WATER suppression by GrAdient Tailored Excitation

(WATERGATE), to suppress the resonance signals from the

solvent. The spectra revealed that these hydrophobic poly-SPB

polymers interact with the hydrophobic domains of insulin

(Valine-3 and Leucine-13), possibly preventing intermolecular

interactions between these domains of structural subunits that

may lead to the formation of aggregates (Fig. 13b and c). These

polymers were also found to facilitate the refolding of insulin by

B40% (Fig. 12d). This opens new avenues for the development of

efficient protein protection and refolding agents, which may be

used to prevent and cure numerous neurodegenerative disorders.

Further, we developed a graft polymer where poly-SPB

was grafted onto the backbone of carboxylated e-poly-L-lysine

(PLL-SA).432 This was done in a multi-step reaction scheme

where PLL-SA was first synthesized by adding succinic anhydride

to e-PLL, followed by the controlled substitution of a RAFT agent

Fig. 12 Protein aggregation inhibition by zwitterionic polymers. (a) Photographs of lysozyme (i) without any additive at room temperature (top) and after

heating at 90 1C for 30 min, (ii) with poly-SPB. Numbers below indicate absorbance at 500 nm; (b) residual enzymatic activity of lysozyme after heating at

90 1C for 30 min in presence of various additives. NG-A to F indicates various nanogels with degree of hydrophobicity and shell size; (c) ThT assay of

insulin with poly-SPB derivates; and (d) recovery yield of insulin calculated from ThT assays for analysing refolding efficiency. (a) Was reproduced from

ref. 403 with permission from The Royal Society of Chemistry, (b) was reproduced from ref. 404 under Creative Commons CC BY; (c) and (d) were

reproduced with permission from ref. 322, Copyright (2018), Wiley.

Fig. 13 Mechanistic investigation of protein aggregation inhibition by

zwitterionic polymers by NMR. (a) 1H-NMR investigation of lysozyme with

and without additives. NG-A to F indicates various nanogels with degree of

hydrophobicity and shell size; (b) 1H–1H TOCSY for native insulin (black)

and insulin and hydrophobic derivative of poly-SPB; (c) MD ensemble of

insulin by hydrophobicity. (a) Was reproduced from ref. 404 under Creative

Commons CC BY; (b) and (c) were reproduced with permission from

ref. 322, Copyright (2018), Wiley.
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on PLLSA by acid–amine coupling to obtain the e-PLL-SA-macro

RAFT agent. Finally, this macro RAFT agent was used to poly-

merize the sulfobetaine monomer to obtain the graft polymer

(Fig. 11d). e-PLL-SA is a well-known cryoprotectant and was

selected due to its membrane-stabilizing property.433 The graft

polymer showed a greater propensity to protect lysozyme against

thermal aggregation compared to the homopolymer, and it could

efficiently bind to proteins electrostatically and release it on a

change in the pH; i.e., it was capable of exhibiting pH responsive

protein delivery. Thus, these systems may have potential to be

used for the safe delivery of therapeutic proteins and protect

these proteins against denaturation.

In a study by Zhang et al., a zwitterionic gel was developed

which encapsulated proteins and provided them stability.434

Proteins were encapsulated in a hydrogel nanoparticle by first

introducing an acryloyl group on their surface, followed by an in situ

free radical polymerization reaction using carboxybetaine monomer

and a carboxybetaine cross linker. A highly immunogenic fungal-

derived uricase was used for studying the encapsulation efficiency,

and the results showed that encapsulated proteins had better

thermal stability and showed greater enzymatic activity after being

subjected to heat treatment. Moreover, its efficiency was compared

with PEGylated uricase and it was found that the zwitterionic

polymer encapsulated enzyme had better stability and showed a

superior pharmacokinetic profile.

Certain polymers like polyvinyl alcohol (PVA) and polyam-

pholytes exhibit ice re-crystallization inhibition (IRI activity)

(Fig. 14a) and are effective in cryopreservation of cells.427,435,436

Towards this end, Mitchell et al. showed that polymers exhibiting

IRI can also protect proteins against freeze-induced stress.437

They analysed different IRI active and inactive polymers (PEG,

hydroxyethyl starch (HES), and polyvinylpyrrolidone (PVP)) for

their ability to protect proteins against stress (Fig. 14b). Trehalose

was used as a control, owing to its well-known efficiency in

protecting proteins,438 whereas PEG was also selected due to its

cryoprotective property. The results showed that polymers alone

did not exhibit any protecting activity; however, the mixture of

PEG and PVA yielded higher protein recovery, similar to that to

trehalose (Fig. 14c). Similarly, polyampholytes mixed with PEG

also yielded very high protein recovery (Fig. 12d). These results

suggest that the high efficiency of these polymers to stabilize

proteins during freezing is linked to their high IRI activity, which

in turn is due to the inhibition of irreversible aggregation.

