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Abstract: The pivotal role of proteins in pharmaceuticals is challenged by stability issues, making
the study of inclusion bodies—a source of insoluble protein aggregates—increasingly relevant. This
review outlines the critical procedures in inclusion body processing, focusing on ’mild solubilization
concepts’ and refolding methodologies. Attention is afforded to the emerging role of ionic liquids
with unique and tunable physicochemical properties in optimizing protein unfolding and refolding
processes. The review critically assesses the existing literature at the intersection of inclusion bodies
and ionic liquids, identifying recent advancements, potential applications, and avenues for future re-
search. This comprehensive analysis aims to elucidate the complexities in efficient protein processing
from inclusion bodies.

Keywords: inclusion bodies; ionic liquids; mild solubilization; protein folding

1. Introduction

Scientific advancement in the 21st century has entailed an increasing focus on ex-
ploring alternative solvents and innovative approaches to handling recalcitrant biological
entities. The current review seeks to dissect the intertwined relationship between inclusion
bodies and ionic liquids, emphasizing their potential implications for various industries
and scientific disciplines.

1.1. Inclusion Bodies

The role of proteins in pharmaceuticals is undeniably significant, constituting 10% of
pharmaceutical products. These pharmaceutical proteins are largely produced recombi-
nantly in biotechnological processes. The best-understood microbial organism is Escherichia
coli, which still serves widely as a host organism for recombinant protein production due to
its fast growth rate and ease of genetic engineering. However, overexpression of difficult-
to-fold proteins often results in their production as misfolded protein aggregates, known as
inclusion bodies. These aggregates may also contain host proteins, lipids, and nucleic acids,
indicative of a sophisticated interplay among genetic, environmental, and physiological fac-
tors. They were found across various cellular types, including neurons, various blood cells,
bacteria, viruses, and plant cells. In neuronal cells, inclusion bodies may localize within
the cytoplasm or nucleus, where they are implicated in many neurodegenerative diseases.
Similarly, in muscle cells, inclusion bodies composed of multiple protein aggregations are
observed in conditions like inclusion body myositis and hereditary inclusion body myopa-
thy. In bacterial contexts, inclusion bodies appear as dense, aggregated protein particles,
often indicative of viral replication sites within bacterial or eukaryotic cells, predominantly
comprising viral capsid proteins.
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Misfolded protein structures within inclusion bodies can include amyloid structures,
amorphous regions, and incorrect disulfide bonds. Nevertheless, inclusion bodies maintain
correctly folded secondary and tertiary protein structures [1]. For example, the fluorescence
of green fluorescent protein was still observed within inclusion bodies, suggesting structural
similarities with their native conformation [2,3].

Despite their insoluble and frequently non-functional nature, the potential of inclusion
bodies in protein production, particularly for proteins challenging to express in soluble,
correctly folded forms, has been increasingly recognized. This recognition broadened the
scope of research on inclusion bodies and led to novel strategies for refolding processes,
their roles as protein storage mediums, and their direct applications in nanotechnology
and biotechnology. In the context of inclusion body processing, the workflow can be
broadly categorized into two main segments: upstream and downstream processing [4,5].
The upstream segment encompasses microbial fermentation [6] and subsequent cellular
harvesting. After cells are harvested using centrifugation or filtration methods, cell lysis
is then performed. This can be achieved through mechanical techniques such as high-
pressure homogenization, acoustic cavitation, bead milling, and chemical approaches like
enzymatic lysis. While the desired protein is mainly found within the insoluble inclusion
bodies, impurities, such as host cell proteins and nucleic acids, are in a soluble state after
cell lysis. Consequently, the inclusion bodies can be selectively isolated using filtration or
centrifugation procedures and subsequently purified through resuspension in aqueous
solutions or specialized wash buffers [5,7].

Conversely, the downstream segment can be dissected into a series of discrete unit
operations, as illustrated in Figure 1. Solubilization (blue sphere) represents a pivotal step
toward extracting the target protein from the inclusion bodies and its subsequent transition
into a soluble state for further processing. Commonly utilized agents for this purpose
include urea and guanidinium hydrochloride (GndHCl). In instances where the protein
configuration includes disulfide bridges, a reducing agent such as dithiothreitol may be
incorporated to facilitate their cleavage.

Figure 1. Downstream processing of inclusion bodies [5].

These solubilizing agents effectively induce protein unfolding (yellow sphere in
Figure 1) as water molecules within the protein’s hydration shell are displaced by the
chaotropic molecules. Given the preferential affinity of these chaotropic agents for the
hydrophobic regions of the protein, it becomes thermodynamically favorable for the pro-
tein to adopt an unfolded conformation. For proteins that are initially present in highly
misfolded aggregate forms, this induced unfolding serves as a prerequisite to facilitate
subsequent correct refolding.

1.2. Mild Solubilization Concept

Solubilization is followed by segregating oligomeric structures into dissolved
monomers, which must be executed without substantial protein denaturation. This method-
ology, referred to as the “mild solubilization concept” [1], employs urea concentrations below
the threshold of 2–3 M urea to unfold the protein only partially. The approach necessitates a
finely calibrated equilibrium of the denaturant concentration. The concentration needs to
be increased enough to unfold the misfolded structures, but it must also be controlled to
maintain the properly folded structures. Under favorable conditions, the correctly folded
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portions of the protein exhibit higher stability than the misfolded regions, highlighting
the critical balance needed in this process [8]. The mild solubilization concept necessitates
optimizing chemical and physical conditions [1] and limiting the use of traditional solu-
bilization agents. Physical methods may include the application of high pressure up to
2.4 kbar. Chemical conditions to increase protein solubility might encompass maintaining
an alkaline pH and employing organic solvents. Additionally, the technique may involve
using surfactants to form micelles or reverse micelles [8,9].

1.3. Refolding and Purification

The next stage of the downstream processing is refolding (green sphere in Figure 1),
wherein the target protein undergoes a transition from a (partially) unfolded state to its
native functional conformation [4,10]. Initiation of the folding reaction is primarily achieved
by removing chaotropic agents by diluting the solution with an appropriate refolding
buffer [11]. However, the dilution approach necessitates large processing volumes with low
product concentrations. This increases operational costs attributable to chemical reagents
and demands sizable chromatography columns for subsequent capture and purification
steps. In light of these considerations, alternative methods for denaturant removal have
been explored, including dialysis and on-column refolding strategies. Nonetheless, due to
its operational simplicity, dilution remains the predominant methodology employed for
this stage of the process. The concluding step encompasses the isolation and extraction of
the renatured protein.

The existing ambiguity surrounding the precise mechanisms and pathways renders
the determination of conditions for the entire process—from the inclusion body to the native
state—a complex and intricate task. This lack of clarity currently necessitates an approach
based on trial and error, a method that is often associated with substantial expenditures
in time and resources. Advancing the development of more effective additives for both
the unfolding and refolding stages is imperative for future progress in this field [12]. Here,
ionic liquids come into play [13].

1.4. Ionic Liquids

Ionic liquids are organic salts that exist in a liquid state at temperatures below 100 ◦C.
Due to their unique physical and chemical properties, these substances have captured
widespread attention in both academic and industrial contexts.

Characterized by negligible vapor pressure, high thermal stability, and versatile solva-
tion capability, ionic liquids promise to be “green” solvents that could reduce the environ-
mental impact of various industrial processes by replacing conventional volatile organic
solvents [14–16]. The uniqueness of ionic liquids lies in their tunability. By altering the
cationic and anionic components, the physicochemical properties of the resulting ionic
liquid can be adjusted, providing a vast and adaptable toolkit for various applications as
electrolytes in electrochemical applications [17], lubricants [18,19], or solvents [15,20,21].
In this review, we focus only on a small part of these applications using ionic liquids
as solvents for biotechnology, as illustrated in Figure 2. Here, several properties of the
ionic liquids are exploited: Their broad liquid range as a solvent can be used in cryobiol-
ogy [13,22,23], and their solvation properties are useful for biomass treatment, separations,
and extractions of valuable compounds [20,24,25]. The biotechnological applications also
concern toxicology and pharmacy. Ionic liquids can be active pharmaceutical ingredi-
ents [26,27] that may have anticancer, antibacterial, and antimicrobial effects [27–30]. The
efficiency of a drug depends strongly on its bioavailability, which, in the case of the human
organism, relates directly to drug permeability and solubility. Lower solubility results in
lower dissolution and absorption rates. Therefore, higher doses are required to reach a
therapeutic effect [27]. In contrast, active pharmaceutical ionic liquids are more soluble in
water, facilitating drug delivery due to their charged nature. If the ionic liquid is not the
active pharmaceutical ingredient, it can still support the drug delivery as a co-solvent, co-
polymer, or emulsifier [27]. Their amphiphilic nature may also threaten proteins [31]. Both
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the charged core and the hydrophobic tails may catalyze protein unfolding. Ionic liquids
may also extract drug precursors from biomass or purify active pharmaceutical ingredients
in general. Abbreviations for the ionic liquids discussed in this work are summarized in
Table 1.

