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Abstract

Biopharmaceuticals have allowed the control of previously untreatable diseases. However, their low
solubility and stability still hinder their application, transport, and storage. Hence, researchers have applied
different compounds to preserve and enhance the delivery of biopharmaceuticals, such as ionic liquids (ILs)
and deep eutectic solvents (DESs). Although the biopharmaceutical industry can employ various substances
for enhancing formulations, their effect will change depending on the properties of the target biomolecule
and environmental conditions. Hence, this review organized the current state-of-the-art on the application of
ILs and DESs to stabilize biopharmaceuticals, considering the properties of the biomolecules, ILs, and DESs
classes, concentration range, types of stability, and effect. We also provided a critical discussion regarding
the potential utilization of ILs and DESs in pharmaceutical formulations, considering the restrictions in this
field, as well as the advantages and drawbacks of these substances for medical applications. Overall, the
most applied IL and DES classes for stabilizing biopharmaceuticals were cholinium-, imidazolium-, and
ammonium-based, with cholinium ILs also employed to improve their delivery. Interestingly, dilute and
concentrated ILs and DESs solutions presented similar results regarding the stabilization of
biopharmaceuticals. With additional investigation, ILs and DESs have the potential to overcome current

challenges in biopharmaceutical formulation.

Keywords: proteins, nucleic acid, neoteric solvents, stability of biomolecules, pharmaceutical formulations,

preservatives, biopharmaceuticals, ILs, DESs, protein stability



Abbreviations

lonic liquids (ILs) and Deep Eutectic Solvents (DESS)

Ammonium-based ILs

tetrabutylammonium bromide ([Na,4,4,4]Br)
triethylammonium phosphate ([No,2,22]PO4)
triethylammonium sulfate ([No,2,2,2]SO4)
trimethylammonium acetate ([No,1,1,1][CHsCOO])
trimethylammonium dihydrogen phosphate ([No,1,1,1]H2PO4)
trimethylammonium hydrogen sulfate ([No,1,1,1]HSOx)
Ammonium IL-Robed siRNA
benzyldimethyloctylammonium robed-siRNAL ([N1,1,B2)8]-SIRNAL)

benzyldimethylstearylammonium robed-siRNAL ([N1,1,2),18]-SIRNA1)]

benzyldimethyltetradecylammonium robed-siRNAL ([N1,1,82).14]-SIRNAL)
Cholinium-based DESs

choline chloride and ethylene glycol ([Ch]CI-[(CH2OH):])

choline chloride and glycerol ([Ch]CI-[CsHs(OH)s])

choline chloride and carbamide ([Ch]CI-[CO(NH2):])

cholinium geranate 1:2 ([Ch][CoH1sCOO]-[CoHi1sCOOH])

cholinium geranate 1:4 ([Ch][CoH1sCOO]-[CoH1sCOOH]:5)

cholinium hydroxyacetic acid 1:2 ([Ch][HOCH.COO]-[HOCH.COOH])

cholinium hydroxyacetic acid 2:1 ([Ch][HOCH.COO]-[Ch])

Cholinium-based ILs
cholinium acetate ([Ch][CH:COO])
cholinium butanoate ([Ch][C:H-COOQ])
cholinium citrate ([Ch][CsH;O0sCOO])
cholinium dihydrogen phosphate ([Ch]H2PO4)
cholinium geranate ([Ch][CoH1sCOO])
cholinium hydroxyacetate ([Ch][HOCH.COO])
cholinium hexanoate ([Ch][CsH1:COQ])
cholinium indole-3-acetate ([Ch][CoHsNCOO])
cholinium L-argininate ([Ch][Arg])

cholinium L-asparaginate ([Ch][Asn])
cholinium dodecanoate ([Ch][Ci2:0])
cholinium L-glutaminate ([Ch][GIn])



cholinium L-lysinate ([Ch][Lys])

cholinium cis-9-octadecenoate ([Ch][Cis:1])
cholinium phenylpropanoate ([Ch][PhC-HsCOO)])
cholinium propanoate ([Ch][C2HsCOO)])
cholinium 2-oxopropanoate ([Ch][CH:COCOQ])
dicholinium L-asparaginate ([Ch]2[Asn])
dicholinium L-glutaminate ([Ch]2[GIn])

Phosphonium-based ILs

tetrabutylphosphonium bromide ([Pa,4,4,4]Br)

Imidazolium-based ILs
1-butyl-3-methylimidazolium acetate ([CsMIm][CHsCOOQO])
1-butyl-3-methylimidazolium bromide ([CsMIm]Br)
1-butyl-3-methylimidazolium chloride ([CsMIm]Cl)
1-butyl-3-methylimidazolium dicyanamide ([CaMIm][N(CN):])
1-butyl-3-methylimidazolium hydrogen sulfate ([CaMIm]HSO4)
1-butyl-3-methylimidazolium iodine ([CsMIm]I)
1-butyl-3-methylimidazolium methanesulfonate ([CaMIm[CH3SO:s])
1-butyl-3-methylimidazolium nitrate ([CaMIm]NOs)
1-butyl-3-methylimidazolium thiocyanate ([CsMIm][SCN])
1-butyl-3-methylimidazolium tosylate ([CaMIm][CHsBzSOs])
1-butyl-3-methylimidazolium tricyanomethanide ([CaMIm][C(CN)s])
1-butyl-3-methylimidazolium trifluoroacetate ([CsMIm][CFsCOO])
1-decyl-3-methylimidazolium acetate [C1oMIm][CHsCOO]
1-dodecyl-3-methylimidazolium acetate ([Ci12MIm][CHsCOO])
1-ethyl-3-methylimidazolium bromide ([C2MIm]Br)
1-ethyl-3-methylimidazolium acetate ([C2MIm][CHsCOO])
1-hexyl-3-methylimidazolium acetate ([CsMIm][CHsCOO])
1-octyl-3-methylimidazolium acetate ([CsMIm][CHsCOOY])

Lidocainum-based IL

lidocainum etodolac 1L, lonic Liquid Transdermal System from MEDRXx (ILTS®)
Poly(vinyl pyrrolidone)-based DES
poly(vinyl pyrrolidone) and propanedioic acid 1:1 ([(CeHaNO)n]-[CH2(COOH).])

Other

active pharmaceutical ingredients (APIs)



adenine (A)

analytical ultracentrifugation (AUC)
entropy change (AS)

Gibbs Free Energy change (AG)
circular dichroism (CD)

compound annual growth rate (CAGR)
cryogenic electron microscopy (Cryo-EM)
cytosine (C)

deoxyribonucleic acid (DNA)
differential scanning calorimetry (DSC)
differential scanning fluorimetry (DSF)
European Union (EU)

Fourier transform infrared (FTIR)
generally recognized as safe (GRAS)
glucagon-like peptide 1 (GLP-1)

grand average hydrophobicity index (GRAVY)
guanine (G)

half-life (i)

hydrogen bond acceptor (HBA)
hydrogen bond donor (HBD)
immunoglobulin G1 (1gG1)

instability index (I1)

interleukin-2 (1L-2)

ionic liquids (ILs)

isothermal titration calorimetry (ITC)
L-Asparaginase (L-ASNase)

lysozyme (Lys)

nuclear resonance spectroscopy (NMR)
melting enthalpy (AHm)

melting temperature (Tm)

molecular dynamics (MD)

ovalbumin epitope (OVA)
protein-protein interactions (PPIs)
ribonucleic acid (RNA)



SHAPE (Selective 2'-Hydroxyl Acylation analyzed by Primer Extension)
small interfering RNA (siRNA)

molecular weight (MW)

thermal shift assay (TSA)

thymine (T)

ultraviolet (UV)

uracil (U)

a-chymotrypsin (CT)



1. Introduction

Biopharmaceuticals have allowed the successful treatment of illnesses with low recovery rates, such as
cancers, autoimmune diseases, and metabolic disorders (Rasmussen et al., 2021). These compounds can
include a wide variety of biomolecules based on amino acids and nucleic acids (Walsh, 2013), such as
peptides, proteins, DNA, and RNA derivates. Their effectiveness has led to a growing demand, confirmed
by a compound annual growth rate (CAGR) of 9.3% between 2016 and 2024, with an expected value of
USD 405 billion by 2024 (Kim et al., 2022). However, due to their high prices and low stability outside of
cold chains, most biopharmaceuticals are still inaccessible to low-income countries and communities
(Ferrari, 2022). For example, many bioactive macromolecules are degraded or have poor absorption and
bioavailability in vivo even when presenting pharmacological action in vitro (Manning et al., 2010). The
inherent instability of biopharmaceuticals when outside their natural environment may cause limitations not
only in their medical application, but also in their production, storage, and transportation. Therefore, the
development of new formulations to stabilize and enhance the delivery of biopharmaceuticals can
potentially expand their applications and improve their access in marginalized communities.

Several strategies have been applied to enhance the stability of biopharmaceuticals, such as the use of
neoteric “green” solvents as additives in their formulations. For example, different classes of ionic liquids
(ILs) and deep eutectic solvents (DESs) can be employed to improve the stability and delivery of
biomolecules such as proteins and nucleic acids (Egorova et al., 2021; Verissimo et al., 2022). Thus, the
development of novel green solvent formulations for biopharmaceuticals may lead to more efficient,
sustainable, and environmentally friendly production and application of biologics (Dhiman et al., 2023).

To elucidate the advances in this field, this review will organize the state-of-the-art on the use of ILs
and DESs for improving the stability and delivery of biopharmaceuticals. We will demonstrate the trends
and knowledge gaps in this area and provide a perspective on the use of biocompatible ILs and DESs as
additives in biopharmaceutical formulations. Firstly, we will present the main classes of biopharmaceuticals,
their types of stability, and how to assess them. Then, we will discuss the properties of ILs and DESs, their
biocompatibility, and their potential for application in biological systems. We will then demonstrate the
effects of ILs and DESs on protein and nucleic acid biopharmaceuticals by examining their effects on
individual biopharmaceuticals, followed by a debate regarding their overall use to stabilize and enhance the
delivery of biotechnological medicines. As concluding remarks, we will provide our expert opinion

concerning the trends and opportunities in the field, along with limitations and challenges to overcome.

2. Biopharmaceuticals

Biopharmaceuticals are generally defined as medicines based on amino acid and nucleic acid and

produced by biotechnological processes (Walsh, 2013). Therefore, small organic molecules like penicillin-



based antibiotics (e.g., benzylpenicillin) are not considered biopharmaceuticals even if obtained through
biotechnological means, being classified as pharmaceuticals. Additionally, biological products such as
donated blood and organs are not considered biopharmaceuticals as they are not obtained through
biotechnological methods. However, there is still no unified definition for biopharmaceuticals by regulatory
agencies such as the U.S. Food and Drug Administration (FDA) or the European Medicines Agency (EMA),
which regulates them at times in the broader category of biological products and others with traditional

pharmaceuticals (EMA, 2023; FDA, 2017).

Regarding their constitution, amino acid-based biopharmaceuticals include peptides, proteins, and
glycosylated peptides and proteins, while nucleic-based are mostly comprised of DNA, RNA (e.g., SIRNA,
mRNA), viral vectors, antisense oligonucleotides, aptamers, and ribozymes. As for their classes of
application, the most relevant include vaccines, anticancer biopharmaceuticals, gene therapies, genome
editing biopharmaceuticals, antisense therapy, enzymes, hormones, monoclonal antibodies, blood product
derivatives, cytokines and interferons, growth factors, and fusion proteins (Ho, 2013).