In another study, Sofronova et al. showed that polyelectro-

lytes bearing the same charge as the protein (at a particular pH)

suppress protein aggregation to the greatest extent.439 They

studied a polycation and a polyanion along with different

proteins at different pH values (higher and lower than the

isoelectric point of the proteins). The results showed that

suppression of aggregation was most effective when the charge

of the polymer was the same as the surface charge of the

protein. When the charge of the polymer was opposite to that

of the protein, it resulted in the formation of large protein

aggregates. Through molecular dynamic simulation studies,

the authors postulated that protein protection is maximal when

the electrostatic binding was the least (i.e., only a small part of the

polymer chain interacts with the protein surface). The remaining

part of the polyelectrolyte forms charged loops and tails around

the protein surface, and the loop size determines the aggregation

inhibition propensity. Sofronova et al. hypothesized that this loop

provides solubility to the complex. However, concerns regarding

the toxicity of the polycations remain, which may create hurdles

for in vitro or in vivo studies. Further, it remains to be seen whether

the hypothesis can be applied to all kinds of polyelectrolytes.

7.2.5 Glycopolymers. The Maynard group used trehalose-

based glycopolymers for the stabilization of polymer–protein

conjugates during environmental stress.405,406 In one study,

they conjugated trehalose glycopolymers to thiolated lysozyme.405

For the preparation of the glycopolymer–protein conjugate, they first

thiolated lysozyme by treating with N-succinimidyl-S-acetylthio pro-

pionate, followed by deprotection. Next, trehalose was linked with a

styrene monomer via a 4,6-acetal linkage. RAFT polymerization of

the styrene linked trehalose was carried out in the presence of

thiolated lysozyme using a disulphide chain transfer agent to obtain

the trehalose conjugated lysozyme (Scheme 2). The conjugated

protein was then subjected to lyophilization and heat treatment to

examine the efficiency of conjugation. The conjugate had high

activity even after 10 lyophilization cycles and showed B100%

retention of activity. Similarly, during heat treatment at 90 1C for

1 h, a range of 60–80% activity was retained.

In another study, the authors used trehalose glycopolymers

as excipients for stabilizing proteins.406 Here, trehalose was

modified with reagents such as styrenyl acetal (P1), methacrylate

Fig. 14 Protein aggregation inhibition with IRI polymers. (a) IRI activity of

different polymers (scale bar 100 mm), (b) chemical structures of various

polymers, (c) and (d) residual activity (recovery) of b-galactosidase after

freezing at �20 1C for 3 days in the presence of various polymers.

Reproduced with permission from ref. 437 under Creative Commons

Attribution 3.0 Unported Licence.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1159
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acetal (P2), styrenyl ether (P3), and methacrylate (P4), and further

subjected to free-radical polymerization. To analyse the activity,

horseradish peroxidase (HRP) and b-galactosidase (b-Gal) were

used, and the enzymes were subjected to heating and multiple

lyophilization cycles, respectively. The protein activity in the

presence of additive was found to be much higher in both cases,

relative to no additive controls. These polymers were found

to be non-toxic when used with several cell lines, indicating

their potential as additives to proteins to protect them from

denaturation under various stresses.

A study by Debnath et al. demonstrated that poly-trehalose

nanoparticles suppress amyloid aggregation.440 The nanoparticles

used consisted of an iron oxide core and a zwitterionic shell, which

was introduced by adding amino and acrylate monomers, which

were then polymerized to form polymer-coated nanoparticles.

Trehalose was introduced next by conjugating the amine groups

with trehalose monocarboxylic acid via EDC coupling to yield

poly(trehalose) nanoparticles (Fig. 15a). They tested the efficiency

of these nanoparticles in inhibiting Ab fibrillation, and their

results showed that these nanoparticles were 1000–10000 times

more effective in suppressing fibrillation compared to trehalose

(Fig. 15b–d). The efficacy of the nanoparticles was also tested on a

transgenic mouse with Huntington’s disease. Treatment with the

poly(trehalose) nanoparticles reduced the number of mutant

huntingtin aggregates in different regions of the brain. Further,

there was no lethal effect of these nanoparticles on mice. The

authors studied the iron content in the brain after administration

of the nanoparticles and found a 3.5� increase in the iron content,

indicating that these nanoparticles can cross the blood–brain

barrier. These findings indicate that zwitterionic nanoparticles

may be effective in overcoming amyloid-derived neurodegenerative

diseases.

In a study by Mantovani et al., linear and star-shaped (four-

arm) glycopolymers with different saccharides like galactose,

trehalose, mannose, arabinose, and trehalose,441 were used as

excipients. The results showed that these glycopolymers could

modulate the colloidal and conformational stability of amodelmAb.

7.2.6 Conjugated polymers. Conjugated compounds consist

of connected p orbitals with delocalized electrons in a molecule.