Figure 2. Particular applications of ionic liquids relevant to inclusion bodies. APIs are active
pharmaceutical ingredients.

Table 1. (Ionic liquid) ions and their abbreviations in this review.

Cations Anions

1-ethyl-3-methylimidazolium EMIM+ triflate OTf−

1-butyl-3-methylimidazolium BMIM+ bis(trifluoromethylsulfonyl)imide NTf−2
1-hexyl-3-methylimidazolium HMIM+ dihydrogen phosphate dhp−

1-methyl-3-octylimidazolium OMIM+ acetate OAc−

1-decyl-3-methylimidazolium DMIM+ methylsulfate MeSO−
4

cholinium chol+ ethyl sulfate EtSO−
4

hexylsulfate HexSO−
4

Ethyl-ammonium nitrate EAN
Propyl-ammonium nitrate PAN
Butyl-ammonium nitrate BAN
Sodium dodecylsulfate SDS
guanidinium chloride GndHCl
L-Arginine monohydrochloride [L-Arg][HCl]

The combination of inclusion bodies and ionic liquids represents a novel and promising
direction in both academic and industrial contexts. This intersection offers opportunities for
both the solubilization and refolding of inclusion bodies into active proteins, as well as the
prevention of subsequent unfolding or amyloid fibrillation of the native protein [30,32,33].
However, imidazolium-based and ammonium-based ionic liquids have the potential to
promote amyloidogenesis as well [33]. Moreover, ionic liquids can be used as washing
and recovery agents for proteins produced in the form of inclusion bodies. This review,
therefore, sets out to critically analyze the current knowledge landscape at the intersection
of inclusion bodies and ionic liquids, providing a comprehensive account of recent research
developments, potential applications, and future perspectives.



Liquids 2024, 4 5

2. Theoretical Understanding

Apart from the polypeptide sequence, i.e., the primary protein structure, the stability
of proteins is intrinsically linked to various solvation and reaction conditions, including
temperature, pressure, ionic strength, and pH levels. When considering the factors that
influence the formation of secondary structures, it is important to carefully analyze their
impact on the rugged energetic landscape in these external conditions.

2.1. From Inclusion Bodies Back to Native State

Numerous computational methodologies have been employed to elucidate the compet-
itive kinetics governing protein refolding and aggregation. One especially impactful model,
suggested by Kiefhaber [34], has gained considerable recognition in the scientific com-
munity because of its balance between simplicity and predictive precision. In this model,
the refolding pathway is conceptualized as a series of transitions from an unfolded state
through intermediate states, culminating in the native protein conformation, as shown in
Figure 3. The imposition of stress on proteins, achieved by altering their optimal conditions,
can lead to various consequences. For example, partial unfolding leads to intermediate de-
natured states [30,32,35]. This process may be initiated on purpose to transform misfolded
proteins in inclusion bodies into intermediate (=partially unfolded) states. The formation
of intermediate states is assumed to be rapid, rendering the corresponding rate constant as
non-limiting. The rate-limiting step is the conversion from the intermediate to the native
structure, which includes the formation of disulfide bonds, for example. Importantly, this
transition obeys first-order kinetics governed by intramolecular interactions.

Figure 3. Various states of proteins and some possible reaction pathways between them governed by
the thermodynamics of (re-)folding. Adapted from Ref. [32,35].

Competition exists between this rate-limiting refolding process and the kinetic path-
way, leading to the formation of unfolded proteins forming insoluble disordered aggregates
within seconds. These aggregation processes are driven by intermolecular interactions
following higher-order kinetics. Hence, increasing the protein concentration during the
refolding process exponentially amplifies the rate of aggregate formation, thereby inversely
affecting the refolding yield [34].
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In the native state, monomers may form dimers, tetramers, or hexamers to stabilize
the secondary structure [36]. The reverse transition from the native state back to the
intermediate state is considered negligible given the thermodynamic stability of the native
form. The aggregates of intermediate states can be inclusion bodies or prefibrillar species.
For example, prefibrillar species may turn into amyloid fibrils containing high cross β-
sheet contents, making this aggregation irreversible. These amyloids are associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s, and their dissolution is
considered essential for novel biomedical treatments and the preservation of recombinant
proteins [35].

2.1.1. Protein States and Their Aggregation

The difference in protein states in inclusion bodies, fibrils, and disordered aggre-
gates in Figure 3 primarily relates to their structural characteristics, formation processes,
and biological implications:

1. Inclusion bodies are dense aggregates of partially misfolded proteins that may still
contain a high percentage of α-helices and β-sheets. They form due to high local
concentrations of a specific protein.

2. Fibrils, and in particular amyloid fibrils, are highly ordered, stable structures com-
posed of β-sheet-rich protein aggregates. These fibrils are characterized by their
elongated, fibrous nature. Fibrillation is a specific type of protein aggregation often
associated with pathological conditions.

3. Disordered aggregates are irregular, amorphous conglomerations of proteins. Un-
like proteins in inclusion bodies or fibrils, they lack a defined secondary or tertiary
structure and are more heterogeneous. These aggregates form when proteins mis-
fold or (partially) unfold, leading to exposure of hydrophobic residues that facilitate
aggregation.

Oligomers and aggregates gradually become insoluble as they grow. The aggregation
process involves a lag phase (rapid assembly of large aggregates), elongation phase, and fi-
nal plateau. An energy barrier, the size of the aggregates, and factors like temperature, ionic
strength, and interfacial exposure influence the lag phase. Various interactions control their
size, including electrostatic repulsions, attractions, hydrophobic interactions, hydrogen
bonds, and van der Waals forces. The dominant force depends on protein structure, solvent
nature, and other experimental conditions [35]. Aggregation may lead to lower diffusivity,
gelation, and phase separation, decreasing the pharmaceutical quality. Consequently, there
is a need to prevent unwanted denaturation and aggregation. The protein concentration
should be lower than 0.1 mg mL−1 to minimize aggregation to oligomers, which can be re-
alized by continuous dilution. High temperatures, hydrophobic interactions, and hydrogen
bonds promote aggregation, whereas specific pH ranges may suppress aggregation [36].
Aggregation can also be controlled by selecting solvents for conformational stability and
balancing intermolecular forces [35]. The pH of the solvent affects the distribution of
charged amino acids at the surface as well as the interaction between them. This is also
true for ions dissolved in the solvent that may promote or prohibit aggregation, i.e., salting
in and salting out. The aggregation of the protein has a strong influence on the (re-)folding
process. Oligomers usually stabilize their secondary structure, e.g., the helical alignment.
Consequently, the protein should be monomeric for the (re-)folding process.

2.1.2. Pathways of (Re-)Folding

Levinthal [37] hypothesized that a stochastic search for the native state conformation
of a medium-sized protein could potentially exceed the universe’s age. This finding under-
scores the necessity for well-defined folding pathways (illustrated by arrows in Figure 3) to
facilitate refolding within a practical time frame. In living organisms (in vivo), proteins can
fold into their native form through intermediates with the help of molecular chaperones.
In laboratory conditions (in vitro), folding can be assisted by chemical chaperones like
osmolytes and salts. Surface-exposed hydrophobic amino acid residues can interact with
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solvents, resulting in conformational changes [35]. Fundamental knowledge of these path-
ways is of incredible value as they can increase refolding yields from inclusion bodies to the
native state of the protein. This is facilitated by unfolding the misfolded secondary structure
while keeping the correctly folded parts of the protein. Also, preventing aggregation is
crucial for optimizing recombinant protein production in bacterial systems.

Recent advancements in understanding protein folding have incorporated the “free
energy funnel” approach [35,38], which asserts that unfolded conformations are likely to
possess higher Gibbs energies in comparison to intermediate or native conformations.
Within the proximity of the native state, several localized energy minima (intermediate
states) are associated with modestly deformed native structures. These instances are
significantly outnumbered by the plethora of misfolded structures, and their corresponding
entropies are lower but compensated by the enthalpy originating from interactions such as
van der Waals forces, electrostatic relationships, or the creation of hydrogen and disulfide
bonds, as illustrated in Figure 3. Also, the entropic hydrophobic effect stabilizes the folded
native state. This intricate interplay between entropy and enthalpy is responsible for
the unexpectedly small Gibbs free energy difference ∆G0 between the folded native and
(partially) unfolded, denatured states and explains the concurrent existence of denatured
states with the native state at ambient temperature [38,39], characterized by the chemical
equilibrium

K = Πi aνi
i = e

−∆G0

kBT (1)

The chemical equilibrium constant K depends on the chemical activity ai and their
stoichiometric coefficient νi, which are positive for denatured states and negative for the
native state. Since the Gibbs energy ∆G is a function of temperature and pressure, their
changes [40] may profoundly impact the stability of particular protein conformations i, as
sketched in Figure 4.