Historically, the origins of biopharmaceuticals can be traced back to the therapeutic use of insulin
sourced from animal pancreas in the 1920s (Alyas et al., 2021). While this naturally-derived insulin served
as a precursor to modern biopharmaceuticals, the true era of biotechnological medicines began with the
development of recombinant DNA technology. The first biopharmaceutical, a recombinant human insulin
developed using Genentech's techniques and then commercialized as 'Humulin' by Eli Lilly, was approved
by the FDA in 1982 (Nielsen, 2013). As biotechnological techniques matured, the late 20" and early 21%
centuries saw the rise of monoclonal antibodies, effectively targeting specific disease agents and
mechanisms. The evolution of biopharmaceuticals reached a new frontier with the advent of nucleic acid-
based therapies, with the first nucleic acid-based drug (“Glybera”, from uniQure) approved for use in the
European Union (EU) in 2012 (Kesik-Brodacka, 2018; Moran, 2012). However, despite the success of
biopharmaceuticals in treating complex diseases, their unstable nature and vulnerability to denaturation still
limit their widespread therapeutical application (Lin et al., 2021).

Biopharmaceuticals have significantly greater molecular weight (MW) than traditional pharmaceuticals
based on small organic compounds (e.g., MW of 5,734 g/mol for human insulin and 334 g/mol for
benzylpenicillin, respectively), with more complex intra and intermolecular interactions required to maintain
their structural integrity. Although their intricate nature can improve their therapeutical effectiveness and

specificity, this characteristic can also lead to higher sensitivity to adverse environmental conditions and



increased inactivation or degradation during their clinical use. Moreover, these substances can exhibit
complex mechanisms of action and are potentially immunogenic, which hinders their study and application
(Kesik-Brodacka, 2018; Molowa and Mazanet, 2003).

In this sense, research regarding the use of ILs and DESs as greener and biocompatible stabilizer
additives in the composition of biopharmaceuticals has demonstrated that they can be an alternative to the
limitations of biomolecules. For example, ILs and DESs can enhance drug delivery, increase stability, and
confer protection to bioactive compounds, which are valuable combinations in pharmaceutical formulations
(Wang et al., 2022). Before discussing in detail the application of ILs and DESs in biopharmaceuticals, we
will explore the relevant parameters and methods associated with the stability of macromolecules and the
conventional strategies applied by the pharmaceutical industry to stabilize complex macromolecules.

3. Stability of biopharmaceuticals

To comprehend the stability of biopharmaceuticals, it is necessary to understand their composition,
structure, and the different parameters and methods that can be employed to determine their preservation.
Proteins, peptides, and nucleic acids are intricate and diverse systems (Nelson and Cox, 2012). The structure
of proteins and peptides is comprised of a chain of amino acids while nucleic acids are composed of a
nucleotide sequence. Both proteins and nucleic acids will arrange their chains in complex three-dimensional
arrangements that can be divided into four organizational levels. It should be noted that not all proteins,
peptides, and nucleic acids present all four organizational levels, as their complexity varies depending on
their size and function. To demonstrate these different levels, Figure 1 presents a summary of protein and

nucleic acid structures.
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Figure 1. Summary of protein, peptide, and nucleic acid structures (primary, secondary, tertiary, and quaternary). Sources: Protein
Data Bank (PDB) IDs 1GFL, 1IMKO, and 7VDV. Images of the proteins were produced with the PDB structures using UCSF
Chimera 1.14 (Berman et al., 2002; Pettersen et al., 2004). Secondary and tertiary structures of nucleic acids from Thomas Shafee
(Creative Commons 4.0) (Shafee, 2017; Thomas Shafee, 2016).

As presented in Figure 1, proteins are composed of amino acids, which are organic molecules with
amino and carboxylic acid functional groups. The primary structure of proteins comprises a polypeptide
chain formed by amino acids linked by peptide bonds (Nelson and Cox, 2012). Its secondary structure
includes the interactions of the polypeptides in motifs such as a-helix, B-sheets, and coils. As for the tertiary
structure, it comprehends the three-dimensional folding of the protein structure, while the quaternary
corresponds to the packing of distinct subunits of the protein (Voet and Voet, 2021).

The structural levels of amino acids follow the same logic as the proteins but with differences in their
composition and arrangement. Nucleic acids are composed of nucleotides, a base containing nitrogen [i.e.,

adenine (A), guanine (G), cytosine (C) in ribonucleic acid (RNA) and deoxyribonucleic acid (DNA); uracil
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(U) in RNA; thymine (T) in DNA], a sugar (i.e., ribose in RNA; deoxyribose in DNA), and one phosphate
(Neidle and Sanderson, 2021). Their primary structure is formed by the connection of nucleotides by
phosphodiester bonds linking the oxygens between different nucleotides in carbons 5’ to 3°. The secondary
structure of nucleic acids is formed by the specific interaction between the purine (i.e., A, G) and pyrimidine
bases (i.e., C, U, T). These base pairings will lead to the formation of structures such as the helices
(contiguous base pairs), stem-loops, and pseudoknots (unpaired nucleotides surrounded by helices). While
the interactions of bases will form the secondary structure of DNA and RNA, their three-dimensional
arrangement will determine its tertiary structure. Especially for DNA, their secondary and tertiary structures
are closely related. DNA can take double-helical forms such as A-DNA, B-DNA, and Z-DNA, that differ
based on the number of base pairs per turn, right- or left-handed helix, length of the helix, and size between
minor and major grooves. As for RNA, it can form double helices, major and minor groove triplexes,
quadruplexes, helical stacking, and other arrangements. Finally, their quaternary structure involves the
interaction of different nucleic acids (e.g., the RNA enzyme Varkud satellite ribozyme) or between nucleic
acid and protein (e.g., DNA and histones to form nucleosomes).

Considering their complex nature, the structure of proteins and nucleic acids is not static, and
environmental conditions will alter their conformation and can even denature them (i.e., irreversibly alter
their structural arrangements). The conditions include changes in temperature, pH, ionic strength, pressure,
enzymes, and chemical and organic substances (Manning et al., 2010; Neidle and Sanderson, 2021).
Because the activity and behavior of biopharmaceuticals are directly related to the integrity of their
macromolecular arrangements, it is necessary to characterize and monitor their structure and interactions to
assure their security and effective application. However, multiple parameters can be evaluated to determine
protein stability. Table 1 compiles the main parameters to evaluate the stability of protein, peptides, and
nucleic acids, namely the four levels of structure of proteins, thermodynamic parameters, and activity. It also
includes the most common techniques used to determine each type of stability and the metrics evaluated for

each parameter.
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Table 1. Level of stability, composition, and recurrent evaluation methods for the different levels of proteins, peptides, and

Evaluation methods

Proteins and peptides

Amino acid sequencing (e.g., mass spectrometry, Edman
degradation), electrophoresis, western blotting, chromatography,
protein half-life.

CD, infrared spectroscopy.

Direct: X-ray crystallography, neutron and X-ray scatterings, NMR,
dual polarization interferometry, Cryo-EM. Indirect: fluorescence

and absorbance (e.g., intrinsic UV-absorbance and fluorescence of
proteins, proteins with chromophores and fluorophores, fluorescence

labeling and probes), dynamic and static light scattering and AUC

(protein aggregation and oligomeric state), Raman spectroscopy,

computational modeling.

DSF, ITC, TSA, and DSC. CD and infrared spectroscopies
associated with controlled heating.

E.g., enzymes: Kinetic parameters; biosensors: absorbances and
fluorescence; vaccines: potency, immunogenicity, and
immunomodulation; monoclonal antibodies: binding.

Nucleic acids

DNA and RNA sequencing, microarrays, southern blots, and in situ
hybridization, fluorescence-based assays with probes.

CD, infrared spectroscopy, SHAPE assay.

Stability Overall Composition
type stability P
Primary Very high Amino acid chain.
structure
. Local interactions of the
a0, POMpRE bk (6., -
Y helix, B-sheet, random coil).
Tertiary Intermediary  Three-dimensional folding of
structure to low the protein structure.
Quaternary L Packing of different subunits
ow .
structure of the protein.
. Thermodynamic parameters
Thermal Variable (6.0, T, AHm. AS, AG).
Activity Variable Varies dependl_ng on its
intended application.
Primary High Nucleotide sequence.
Interactions between bases
Secondar Intermediar (e.g., DNA and RNA: double
y y helix; RNA: stem-loops,
pseudoknots).
3D folding of the nucleic acid
Intermediar chains. DNA: A-form, B-form,
Tertiary y Z-form; RNA: e.g., helical
to low .
duplexes, triple-stranded
structures.
Higher level of organization of
Quaternar Low nucleic acids (e.g., DNA:
y chromatin; RNA: interaction
of RNA units in the ribosome).
Thermal  Easily variable Thermodynamic parameters

Direct: X-ray crystallography, neutron and X-ray scatterings, NMR,
Cryo-EM. Indirect: electrophoresis and chromatography (size
determination), fluorescence (probes and labeling), UV absorbance
(usually, A 260 nm), computational modeling.

(e.9., Tm, AHp, AS, AG).

ITC, DSF, DSC. CD, UV, and infrared spectroscopies associated
with controlled heating.

Activity Varies depending on its

Basily variable intended application.

E.g., viral vectors: transduction efficiency; vaccines: potency,
immunogenicity, and immunomodulation.
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For proteins and peptides, their primary structure is highly resistant to stress, with
only extreme conditions or enzymes breaking its peptide bonds (Bischof and He, 2006).
Its evaluation consists of the direct sequence of their amino acid chain (e.g., mass
spectroscopy alone or combined with chromatography (Callahan et al., 2020), Edman
degradation (Zhou et al., 2012) or indirectly estimating alterations by assessing its size
with electrophoresis, western blotting, and chromatography or verifying its half-life
(Deller et al., 2016).

The secondary structure of proteins and peptides is still considerably resistant to
alterations but to a lesser degree than the primary. Conventional methods to evaluate it
include circular dichroism (CD) and infrared spectroscopies, such as Fourier transform
infrared (FTIR) and 2D-infrared (Greenfield, 2006; Kong and Yu, 2007), which will
estimate the proportions of secondary protein motifs chains (e.g., a-helix, B-sheet,
random coil). It should be noted that certain methods to evaluate the tertiary structure of
proteins can also provide information on their secondary forms, as we are listing the
most prominent methods for each case.