Conjugated polymers (CP) are used as conductive polymers in

solar cells, electronic devices, and optoelectronics.442Due to their

inherent non-polar nature, CPs have not been popular for

biomedical applications. Numerous strategies have been devel-

oped to make them water-soluble for use in various biomaterial

applications, i.e., the synthesis of conjugated polyelectrolytes,

water-dispersible CP nanoparticles, and neutral water-soluble

CPs.443 Owing to these advancements, CPs have been employed

for multiple bio-based applications such as photoacoustic

imaging,444 sensing and imaging,445 and gene delivery.445

Chai et al. prepared water-soluble conjugated polymers to detect

and inhibit the UV-light induced aggregation of lysozyme.408 The

polymer (PPV-NMe3
+) was synthesized using a divinylbenzene deri-

vative and a diiodobenzene derivate using a Heck coupling reaction,

followed by quaternization with trimethylamine (Scheme 3).

The authors reported that upon UV illumination, HEWL

initially forms granular aggregates, followed by self-assembly

into globule-like aggregates. However, when PPV-NMe3
+ is

Scheme 2 Schematic representation of the conjugation of trehalose with

lysozyme. (a) Preparation of thiolated lysozyme by treatment with SATP,

and (b) RAFT polymerization to produce trehalose-conjugated lysozyme.

Fig. 15 Inhibition of protein aggregation. (a) Schematic representation of

poly(trehalose) nanoparticles, (b) ThT assay for inhibition of Ab aggregation

in the presence and absence of various reagents; 1, 2, 3 and 4 indicate the

absence of additives, the presence of nanoparticles with 5 mm trehalose,

5 mm molecular trehalose, and 5 mm molecular trehalose, respectively;

(c) and (d) show the TEM image of the Ab fibrils in the absence and

presence of nanoparticles, respectively. Reproduced with permission from

ref. 440 copyright (2017), American Chemical Society.
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added to HEWL prior to UV illumination, the polymer attaches

to the surface of the aggregates formed and disrupts the p–p

stacking of PPV-NMe3
+, resulting in increased fluorescence

intensity. As the size of the aggregates grows, the hydrophobic

interaction between the polymer and HEWL increases, resulting

in the enhancement of fluorescence intensity which can be

visualized by a change in colour. They argued that the technique

can be used to probe the aggregation of proteins. Additionally,

owing to the strong hydrophobic interaction between HEWL

and the protein, the aggregation of HEWL is suppressed by the

polymer (Fig. 16).

In another study, Sun et al. developed similar amphiphilic

conjugated polymers for suppressing amyloid formation.407

They functionalized the polymer using p-nitrophenyl esters

(PPV-NP), which allows the attachment of the polymer to lysine

residues of the protein. The authors reported that PPV-NP

selectively reacts with amyloid species over other proteins due

to the synergistic effects of hydrophobic and covalent reactions.

They suggested that PPV-NP inhibits Ab42 aggregation because

of the covalent linkage between the polymer and protein, which

blocks the hydrophobic cores of Ab42 and prevents secondary

structure conversion and polymerization of Ab42. PPV-NP sup-

presses the formation of aggregates and also eliminates the existing

amyloid plaques (Fig. 17a). They checked its efficiency using brain

slices from transgenic mice and found that brain vibrosections

treated with the polymer showed fewer Ab plaques and decreased

the plaque area (Fig. 17b). This result highlighted the potential of

conjugated polymers to suppress aggregation and allow the removal

of already aggregated species.

In another study, the same group developed similarly con-

jugated polymers functionalized with an N-hydroxysuccinimide

ester and a pentafluorophenol ester.446 These polymers suppressed

the aggregation of islet amyloid polypeptide (IAPP). Further, these

polymers also could irreversibly remove preformed IAPP fibrils, via

the mechanism proposed in their previous study.

These studies clearly show the potential of conjugated polymers

in inhibiting protein aggregation and enabling the refolding of

proteins. Additional studies need to be conducted with the con-

jugated polymers, using different functional groups or by attaching

other known inhibitors to obtain a synergistic effect. However, a

drawback these systems is their inherent non-biodegradability.

Studies to effect degradation should also be carried out, which will

enable the use of these systems for clinical applications.

8. Refolding

Protein refolding is a process by which proteins can attain

their native structure, and it is established by preventing the

Scheme 3 Synthesis of PPV-NMe3+ from conjugated diiodo and divinyl

compounds via a Heck coupling reaction.

Fig. 16 Detection and inhibition of protein aggregation by the addition of

PPV-NMe3+. Detection of aggregation after UV illumination by (a) DLS

analysis of HEWL alone, (b) fluorescence spectra of PPV-NMe3+ in the

presence of lysozyme samples, (c) fluorescence imaging of PPV-NMe3+ in

the presence of UV illuminated lysozyme samples. The suppression of

aggregation by the addition of PPV-NMe3+ to HEWL prior to UV illumination

was studied by (d) DLS, and (e) turbidity analysis. Reproducedwith permission

from ref. 408 copyright (2016), Wiley.