Figure 4. The native state of a protein can be destabilized by temperature, pressure, and pH changes.
Various ionic liquids may stabilize or destabilize the protein at the given reaction conditions [22,30,41].

However, ∆G is not a monotonic function of temperature T and pressure p. Both
increasing and lowering T or p destabilize the native state [40]. Changing the tempera-
ture immediately affects all entropic contributions in Figure 3 and may lead to positive
conformational stability ∆G > 0 kJ mol−1 pushing a conformational change, as depicted
in Figure 4. Unfolding proteins under high hydrostatic pressure has been known for
over 90 years [42]. Applying pressures between 1 and 3 kbar promotes the dissociation of
oligomers. To completely unfold a protein, pressures of more than 8 kbar are necessary [42].
The pressure dependence of ∆G corresponds to specific volume differences induced by
internal cavities, voids, and perturbations in the electrostatic energy [42]. High pressure,
although altering specific volume by less than 1%, exposes hydrophobic patches during
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unfolding. The synergistic application of high pressure in conjunction with an alkaline
pH environment increases the solubilization of inclusion bodies under mild denaturing
conditions without an actual denaturant [43]. Subsequently, decreasing the pH stops the
unfolding [44], thereby stabilizing the protein as sketched in Figure 4.

2.2. Interaction with the Refolding Buffer

Once misfolded states like inclusion bodies are formed, refolding to the native state
under mild solubilization conditions in a refolding buffer is desirable [1,42]. The buffer
should be cost-effective, compatible with purification, and provide high yields of the native
protein. Buffer molecules generally have a low molecular weight and reduce aggregation,
enhancing protein solubility. Afterwards, they should be removable from the final product.

2.2.1. Gibbs Free Energy as a Function of Concentration

Gentle solubilization methods preserve the native-like folded secondary structures.
This can be realized by small contents of chaotropes as co-solvents to unfold the misfolded
parts of the proteins. Quite generally, the co-solvents in the refolding buffer change the
Gibbs free energy [38,45–47]:

∆Gcs = ∆G + ∑
i

ni · αi · δgi,cs (2)

= ∆G − m · kBT · ccs (3)

The changes depend on the number ni of the interacting group i, their average surface
accessibility αi, and the energy transfer δgi,cs of these groups to water and the co-solvent.
Experimentally, a linear relationship between the energy transfer and the co-solvent concen-
tration was found [46,48,49]. The ability of the co-solvent to (de-)stabilize the protein can be
characterized by the so-called m value [40,45–47,49,50]. Positive m-values of the co-solvent
(green in Figure 4) indicate protein stabilization, whereas negative values denote the co-
solvent as a denaturant (orange in Figure 4). However, the transition from Equation (2) to
(3) is a step back for the studies on inclusion bodies as the last equation only characterizes
the overall unfolding. For the pathway back to the native state, region-specific m-values
would be more appropriate since correctly folded regions should be untouched (low lo-
cal m-value), but misfolded regions should be unfolded (high local m-value). However,
the m-value in Equation (3) is only an average of all local m-values.

According to Schellman theoretical thermodynamic analysis of the interactions [51],
the m-value should be proportional to the protein surface area exposed to the solvent upon
unfolding, which was confirmed by simulations [52] and experiment [53]. Consequently,
this value is not only a function of the solvent but also the protein [50]. Nevertheless, m-
values may still serve to compare the capabilities of different denaturating molecules [47].
m-values are also accessible from molecular dynamics simulations via the “molecular transfer
model” [49,52,54] on the basis of Equation (2).

Furthermore, this linear relationship in Equation (3) is only valid for a limited concen-
tration range, usually below 0.5 M to 1 M depending on the protein and co-solvent [48,55,56],
which corresponds to the ’dilute regime’ (see Figure 5a) according to Ref. [35]. Beyond this
concentration threshold, the free energy ∆G starts to be a non-linear function of the concen-
tration. This deviation from linearity manifests in Figure 5a, showing that the mole fraction
likewise becomes non-linear as a function of the co-solvent concentration in the “intermedi-
ate regime”. The curvature of ∆Gcs(ccs) is predominantly positive [45,55,57] (see Figure 5b),
which may induce protein stabilization even when the co-solvent initially appears to be
destabilizing [55]. This tunable interplay between stabilization and destabilization in the
current state of the protein as a function of co-solvent concentration may be exploited to
facilitate the protein’s transition from the inclusion body state to its native conformation.
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(a)
(b)

Figure 5. Concentration-dependent behavior of some select properties. (a) Theoretical mole, weight,
and volume fraction of 1-butyl-3-methylimidazolium dicyanamide in water. The characterization of
the aqueous solutions is according to Ref. [35,58]. (b) Co-solute induced changes ∆∆Gu in the Gibbs
free energy of unfolding [55] for various simple salts and imidazolium-based ionic liquids.

2.2.2. Hofmeister Series

The original experiments conducted by Lewith and Hofmeister spanned several days,
indicating that the mentioned protein processes are likely thermodynamic in nature [59].
The Pitzer method [60] has become increasingly popular to determine the thermodynamic
properties of electrolytes and to predict ion activity coefficients, although standard elec-
trolyte theories cannot explain salting in and salting out [61]. Given that ions must be in
direct contact with the protein to interact [62], their surface activity undoubtedly influences
the solubilization process, as, for example, modeled by a cavity model [63,64]:

∆∆G = A · γ (4)

using the surface area A of the cavity and the actual surface tension γ of water influenced
by the ions. The Hofmeister series offers a systematic classification of ion surface activity
based on their lyotropic properties [59,65], specifically their capacity to either salt out or
salt in proteins [59,66] with consistent trends for various proteins. Although Pearson’s hard
and soft acids and bases theory [67] has arguably stronger theoretical foundations than the
Hofmeister series and offers similar ion rankings [59,62,68], it is a less popular reference for
the interpretation. A table of hard/soft and acidic/basic ions is provided in Ref. [59].

The ion ranking within the Hofmeister series resembles the lyotropic series, which
is predicated on the heat of hydration of the ions [59,62,69]. This similarity initiated
discussions concerning the competitive interactions between proteins and ions with water.
Hofmeister postulated that each ion’s behavior is a manifestation of its ability to adsorb
water, leading to a categorization of ions as kosmotropes, characterized by strong hydration
due to high charge density, or chaotropes, which disrupt the water network [35,59,70].
Hence, the Hofmeister series methodically orders ions from kosmotropes to chaotropes.
Leontidis extends this order by hydrophobic ions, hydrotropes, and surfactants [62]. The
Hofmeister ranking agrees with experimental m-values [56,71] in the dilute regime (see
Figure 5a). At very low concentrations below 0.1 M, the corresponding Coulomb potentials
dominate the ion interactions with the protein [68] and may lead to an inverse Hofmeister
ranking [72]. Above 0.1 M in the dilute regime, the dispersion of the ions competes with
the electrostatic interactions, resulting in the classical Hofmeister series [68,73]. In fact,
Hofmeister behavior is usually expected at intermediate concentrations between 0.5 and
3 M [61]. Higher ion concentrations ensure that the ions influence significant amounts of
water as their structure-making/breaking impact seems very local [62,74–78]. Nevertheless,
Hofmeister’s initial idea of water-absorbing ions comes close to modern interpretations of
competition between the ions and the protein for the hydrogen bond network in water [32].

The kosmotropic and chaotropic ions interact with the less hydrated chaotropic amide
and the hydrated kosmotropic carboxylate groups of the protein. The chaotropic anions
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have a greater affinity towards the chaotropic amides than the kosmotropic cations with
the kosmotropic carboxylate group as, in the latter case, both kosmotropes compete in
their interactions with water [79]. This explains the opposite Hofmeister trend of cations
and anions in influencing the protein stability and also the stronger effect of anions than
cations [32,61,68,79–82].

The properties behind the Hofmeister ranking of the ions are displayed in Figure 6,
which is a simplification of Figure 3 in Ref. [59]. The primary properties of the ions are size,
shape, charge, dipole (if not symmetric or monoatomic), and polarizability. The charge and
the dipole determine the charge distribution of the ion. Here, the charge distribution of the
anions plays a more important role than that of the cations [79]. In the case of a symmetric
distribution, for example, in BF−4 , PF−6 or NO−

3 , the dipole vanishes. The permanent dipoles
are accompanied by induced dipoles, which depend on the ion’s polarizability. Both dipoles
change the electrostatic interactions of the molecule with the surrounding molecules and
may counteract simple charge–charge interactions. As the local environment varies with
time, these interactions are summarized as charge fluctuations, which may also result
in partial charge transfer [83,84]. Small permanent dipoles but significant interactions
between induced dipoles lead to dispersion [73,85], which is usually strong in hydrophobic
molecules [32,61,86,87]. The dispersion depends on the molecular polarizability, which
scales with the size of the ions [61,88].