The tertiary and quaternary protein structures are more susceptible to alterations
due to their environment. The techniques for the tertiary structure need to demonstrate
the folding of the protein or suggest alterations to its 3D structure. As for the quaternary
structure, they should indicate changes in the protein oligomeric state. Overall, the
techniques to determine the tertiary and quaternary structure of proteins overlap. Direct
methods include nuclear magnetic resonance spectroscopy (NMR), X-ray
crystallography, dual polarisation interferometry, cryogenic electron microscopy (Cryo-
EM), and neutron and X-ray scatterings (Alberts et al., 2002; Ilari and Savino, 2008;
Kikhney and Svergun, 2015; Milne et al., 2013; Petoukhov and Svergun, 2007; Swann
et al., 2004). To indirectly verify the tertiary structure of proteins, it is possible to assess
alterations in the absorbances and fluorescence of proteins in the case of proteins with
chromophores in their structure, such as fluorescent proteins or proteins with
fluorescent amino acid residues, such as tyrosine, tryptophan, and phenylalanine (dos
Santos et al., 2020, 2019). Even if the protein has no intrinsic fluorescence, conjugates
like fluorescein can be added to recombinant proteins or it is possible to evaluate the
interaction of the protein with fluorescence probes (Toseland, 2013). It is also possible
to monitor alterations to the oligomeric quaternary state of the protein or verify
aggregations by size exclusion chromatography, electrophoresis, dynamic and static
light scattering, and analytical ultracentrifugation (AUC) (Ahrer et al., 2003; Deller et
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al., 2016; Liu et al., 2006). There are also in silico models such as molecular dynamics
(MD) and molecular docking, homology modeling, and protein-protein interactions
(PPIs) targets that allow the prediction of protein structure, stability, and interactions
with other molecules (Lee et al., 2017; Watson et al., 2005; Xiang, 2006; Xu et al.,
2008).

The thermal stability of proteins is a property that can easily vary depending on the
environment of the protein. To assess it, the main indicator is the melting temperature
(Tm) i.e., the temperature of denaturation; however, there are other thermodynamic and
kinetic parameters such as activation energy, melting enthalpy (AHm), change in entropy
(AS), change in Gibbs free energy (AG) and also half-life (t2). The Tm of proteins can
be directly determined by differential scanning calorimetry (DSC), isothermal titration
calorimetry (ITC), and differential scanning fluorimetry (DSF, also called thermal shift
assay - TSA) (Bischof and He, 2006; Deller et al., 2016). However, by monitoring the
alterations of the secondary structure of proteins under controlled heat, it is also
possible to discover Tm. From the curves obtained by different techniques and related to
the concentration or amount of proteins as a function of the independent variable such
as temperature for thermal denaturation curves the other thermodynamic parameters can
be determined (Bischof and He, 2006; Schellman, 1987). Moreover, different models
can be used to estimate the thermodynamic parameters. As for the determination of the
biological activity of proteins, the methods will vary according to their intended
applications. For example, for protein vaccines, it is possible to measure their potency,
immunogenicity, and immunomodulation, for biosensors their absorbance and
fluorescence can be acquired, for monoclonal antibodies their binding can be tested, and
the kinetic parameters can be used to verify the activity of enzymes (dos Santos et al.,
2020; lyer and Ananthanarayan, 2008; Schofield, 2009; Verissimo et al., 2021).

For nucleic acids, their primary structure also presents high stability. Their
integrity can be determined by gene sequencing or other methods to evaluate specific
nucleic acid sequences, such as microarrays, southern blots, and in situ hybridization
(Brown, 1993; Dorado et al., 2021; Jensen, 2014; Stoughton, 2005). The evaluation of
the secondary structure of nucleic acids will quantify their structural motifs, such as
double helices for DNA and RNA, and stem-loops and pseudoknots for RNA. Similar to
proteins, the methods employed will be CD and infrared spectroscopies (Kypr et al.,
2009; Sosnick et al., 2000; Tsuboi, 1970).
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The tertiary and quaternary structures of nucleic acids have overall lower stability
than proteins, and the determination of their higher-level structure was challenging. The
traditional methods to directly assess tertiary and quaternary structures of a nucleic acid
include X-ray crystallography (Lin et al., 2011), neutron and X-ray scatterings (Oliver
et al., 2019), and NMR (Liu et al., 2021). However, cryo-EM is a fairly recent method
that has allowed the determination of novel structural forms of nucleic acids (Ma et al.,
2022). Hence, even more motifs for nucleic acids may be found soon. There are also
indirect methods to estimate changes to the tertiary and quaternary structures of nucleic
acids, such as electrophoresis and chromatography (size determination) (Largy and
Mergny, 2014; Wei et al., 2022), fluorescence (probes and labeling) (Juskowiak, 2011;
Michel et al., 2020), UV absorbance (usually, at a A of 260 nm) (Barbas et al., 2007),
and computational modeling (Feng et al., 2022; Ponce-Salvatierra et al., 2019).

The thermal stability of nucleic acids can be evaluated by similar thermodynamic
parameters to proteins, such as Tm, AHm, AS, and AG (Rozners et al., 2015). The Tm can
also be determined but some of the same methods, such as ITC, DSF, and DSC, or an
association of controlled heating and CD, UV, or infrared spectroscopies (Rozners et
al., 2015; Silvers et al., 2015). Their activity will also depend on the intended
application of the biopharmaceutical. For example, you can test nucleic acid vaccine
stability by verifying its potency, immunogenicity, and immunomodulation with in vivo
or in vitro studies (Chavda et al., 2021; Chen et al., 2022), and viral vectors by their
transduction efficiency (Chen et al., 2018).

As presented in this section, there are multiple parameters and methods used to
evaluate the stability of biopharmaceuticals. When designing an experiment to assess or
improve biological drugs, it is necessary to consider its intended application, as certain
formulations can increase one type of stability to the detriment of another. For example,
2.4 M of cholinium dihydrogen phosphate ([Ch]H2PO.) improves the thermal stability
of lysozyme (Lys) to the detriment of its activity (Weaver et al., 2012), while 0.5 M of
N-butylpyridinium chloride has the opposite effect (Yamamoto et al., 2011). Moreover,
the same IL can enhance the stability of one specific biopharmaceutical and impair
another. For instance, around 0.3 - 0.5 M of 1-butyl-3-methylimidazolium acetate
([CaMIm][CH3COOY]) improves the structural stability of insulin (Todinova et al., 2016)
but will decrease it for a-chymotrypsin (CT) (Kumar et al., 2015). Concentration range
is also relevant when developing the stabilizing formulations, as the same IL can have

different effects on the same biopharmaceutical depending on the concentration range,
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such as [Ch]H2POs maintaining the structural integrity of lysozyme (Lys) at 1.2 M but
decreasing it at 2.4 M (Weaver et al., 2012). With this in mind, the next section will
discuss the most prevalent problems related to the instability of biopharmaceuticals and
briefly explore the uses and limitations of conventional additives and solvents for the

stabilization of biologics.
3.1. Stabilization of biopharmaceuticals with additives and solvents

The low stability of biopharmaceuticals in adverse conditions (e.g., low and high
pH, extreme temperatures, and the presence of proteases, nucleases, and other
denaturing compounds) limits their systematic application, oral and transdermal
delivery, production, storage, and transportation (Manning et al., 2010). Therefore, the
pharmaceutical industry is constantly searching for additives, formulations, or structural
modifications that enhance the resistance of macromolecules to denaturation. However,
although engineering recombinant protein and nucleic acids is a highly effective method
to improve their stability (Jiang, 2019), this strategy is long and costly, as modified
biopharmaceuticals (e.g., biobetters) are treated as new medicines by most regulations
and require all safety and clinical trials of novel drugs (Kesik-Brodacka, 2018).
Although all additives in pharmaceuticals must be Generally Recognized As Safe
(GRAS) in the USA or have an equivalent classification in other countries (Manchanda
et al., 2018), after being declared safe for medical use in humans, they can be applied to
several pharmaceutical formulations with fewer tests than novel medicines (Use, 2007).
Hence, the discovery of additives and solvents to stabilize and improve the delivery of
biopharmaceuticals can streamline the development of more effective medicinal
formulations.

The stabilization of macromolecules relies on obtaining a balance between
stabilizing and destabilizing forces that maintain their native folding. In solution, the
stabilizing forces are mainly due to the intramolecular interactions of the
macromolecule and the interactions between them and the solvents or other solutes in
the environment (Verissimo et al., 2022). When the solute-macromolecules interactions
are positive, the additives can either form a hydration layer around the macromolecules
or directly bind to them, helping to prevent unfolding and aggregation. However, if the
macromolecule is lyophilized, the stabilization process will be due to the direct binding
of the additives to the protein (Ohtake et al., 2011). As for the destabilizing forces, they
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will be caused by the increase of the entropy of unfolding, leading to denaturation, loss
of activity, and aggregation (Verissimo et al., 2022).

There are already different classes of molecules used as excipients of
biopharmaceuticals, particularly vaccines. For example, sugars, amino acids, proteins,
polyols, polymers, surfactants, salts, and organic molecules (Butreddy et al., 2021).
These excipients can be applied as preservatives to prevent contamination (e.g.,
thimerosal), as adjuvants to improve activity (e.g., aluminum salts to stimulate the
immune response in vaccines), or as stabilizers to preserve biopharmaceuticals during
processing or storage (Centers for Disease Control and Prevention, 2019). However,
although lyophilized protein pharmaceuticals and vaccines can be stored for months at
room temperature or in the fridge (Remmele et al., 2012), nucleic acids usually require
storage at —70 °C (Uddin and Roni, 2021) and many biopharmaceuticals can lose their
potency a few hours after reconstitution (Center for Drug Evaluation and Research,
2018).

Thus, the development of formulations to improve the stability of
biopharmaceuticals is still a field of interest in medicine and public health. In this
context, ILs and DESs appear as new classes of compounds with unique properties that
have been applied as additives to stabilize biomolecules (Egorova et al., 2021). Thus,
the next section will explore the suitability of ILs and DESs for pharmaceutical

formulations.
4. 1Ls and DESs

Green solvents are one of the hot topics of green chemistry (Mussagy et al., 2022b)
because they are commonly considered more environmentally friendly and less toxic
alternatives than traditional solvents (Mussagy et al., 2020; Verissimo et al., 2022).
Green solvents are considered green because they have a lower environmental impact
and a reduced risk of exposure to human health and the environment. ILs and DESs are
newer classes of green solvents designed to be even more environmentally friendly and
sustainable than traditional solvents, characterized by low toxicity, low flammability,
and low volatility (Mussagy et al., 2022a; Quintana et al., 2022).

ILs are a type of salt that is liquid at room temperature, consisting of a mixture of
cations and anions held together by intramolecular interactions such as ionic bonds,
hydrogen bonds, and van der Waals forces (Mamusa et al., 2023; Myrdek et al., 2021).
ILs are considered an ideal mixture due to the combination of two significant properties:
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the liquid state of molecular liquids and the ionic character of ionic compounds (Kaur et
al., 2022). Unlike traditional salts (i.e., most of them solid at room temperature), ILs are
composed of ions that have unique properties such as low volatility, high thermal
stability, and high solvating power (Rashid, 2021). ILs are often used as green solvents
in a wide range of applications including pharmaceuticals for the formulation of
biopharmaceuticals (Kaur et al., 2022; Quintana et al., 2022). DESs are eutectic
compounds usually formed by mixing a low molecular weight organic compound
(Hydrogen Bond Acceptor - HBA) with a salt (Hydrogen Bond Donor - HBD) via non-
covalent interactions such as hydrogen bonding (Sun et al., 2022). Since DESs are
mostly composed of ionic species, they are now widely acknowledged as a new class of
IL analogs because they share the same properties and characteristics as ILs (Afonso et
al., 2023). In addition, if the HBD and HBA components of the DES are suitably
selected, they can be designed to be highly biodegradable and sustainable for further
application in biopharmaceuticals (Hong et al., 2020).