Fig. 17 Elimination of existing amyloid plaques. (a) TEM analysis of preformed

Ab42 fibrils mixed with PPV-NP for different times, and (b) representative

images of 6E10 (red) andmOC78 (green) immunoreactive Ab plaques and their

quantification in the cortical fields of transgenic mice after treating with and

without PPV-NP for 10 h by ex vivo cultures. Reproduced with permission from

ref. 407 copyright (2019), Wiley.

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1161
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stabilization of misfolded proteins or by destabilizing mono-

meric intermediates and b-sheet oligomers. Protein refolding is

as important as suppressing protein misfolding, and is a vital

step in the production of recombinant proteins.447 Refolding of

misfolded/unfolded/solubilized proteins into their native con-

formation is a pre-requisite to procure a biologically active form.

Another key application of refolding proteins is for the cure

of neurodegenerative diseases. Certain neurodegenerative dis-

eases such as Alzheimer’s are associated with the formation of

amyloid plaques,448 that are formed by the aggregation of

proteins. It is believed that the deposition of amyloid plaques

damages the nerve cells by a mechanism that is not well under-

stood. However, the removal/solubilization of amyloid plaques can

aid in the cure of multiple neurodegenerative diseases.

In protein misfolding disorders (PMDs), the secondary and

tertiary structure of a typical protein is altered without changes

in its primary structure. The conformational change may

promote the occurrence of diseases due to the toxic activity of

the protein or the abrogation of biological functions of the

natively folded proteins.449,450 In most PMDs, the misfolded

protein consists of b-sheet conformation.449,451 In a-helices, the

hydrogen bonds are present between groups that are within the

same strand, while in b-sheets, the bonds occur between two

different strands. Since the second b-strand belongs to different

regions of the same protein or a different molecule, the for-

mation of these b-sheets is generally stabilized via protein

oligomerization or aggregation. In most of PMDs, the misfolded

protein undergoes self-association and is deposited as amyloid-

like aggregates in different organs, leading to tissue damage and

organ dysfunction.452

Thus, materials that can stabilize the native structure of a

protein by suppressing the aggregation of proteins and facil-

itating the refolding process of denatured proteins are of great

interest. Therapies directed towards diseases caused by misfolded

proteins should aim to reverse or inhibit the conformational

changes in the structure of proteins. Therefore, compounds or

methods that assist protein folding systems, the destruction of

misfolded aggregates, or those which prevent the misfolding of

proteins may prove to be efficient in treating such diseases.

8.1 Refolding kinetics

Proteins undergo different unstable conformations before reaching

their final native structure. In the absence of chaotropic operators,

these intermediate conformations may show intermolecular com-

munication, leading to the accumulation and precipitation of

proteins and difficulties in refolding them. In refolding models

that approximate the final yield from the renaturation procedure,

these side reactions are high order reactions, while the folding

reaction is estimated by a first-order reaction.453

A refolding reaction can be expressed as follows:

dU

dt
¼ � k1U þ k2NU

nð Þ

where k1 is the folding rate constant, k2 is the aggregation rate

constant, U indicates the concentration of the unfolded pro-

tein, t indicates time, N is the aggregation number, and n is the

order of the reaction for aggregation, assuming that the back

reaction from folded to unfolded protein is trivial, and the fast

formation of the folding intermediate occurs. The critical solutions

of the differential equation exist for second454 and third455 order

aggregation reactions:

YðtÞ ¼
k1

U0K2

ln 1þ
U0K2

k1
1� e�k1t
� �

� �

where Y(t) is the yield of the refolding reaction, U0 is the initial

concentration of the denatured protein, and K2 is the rate constant

of aggregation k2N.

Y(t) = C{tan�1[(1 + C
2)e2k2t � 1]1/2 � tan�1

C}

Refolding techniques target the inhibition of these side reactions

to enhance the final yield of the folded protein. The physical and

chemical environment plays a crucial role during refolding, as it

affects the folding and aggregation process. The kinetic constants

of the refolding process are important for the design of parameters

such as the dilution rate, final protein concentration, and time for

the refolding of the proteins of interest.

8.2 Determination of refolding conditions

For the isolation of recombinant proteins, enzymes are used to lyse

cells, leading to the degradation of cell walls. Inclusion bodies are

isolated through mechanical disruption of cells, followed by centri-

fugation, suspension of the cell debris and protein products via high-

pressure homogenization, and sedimentation of inclusion bodies.456

A conical plate centrifuge is used for the centrifugal process to

perform separation of inclusion bodies based on their spectrophoto-

metric properties. In 1997, Wong et al. showed that repeated

homogenizer passes increase the purity of the inclusion bodies

upon better fractionation of cell debris and inclusion bodies.457

Falconer et al. later suggested a chemical method through

which the selective extraction of inclusion bodies can be achieved

to produce recombinant proteins. The method involves the use of

a urea and EDTA solution to permeabilize cell membranes for

extraction of proteins from host cells, and the use of reagents that

promote disulphide linkages to keep the inclusion bodies insolu-

ble. Once the extraction compounds are removed, chaotropic and

reducing conditions are used to solubilize the inclusion body

protein.428 In another approach, a solution of EDTA and Triton

X-100 was used to disintegrate cells while the inclusion bodies

remained insoluble.458

8.3 Refolding techniques

A solubilization strategy must be formulated before proceeding

with the refolding reaction. Starting from the isolation of

inclusion bodies, most techniques aim at achieving the native

structure of the protein, i.e. the unfolded state by using chao-

tropic agents such as guanidinium chloride (GdmCl) or urea at

high concentrations in combination with reducing agents.