Figure 6. Properties influencing the Hofmeister series of ions from kosmotropic to chaotropic char-
acter (indicated in red). Leontidis [62] added hydrophobic ions according to the lyotropic series.
The position of each ion within this series is indicative of its relative proficiency in protein solubiliza-
tion (denoted by the blue arrow) and its influence on protein (de-)stabilization (highlighted by the
yellow arrow). Two factors predominantly influence the ion placement: ion solvation (illustrated in
blue) and charge distribution and fluctuation (represented in green). These two secondary character-
istics stem from fundamental ion properties (depicted in mint), encompassing aspects such as size,
shape, charge, dipole moment, and polarizability. The interaction of ions with proteins is visually
represented by yellow spheres.

The charge distribution is also a crucial property for ion solvation [32,35,59,62]. Based
on the law of matching affinities [70,89,90], the ions will predominantly pair with each
other or be independently solvated by water molecules. Of course, this behavior influ-
ences not only the interaction with water but also the interactions with proteins. However,
the solvation is not only characterized by the coordination of water molecules but also
by the fluctuation of neighboring water molecules. Small ions with high charge den-
sity will keep their hydration shell for a very long time, whereas large ions with low
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charge density allow for rapid exchange. Leontidis [62] calls this phenomenon “sticki-
ness” of the hydration [59,62]. In addition to the charge distribution, the size and shape
of the ions also play a role in the solvation [62,70,73] as the ions have to fit into the water
network. Kosmotropic ions are strongly hydrated, whereas chaotropic ions are weakly
hydrated [62,70,90]. If the ions are too large or their shape is significantly anisotropic, they
do not fit in the tetrahedral network of water [70]. Consequently, these ionic species will
start to aggregate in ion clusters or accumulate at the protein surface [70]. This is also
important for the micellization of ions [91] and for hydrotropy [92,93].

A tentative Hofmeister ranking for common ionic liquid anions has been gathered from
several resources [62,68,70,81,94] and is depicted in red in Figure 6. Due to the manifold of
influencing factors depicted in Figure 6, several authors suggest arguing in terms of “specific
ion effects (SIE)” [35,59,61,68,95] instead of a Hofmeister or lyotropic series to pronounce the
individual interactions of the ions with the protein. In addition, the competition between
all these properties to be responsible for the most significant interaction with the protein
results in partial reversals of the series for some proteins. Nevertheless, the somewhat
’outdated’ Hofmeister series still serves as a first evaluation when comparing various ions in
their capability to solubilize or (de-)stabilize proteins.

2.3. Ionic Liquids as Co-Solvents

The manifestations of Hofmeister effects in non-aqueous solvents [61,96], such as
ionic liquids [97], have garnered significant attention in recent literature. Contrary to the
classical paradigm, which portrays ionic liquids as inert, non-interactive solvents [14,27,98],
emerging evidence challenges this notion by demonstrating their activity in chemical pro-
cesses [15,27,39,94]. The mechanisms underlying such participatory roles are multifaceted
and include the stabilization of charged reaction intermediates, selective solvation around
either hydrophilic or hydrophobic moieties, and significant alterations in the local electro-
static environment. Due to these attributes, ionic liquids emerge as viable co-solvents in
biomolecular systems, notably in stabilizing proteins within aqueous matrices [70,99,100].
A salient case in point is the variable influence of ionic liquids on the melting point of
ribonuclease A, illustrating the capacity to fine-tune solvent properties to suit particular
solutes or applications [94].

Historically, the academic focus has been predominantly on ionic liquids bearing
imidazolium, pyrrolidinium, or phosphonium cations. The advantage of these specific
cations lies in the extensive experimental and computational data available, thereby sim-
plifying the interpretation of novel findings. Conversely, although ammonium-based
ionic liquids represent one of the earliest known categories [101], they have gradually
receded in terms of prevalence in contemporary research. In biological contexts, however,
ammonium-based constituents present distinct advantages. They emulate some of the
key physicochemical properties of water, such as facilitating proton transfers between
acidic and alkaline functionalities and participating in hydrogen bonding networks [30].
Consequently, these species exhibit higher biocompatibility by minimally perturbing the
structure of aqueous matrices. Ethylammonium nitrate is an excellent medium for re-
covering denatured/reduced hen egg white lysozyme [102]. In particular, the denatured
protein is prevented from forming aggregates, thus enabling gentle refolding, resulting
in recovery rates of up to 90%. A significant advantage of such additives is that these can
often be easily separated from the active protein by simple desalting methods. Interestingly,
the same strategy can also be used to gain X-ray diffraction quality protein crystals [103].
This is based on the non-monotonic solubility behavior of lysozyme, which shows a mini-
mum at intermediate ethylammonium nitrate concentrations and a maximum at high ionic
liquid content.

Particularly noteworthy is the cholinium cation, distinguished by its bioavailability,
economic viability, and facile synthetic procedures. Furthermore, cholinium-based ionic
liquids demonstrate remarkable efficacy in stabilizing proteins under extremely acidic
conditions. The judicious selection of ionic liquids can thus counter multiple stressors that
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adversely affect proteins, including hostile chemical environments and temperature oscilla-
tions. Such attributes render them indispensable as co-solvents, especially in extending the
shelf-life of peptides and proteins by mitigating undesirable denaturation and aggregation
phenomena [30].

Properties of Ionic Liquids

The unique physicochemical attributes of ionic liquids offer a wide scope of customiza-
tion for specialized applications. While the archetypal ionic liquids predominantly consist
of commonly used cations such as imidazolium, ammonium, and pyridinium, the theoreti-
cal combinatorial possibilities for generating binary mixtures extend into the millions [104].
This array of combinations contrasts sharply with the limited spectrum of conventionally
employed molecular solvents and the finite set of systematically explored ionic liquids [105]
using the anions depicted in Figure 6. The formidable challenge in biomolecular interac-
tions is the identification of suitable ionic liquid mixtures with the requisite properties.
While heuristic guidelines may offer some direction, the precise prediction of the proper-
ties of a given mixture remains an intricate endeavor. A quintessential characteristic of
biomolecules, particularly proteins, is the simultaneous existence of both polar and apolar
domains. This complex structure enables an array of interaction modalities with polar
solvents, most notably water, and the hydrophobic core functional groups [35]. Chirality
presents another critical aspect for ionic liquids, especially considering the inherent chirality
of biomolecules such as sugars, DNA, and amino acids. Chiral ionic liquids have been
effectively employed in various applications, ranging from capillary electrophoresis of
proteins to separation techniques employing aqueous biphasic systems [106–108]. While
cationic chirality is more prevalent due to the frequent use of symmetric inorganic anions,
instances of anionic chirality have also been reported as early as 1999 [14,109].

Ionic liquid cations comprise an aliphatic, hydrophobic tail and a polar, hydrophilic
head group [110] as shown in Figure 7. Such amphiphilic moieties undergo self-assembly
on the nanoscale, forming mesoscopic regions (blue sphere) that dictate the homogeneity
or heterogeneity of the resulting solutions, e.g., one-phase systems or micellar or biphasic
systems [35,39,111]. The amphiphilic nature of the cation can be systematically modu-
lated by adjusting the length of the alkyl chain. For example, the solubility of 1-alkyl-
3-methyl-imidazolium hexafluorophosphate in water diminishes from methyl to nonyl
chains, eventually leading to complete immiscibility [112]. The alkyl chain itself is the major
source [91,113] of the surface tension of the liquid solution sketched by the chain arrow
pointing to the surface tension in Figure 7. If the mesoscopic structure of the ionic liquid in
water prefers micelles [91], this will significantly impact the surface tension. The anionic
component often serves as a mitigating agent against the hydrophobic tendencies of the
cations. Nevertheless, there are also a plethora of hydrophobic anions, i.e., PF−

6 or NTf−2 .
As the cations cannot reverse their hydrophobic character, the anion axis in Figure 7 points
to the solvation, and the anion characterizes the hydrophilicity or hydrophobicity of an
ionic liquid [31]; i.e., the chaotropic or kosmotropic character of the anions overwhelms that
of the cation, as already discussed before. The combination of the kosmotropic/chaotropic
character of the ions determines the microscopic structure (red sphere in Figure 7). If the
anion–cation interaction is sufficiently strong, contact ion pairs will be the dominant struc-
tures, and, if the ion–solvent interaction is stronger, solvent-shared and solvent-separated
ion pairs will prevail [114–116].