ILs and DES are highly designable and tunable solvents that generally share many
properties, such as a wide range of low volatility, thermal stability, high solvating
power, and ability to dissolve organic or inorganic compounds with significant interest
in the biopharmaceutical industry (Sun et al., 2022). However, there are relevant
distinctions between ILs and DESs, particularly for industrial applications. ILs are
typically formed from a mix of organic heterocyclic cations and anions, whereas DESs
are usually based on environmentally benign hydrogen bond donors and acceptors
(Ptotka-Wasylka et al., 2020). Moreover, the synthesis of ILs often involves multiple
chemical steps, making the process more complex and resource-intensive. In contrast,
DESs are synthesized through more sustainable and direct methods, such as mixing
hydrogen bond donors with acceptors under mild conditions. In terms of application
scope, ILs are versatile, with consolidated applications in specialized fields such as
electrochemistry and catalysis (Quintana et al.,, 2022). On the other hand, DES
applications are still limited to research state due to their novelty, but they are gaining
traction in fields that prioritize environmental impact and safety, like biotechnology and
pharmaceuticals (Shamshina and Rogers, 2023). Thus, while ILs and DESs share
specific properties, their distinct synthesis processes, sustainability profiles, and
application scopes set them apart, particularly in industrial and environmental

applications.
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In the last years, ILs and DES have been studied for their potential in drug
production and delivery, extraction, and purification of biopharmaceuticals, and as
reaction media for chemical synthesis (Quintana et al., 2022). For example, ILs and
DESs can be employed as alternative mediums to water and volatile organic solvents to
improve chemical and biological reactions, such as amino acid and peptide ligations
(Nolan et al., 2022). Furthermore, due to their high selectivity and multiple interactions
with target compounds and analytes (Makos$ et al., 2018; Momotko et al., 2022, 2021),
ILs and DESs are frequently applied for the selective separation of biomolecules
(Castro-Murioz et al., 2022; Khajavian et al., 2022). Some ILs and DESs even present
pharmaceutical properties, such as antimicrobial and anticancer activity (lbsen et al.,
2018; Verissismo et al., 2023).

Despite the interesting properties of ILs and DES, it is also important to consider
some potential drawbacks and limitations of these green solvents such as high cost,
some extent of volatility, high viscosity, low moderate instability in the presence of
some acids and bases, and limited availability in the market (Chen and Mu, 2021)
(Figure 2). Furthermore, the solubility of some biopharmaceuticals in ILs and DESs
can be limited, leading to difficulties in the development of pharmaceutical formulations
(Verissimo et al., 2022). The aforementioned drawbacks cannot be ignored, and to
enhance the sustainability of the processes and overcome some of these limitations, the

design of these solvents must be thoroughly evaluated.
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Figure 2. Differences and similarities of ILs and DESs.
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Although ILs and DESs are generally regarded as green solvents, they are also
classes of very diverse chemicals due to the countless combinations of cations and
anions to form ILs and mixtures of substances capable of resulting in DESs. For
example, the most prevalent ions in the first generation of ILs were the anions
hexafluorophosphate, tetrafluoroborate, and bis[(trifluoromethyl)sulfonyl]imide and the
cations imidazolium, pyridinium, and pyrrolidinium (Verissimo et al., 2022). These
aromatic cations and hydrophobic anions overall presented high terrestrial and aquatic
toxicity and low compatibility with biological molecules (Cho et al., 2021; Greer et al.,
2020). Depending on the composition and solubility of the ILs and DESs, they can also
exhibit microbial toxicity (Marchel et al., 2022a), contribute to atmospheric pollution
and cross-contamination (Janjhi et al., 2023), and contaminate water sources (Marchel
et al., 2023). Even for ILs and DESs not regarded as toxic, researchers must consider
the whole life cycle of the compound when projecting their industrial application. For
example, some DESs could promote eutrophication (i.e., excessive nutrient enrichment
of water bodies) even though they present no general toxicity, leading to harmful algal
blooms and oxygen depletion, adversely affecting aquatic ecosystems (Vieira Sanches
et al., 2023). This phenomenon was demonstrated by Vieira Sanches et al. in a study
evaluating the effect of choline-, betaine- and proline-based DESs in marine
microorganisms and invertebrates (Vieira Sanches et al., 2023). Therefore, researchers

should not overlook the environmental footprint and potential toxicity of ILs and DESs.

Nonetheless, the extensive array of ion and compound combinations forming ILs
and DESs is estimated to surpass one million substances (Bakis et al., 2021), allowing
the potential to design chemicals with a wide range of properties. Hence, the tunability
of the ILs and DESs properties and a driven approach by researchers to develop solvents
with low toxicities, negligible vapor pressure, and non-flammable to favor industrial
applications can explain why they are usually labeled as green solvents despite the

presence of classes with high toxicity.

Recently, some efforts have been made to develop new classes of biocompatible
ILs and DES to reduce their potential toxic effects and improve sustainability (Chen and
Mu, 2021). These new classes of solvents, such as cholinium-based ILs ([Ch]ILs) and
DESs, are designed to be non-toxic and environmentally friendly, making them suitable
for use in the stabilization and formulation of several active pharmaceutical ingredients

(APIs) (Li et al., 2022). Cholinium-based ILs and DESs are among the most promising
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alternatives, as they are derived from vitamin B8, a quaternary ammonium cation, and
usually present low toxicity and cost, high biodegradability, and improved delivery and
solubilization of APIs (Boethling et al., 2007; Kunz and Hackl, 2016; Pereira et al.,
2016; Petkovic et al., 2010; Santos et al., 2015; Ventura et al., 2014). Furthermore,
researchers can select anions and compounds with low toxicity to pair with choline,
such as specific carboxylic acids and amino acids, to develop biocompatible ILs and
DESs. Other types of new non-toxic and biodegradable ammonium-based ILs [e.g.,
triethylammonium phosphate ([No,22,2]PO4), trimethylammonium dihydrogen phosphate
([No,1,1,1]H2POa4), trimethylammonium acetate ([No,1,1,1][CHsCOOQ])], synthesized using
biodegradable and renewable resources have been used as a promising alternative to
conventional solvents (e.g., ethanol, acetone, ethers) (Moshikur et al., 2020; Silva et al.,
2021).

By applying bio-based ILs and DESs, the concerns with biocompatibility and
biodegradability can be addressed. However, even bio-based compounds can present
cytotoxicity, particularly substances that can interact with the lipidic membranes of
cells. For example, ILs and DESs with long alkyl side changes can present a
hydrophobic or surface-active nature, which will impact their biocompatibility and
interaction with biological systems. Nonetheless, the surfactant nature and cytotoxicity
of certain ILs and DESs can be exploited for therapeutical and delivery purposes, such
as antibacterial and antifungal treatments and transdermal delivery of APIs (Gongalves
et al., 2021; Moshikur et al., 2020; Sivapragasam et al., 2019; Tanner et al., 2018; Wu et
al., 2021). The use of ILs and DESs to act in synergy with APIs, either by enhancing
their activity or improving their administration and distribution, has been the focal point

of research for their applications in the medical field recently.

In the market, around 50 % of available drugs are administrated in their salt form
mainly because it is the most preferred method to enhance the physicochemical
properties of an active compound. So, the development of biocompatible salts (such as
ILs or DESS) of the targeted APIs can be a suitable and effective approach to overcome
some current drawbacks (solubility and melting temperature) on drug processing and
bioavailability faced by the industry of biopharmaceuticals (Ferraz et al., 2011). ILs and
DESs have many potential applications in drug delivery, such as improving thermal
stability of biomolecules, controlling drug release, eliminating polymorphism, tailoring

their solubility and increasing dissolution, modulating surfactant properties of systems,
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enhancing permeability of APIs, and modulating cytotoxicity on tumor cells
(Shamshina and Rogers, 2023; Verissimo et al., 2022; Wu et al., 2021). DESs have also
been extensively investigated as alternative solvents for the solubilization of APIs,
particularly in the context of topical formulations (Smith et al., 2014). For example, the
solubility of ibuprofen can be significantly improved, over 5,400 times in DESs
compared to its solubility in water (Lu et al., 2016). Additionally, another type of DES
composed of cholinium chloride ([Ch]Cl) and glycolic acid has shown substantial
solubility enhancements for itraconazole, piroxicam, lidocaine, and posaconazole, with
improvements of 6700x, 430x, 28x, and 6400x respectively, compared to their solubility
in water (Li and Lee, 2016). Some fatty acids (lauric and palmitic acids) combined with
ibuprofen and lidocaine have been successfully used for formulations of API-DESs for

transdermal delivery purposes (Benessam et al., 2013; Nazzal et al., 2002).

Despite the growing interest in new green solvents for biopharmaceutical
applications, the use of ILs or DESs as APIs in formulations is still in the early stages of
development, and further research is needed to fully elucidate their properties and
applications in these fields. For example, although there are many ILs and DESs with
the capacity to improve the stability of biomolecules, there are also reports of these
compounds impairing the structural integrity of macromolecules such as proteins
(Verissimo et al., 2022), nucleic acids (Mandal et al., 2020), and polymers (Tan et al.,
2018) depending on their structure, interactions, and environmental conditions under
study. Furthermore, it is also necessary to assess their toxicity, bioavailability, and
dissolution, as well as investigate the irritancy and skin permeation of these
formulations.

Finally, understanding the stability of the ILs and DESs is another fundamental
parameter to allow their application, as degraded compounds in pharmaceutical
formulations can lose their function or be detrimental to the safety and efficacy of the
medicine. For example, the thermal or long-term degradation of ILs and DESs can
cause the formation of toxic byproducts even of initially biocompatible compounds, as
demonstrated by Marchel et al. (Marchel et al., 2022b). Moreover, there are other safety
concerns related to the overheating of ILs and DESs, such as sample and equipment
degradation, increased chemical and biosafety risks, and higher processing costs to add
cooling systems to avoid overheating. Hence, in addition to guaranteeing the structural

integrity of ILs and DESs at the expected conditions for use of the biopharmaceuticals,
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long-term stability studies and stress assays [e.g., the thermal stability of ILs and DESs
(Cao and Mu, 2014; Chen et al., 2018), chemical stability (Wang et al., 2017)] should
also be performed to confirm the potential range of application of these substances.

To determine the safety and effectiveness of the clinical use of ILs and DESs, it
will be crucial to conduct both in vitro and in vivo studies, starting with non-clinical
trials and progressing to clinical trials. As our understanding of the role of ILs and
DESs expands, it is expected that a growing number of cation/anion and HBD/HBA
combinations will be utilized to create APIs, resulting in a multitude of options for
design and product efficacy. With this in mind, the next section will disclose the state-
of-the-art on the use of ILs and DESs to enhance the stability and delivery of

biopharmaceuticals.
5. Stability of biopharmaceuticals in ILs and DESs

The effect of ILs and DESs on the stability of protein and nucleic acid
biopharmaceuticals will be presented in Table 2 (biopharmaceuticals in ILs) and Table
3 (biopharmaceuticals in DESs). For each biopharmaceutical, we will include its
therapeutical use and the effects of the ILs and DESs solutions considering
concentration ranges and different stability types (i.e., structural, thermal, aggregation,
and activity) and effects (e.g., solubilization, improved delivery, long-term
preservation). The symbol (1) indicates an increase in stability, (=) represents that the
solution had a similar effect to the control, and (|) means a decrease in stability.