Depending on the protein, the presence of some amount of

native structure within the inclusion bodies could lead to

higher yields. Additionally, high yields can be attained using

detergents,459 buffers (at high pH),460 GdmCl, arginine,461 and

sodium hydroxide462 as solvents.
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Review Materials Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

5
 J

an
u
ar

y
 2

0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 5

:2
1
:5

9
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00760a


Further, refolding must be initiated by the removal of denatur-

ants and providing conditions that allow intramolecular interactions

to occur, leading to the formation of the correct protein structure.

However, this strategy has no general applicability as it varies with

different proteins. Some of the compounds widely used for protein

refolding are presented in Table 5.

To achieve an optimal yield, it is essential to study the

appropriate refolding conditions for every protein which is

possible only empirically. Refolding additives463 include denaturants

(at low concentration), ionic and non-ionic detergents, and polyols

such as sugars or alcohols, which may either promote the refolding

of the protein or inhibit the process of aggregation.

8.3.1 Refolding caused by low molecular weight additives.

In 1998, Yasuda et al. investigated the effects of various cost-

effective refolding additives such as organic solvents and detergents

on the refolding of lysozyme.464 It was noted that the presence of

acetoamide and acetone in the refolding mixture substantially

enhanced the refolding yield. Acetoamide prevents the formation

of the aggregates of lysozyme and it was evaluated with the use of

dynamic light scattering (DLS) by monitoring the average size of the

lysozyme aggregates present in the mixture. In 2003, Umetsu et al.

investigated the efficiency of GdmCl and L-arginine for the refolding

of antibody fragments465 and determined the aggregation,

formation of the proper structure, and formation of disulphide

linkages. It was observed that the amalgamation of 1 M GdmCL

and 0.4 M L-arginine stabilizes the partially folded intermedi-

ates, thus initiating refolding.

At small scales, refolding efficiencies can be improved using

artificial chaperones,466 and redox pairs such as GSH–GSSG,

since the use of chaperones is not feasible at large scales due to their

requirement in stoichiometric proportions. Mini chaperones,467

GroEL and GroES,468 and oxidoreductases that shuffle disulphide

bond formation469 have been used for immobilizing folding aids.

Mannen et al. in 2001 reported the use of immobilized cyclodextrin

to remove detergent from a denatured protein to allow refolding to

occur.470

Aggregation can be suppressed by interference with the

intermolecular hydrophobic interactions by using additives that

can be easily removed once refolding is done. These additives

may affect the solubility or the stability of the native, denatured,

Table 5 Additives used for protein renaturation and the prevention of aggregation

No. Additive Protein
Recovery
yield (%) Conditions Ref.

(1) Small molecules
(i) Guanidinium chloride P. fluorescence lipase 90 0.70 M with no optimum protein conc. 470

HEWL 95 1.25 M with 1 mg mL�1 HEWL 455
Carbonic Anhydrase II 96 1.0 mM with 0.50 mg mL�1 CA II 483

(ii) Urea Porcine growth hormone 85 3.5 M with 05 mg mL�1 PGH 484
HEWL 40 4 M with 20 mg mL�1 HEWL 485

(iii) L-Arginine HEWL 94 0.75 M with 1 mg mL�1 HEWL 455
(iv) Sulfobetaines HEWL 35 1.8 M with 11.2 mg mL�1 HEWL 367

(2) Sugars
(v) Glycerol HEWL Z80 In presence of 50% glycerol with

20 mg mL�1 HEWL
485

(vi) N-Acetyl glucosamine, glucose, sarcosine HEWL 60–80 0.5 M, 1 M, 4 M resp. 485

(3) Short chains alcohols
(vii) n-Pentanol, n-hexanol, cyclohexanol Carbonic anhydrase II 60–70 0.40 mM with 0.20 mg mL�1 CAII 483

(4) Salts
(viii) Ammonium sulphate HEWL Z70 1 M with 20 mg mL�1 HEWL 485

(5) Detergents and surfactants
(ix) Sodium lauryl sarcosine (SLS) Single-chain Fv (SFv) 80 SFv solubilized in 2% SLS solution

mixed with 10% Dowex resin
486

(x) Chaps (derivative of cholic acid) Carbonic Anhydrase II 80 31 mM with 0.50 mg mL�1 CA II 483
(xi) Phospholipids HEWL 95 0.19 mg mL�1 conc. with 0.1 mg mL�1 HEWL 487