Various classification paradigms have been proposed based on ionic liquids’ molecular
compositions and properties. A commonly employed distinction categorizes cations into
protic and aprotic types [35], which relates to the potential for proton exchange between
cations and anions. Despite this interdependence, these terms are generally applied ex-
clusively to cations. Protic ionic liquids can be conveniently synthesized via acid–base
neutralization reactions. Aqueous ionic liquid solutions often cause significant pH shifts
due to the acidic or basic nature of the ions. These shifts also influence the surface charge
of proteins [81,117]. To address this, most studies use ionic liquid in combination with
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buffers to maintain a constant pH [35,81]. Before proton exchange, intermolecular hydrogen
bonds are established between cations and anions. These bonds may persist even without
actual proton transfer and can significantly impact the microscopic structure (red sphere in
Figure 7) of the ionic liquid, leading to various states, such as ion pairing, solvent-separated
ion pairs, or single dissolved ions [70,116]. Not only do the cations compete with the anions
in hydrogen bonding to the water molecules but the anions may also stripe water from
the protein surface, decreasing the protein stability. Strong hydrogen bonding between the
anion and water may also lead to an expulsion of the cations and their accumulation at the
protein surface [70,118,119]. Hydrogen bonding can be quantitatively characterized using
Kamlet–Taft parameters α, β, and π∗, which denote a solvent’s hydrogen bond donating
and accepting capabilities and its polarizability [35,120]. The hydrogen bond accepting
parameter β is primarily dominated by the anion and affects the stability of proteins signifi-
cantly [121]. β values higher than 0.8 are known to deactivate protease, which has been
rationalized by the fact that the ionic liquid anions interfere with the protein’s own hydro-
gen bond network. This way, Kamlet–Taft parameters can indicate the biocompatibility of
ionic liquid–protein mixtures.

Figure 7. The properties of an ionic liquid can be interpreted in three dimensions: the nature of the
cation (protic/aprotic), the nature of the anion (hydrophobic/hydrophilic), and the alkyl chain length
(short/long). Cations and anions can be characterized by their chaotropic or kosmotropic behavior,
leading to a microscopic structure (law of matching affinities). In accordance with the color scheme
established in Figure 6, the ramifications of the Hofmeister series (in red) on ion solvation (in blue)
lead to the solvent structure surrounding the protein. The interaction of the protein with the ions is
again indicated in yellow.
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Although the low charge density makes proteins usually hydrophobic in water,
Coulombic interactions of charged amino acids with the ionic liquid ions may lead to
their accumulation at the protein surface. The higher charge density of the smaller an-
ions [122] results in their slower protein surface diffusion compared to the cations [119,123].
Competing with electrostatic forces, van der Waals interactions mainly arise due to the
presence of the alkyl chains of the cation. Based on the length of their aliphatic chains,
ionic liquid cations disrupt the protein interface in a different manner: Short-chain cations
predominantly interact with proteins via their charged core, while long-chain analogs
engage through their hydrophobic tails [70]. This dual behavior of the cations is reflected
in Figure 7 as the cation arrow points to the specific interactions [39,119,124].

Using saturation transfer difference NMR experiments, Ref. [125] determined the
relative frequency of the direct interactions of nitrogen-based ionic liquid cations and the
green fluorescent protein. According to the NMR signals of Figure 8, the terminal methyl
group of the butyl chain is consistently the most likely site to interact with the protein.
Interestingly, the proton of the C2 carbon of the imidazolium ring is the second most
favored spot, surpassing even the methyl group of the imidazolium ring. This indicates
that structural similarity translates to similar interaction sites. The influence of the anion
appears to be moderate as acetate and chloride do not significantly change the relative
signal intensities. Specific ion effects (SIE) of ionic liquids with proteins are summarized in
Table 2 of Ref. [39].

Figure 8. Cation binding interactions with the protein surface determined by saturation transfer
difference NMR. The percentages denote relative signal intensities. Taken from [125] with permission
by Creative Commons license 4.0.

3. Experimental and Theoretical Studies

Inclusion bodies represent heterogeneous entities characterized by significant varia-
tions in their morphology, architecture, organizational features, and functional roles [4].
Given this inherent complexity, a comprehensive array of analytical techniques is frequently
employed to decipher their intricate structural and functional fingerprints. As several ex-
perimental techniques to promote the theoretical understanding of inclusion bodies have
been reviewed by others [4,7], we briefly mention the most important methods here.

3.1. Analytical Techniques to Study Folding States

NMR spectroscopy [4,7,126] is a valuable tool for monitoring the real-time structural
changes in protein refolding, especially for smaller proteins (<40 kDa). However, it requires
high-purity protein samples at concentrations ≥0.5 mM. In some cases, NMR analysis of
inclusion bodies may be complicated by the presence of contaminants, such as phospho-
lipids or other proteins, necessitating prior purification. Isotope labeling, using 13C and
15N, helps simplify spectra and enables the study of intermediate conformers. Saturation
transfer difference NMR experiments [125] can identify cationic moieties interacting with
specific protein sites for potential denaturing/refolding agent design. Kamatari et al. [127]
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employed NMR to investigate partially folded protein structures under varying pressure
conditions. Additionally, water proton NMR, based on water–protein interactions, is
sensitive to protein aggregate formation and can detect inclusion bodies.

Infrared [128–131] and Raman [129,132] spectroscopy can be applied to detect sec-
ondary structure elements as the amide I and II bands (1700–1600 cm−1) are the most
prominent and sensitive vibrational bands of the protein backbone. Even membrane
proteins’ unfolding and refolding pathways can be studied [130].

Circular dichroism spectroscopy [4,130,133,134] is vital for non-destructively distin-
guishing between refolded and denatured proteins by assessing conformational dynamics.
This technique examines changes in both secondary structure (in the far-ultraviolet range,
190–250 nm) and tertiary structure (in the near-ultraviolet range, 260–300 nm) [134]. The far-
UV region primarily reveals information about peptide bonds, while the near-UV region
pertains to aromatic amino acids within the protein core. Far-UV circular dichroism is par-
ticularly useful for discerning α-helices and β-sheets, making it effective for distinguishing
refolded proteins enriched in α-helices from denatured ones. However, it requires high sam-
ple concentrations, i.e., 0.1 mg mL−1 for far-UV and 1 mg mL−1 for near-UV studies. Recent
advancements allow real-time in situ analysis of protein aggregation and conformational
changes. Nevertheless, certain proteins’ insolubility can limit far-UV circular dichroism,
leading to increased light scattering and compromised signal-to-noise ratios [135].

Fluorescence spectroscopy [4,136] is a non-destructive analytical method, enabling
real-time assessment of aggregation kinetics, ranging from monomeric states to forming
sizable aggregates. Additionally, it possesses the capability to monitor the self-assembly
processes of proteins. The technique’s sensitivity—often impeded by chaotropes—can
be increased by employing either intrinsic or extrinsic fluorophores. In the case of intrin-
sic fluorophores, the fluorescence characteristics of aromatic amino acids are harnessed
for detection. Conversely, extrinsic fluorophores rely on externally applied fluorescent
probes that either covalently bind to hydrophobic regions or chemically attach to the target
molecule. The elevated sensitivity of extrinsic fluorescence renders it particularly suited for
high-throughput screening applications in the context of protein refolding. Variations in
surface hydrophobicity are concomitantly reflected by increments in fluorescence intensity
during the refolding process. However, the utilization of extrinsic dyes can potentially
perturb the native protein structure, thereby influencing the integrity of the detection
process. Moreover, the quantum yield associated with intrinsic fluorescence methodologies
is markedly inferior compared to that of extrinsic fluorescence approaches.

Dynamic light scattering [129,137,138] assesses protein surface charge properties, mak-
ing it adept at quantifying electrostatic interactions among molecules. This renders it
suitable for sizing protein aggregates ranging from 1 nm to 5 µm [138]. To ensure op-
timal sensitivity, it is crucial to maintain a stable experimental environment, including
constant temperature, viscosity, and interparticle interactions, while avoiding excessively
high protein concentrations. Dynamic light scattering offers high-throughput capabilities
and characterizes both reversible and irreversible aggregates. Unlike fluorescence-based
methods, dynamic light scattering is non-invasive, reducing the risk of assay-induced ag-
gregation and measurement artifacts. However, its data are often semi-quantitative, and its
high sensitivity can also lead to false positives, detecting extraneous particles like dust.