For proteins and peptides, we will also include their molecular weight (MW),
grand average hydrophobicity index (GRAVY), and instability index (Il) calculated
using their UniProt sequence using the Expasy ProtParam tool (Artimo et al., 2012;
ExXPASy, 2018; UniProt, 2020), and their structure in Figure 3 and 4. For GRAVY,
values below zero represent hydrophilic amino acid chains, while GRAVY above zero
means lipophilic chains. For the instability index, values below 40 indicate a stable
protein (Verissimo et al., 2022). The properties of each macromolecule will be
discussed in their respective subsection. The type or source of the protein
biopharmaceuticals will also be provided in Tables 2 and 3 when available, considering
this can also impact their stability and properties. Finally, we also provide the chemical
structures of the cations and anions for the ILs and the components of the DESs from
Tables 2 and 3 in Figure 4, so reader can refer to them during the discussions in the

next subsections.
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Tables 2 and 3 present the properties, use, and stability (according to stability

types) of biopharmaceuticals in the presence of different IL and DES solutions (i.e.,

classes and concentrations), respectively.

Table 2. Stability (structural, thermal, activity, aggregation, or simulation) of biopharmaceutical in
different concentrations of ILs and effect of ILs on their delivery. Specific information for each protein
and peptide, namely, UniProt of the most usual variant, molecular weight (MW), instability index (I1),
GRAVY, and therapeutical use of the biopharmaceuticals are also presented in the table.

. . Variant or * (Stability)
Biopharmaceutical class ILs Conc. [Effect] Ref.
Peptides
Glucagon-like I
peptide 1 (GLP-1) Cholinium-based ILs
UniProt: P55095,
MW: 3.3 kDa (= Structural,
I1: 17.7 (stable), activity),
GRAVY:-0.230  Native human " 0.7-3.7M (20 [Improved (Agatemor
GLP-1 [ChJIC-H1-COO] -100w%)  pharmacokinetics etal., 2021)
Use: Hormone for and sustained
treatment of type 2 release]
diabetes.
Interleukin-2 (1L-2) Cholinium-based ILs
UniProt: P60568;
Mw: 15.2 kDa; II: DES- 0.030-0.185
53.4 (unstable);  ALANYL-1, [Ch]H-PO. M (1 Thermal)  \eaver et
GRAVY: -0.198 SER-125 al., 2012)
L_Jse: Cytokine for ~ human IL-2 [Ch]H:PO, 0.030-0.185 (= Structural)
immunotherapy. M
Insulin Ammonium-based ILs
— } [No2,22]POa, [No1,1,1]HSO4, (Kumar and
A B chamgs el [NozzolSOw NowsalHPO,  05-20M (Wl s Verkatesy,
[No.11][CHsCOO] ggreq 2013)
(Human insulin) Cholinium-based ILs
MW: 5.8 kDa [Ch][GIn], [Ch]2[Asn] 0.0008 M (1 Thermal)
Il: 13.61 (stable) [Ch][Asn] 0.0008 M (= Thermal)
GRAVY:021g  MSulinfrom oo or o] [ChL[GInL, [Ch][Lys] ~ 0.0008 M (] Thermal, - heva
porcine structural)
etal., 2019)
Use: Hormone for pancreas
treatment of [Ch][GIn], [Ch]2[Asn], [Ch][Asn] 0.0008 M (] Structural)
diabetes.
(= Structural,
; . ) activity), [1 (Banerjee et
FITC-insulin [Ch][CoH1sCOO] 185-3.70M Transdermal al., 2017)
permeation]
(1 Structural
long-term, =
o 1
Human act1v1_ty), [T Ora (Banerjee et
insulin [Ch][CsH1sCOO0] 3.7 M (100%) intake, al., 2018)
paracellular
transportation,
sustained
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activity; |
enzymatic
degradation]

[1 Oral intake,

[Ch][CoH1sCOO] 0.04-019M paracellular (Peggzzt)a"*
transportation]
Imidazolium-based ILs
[CaMIm][CHsCOO],
[CsaMIm][CFsCOOQ], 03 M (1 Structural,
[CsMIm][N(CN):] (ILs in KCI/HCI ' thermal)
Porcine pH 2) (Todinova et
insulin [c,MIm]Cl, [CsMIm][SCN], (ILs in 03 M (= Structural, &l 2016)
KCI/HCI pH 2) ' thermal)
. ({ Structural,
[CaMIm][C(CN)s] in KCI/HCI pH 2 0.3 M thermal)
[CaMIm]CI, [CsMIm]Br 0.01-0.04 M (1 Structural) K q
Zn-free [CsMIm]Cl, [CsMIm]Br 0.01-0.04 M (| Thermal) (v:nrﬂgtreiﬂ
insulin [CaMIm][SCN], [CsMIm]HSOs., 0.01-0.04 M (| Structural, 2014) '
[C.MIm]L, [C:MIm][CH;COO] ' ' thermal)
Porcine
insulin
(experiment) 3-6M (50- (1 Simulation,
and human [C-MIm][CH,CO0] 90 Wt%) thermal)
insulin
(simulation)
[C:MIm][CH5COO], [CsMIm]CI, (D.Lietal,
[C4MII’1’1]NO3, [C4MII’I1] [CH;SO3], 2019)
[CsMIm][N(CN),],
~15-70M
Human [CsaMIm][CH5COO], ) . .
insulin [CsMIm][CH:COO]. (5 (;30 wt (1 Simulation)
[CsMIm][CH5COO],
[C1oMIm][CH5COO],
[C12MIm][CHsCOO]
Ovalbumin epitope .
(OVA) Cholinium-based ILs
Sequence: . .
; ) ) ~0.5-0.7M [Skin penetration
SIIN lF|Sr|<(|[_),a|\/|w. [Ch][Ciz0], [Ch][Cis:1] (20 wid%) enhancer]
o ) OVA257-264
Use: Cancer antigen SIINEEKL (Tahara et
for (H-2 Kb) (1 Activityy 22020
immunostimulation [Ch][Cis:1] 0.2 M (8 wt%) -
. [Solubilizer]
of therapeutic
cancer vaccination.
Proteins
Immunoglobulin PR
G1 (IgG1) Cholinium-based ILs
0.0005 - (1 Structural
[Ch][CH5COO] ’
1gG from 0.0025 M thermal) (Dhiman et
i human serum 0.0005 - al., 2022)
Unitprot: P01837 [ChJ[CH;COO], [Ch][CsH/0sCO0] ooy, (1 Aggregation)
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) 0.0005 - (= Structural,
MW: 142.6 kDa [Ch][CsH705COO0], [Ch]H2PO4 0.0025 M thermal)
) 0.0020 - .
I1: 37.16 (stable) [Ch][CH5COOQ], [Ch][CsH-0sCOO0] 0.0025 M (1 Aggregation)
) 0.0005 - .
GRAVY: -0.442 [Ch]H2PO4 0.0025 M (1 Aggregation)
Use: Immunization,
immunotherapy,
infection
treatments, [Ch][HOCH:COQ], ~09-14M (= Structural,
hematologic and [Ch][CsH,04CO0] (25 wt%) aggregation)
autoimmune
diseases treatments,
and others. 1gG from (Mondal et
rabbit serum al., 2016)
1.3M (25 _ .
[Ch][CHsCOCOO] Wi%) (= Aggregation)
[Ch][CsHsNCOO], ~11-13M
[Ch][CH:COCOO] @5wiop) ~ ( Structural)
1.1M (25 .
[Ch][CsHsNCOO] Wi%) (1 Aggregation)
~1-4M(20- .
[Ch][HOCH2COO] 70 vo6) (1 Activity)
Antihuman Al tikul
TNF-0 mouse [ChJ[HOCH.COO] ~3M(B0V%) (= Structural) A9
1gG1 etal. 2021)
~4-5M (80 - .
[Ch][HOCH2COO] 90 V%) (] Activity)
Imidazolium-based ILs
(Rawat and
Human 1gG1 [C2MIm]CI, [CsMIm]CI, [CsMIm], 0.04 M (1 Structural, | gt ®
[CsMIm]CI aggregation) 2015)
[C:MIm][CH5BzSO:s],
[CsaMIm][N(CN):], ~0.1-03M _ (Ferreira et
[C:MIm][CH,COO], [C:MIm]Br, (5 wi%) (= Structural) 5 "016)
[CaMIm]Br, [CsMIm]Cl
Ammonium-based ILs
IgG from [N1,1,1,1]BI', [N2,2,2,2]BI', [N3,3,3,3]BI' - 0(51\/-\,3)/2) M (: Structural) )
rabbit serum ’ (||=erre|ra)et
~02M(5 al., 2016
[Na,4,4,4]Br Wi%) (] Structural)
Phosphonium-based ILs
[P 1Br ~01M(5 (] Structural, T (Ferreira et
B wit%) aggregation)  al., 2016)
L-Asparaginase (L- .
ASNase) Cholinium-based ILs
Uniprot: POOB0S | \gNase EC [Ch][CHLCOO], [Ch][C:HsC00],  -001~0.050 . (Magri et al.,
(Using tetrameric 3511 [Ch][C2H-COO] mol IL/mol (1 Activity) 2019)
form), MW: 137.7 R = total
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(tetramer)

0.001-0.010
I1: 19.84 (stable) [Ch][CsH1:COO] mol IL/mol (1 Activity)
total
GRAVY: -0.194
Tre'?’tr:‘nsﬁézgsgime [Ch][CsH1COO] Ora%ﬁﬁg? (| Activity)
leukemia and s L Activity
. total
lymphoblastic
lymphoma.
Nucleic acids
SiRNA against Cholinium-based ILs
) CD45 . (1 Structural,
Use: Treatment of SIRNA CHILLPO 1.0-25M (20 activity, thermal) (Mazid et
autoimmune [Ch]H-PO. - 50 Wt9%) [Long-term al., 2014)
diseases. storage]
Cholinium-based ILs
[Ch][PhC2HsCOO] ~2M(50Vv%) (1 Structural) g’l\"azr‘g;('))e‘
. . [Ch][CsH1sCOO0] ~2M (50v%) (| Structural)
SIRNA against [Ch][CsH1sCOO] [Skin i
. , _ 0 penetration
0 ,'\T“:KB'Z . SIRNA [Ch][PhC:HsCOO] 2M(B0V%) o hancer]
se: Treatment 0 (1 Structural,
pSOriass. simulation
~1 M each (25 L "
[Ch][CoH1sCOO]:[Ch][PhC-HsCOO] activity) / [Skin
v% each) :
penetration
enhancer]
SiIRNA against Ammonium IL-Robed siRNA
GAPDH and [Skin penetration  (zakrewsky
MMP12 SiRNA [lel,(BZ),g]fSiRNAl, [lel,(Bz),u]f 0.00005 M and cell and
Use: Treatment of SiIRNAL, [N1,1,8218]-SIRNA1 ' internalization  Mitragotri,
skin diseases. enhancer] 2016)
STAT6 decoy Lidocainum-based IL
oligonucleotide Oliconucleotide ) ) (Handa et
Use: Treatment of Y ILTS® Not disclosed [Skin penetration al., 2019;
skin inflammation. enhancer] Kubota et
al., 2016)
365 i GRAVY - grand average hydrophobicity index, below 0 indicates that the protein sequence is
366 hydrophilic. * Approximate conversions (when possible) to molar (M) using MW and density (when
367 available on the manufacturer’s site or literature). # There is still an ongoing discussion about whether
368 choline and geranic acid 1:1 ([Ch][CoHisCOOY]) leads to the formation of an IL or a DES (Rogers and
369 Gurau, 2018). Considering the suggestion of Rogers and Gurau (Rogers and Gurau, 2018),
370 [Ch][CoH1sCOO] was addressed in this review as an IL.
371
372 Table 3. Stability (structural, thermal, activity, aggregation, or simulation) of biopharmaceuticals in
373 different concentrations of DESs and the effect of DESs on their delivery. Specific information for each
374 protein, namely, UniProt of the most usual variant, molecular weight (MW), instability index (11),
375 GRAVY, and therapeutical use of the biopharmaceuticals are also presented in the table.
376
Biopharmaceutical Variant or DESs Conc.* (Stability) Ref.
class [Effect]
Peptides
Insulin Cholinium-based DESs
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UniProt: P01308 (A