(6) Polymers
(xii) PvLEA-22 (peptide; group 3 LEA protein) HEWL B80 Refolding probability calculated with DSC 417
(xiii) N-tert-Butylcrylamide (TBAm) &

acrylic acid (AAc) hydrogel
Lysozyme 75 50 mg mL�1 nanoparticle consisting of

70% TBAm & 10% Aac
479

(xiv) Polymeric nanochaperones HEWL 97 10 : 1 ratio of nanochaperone/HEWL 488
(xv) Poly(p-phenylene vinylene) with

p-nitrophenyl esters
Ab42 — Ab plaques removed from mice brain slice

after treatment (200 mm)
446

(xvi) Poly sulfobetaine with butyl
methacrylate (BuMA)

Insulin from bovine
pancreas

40 1.5% polymer consisting of 30% BuMA 322

(xvii) Poly(N-isopropylacrylamide) (PNIPAAm) b-Lactamase 85 4 mg mL�1 polymer 473
Carbonic anhydrase B 98.2 PNIPAAm with a molecular weight of 23 000 474

(xviii) Eudragit S-100 a-Chymotrypsin — 100% recovery of activity at a polymer;
enzyme ratio of 1 : 1

475

HEWL 81.3 0.4% (w/v) polymer with 1 mg mL�1

denatured lysozyme
476
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and intermediate states by changing the ratios of folded and

aggregated proteins.

The addition of L-arginine to proteins undergoing folding

increases the yield of correctly folded proteins as it decreases the

formation of aggregates. GdmCl enhances the solubility and stabi-

lity of partially structured folding intermediates, which further leads

to a decrease in the formation of aggregates. Polyethylene glycol

(PEG) follows a similar mechanism to that of GdmCl. It interacts

with the denatured states of the protein. Due to the partial hydro-

phobic character of PEG, it interacts with the hydrophobic side

chains present in unfolded or partially folded polypeptides.

Alcohols, carbonic acid amides, and alkyl urea can also improve

the efficiency of folding reactions in vitro. Adding cyclodextrin to the

refolding buffer solution enhances refolding for some proteins.471

It solubilizes the folding intermediates by interchelating the aro-

matic amino acid and hydrophobic side chains.472 Additionally,

surfactants and detergents promote proper folding by binding to

the folding intermediates and reduce self-association. The deter-

gents bind to the hydrophobic sites, which change the tertiary

structure and dampen the fluctuations of amino acid side chains.

8.3.2 Refolding caused by polymeric inhibitors. In 2000,

Lin et al. reported that poly(N-isopropylacrylamide) (PNIPAAm),

a water-soluble non-ionic polymer, enhances the refolding of

b-lactamase.473 This polymer can increase b-lactamase activity

by more than 30% through the formation of complexes via

hydrophobic interactions with the folding intermediates.

Decrease in intermolecular hydrophobic interactions between

the protein molecules results in higher renaturation yield of

b-lactamase. Moreover, PNIPAAm exhibits a lower critical solution

temperature (LCST) of approximately 32 1C, making it easier to

separate from the renatured solution. Furthermore, it has been

reported that PNIPAAm 23 000 effectively refolds carbonic

anhydrase B with a refolding yield of 98.2%. PNIPAAm has

high surface hydrophobicity owing to its high molecular weight

and therefore, it exhibits higher efficacy in forming complexes

with the aggregation-prone species.474

Roy et al. have demonstrated the refolding efficacy of Eudragit

S-100, a pH-sensitive polymer poly(methyl methacrylate), which can

recover 100% activity of a-chymotrypsin with a high refolding

rate.475 The addition of Eudragit to the refolding solution also

enhances the refolding of denatured lysozyme, increasing the yield

up to 81%. Notably, Eudragit S-100 at pHZ 7 consists of carboxylate

moieties, which are negatively charged and form complexes with the

denatured protein through electrostatic interactions that further

shield the hydrophobic surfaces of unfolded protein molecules,

promoting hydrophobic-prone aggregation. Moreover, owing to the

reversible nature of Eudragit polymer–protein interactions, the

refolded lysozyme structure remains unaltered. Eudragit S-100 has

also been shown to successfully recover the activities of transform-

ing growth factor (TGF)-b1 and keratinocyte growth factor (KGF)-2,

even at lower concentrations.476

The naturally occurring anionic polymer alginate has been

reported to be highly effective in recovering the activities of

denatured urea and thermally denatured a-amylase.477

In 2008, Doyle et al. reported that the heat-shock protein 104

(Hsp104) along with caseinolytic peptidase B (ClpB) acts as a

protein disaggregating machine.478 The two chaperones catalyse the

disaggregation of proteins by extracting the polypeptides from the

protein aggregates via unfolding and translocation throughHsp104/

ClpB cavities. Further, in 2016, Nakamoto et al. showed that

acrylamide-based hydrogel nanoparticles can facilitate the refolding

of positively charged denatured lysozymes.479 These nanoparticles

showed high affinity towards the denatured protein and had weak

interactions with the native protein. These features help in the

refolding of aggregated proteins and enable the dissociation of the

nanoparticles from the refolded proteins (Fig. 18).