Atomic force microscopy (AFM) offers a nuanced approach for characterizing com-
plex and heterogeneous conformational states [129,139]. Achieving high-resolution AFM
imaging hinges on two pivotal parameters: vertical and lateral resolution. The former
is principally susceptible to environmental factors such as thermal and acoustic noise,
typically rendering a resolution in the order of 1 Å. Conversely, the lateral resolution is con-
strained by the finite geometric dimensions of the AFM tip and commonly varies between
1 and 10 nm. These variables are paramount for ensuring the fidelity and reproducibility of
AFM data, particularly in examining monomolecular and aggregated protein structures.
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3.2. Molecular Dynamics Simulations to Study (Re-)Folding

All-atom molecular dynamics is a computational methodology that solves Newton’s
equations of motion under stipulated temperature and pressure conditions using a classical
force field [140]. Investigating the spontaneous time-dependent dynamics of biomolecular
systems provides atomistic insights into relatively transient physicochemical phenomena,
but its applicability becomes constrained for larger molecular assemblies or for processes
that occur over physiologically relevant timescales. Despite advancements in computa-
tional hardware and algorithmic optimization, the method’s efficacy diminishes when
probing phenomena like molecular self-assembly that require exhaustive phase space ex-
ploration, particularly for complex biomolecular systems with high energy barriers and
protracted equilibrium timescales. Insights at the molecular level have proven invaluable
in interpreting experimental findings [141]. In the realm of self-assembled peptide-based
nanostructured materials, it is often desirable to employ a “coarse-grained” representa-
tion [142–144], which entails a significant reduction in atomic-level details. This simplifi-
cation consequently diminishes the molecular flexibility of the solute, thereby facilitating
larger temporal integration steps and longer simulation periods [140]. Enhanced confor-
mational sampling algorithms, such as “umbrella sampling” or “steered molecular dynamics”,
possess the capability to augment the traditional brute-force molecular dynamics simula-
tions in modeling protein folding. These specialized algorithms are designed to facilitate
the exploration of molecular conformations that are separated by high energy barriers,
all within computationally feasible timeframes. The inherent biasing parameters in these
algorithms permit an expanded sampling of the conformational space, thereby enabling a
more detailed understanding of the specific molecular interactions [140]. “Replica exchange
molecular dynamics” simulations are a sophisticated sampling technique characterized by
the concurrent execution of multiple replicated simulations under varying temperature
conditions or other control variables. These simulations operate in parallel, and random ex-
changes of atomic coordinates between them are facilitated at predetermined time intervals.
Crucially, to maintain the integrity of each system’s Hamiltonian—defined as the sum of
the average potential and kinetic energy—coordinate exchanges are permitted solely when
the potential energies of the two interacting replicated systems overlap. In temperature-
variable replica exchange studies, introducing higher temperature conditions augments the
frequency at which energy barriers separating kinetically trapped microstates are crossed.
Consequently, replica exchange MD has found valuable applications in studying spon-
taneous self-assembly mechanisms by enabling these aggregated systems to surmount
energy barriers and thus explore a broader conformational space. “Metadynamics” [145,146]
is another enhanced sampling technique employing one or more collective variables to
characterize movement through multidimensional phase space. These collective vari-
ables can range from simple geometric parameters like distance, angle, or dihedral angle
between atoms to more complex descriptors derived from techniques such as principal
component analysis.

Also, artificial intelligence may contribute to predicting the folded structure of pro-
teins [147]. In contrast to the interaction-based models described before, programs like
AlphaFold follow an evolutionary-based approach. The evolutionary paradigm leverages
bioinformatics tools to analyze evolutionary constraints on protein structure, benefiting
from the expanding repository of experimentally solved structures and advances in ge-
nomic sequencing and deep learning. AlphaFold [147] represents a significant advancement
in protein structure prediction as it features a unique architecture designed to integrate mul-
tiple sequence alignments, an innovative output representation coupled with an associated
loss function for accurate end-to-end prediction, and the application of equivariant atten-
tion mechanisms. Additional refinements include using intermediate losses for iterative
refinement, masked multiple sequence alignment loss for joint training, and self-distillation
techniques to learn from unlabeled protein sequences.
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3.3. Screening of Key Parameters

The application of both computational and experimental methodologies has substan-
tially enhanced our theoretical comprehension, facilitating the development of models for
the solubilization and refolding of proteins [1]. While there are substantial data under
conventional conditions, the limited data availability necessitates a systematic examination
of the critical parameters in relation to the specific ionic liquid and its concentration.

Smiatek and co-workers [12] investigated the influence of various process parameters
on the classical solubilization of inclusion bodies without ionic liquids through explainable
machine learning. The final yield of solubilization is predominantly determined by three
key factors: the total protein concentration, urea concentration, and the fraction of proto-
nated titrable groups influenced by the actual pH level. Boosting ensemble-based models,
characterized by normalized root mean square errors around 0.19, have been identified
as the most accurate for predictive analysis. Through the application of “Shapley Additive
Explanations” values, they observed that these three variables considerably outweigh other
factors, such as dithiothreitol and GndHCl concentration, in their effect on the final yield.
Detailed “Shapley Additive Explanations” analysis further illuminates an inverse relationship
between total protein concentration and yield values, which can be understood via surface
solvation effects. Conversely, increasing urea concentrations and fractions of protonated
titrable groups facilitate higher yields, likely through preferential binding and exclusion
mechanisms and electrostatic repulsion, respectively.

While there are some experimental studies [148] that directly investigate the potential
of ionic liquids for the refolding of solubilized proteins (see Table 2), the field is still
young, and most of the research is aimed at understanding neurodegenerative diseases,
like Parkinson’s or Alzheimer’s disease. Thus, the dissolution and formation of amyloid
protein aggregates have been investigated more frequently than inclusion bodies. Much of
the published literature concerning the interaction of ionic liquids with protein folding and
aggregation can be categorized into three types of studies according to the purpose of the
used ionic liquids:

1. Studies that use ionic liquids to dissolve aggregated or otherwise difficult-to-solubilize
proteins;

2. Studies that add ionic liquids to solutions of denatured protein in order to induce the
(re)folding of the previously unfolded protein;

3. Studies in which ionic liquids act as protein structure stabilizers that protect dissolved
native proteins against unfolding and aggregation.

Table 2 depicts a list of experimental studies from the last two decades, sorted into
these three categories. Recovering the active protein from inclusion bodies requires two
steps: the dissolution of insoluble protein aggregates and the subsequent refolding into the
native protein structure. Therefore, the experimental results are reviewed from these three
perspectives in the next three sections on solubilization, refolding, and stabilization using
the same subdivision as Table 2.
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Table 2. Overview of some experimental studies on proteins and ionic liquids. A more detailed list is provided in Ref. [148]. Cations and anions are ranked by their
kosmotropy↔chaotropy. However, the alkyl chain length has a significant influence on the cation position in this ranking. The corresponding studies may contain
more uncommon cations or anions not listed here.

Protein State

C
ho

li
ni

um

A
m

m
on

iu
m

Im
id

az
ol

iu
m

Py
rr

ol
id

in
iu

m

Ph
os

ph
on

iu
m

Su
lf

at
es

Ph
os

ph
at

es

C
ar

bo
xy

la
te

s

H
al

id
es

N
it

ra
te

B
F− 4

SC
N

−

Protein

So
lu

bi
liz

at
io

n

heat aggregated egg white protein [149]
heat aggregated concanavalin A [150]

native Zein [151]
native metalloproteins [152]
native cytochrome C [153]

inclusion body Coprinopsis cinerea cellulase 6A [154]
inclusion body Coprinopsis cinerea cellulase 6A [155]
natural fibres wool, silk [156]

amyloid fibrils lysozyme [157,158]
amyloid fibrils bovine insulin amyloid [23,159]

R
ef

ol
di

ng

chemically denatured lysozyme [160]
chemically denatured lysozyme [161]
chemically denatured horseradish peroxidase [162]
chemically denatured ScFvOx, lysozyme, recomb. plasminogen activator [163]
chemically denatured cytochrome C [164]
chemically denatured interferon alpha 2b [165]

St
ab

ili
za

ti
on

native>fibrillation alpha-synuclein [166]
native>fibrillation lysozyme [33]

native ribonuclease A [55,94]
native lysozyme [167]
native horse heart myoglobin [168]
native insulin [169]
native metalloproteins [152]
native ovalbumin, lysozyme [170]
native cytochrome C [153]
native cytochrome C [171]
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3.3.1. Ionic Liquids as Solubilizing Agents

To date, publications on the direct solubilization of inclusion bodies in ionic liquids are
limited, with seminal contributions primarily stemming from the work of Fujita et al. [154,155].
Ref. [154] demonstrated the capacity of the hydrated ionic liquid [chol][dhp] to not only dis-
solve inclusion bodies but also to concomitantly refold the protein into its native conformation,
thereby restoring its biological activity. Despite this potential as a solubilization agent, the sol-
ubility of the protein was very low, similarly observed for other native proteins in ionic
liquids [152]. However, an economically feasible inclusion body process requires a high target
protein solubility. Hence, understanding how the solubility of proteins in ionic liquids can be
adjusted is crucial for their use as inclusion body solubilization agents.