and B chains) [Ch][CsH1sCOO]-
(Human insulin) FITC-insulin [CsH1sCOOH], ~17-27M [1 Transdermal (Tanner et
MW: 5.8 kDa [Ch][CsH1sCOO]- (100 %) permeation] al., 2018)
I1: 13.61 (stable) [CoH1sCOOH]s
GRAVY: 0.218
Usiée';'tor;?r‘]’t”gffor Human [Ch][CsH1sCOO]- ~27M [t Transdermal  (Jorge etal.,
diabetes. insulin [CoH1sCOOH] (100%) permeation] 2020)
Proteins
Immunoglobulin G1 -
(1gG1) Cholinium-based DESs
[Ch]CI-{CO(NH:):], [Ch]Cl-
Unitprot: P01837 [CsHs(OH)s], [Ch]Cl- ~0.2-15M (1 Thermal)
[(CH:OH):] (5 - 30 Wt%)
. 1.5M (30 [T Long-term
MW: 142.6 kDa [Ch]CI-{CO(NH:):] Wi%h) stability]
_ [Ch]CI-H{CO(NH2):], [Ch]Cl- ~0.2-0.8 M .
I1: 37.16 (stable) [CsH(OH):] (5 - 15 Wt%) (] Aggregation)
. ~03-05M .
GRAVY: -0.442 [Ch]CI-[(CH20H):] (5 - 10 Wi%) (] Aggregation)
Use: Immunization,
immunotherapy,
infection treatments, [Ch]CI-[CO(NH2)], [Ch]Cl- .
hematologic and hu'rgg‘nf;gmm [CsHs(OH)s], [Ch]Cl— (50_'215 3\'/?0/';’)' (= Structural) g'fhgggg)et
autoimmune [(CHOH):] b
diseases treatments,
and others.

FITC-1gG

Antihuman
TNF-a
mouse 1gG1

[Ch]CI-[CsHs(OH)5], [Ch]Cl- ~1.3-15M [= Long-term
[(CH20H):] (30 Wt%%) stability]
[Ch]CI-[(CH:OH),] (15? '_85'02\',3% (1 Aggregation)
[Ch]CI-H{CO(NH2):], [Ch]Cl-  (~1.3-2.5 M) .
[CsHs(OH)5] 30-50wtep (1 Aggregation)
[Ch]CI-[CO(NH-)2], [Ch]CI-
(~1.3-25M)
[CsHs(OH)s], [Ch]Cl- (] Structural)
[(CH:OH),] 30- S0 wt%
[1 Paracellular
[Ch][HOCH.COO]-[Ch] 0.03-008M o ortation]
[Ch][HOCH:COO]-[Ch] N 1‘3% (50 [1 Oral intake]
~0.7-25M

[Ch][HOCH.COO]-[Ch]
[Ch][HOCH.COO]-[Ch],
[Ch][HOCH-COO]-
[HOCH-COOH]

[Ch][HOCH-COO]-[Ch]

[Ch][HOCH-COO]-
[HOCH.COOH]

(20 - 70 v%)
~2 M (50 v%)

~3.0-35M
(80 - 90 v%)

~08-35M
(20 - 90 v%)

(1 Activity)
(Angsantikul
et al., 2021)
(= Structural)

(1 Activity)

(1 Activity)
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377
378
379

380
381

382
383
384
385
386
387
388
389
390
391

392

L-Asparaginase (L- Poly(vinyl pyrrolidone)-
ASNase) based DESs
Uniprot: PO0805
(Using tetrameric
form), MW: 137.7

(tetramer), 11: 19.84 Pure L- (| Structural, =
(stable), GRAVY: - ASNase and 01 M activity) (Lietal
0.194 L-ASNase [(CeHyNO)n]-[CH2(COOH):] © Oi /mL) [Adsorption of L- 2019) .

Use: Treatments of  from E. coli Heg ASNase from E.
acute lymphoblastic extract coli extracts]

leukemia and

lymphoblastic

lymphoma.

1 GRAVY - grand average hydrophobicity index, below O indicates that the protein sequence is
hydrophilic. * Approximate conversions (when possible) to molar (M) using MW and density (when
available on the manufacturer’s site or literature).

As observed in Tables 2 and 3, the effect of ILs and DESs on biopharmaceuticals
has been demonstrated in several studies. The interactions between ILs and proteins will
not only rely on the IL class, but the properties of the biomolecule, concentration range,
and type of stability evaluated. Furthermore, specific ILs and DESs can also enhance
the delivery or solubility of biopharmaceuticals. Considering the impacts of each IL and
DES on the macromolecules are associated with their structure and specific activity, we
will discuss each biopharmaceutical individually. Figure 3 shows the structure of each
of the proteins and Figure 4 from the ILs and DESs constituents from Tables 2 and 3.
The next subsections present a detailed examination of the structure, use, drawbacks,

and interaction of ILs and DESs with biopharmaceuticals.

A chain

-
i 9

Glucagon-like peptide 1 Human Interleukin-2 Human insulin
(PDB ID: 3I0L) (PDB ID: 1M47) (PDB ID: 3E7Y)
5 :
) r\\
{
Chicken ovalbumin L-Asparaginase from
epitope OVA Immunoglobulin 19G1 monoclonal Escherichia coli tetramer
(PDB ID: 3P9L)  antibody from mice (PDB ID: 1I1GY) (PDB ID: 3ECA)
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Figure 3. Structure of protein biopharmaceuticals. A) Glucagon-like peptide 1 (GLP-1), B) Insulin, C)
Interleukin-2 (IL-2), D) Ovalbumin epitope (OVA), E) Immunoglobulin G1 (IgGl), and F) L-
asparaginase (L-ASNase). Images of the proteins were produced with the PDB structures using UCSF
Chimera 1.14 (Berman et al., 2002; Pettersen et al., 2004).
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Figure 4. Chemical structures of cations and anions of ionic liquids (ILs) and constituents of deep
eutectic solvents (DESs). A) Ammonium, B) imidazolium, C) cholinium, D) phosphonium, and E)
lidocainum cations of ILS. F) Organic acid, G) inorganic, and H) amino acid anions of ILs. I) DESs
constituents.

5.1 Biopharmaceuticals in ILs and DESs
5.1.1. Glucagon-like peptide 1 (GLP-1)

GLP-1 is an intestinal hormone produced as a response to meal ingestion (Muller
et al., 2019). Its release enhances insulin secretion and helps to normalize the
postprandial glycemic response and achieve blood glucose homeostasis (Muller et al.,
2019). As presented in Figure 3.A and Table 2, GLP-1 is a small (3.3 kDa) and
hydrophilic (GRAVY:: -0.230) peptide formed by a continuous a-helix. Furthermore,
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GLP-1 pl is 4.6 and is found in a negatively charged monomeric state at physiological
pH (Kaasalainen et al., 2015). As a biopharmaceutical, GLP-1 and GLP-1 receptor
agonists are applied to lower glucose levels in patients with type 2 diabetes (Walsh,
2010). However, GLP-1 is quickly degraded by the circulatory enzyme dipeptidyl
peptidase-4 (DPP-4) within minutes of its intravenous administration and around 1 h
after subcutaneous administration, which hinders its therapeutical use (Agatemor et al.,
2021).

To improve the delivery and pharmacokinetics of native human GLP-1, Agatemor
et al. (Agatemor et al., 2021) used cholinium geranate (i.e., geranate also called 3,7-
dimethyl-2,6-octadienoate) 1:1 ([Ch][CoHisCOO]) as a vehicle for the subcutaneous
administration of this biopharmaceutical in rats. [Ch][CoHisCOO] preserved the
structural integrity and activity of the peptide from low to high concentrations (0.7 to
3.7 M). Furthermore, it improved GLP-1 pharmacokinetics by reducing its degradation
by DPP-4 and possibly by a sustained release due to entrapment of the
biopharmaceutical. We must note that there is still an ongoing discussion about whether
choline and geranic acid systems lead to the formation of DESs or IL with a complex
anion (e.g., CAGE as [choline][geranate2(H)]), as pointed out by Rogers and Gurau
(Rogers and Gurau, 2018). Moreover, this discussion is not limited to choline and
geranic acid systems, as the distinction between certain DESs and ILs can be complex
to discern for specific classes, with some authors even considering DESs an IL subclass
(Ptotka-Wasylka et al., 2020). As ILs or DESs, choline and geranic acid systems
showed remarkable potential as vehicles to boost the delivery of pharmaceuticals such
as GLP-1.

5.1.2. Interleukin-2 (IL-2)

IL-2 is a cytokine that immunomodulates regulatory T cells and effector
lymphocytes (Arenas-Ramirez et al., 2015). As presented in Figure 3.B and Table 2,
the IL-2 is a small (15.2 kDa) and hydrophilic (GRAVY: -0.198) peptide comprised of
four a-helices in a bundle. In chemotherapy, IL-2 is used as an immunostimulant to
activate T cells against cancer cells, already approved to treat unresectable metastatic
renal cell carcinoma and stage IV melanoma (Weaver et al., 2012). As with other
protein-based biopharmaceuticals, its stability can be an issue for application, storage,
and transportation. For example, according to the supplier R&D systems, IL-2 protein

should be used within 24 hours after reconstitution in water (R&D Systems, 2023).
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Hence, the discovery of additives to stabilize IL-2 can enhance and expand its use in
medicine.

To improve the thermal stability of human IL-2, Eckstein et al. (Weaver et al.,
2012) applied the IL [Ch]H2PO4 at low concentrations. From 0.030 to 0.185 M,
[Ch]H2POa4 preserved the structural integrity of IL-2 and increased its thermal stability.
According to the authors, the complementary electrostatic interactions between the IL
and the surface of the peptide likely offer protection against IL-2 thermal denaturation
without altering its secondary or tertiary protein structure. Therefore, cholinium-based
ILs can be applied as additives in very low concentrations to improve the thermal
stability of therapeutic peptides without altering their conformation.

5.1.3. Insulin

Insulin is an endogenous hormone peptide produced in the pancreas and is
responsible for blood glucose homeostasis (Mayer et al., 2007). Insulin was the first
recombinant biopharmaceutical, and it is still used for the treatment of diabetes (Walsh,
2013). As presented in Figure 3.C, insulin has two polypeptide chains (A and B) linked
by disulfide bonds (Brange and Langkjcer, 1993), with A chain formed by two
antiparallel a-helices and B chain comprised of an a-helix with a turn and B-strand
(Brange and Langkjcer, 1993). Insulin presents low solubility in water at neutral pH, but
it is possible to solubilize it up to 0.17 mM at pH 2 (Sigma-Aldrich, 2014).
Furthermore, this peptide is a weak dimer and can dimerize above 10-6 M and form
hexamers at 2 mM (Brange and Langkjcer, 1993). Regarding its stability, insulin is
considered stable and can be stored for one month at room temperature before
reconstitution (Center for Drug Evaluation and Research, 2018). However, insulin can
lose its potency when diluted or maintained at extreme temperatures and should be
discarded if exposed to these conditions (Center for Drug Evaluation and Research,
2018). Additionally, there are multiple efforts to develop oral and transdermal delivery
systems for insulin, due to the discomfort and distress caused by its main administration
via subcutaneous injection (Xiao et al., 2020; Zhang et al., 2019). In this sense, ILs and
DESs can help to improve insulin medical use by improving its solubility and stability
and in the development of novel oral and transdermal systems for drug delivery.