Chaperones show a high affinity towards denatured proteins

rather than native proteins. Similarly, the hydrogel nanoparticles

encapsulate the denatured lysozymes. Nanoparticles bind with the

lysozyme due to their high dimensional structure and functional

monomer sequencing. The hydrophobic N-tert-butyl acrylamide

(TBAm) derivative and the negatively charged acrylic lysozyme acid

(AAc) hydrogel on polymerization (NP4) have shown high recovery

yield indicating that the combination of both hydrophobic and

anionic groups may facilitate the resolubilization of lysozyme

aggregates. Due to the weak interaction of NP4 and native lyso-

zyme, the refolded lysozyme is released from the nanoparticle,

resulting in the potential refolding of the aggregated proteins.

In a recent study, we reported that the sulfobetaine-based

zwitterionic polymer poly-SPB, which harbours the attached

hydrophobic moiety BuMA suppressed insulin aggregation

and further facilitated the refolding of denatured insulin via

interactions with the hydrophobic domains of the denatured

proteins.322

Fig. 18 Refolding of proteins by nanoparticles. (a) Preparation of hydrogel

nanoparticles. (b) Schematic illustration of the yield of aggregated lyso-

zyme. (c) Facilitated recovery yield of lysozyme by NP1–NP5 hydrogels,

where NP1–NP5 indicates nanoparticles with different monomer ratios

and (d) effect of hydrophobicity of TBAm in facilitating the refolding

activity. Reproduced with permissions from ref. 479.
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8.3.3 Refolding by dilution. Refolding can be initiated by

diluting the unfolded proteins in the refolding buffer. In this

method, the concentration of both chaotropes and proteins is

reduced, which allows intramolecular interaction and prevents

intermolecular associations. This refolding method is also

preferred in industries due to the simple procedure. The procedure

requires a stirring tank and feeding pumps at a controlled

temperature. The resolubilized protein from inclusion bodies is

dissolved in the refolding buffer solution and is kept for a fixed

period. However, this technique poses a limitation for application

at the industrial level as it requires a constant mixing time for the

stirring tank reactor, which uses a high-power input. Moreover, it

is difficult to maintain uniform mixing for the swift diffusion of

the feed stream, leading to the formation of protein aggregates. In

another report, Lee et al. used an oscillatory flow reactor for the

refolding of lysozyme.480 In this device, the mixing intensity and

the oscillatory Reynolds number (Reo) are correlated with each other,

defined by the oscillatory frequency and amplitude of the reactor.

Reo = Doxo/v

where D is the diameter of the tube, o is the angular frequency

of the oscillator, xo is the oscillatory amplitude and v refers to the

kinematic viscosity; the selection of the operational parametersmust

be optimal to maintain the potency of the process. When using a

continuous stirred tank reactor, ultrafiltration devices are required to

remove the chaotropes and reducing agents from solubilized

inclusion bodies to retain stable refolding conditions.481

High yields of final refolded protein can be achieved using

pulse renaturation or fed-batch dilution,482 whose applicability

is based on the stability of native proteins.

8.3.4 Refolding by pressure treatment. The use of pressurized

tanks as refolding reactors is an alternate method for the refolding

of proteins. This technique can be highly beneficial for proteins

with high tendency to aggregate during refolding or purification.

Hydrostatic pressures of 150–200 MPa allow the folding reaction to

occur while inhibiting aggregation.489 In one study, aggregates

resulting from agitation, chaotrope-induced aggregates, and bac-

terial inclusion bodies were subjected to high-pressure treatment

in the presence of GdmCl at a non-denaturing concentration.490

The pressure treatment of inclusion bodies yielded significant

levels of active proteins, and the P22 tail spike protein was refolded

from aggregates.491 Further studies on folding and aggregation

resulting from treatment with different pressures showed that

native proteins are recovered from aggregates after the pressure

treatment,492 and hence, this technique can be used for recycling

proteins in the refolding process.

In 2015, Schoner et al. showed that bacterial inclusion bodies

were activated through pressure refolding without the use of any

denaturant, demonstrating that proteins prone to aggregation can

be refolded using pressure treatments.493 Further, this technique

enables the refolding of proteins at higher concentrations while

reducing the use of chaotropic reagents.

8.3.5 Large scale chromatographic refolding. The size exclusion

and adsorption-based chromatographic refolding processes can

be used at high protein concentrations compared to the dilution

technique. Schlegl et al. described a continuous matrix-assisted

refolding process for bovine-a-lactalbumin,494 and recombinant

therapeutic proteins,495 using annular chromatography at dif-

ferent operational conditions.

In one study, renaturation of lysozyme was successfully imple-

mented using simulated moving bed (SMB) chromatography.496

This process was structured by utilizing the lysozyme and dena-

turant partition coefficients, which are obtained from batch

column experiments. However, the applicability of this process

for refolding crude denatured protein is not known. In 2001, Cho

et al. reported the use of expanded bed chromatography for crude

samples.497 An ion exchange matrix was used for adsorption of the

recombinant fusion protein, washing out of the cell debris and

unbound constituents, and to exchange the buffer for the

initiation of the refolding. The stability of the bed can be

maintained by dilution of a high molarity urea buffer for

reducing the applied sample volume.