In several studies, Fujita et al. observed that the hydration level of ionic liquids
strongly affects protein solubility [150,171,172]. While neat ionic liquids can show low
protein solubility, excessive hydration has also been shown to diminish solubility [150].
Hydration levels between three and seven water molecules seem to be the optimal range
for protein solubilization [150,155,173]. Other research groups [23,159] have dissolved
amyloid insulin fibrils in ionic liquids with hydration levels of five water molecules per
ion pair, further supporting these findings. Like classical inclusion body solubilization,
the chaotropicity and hydrophobicity of the ionic liquids’ cations also greatly impact protein
solubility. In their follow-up study to Ref. [152], Fujita et al. [155] improved the inclusion
body solubility by using tetraalkyl-ammonium and -phosphonium cations over -cholinium.
Overall, they observed the best solubility for cations with butyl chains. Similar results were
observed for the dissolution of amyloid fibrils, where BMIM+-based ionic liquids resulted
in more efficient amyloid dissolution than other cations [23,159]. At low concentrations,
the ionic liquids’ chaotropic effect was consistent with the Hofmeister effects of their
respective ions. At high ionic liquid concentrations, the Kamlet–Taft parameters α and β,
corresponding to the solvent’s hydrogen bonding abilities, were highly correlated with the
amyloid dissolution properties. Thus, Takekiyo et al. [159] suggested the combined α − β
parameter as a quantitative indicator for the amyloid dissolution ability of concentrated
ionic liquids. However, Spange et al. [174] reported a linear relationship between α and β,
casting doubt on the meaning of the difference between these parameters.

The influence of the ionic liquids’ anion on protein solubility is less consistent across
the literature. For native cytochrome C, anions containing oxo acid residues were re-
ported to vastly increase solubility over anions without this moiety [171]. However,
a similar comparison for aggregated protein is missing. While the very chaotropic anion
SCN− was found to be better at dissolving amyloids than NO−

3 and Cl− at mole fractions
xIL < 15%, the order changed for xIL > 15% [23,158,175]. Similarly, the dhp− anion seemed
to increase the solubilization of inclusion bodies and heat-aggregated protein over halogen
anions Br− and Cl−. However, the effect was inconsistent across all tested ionic liquids and
less significant than the effect of the cation [150,155]. Combining ionic liquids with other
protein-solubilizing conditions, like alkaline pH, is very poorly explored yet but might
be essential to solve the current challenges in inclusion body processing. Ref. [149] fully
dissolved heat-denatured hen egg whites using a mixture of [BMIM][SCN] (40% v/v) and
0.5 NaOH, which was not possible with 8 M urea, 7 M GndHCl, formic acid, 10% SDS, or the
ionic liquid and alkaline components alone. A microscopic study on the dissolution of
wool and silk in ionic liquids [156] revealed that reducing agents can also greatly impact
protein solubility. It is likely that adding a reducing agent might be crucial for proteins
containing disulfide bridges. Regrettably, to our knowledge, there are no practical studies
on this topic yet.

Compared to conventional solubilizing agents such as urea and guanidinium chloride,
ionic liquids have been shown to be more effective in the solubilization of protein aggre-
gates [175], attributable largely to their inherent hydrophobic and chaotropic properties.
However, these attributes also tend to destabilize or denature protein structures [94,124,176].
Moreover, unambiguous evidence supporting the restoration of native protein structures,
as validated by enzymatic activity, has predominantly been obtained following buffer
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exchange or dilution into aqueous media [154,155,157,171]. Apparently, such a step might
still be necessary to achieve fully refolded protein. Hence, finding a balance between the
solubility of the aggregates and the disruption of protein structures is important, similar to
the well-known “mild solubilization approach” [1].

Another issue analogous to traditional inclusion body solubilization is the
reaggregation of the solubilized protein (see Figure 3). While the secondary structure
content of amyloid aggregates treated with EAN was shifted from β-sheet structures to-
ward helical structures [158], the other ionic liquids investigated in the same study seemed
to further increase the β-sheet content of the treated amyloid fibrils. Takekiyo et al. [166]
hypothesized that the helical structure induced by EAN might also be a polyproline II
structure rather than α-helices. This polyproline II structure can easily transform into
intermolecular β-sheets and thus promote reaggregation.

To summarize, when ionic liquids are used as solubilizing agents for inclusion bodies,
the protein solubility must be increased, while, ideally, the secondary structures of the
protein are preserved, or at least not fully denatured. The main factors that influence
solubility seem to be the amount of hydration of the ionic liquid and the hydrophilicity
as well as chaotropicity (i.e., increasing chain length) of the respective cation, as shown
in Figure 9a. This finding is supported by the fact that the addition of sodium chloride
has no beneficial effect on solubility since neither sodium nor chloride is hydrophobic.
However, hydrophilic and/or chaotropic cations can destabilize or unfold the solubilized
protein structure and thus must be chosen carefully. In contrast to the solubility in Figure 9a,
short chain cations and protonated L-arginine have higher refolding yields, as depicted in
Figure 9b. As the anion seems to have a lower impact on solubility but a strong influence
on the protein structure (as discussed below), ionic liquids composed of a chaotropic cation
and a kosmotropic anion with a hydration level between three and five water molecules
per ion pair seem to be the best choice as a solubilizing agent (see Figure 9c).

Figure 9. (a) The equilibrium solubility of amino acid L-Tryptophan in buffers containing 1 M of
chloride-based salts increases with the alkyl chain length due to the hydrophilicty [163]. (b) In contrast,
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the yield of oxidative refolding of recombinant plasminogen activator rPA in the presence of ionic
liquids decreases with increasing alkyl chain length [163]. (c) As a result, the optimal concentration
and degree of kosmotropicity/chaotropicity/hydrophobicity for solubilization and refolding using
ionic liquids differ significantly. Printed with permission from Elsevier.

3.3.2. Ionic Liquids as Refolding Additives

The standard refolding method of diluting the solubilizate with aqueous buffer,
thereby replacing the denaturant with mainly water molecules, is simple. However, it also
reduces the product concentration immensely. While this has the beneficial side effect of
decreasing the chance of proteins to aggregate, it is ecologically and economically disad-
vantageous due to the vast amounts of buffer, the required large-scale equipment, and the
subsequent need to concentrate the product. Refolding additives can reduce required
dilution by either directly inducing a structural shift in the protein towards the native
structure or by preventing reaggregation. Due to their preferential interaction with the
protein, ionic liquids can influence the folding of denatured protein even without dilu-
tion. Singh and Patel observed a partial refolding of alkali-denatured cytochrome C by
long alkyl chain imidazolium chlorides [OMIM]Cl and [DMIM]Cl [164]. However, not
all unfolding stress was counteracted equally. For urea- and GndHCl-denatured proteins,
the ionic liquids only had a marginal effect. Comparable results were observed for cationic
gemini surfactants with a similar structure to tetra alkyl-ammonium, a cation often found
in ionic liquids [177]. In both cases, stabilizing a native-adjacent folding intermediate was
more pronounced for a longer alkyl chain. These interesting results contrast the effects
observed in screening studies of ionic liquids used as buffer additives for dilution refolding.
In these cases, less hydrophobic cations, such as EMIM+ and sometimes BMIM+, were
more effective refolding enhancers than their counterparts with increased hydrophobicity
, as shown in Figure 9b and reported by several authors [160,161,163]. [EMIM]Cl and
[BMIM]Cl show their largest impact on the refolding at concentrations from 0.5 M to 3 M,
which is in the intermediate to hydrated solvation regime (see Figures 5a and 9c). Long
alkyl chains on organic cations and anions prevented refolding as they even unfolded
the protein via hydrophobic interactions [161,163]. The choice among the ionic liquids’
anion seems to have a greater impact on the refolding of the protein than in the solubiliza-
tion step. Generally, more kosmotropic anions improved refolding yields over chaotropic
anions [161,163]. However, kosmotropicity is not the only important factor for anions.
In one example [162], [EMIM]Cl resulted in higher refolding yields than [EMIM][EtSO4] or
[EMIM][OAc] despite OAc− and EtSO−

4 being more kosmotropic than the Cl anion. The Cl-
ion was also found to stabilize native protein structures slightly or at least destabilize them
less than other anions [57]. Since this study did not include OAc− or EtSO4 anions, it is
difficult to say if a Hofmeister or another type of effect is responsible for this observation.
Despite their reported tendency to destabilize the native protein structure [57,94], many
ionic liquids still enhance the refolding yield when employed as an additive in the refolding
buffer [160,161,163]. This increase in refolding yield is usually attributed to their ability
to prevent protein reaggregation. However, the mechanistic explanation for this effect
still needs to be clarified. For low ion concentrations (<50 mM), Kutsch et al. [169] found
the aggregation of insulin to be determined by Coulomb interactions and therefore to be
independent of the ion properties. Up to salt concentrations of 100 mM, aggregation kinetics
accelerated with the ion concentration. At higher concentrations, ion-specific effects dom-
inated, and aggregation generally slowed down again. The extent of this inhibition was
ion-specific and followed a Hofmeister ranking of the tested cations (the anion was chloride
for all the tested salts). A recent study [33] observed that the growth among amyloid fibrils
in different ionic liquids and aqueous buffers led to significant morphological differences
between the fibers. This difference was attributed to changes within the protein monomer
structure, which led to a different oligomerization pathway. This link between secondary
structure shifts and aggregation is supported by other reports [166,168], but further studies
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are necessary to fully understand which ionic liquids are suitable to prevent aggregation of
a specific protein.