For the thermal stability of insulin, researchers found that different IL classes (i.e.,
ammonium, cholinium, and imidazolium) and concentration ranges (i.e., 0.0008 to 6 M)

can improve its thermodynamic parameters. For example, [No222]POs4,
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trimethylammonium hydrogen sulfate ([No111]HSO4), triethylammonium sulfate
([No0,22,2]SO4), [No,1,1,1]JH2PO4, and [No,1,1,1][CHsCOO] from 0.5 to 2.0 M increased the
Tm of insulin and decreased its aggregation (Kumar and Venkatesu, 2013). Moreover,
dilute solutions of cholinium L-glutaminate ([Ch][GIn]) and dicholinium L-asparaginate
([Ch]z[Asn]) (at 0.0008 M) (Guncheva et al., 2019), and [C.MIm][CHsCOO], 1-butyl-3-
methylimidazolium  trifluoroacetate ([CaMIm][CFsCOQY)), and 1-butyl-3-
methylimidazolium dicyanamide ([CsMIm][N(CN).]) (0.3 M at pH 2) (Todinova et al.,
2016) also enhanced the thermal stability of insulin. Additionally, high concentrations
of 1-ethyl-3-methylimidazolium acetate ([C-MIm][CHsCOO]) (3 to 6 M) had a similar
positive effect on the peptide (Li et al., 2019). There were also ILs at low concentrations
that did not affect the thermal stability of insulin, such as 0.0008 M of cholinium L-
asparaginate ([Ch][Asn]) (Guncheva et al., 2019), and 0.3 M of 1-butyl-3-
methylimidazolium  chloride ([CaMIm]CI) and  1-butyl-3-methylimidazolium
thiocyanate ([CsMIm][SCN]) at acidic pH (Todinova et al., 2016). However, even
concentrations below 0.04 M of specific cholinium and imidazolium ILs decreased the
Tm of insulin, including cholinium L-argininate ([Ch][Arg]), dicholinium L-glutaminate
([Ch]2[GIn]), cholinium L-lysinate ([Ch][Lys]),(Guncheva et al., 2019) [CaMIm][SCN],
1-butyl-3-methylimidazolium  hydrogen  sulfate  ([CsaMIm]HSO.),  1-butyl-3-
methylimidazolium iodide ([CsMIm]I), [CsMIm][CH>COO] (Kumar and Venkatesu,
2014), and 1-butyl-3-methylimidazolium tricyanomethanide ([C.MIm][C(CN)s]) in
acidic pH (Todinova et al., 2016). Noteworthy, [CsaMIm][SCN] at low concentrations
(below 0.3 M) had different impacts on the thermal stability of insulin at different pH.
For example, this IL had no impact on insulin Tm at acidic pH (Todinova et al., 2016)
but decreased it at neutral conditions (Kumar and Venkatesu, 2014). Therefore, the
composition of the IL, its concentration range, and the environment will impact the
effect of ILs on protein thermal stability.

As for the effect of ILs on the structural stability of insulin in ILs, it varied
according to the IL class and concentration range of the solutions. Low concentrations
of different imidazolium ILs were detrimental to insulin native structure, such as 0.3 M
of [CaMIm][C(CN)s], [CaMIm]Cl, [CaMIm][SCN] at pH 2 (Todinova et al., 2016), and
[CsMIm][SCN], [CsMIm]HSOs, [CsMIm]L, and [CaMIm][CH>COO] from 0.01 to 0.04
M (Kumar and Venkatesu, 2014). The exceptions to this trend were
[C:MIm][CH;COO], [CsMIm][CF:COO], [CsMIm][N(CN)] at 0.3 M and pH 2
(Todinova et al., 2016) and [CsMIm]CI and[CsMIm]Br from 0.01 to 0.04 M (Kumar
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and Venkatesu, 2014) that preserved the structure of insulin. There were also dilute
imidazolium ILs that did not alter insulin structure, such as [CsMIm]CI and
[CaMIm][SCN] at 0.3 M and pH 2 (Todinova et al., 2016). As for cholinium ILs, high
concentrations (1.8 to 3.7 M) of [Ch][CoHisCOO] maintained the short-term and
improved the long-term structural integrity and activity of insulin (Banerjee et al., 2018,
2017). However, dilute cholinium IL solutions (0.0008 M of [Ch][Arg], [Ch]:[GIn],
[Ch][Lys], [Ch][GIn], [Ch]2[Asn], [Ch][Asn] also impaired the structural stability of the
peptide (Guncheva et al., 2019). Interestingly, although [Ch][GIn], [Ch]:[Asn], and
[Ch][Asn] caused a partial unfolding of insulin, they still increased its thermal stability,
confirming a certain environment can be positive to a protein stability parameter in
detriment of another (Guncheva et al., 2019).

Simulation tools such as MD were also used to predict the structural stability of
insulin in ILs. For example, Li et al. (Li et al., 2019) estimated with MD that high
concentrations of imidazolium ILs (75 to 100 wt%) stabilize insulin native state,
particularly the ILs with shorter alkyl chains and weak hydrogen bonding. The ILs
included [C:MIm][CHsCOO], [CaMIm]CI, 1-butyl-3-methylimidazolium nitrate
([CaMIm]NO:s), 1-butyl-3-methylimidazolium methanesulfonate ([CaMIm][CHsSOs]),
[CaMIM][N(CN)2], [CaMIm][CHsCOO], 1-hexyl-3-methylimidazolium acetate
([CsMIm][CH3COOQ]), 1-methyl-3-octylimidazolium acetate ([CsMIm][CHsCOO]), 1-
decyl-3-methylimidazolium  acetate  [CioMIm][CHsCOO], and  1-dodecyl-3-
methylimidazolium acetate ([Ci2MIm][CHsCOO]). Moreover, the MD demonstrated
that electrostatic interactions are the main forces responsible for the ability of the ILs to
stabilize the peptide.

Regarding the application of ILs and DESs in pharmaceutical formulations for
improved delivery, cholinium-based ILs and DESs have been successfully applied by
multiple groups for transdermal and oral administration of insulin. For instance, high
concentrations (above 1 M to neat) of cholinium geranate ILs and DESs [i.e., IL
[Ch][CsH1sCOO]; DESs cholinium geranate 1:2 ([Ch][CoHi1sCOO]-[CsHisCOOH]) and
cholinium geranate 1:4 (JCh][CoHisCOOJ-[CsH1sCOOH]3)] improved the transdermal
permeation of insulin in three different studies (Banerjee et al., 2018; Jorge et al., 2020;
Tanner et al., 2018). Moreover, [Ch][CoHi1sCOO] also increased the oral intake and
paracellular transportation from 0.04 to 3.7 M (neat IL) in two other works (Banerjee et

al., 2018; Peng et al., 2020). Another advantage of cholinium geranate ILs and DESs is
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their overall biocompatibility, which makes them remarkable candidates for the
development of biopharmaceutical delivery systems (Riaz et al., 2022).

For insulin, both ILs and DESs presented remarkable applications to improve its
delivery by enhancing its transdermal permeation. However, the data is still limited
regarding the impact of DESs on the stability of this biopharmaceutical. Hence, we
suggest following studies on the topic also account for the effect of DESs on the
stability of insulin, considering specific ILs improved while others impaired the stability
of this peptide.

Considering the extensive number of studies on the effect of ILs on insulin, we
evaluated the entries in Tables 2 and 3 to determine the amount of IL solutions that
increased or maintained the stability of insulin according to the stability type, IL class,
and concentration range. The results as percentages of the total for each variable are
presented in Figure 5. This method was chosen to try to establish trends regarding the
effect of different conditions on insulin stability. It should be noted that this analysis
does not try to be a definitive answer regarding the effects of ILs and DESs on insulin,

but it aims to find tendencies and knowledge gaps in this topic and be a guide for future

research.
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Figure 5. A) Percentage of IL and DES solutions that maintained or increased the different types of
stability of insulin (structural, thermal, activity, and aggregation). For aggregation, improvement of
stability represents ILs that decrease protein aggregation. B) Percentage of IL and DES solutions that
maintained or increased the stability of insulin according to their class. C) Percentage of IL and DES
solutions that maintained or increased the stability of insulin according to their concentration (< 1 or > 1
M). n = total number of samples for each condition.

As can be seen in Figure 5, most IL and DES solutions had a positive effect on
insulin stability (69 %, n = 64, with n representing the number of samples for each
condition evaluated). Specifically, half the IL and DES solutions improved the
structural stability of insulin (n = 22), 68 % increased or maintained its thermal stability
(n = 28), and 100 % decreased its aggregation (n = 10). Although 100 % also

maintained or improved insulin activity, the number of samples is still too low for a
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conclusion (n = 4). Hence, we suggest that future studies also include the effect of ILs
on the biological activity of insulin. Regarding the effect of different classes,
ammonium IL had the most positive effect on insulin stability (100 %, n = 28), followed
by imidazolium (61 %, n = 20), and cholinium-based ILs and DESs (44 %, n = 16).
However, it should be noted that cholinium ILs and DESs also had a functional effect
on insulin oral and transdermal delivery, sustained release, activity, and long-term
stabilization, demonstrating its potential for application. As for the concentration range,
higher concentrations of ILs and DESs were more compatible with insulin than lower
(100 % and n = 19, 56 % and n = 45, respectively).

Therefore, many biocompatible IL and DES solutions can be applied to enhance
the stability, activity, and delivery of insulin. The development of more stable insulin
formulations with the possibility of oral and transdermal delivery can improve

prognosis and patient adherence to diabetes treatments.
5.1.4. Ovalbumin epitope (OVA)

OVA is a glycopeptide and the major protein constituent from chicken egg whites.
Furthermore, OVA is a small (1 kDa) peptide formed by p-sheets and p-turns (Figure
3.D) (Tahara et al., 2020). Because it is mildly immunogenic, OVA is used as an
antigen in vaccines to improve immunogenic response. However, OVA and most other
antigens used as adjuvants in vaccines have low solubility in oil-based formulations for
transdermal delivery (Tahara et al., 2020). Considering it is possible to design
amphipathic ILs, they can be a suitable media to solubilize and improve the skin
permeation of OVA.