9. Conclusions and outlook

Over the years, progress has been made to further develop efficient

inhibitors of protein aggregation. Although several methods are in

use, breakthroughs are required to enable the creation of a near-

perfect technology for the protection of proteins from denaturation,

and the development of more sensitive and easier characterization

and separation techniques. Powerful and robust methods are

required for characterization of protein aggregates. The size factor

is crucial for detection of aggregates ranging from nanometers to

microns in size. Therefore, prediction of aggregate formation is

critical because of the possibility of artefact generation. Additionally,

experimental approaches for solubilizing protein aggregates are

necessary to identify quick fixes for the various stages of biophar-

maceutical design. Assessment of biophysical and dynamic features

of fibrils can be explored by the amalgamation of various techni-

ques. The innovation of such technologies can pave the way for

advanced clinical-grade approaches to observe aggregation for early

diagnosis. Additionally, such techniques could help obtain insight

into amyloidosis at the individual level.

Understanding the detailed molecular mechanism and the

various steps involved in protein aggregation not only has academic

significance but also increases the likelihood that efficient protect-

ing strategies can be developed easily. As different proteins misfold

via different pathways, uncovering mechanistic information is

challenging. However, the consensus opinion is that when proteins

misfold, hydrophobic domains are exposed and can interact with

each other, leading to aggregation-inducing collisions, which result

in the formation of large aggregates. Therefore, additives to inhibit

aggregation should work in either of 3 ways; prevention of

misfolding, suppression of collisions between the misfolded

monomers/oligomers, or dissolution of the formed aggregates.

In the first case, the protein retains all its functions and

activities, and in the second case, a part of the activity is lost.

However, the misfolded state is still reversible, and proteins

can be made to undergo refolding under optimum conditions.

In the third case, considerable activity is lost, and it is extremely

difficult to return the protein to its native structure, necessitating

2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 1139�1176 | 1165
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the removal of insoluble aggregates to circumvent aggregation-

induced toxicity or occlusion of automated pumps used to deliver

therapeutic proteins. Though difficult, an ideal strategy would be

to prevent protein misfolding even when subjected to stress and

the use of compounds to prevent aggregation-inducing collisions.

Over the last 3–4 decades, numerous small molecules and

macromolecular aggregation inhibitors have been identified or

developed that show relatively high efficiency in preventing

misfolding or enabling refolding. Better therapeutic strategies could

also be developed by using a cocktail of small molecule inhibitors

for the treatment of protein aggregation-related diseases.

The utilization of polymers for inhibiting protein aggregation

and facilitating refolding has ushered in a new era of protein-

based therapeutics holding great promise. The field of polymer-

based inhibitors is in its nascent stage and warrants further

interest and dedicated research to overcome the current short-

comings, which would speed up the widespread application of

protein-based therapeutics. In the various polymers and different

categories described in this review, there appears to be no

correlation between the mode of action between the different

groups. The current mechanistic studies and details for polymeric

inhibitors are inadequate, and additional analyses are required

using different kinds of polymeric inhibitors, to reveal a common

mode of action and to facilitate the rational design of more

efficient polymeric materials in the future. Among the polymers

described, polyelectrolytes, especially zwitterionic polymers and

polyampholytes, are extremely effective in suppressing stress-

induced aggregation of proteins. However, further research is

needed to achieve the required efficacy for clinical applications.

Drawbacks for their use include the high concentration required

to suppress aggregation; therefore, the polymers should be further

modified by modifying the functional group and architecture.

Second, these polymers are non-biodegradable, which can pose

serious challenges to their in vivo administration. Moreover,

because polymer-based protein aggregation inhibitors have been

developed only recently and hence, these agents have not yet been

approved by the respective regulatory bodies. However, PEG- or

polysaccharides-based compounds (already approved) can be

employed for clinical applications if their activities are improved

further.

Further, development of biocompatible protein delivery

systems to protect therapeutic proteins from denaturation

before delivery to the targeted area is required. The delivery

vehicle should be able to specifically target the affected area

and release the protein in a controlled manner. This can be

achieved by transforming polymer-based protein aggregation

inhibitors into a micelle/nanoparticle that can deliver as well as

protect the proteins. It would be interesting to see some of the

polymeric candidates discussed above being used or new

classes being developed to deliver therapeutic proteins as well

as aid the treatment of neurodegenerative diseases.
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137 A. Fatouros, T. Österberg and M. Mikaelsson, Int. J. Pharm.,

1997, 155, 121–131.

138 K. Takano, K. Tsuchimori, Y. Yamagata and K. Yutani,

Biochemistry, 2000, 39, 12375–12381.

139 M. Kutsch, P. Hortmann, C. Herrmann, S. Weibels and
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