The recovery of the refolded protein from concentrated ionic liquids is often achieved
by incubation with ethanol at −80 ◦C, after which the precipitated native protein can be
dried and reconstituted in aqueous buffer [155,170]. Recovering the protein in crystallized
form might be beneficial for storing and shipping the product. However, separation of
the protein via chromatography using a phenyl column was also reported [155] and led to
a higher recovery of protein activity. Since chromatography steps are the state-of-the-art
purification steps after protein refolding, they could be well-suited to ionic-liquid-assisted
refolding. Again, this would match the already established workflow of refolding processes.

In summary, ionic liquids that have been effectively used as refolding additives can
be described as containing a chaotropic cation with moderate hydrophobicity and a kos-
motropic anion. The main difference to ionic liquids that were reported as effective in solu-
bilizing aggregates is the hydration level and slightly lower hydrophobicity (cf. Figure 9c).
They were typically used at concentrations between 0.5 M and 3 M, corresponding to a mole
fraction of xIL <0.1. Therefore, refolding might be possible by solubilizing the aggregates
with hydrated ionic liquids and diluting the solubilizate with a much smaller dilution
factor than traditional refolding processes. Since this approach matches the already estab-
lished workflow of traditional inclusion body processes, it could easily be integrated into
industrial processes.

3.3.3. Ionic Liquids as Stabilizers

Regarding the stability of non-enzymatic proteins, Veríssimo et al. [111] investigated
four different parameters, including structural and thermal stability, as well as activity
and aggregation, a summary of which is provided in Figure 10. The most promising
category is aggregation (see Figure 10D), where all the investigated types of ionic liquids
have decreased aggregation in more than 50% of the cases. Since inclusion bodies need
to be solubilized before partial unfolding can occur, deaggregation is a crucial step in
recovering the native structure. Intriguingly, consistent structural and thermal stability
trends were observed for ionic liquid cations (see Figure 10A,B). Ammonium-based ionic
species were the most conducive to stabilizing protein structures, followed by cholinium
and imidazolium, with pyridinium trailing behind. Possibly, ammonium ions are less
disruptive to the hydrogen bonding network of an aqueous medium owing to their capa-
bility to engage in hydrogen bonding themselves. With respect to bioactivity in Figure 10C,
the trends diverged significantly. While ammonium-based ions appeared less effective in
stabilization, cholinium, attributed to its biocompatibility, positively influenced bioactivity
in approximately two-thirds of the investigated scenarios. Intriguingly, imidazolium ions
also enhanced bioactivity in over 60% of the protein–ionic liquid combinations studied. Con-
versely, neither pyridinium nor pyrrolidinium exhibited any positive impact on bioactivity.
This may be because these cations are less studied, and, consequently, the corresponding
statistical values in Figure 10 are less reliable.
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Figure 10. Percentage of reported ionic liquid solutions that maintained or increased non-enzymatic
proteins’ stability parameters. Taken from Ref. [111] with permission by Creative Commons li-
cense 4.0.

4. Challenges and Limitations

Although ionic liquids present a promising alternative for the treatment of inclusion
bodies, some fundamental challenges and limitations remain, as addressed in the SWOT
(Strengths, Weaknesses, Opportunities, and Threats) analysis in Table 3.

Table 3. SWOT analysis of using ionic liquids for refolding.

Strengths Weaknesses

effective solubilizer effectiveness depends on protein
customizability complex synthesis and high costs

protein activity enhancer toxicity
hydrophilic↔hydrophobic

multipurpose co-solvent

Opportunities Threats

alternative solvents other biocompatible solvents
enhanced protein yields low reproducibility
advanced purification environmental impact

protein-based products regulatory challenges
concentration-dependent effects

The major strength of ionic liquids lies in their advantageous properties for hydropho-
bic protein solubilization [111,148,175]. Their superior efficacy in dissolving protein ag-
gregates, as compared to traditional chaotropic agents such as urea and GndHCl, stems
from their unique hydrophobic and chaotropic properties [94,175,176]. Moreover, their
customizability allows for molecular-level tailoring to specific proteins, enhancing their
performance as stabilizers [70,99,111], which is impossible for traditional solubilizers. They
also offer a wide range of hydrophilic to hydrophobic ion combinations. Furthermore,
ionic liquids often facilitate higher protein recovery rates, countering the limitations of
traditional solubilization methods, which tend to yield low recovery [40,42,111].

However, several limitations temper the enthusiasm for applying ionic liquids in
inclusion body treatment. Notably, the production costs associated with these solvents
can be prohibitively high [111], particularly when considering large-scale applications.
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The effectiveness of ionic liquids can also exhibit significant variability depending on
the specific protein target, necessitating case-by-case optimization [12,32,111]. Moreover,
incorporating ionic liquids typically necessitates subsequent purification steps to remove
residual amounts, thus introducing complexities into the protein recovery process [42]. In
addition, some of the ionic liquids may destabilize proteins and are consequently toxic and
raise human health concerns.

Beyond immediate practical applications, the use of ionic liquids also presents several
intriguing research opportunities. Their unique stabilizing effects on proteins offer the po-
tential for the development of new protein-based products with enhanced stability [40,111].
The improved solubilization capabilities of these agents could notably increase the over-
all yields in protein production processes. Additionally, their complex physicochemical
properties could drive advancement in novel protein purification methodologies. Further-
more, ionic liquids may act as multipurpose co-solvents as their properties concerning
proteins strongly depend on their concentration. This may reduce purification steps as
the salt concentration is usually changed between the solubilization/denaturing and the
refolding step.

Nevertheless, several threats, challenges, and considerations must not be overlooked [111].
Environmental pollution remains a worry, particularly at large industrial scales. The health
effects of ionic liquids are not yet fully understood, and initial research suggests they could
be harmful. Regulatory barriers could also arise due to their unique chemical properties,
especially in places with strict safety laws [42]. Intellectual property issues in protein
refolding could further complicate their use. Lastly, the inconsistency in their dissolving
and stabilizing abilities poses risks, particularly when dealing with different proteins.
Consequently, there is no “the best ionic liquid” for a larger variety of proteins.

5. Conclusions

In summary, the recent incorporation of ionic liquids in the biotechnological realm,
especially concerning protein solubilization and refolding, is a remarkable development.
Ionic liquids are lauded for their unique solubilizing capabilities and the flexibility they
offer in terms of chemical customization. However, they introduce a set of challenges,
such as heightened costs, complex purification protocols, and unresolved questions re-
lated to environmental and health impacts, as well as regulatory compliance. The mild
solubilization strategy aims to maintain the protein structures inherent in inclusion bodies,
thereby enhancing refolding yields and minimizing protein reaggregation. This approach
involves reducing concentrations of urea and GndHCl during the solubilization process
while also deploying strategies such as the use of alkaline pH levels, high pressure, deter-
gents, and organic solvents, along with freeze–thaw cycles to amplify protein solubility.
Ionic liquids emerge as a potent addition in this setting, serving dual roles as agents that
can solubilize protein aggregates without disrupting their native-like structures and as
refolding additives that counteract the traditional denaturants. However, the wide variety
of ion combinations makes empirical screening of buffer components a daunting task.

Current modeling approaches for the solubilization and refolding of proteins would
benefit from a consistent and transferable thermodynamic understanding of the processes.
At present, the absence of comprehensive databases containing systematically screened
parameters hampers the utilization of artificial intelligence in model development, thereby
preventing a holistic approach. Empirical rankings, such as the Hofmeister series, provide
valuable qualitative insights but fall short of offering a comprehensive mechanistic under-
standing. These rankings are further limited in their applicability due to their basis on
single-ion effects, which are most relevant at low concentrations. However, many practical
applications necessitate considerably higher concentrations, thereby questioning the rele-
vance of such rankings due to higher-order effects. Specific ion effects may describe the
interactions with the protein better but fail the goal of elucidating the general pathways for
protein refolding.
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To move beyond these limitations, there is an increasing recognition of the potential
utility of molecular dynamics simulations paired with mechanistic models to elucidate
the thermodynamics of protein (un)folding. Such a rigorous science-based approach
could lend physical parameters to guide experimental designs and thereby deepen our
understanding of the process. Advanced machine learning techniques, particularly as
embodied in algorithms like AlphaFold, are making headway in sequence-based protein
structure prediction. These computational advancements could eliminate the need for
resource-heavy structural analytics, offering a detailed three-dimensional structure derived
from the protein’s sequence instead. This innovative integration could potentially allow for
a complete predictive model for the refolding process based on the protein sequence alone.

In light of these considerations, while ionic liquids offer tantalizing possibilities for
future research, they come appended with many challenges and considerations that must
not be sidestepped. A multidisciplinary approach that harnesses both empirical experimen-
tation and computational modeling could pave the way for more efficient, economically
viable, and environmentally friendly applications of ionic liquids in protein refolding.
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