To increase the solubility and skin penetration of OVA, Tahara et al. (Tahara et
al., 2020) applied cholinium fatty acid-based ILs as additives from 0.2 to 0.7 M. The IL
cholinium cis-9-octadecenoate ([Ch][Cis:1]) and cholinium dodecanoate (JCh][Ci2:0]) at
20 wt% (0.5 and 0.7 M, respectively) enhanced the skin penetration of OVA, while
[Ch][Cis:1] also improved the solubility and activity (suppression of tumor growth in
vivo) of OVA at 0.2 M. [Ch][Cis:1] increased 28-fold the delivery of OVA when
compared with the control using an aqueous vehicle. Furthermore, [Ch][Cis:1] was
found to be biocompatible with dendritic cells and to not cause skin irritation. Thus,
cholinium fatty-acid ILs can be used for the development of novel transdermal drug
delivery systems due to their biocompatibility with cells and skin and their ability to

help in the dissolution and skin penetration of hydrophilic biopharmaceuticals.
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5.1.5. Immunoglobulin G1 (IgG1)

IgG1 is the most abundant immunoglobulin in humans and is one of the main
antibodies for mediating the humoral response against infections. As presented in
Figure 3.E, IgG1 is a large globular tetrameric protein (around 140 kDa) with two
heavy chains and two light chains (Harris et al., 1998). The identical heavy chains
connect at the base of the protein structure forming a Y shape (Fc region, conserved
portion). The top portion of the Y is the Fab region, which binds to antigens and is
highly variable. In the medical field, 1gG1 is the main representative of monoclonal
antibodies, the largest class of biopharmaceuticals (Angsantikul et al., 2021). They are
used to treat several illnesses, such as cancers, infections, inflammations, and
autoimmune diseases. However, because IgG1 is a large and complex protein, it is
prone to unfolding and aggregation, losing its affinity towards its specific antigens and
in consequence, its function (Manning et al.,, 2010). Moreover, antibodies are not
resistant or have poor absorption in oral administration (Angsantikul et al., 2021). Thus,
the development of formulations to enhance the stability and delivery of
immunoglobulins can improve and expand their application in medicine.

Researchers have applied cholinium ILs and DESs to enhance the thermal stability
of 19gG1. For example, Dhiman et al. used low concentrations of cholinium acetate
([Ch][CH5COQ]) to increase the Tm of IgG1 from human serum (Dhiman et al., 2022).
In a follow-up study, the group saw that low to high concentrations (around 0.2 to 1.5
M) of cholinium DESs [i.e., choline chloride and carbamide ([Ch]CI-[CO(NH2)]),
choline chloride and glycerol ([Ch]CI-[CsHs(OH)s]), choline chloride and ethylene
glycol ([Ch]CI-[(CH20H).])] also have a positive effect on the thermal stability of this
protein (Dhiman et al., 2023). Therefore, cholinium ILs and DESs are suitable
compounds to decrease the thermal unfolding of antibodies.

There are also several studies on the effects of ILs and DESs on the structural
stability of 1gG1. In addition to evaluating the effect of cholinium ILs on IgGl Tm,
Dhiman et al. showed that 0.0005 to 0.0025 M of [Ch][CH3:COOQ], cholinium citrate
(i.e., citrate also known as 2-hydroxypropane-1,2,3-tricarboxylate)
([Ch][CsH705COO0]), and [Ch]H2POs4 and around 0.2 to 0.8 M [Ch]CI-[CO(NH2)-],
[Ch]CI-[C5Hs(OH)s], and [Ch]CI-[(CH20H):] preserved the native structure of this
antibody (Dhiman et al., 2023, 2022). In a similar approach, Mondal et al. (Mondal et
al., 2016) and Angsantikul et al. demonstrated that high concentrations of cholinium
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ILs and DESs can also maintain the structural integrity of 1gG1 (Angsantikul et al.,
2021). Specifically, Mondal et al. used around 0.9 to 1.4 M of cholinium
hydroxyacetate ([Ch][HOCH.COO]) (i.e., also called cholinium glycolate) and
[Ch][CsH,04COO] with IgG from rabbit serum, (Mondal et al., 2016) while
Angsantikul et al. applied around 1.8 to 2.8 M of [Ch][HOCH2COO], cholinium
hydroxyacetic acid 2:1 ([Ch][HOCH2COO]-[Ch]), and cholinium hydroxyacetic acid
1:2 ([Ch][HOCH2COO]-[HOCH2COOH]) to maintain the structure of antihuman TNF-
a mouse IgGl (Angsantikul et al., 2021). With similar results, Rawat and Bohidar
(Rawat and Bohidar, 2015) showed that dilution solutions (0.04 M) of the imidazolium
ILs 1-ethyl-3-methylimidazolium chloride ([C2MIm]Cl), [CsMIm]CI, 1-hexyl-3-
methylimidazolium chloride ([CsMIm]CI), and 1-octyl-3-methylimidazolium chloride
([CsMIm]CI) can increase the structural stability of human IgG1. For Ferreira et al.
(Ferreira et al., 2016), low concentrations (around 0.1 to 0.3 M) of imidazolium and
ammonium ILs also maintain the structure of 1gG1 from rabbit serum. The tested ILs
included 1-butyl-3-methylimidazolium tosylate ([CaMIm][CH3BzS0:s]),
[CaMIm][N(CN).], [CsMIm][CHsCOO], 1-ethyl-3-methylimidazolium  bromide
([C2MIm]Br), 1-butyl-3-methylimidazolium bromide ([CaMIm]Br), [CaMIm]CI,
[N1,1,1,1]Br, [N2,2,2,2]Br, and [Ns,s,3,3]Br. However, high concentrations (around 1.1 to
2.5 M) of certain cholinium ILs and even dilute solutions (0.1 to 0.2 M) of bulkier
phosphonium and ammonium ILs caused partial unfolding of the antibodies. The dilute
IL solutions that decrease the structural stability of 1gG1 were [Ch]CI-[CO(NH.)-],
[Ch]CI-[CsHs(OH)s], [Ch]CI-[(CH20H):] (Dhiman et al., 2023), cholinium indole-3-
acetate ([Ch][CsHsNCOO]), cholinium 2-oxopropanoate ([Ch][CHs:COCOO]) (Mondal
et al., 2016), tetrabutylphosphonium bromide ([Pa4,4,4,4]Br), and tetrabutylammonium
bromide ([Na,4,4,4]Br) (Ferreira et al., 2016). Overall, dilute solutions of ILs and DESs
are better at improving or maintaining the native structure of IgG1 than concentrated
solutions or low concentrations of bulkier ILs and DESs.

Regarding the effect of ILs and DESs on the activity of antibodies, there is only
one study on this topic. Angsantikul et al. (Angsantikul et al., 2021) observed that
around 0.7 to 3.9 M of [Ch][HOCH2COO] and [Ch][HOCH2COO]-[Ch] improved the
antigen binding capacity of antihuman TNF-a mouse 1gG1, while around 0.8 to 3.5 M
of [Ch][HOCH2COO]-[HOCH2COOH] impaired it. As there is still only one study on
the impact of ILs and DESs on 1gG1 activity, we recommend other studies to address
this variable.
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The ILs and DESs can also affect the long-term storage and delivery of
antibodies. For example, Dhiman et al. (Dhiman et al., 2023) observed that 1.5 M of
[Ch]CI-[CO(NH2)2] can preserve IgGl for 20 days in solution, while there is
aggregation and partial unfolding in phosphate buffer for the same time. In another
approach, Angsantikul et al. (Angsantikul et al., 2021) were able to improve the
delivery of antihuman TNF-o mouse IgG1, a monoclonal antibody for the treatment of
gastrointestinal infections and inflammatory bowel disease, using cholinium DESs. The
researchers enhanced the paracellular transportation of the antibody with solutions from
0.03 to 0.08 M of [Ch][HOCH2COO]-[Ch] and enhanced IgG1l delivery into the
intestinal mucosa and systemic circulation with 1.4 M [Ch][HOCH2COO]-[Ch]
solution. Furthermore, [Ch][HOCH.COO]-[Ch] is also biocompatible with Caco-2
Cells and rats, causing no damage to their gastrointestinal tissue and normal liver and
kidney functions. Thus, cholinium DES solutions are suitable and biocompatible
vehicles for the long-term storage and improved delivery of 1gG1.

As previously presented for insulin, Figure 6 shows the percentage of IL and
DES solutions that increased or maintained the stability of 1gG1 insulin according to the

stability type, IL class, and concentration range.
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Figure 6. A) Percentage of IL and DES solutions that maintained or increased the different types of
stability (structural, thermal, activity, and aggregation) of 1IgG1. For aggregation, improvement of stability
represents ILs that decrease protein aggregation. B) Percentage of IL and DES solutions that maintained
or increased the stability of IgG1 according to their class. C) Percentage of IL and DEs solutions that
maintained or increased the stability of IgG1 according to their concentration (<1 or > 1 M). n = total
number of samples for each condition.

In Figure 6.A, most IL and DES solutions improved the stability of IgG1 (73 %, n
= 74), with 81 % improving or preserving 1gG1 structural (n = 32) and 100 % its
thermal stability (n = 12), 55 % reducing its aggregation (n = 22), and 50 % enhancing
or maintaining its activity (n = 8). As for insulin, only one study with 8 solutions
included the effect of ILs and DESs on the biological activity of the protein. Thus, we

suggest more studies include this parameter in their research design, considering the
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maintenance of the activity of the biopharmaceutical is vital to allow its medical
application.

Regarding the different classes in Figure 6.B, ammonium-, cholinium- and
imidazolium-based IL and DESs solutions had a positive effect on 1gG1, with 75 % (n =
4), 69 % (n =54), and 100 % (n = 14) preserving its stability, respectively. Furthermore,
it should be noted that again, cholinium ILs and DESs also could improve the long-term
preservation and oral delivery of the biopharmaceutical, showing potential outside of
only enhancing protein stability.

As for the concentration range in Figure 6.C, dilute solutions (82 %, n = 51) were
better at preserving 1gG1 than concentrated ILs (52 %, n = 23). Interestingly, this trend
is the opposite of what was observed for insulin, showing the nature of the protein will
change the tendencies and types of interactions between proteins and ILs and DESs.

As discussed, cholinium-based ILs and DESs have been investigated for their
potential to enhance the stability and delivery of 1gGl. Both classes were able to
increase the thermal stability of 1gG1. However, their effect on the structural integrity of
the protein differed based on concentration and the specific solvent. Generally, dilute
solutions of both ILs and DESs are more successful at maintaining the native structure
of 1gG1 than concentrated solutions. Nonetheless, certain concentrated cholinium ILs
and even some dilute solutions of bulkier ILs have caused partial unfolding of the
antibodies. On the delivery front, cholinium DESs have showcased a distinct advantage,
demonstrating their ability to not only improve the long-term storage of 1gG1 but also
enhance its delivery into the intestinal mucosa and systemic circulation. This suggests
that while both ILs and DESs can aid in the stabilization of 1gG1, cholinium-based
DESs might offer superior advantages for antibody delivery applications.

In conclusion, ILs and DESs can be applied to improve the stability, activity, long-
term preservation, and oral delivery of antibodies. These novel formulations can
potentially help in expanding and increasing access to antibodies for the treatment of

life-threatening diseases such as cancers, infections, and auto-immune disorders.
5.1.6. L-Asparaginase (L-ASNase)

L-ASNase is an enzyme used for the treatment of acute lymphoblastic leukemia
and other types of cancer (Stecher et al., 1999) and in the food industry as an acrylamide
mitigation agent (Bento et al., 2022). There are multiple L-ASNase types, with types |
and Il being more applied in biotechnology. Type Il is a bacterial periplasmic or
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membrane-associated enzyme with a high affinity for L-asparagine and low activity
towards L-glutamine, which is ideal for applications as a pharmaceutical (Castro et al.,
2021). Type | still has an affinity towards L-asparagine, but its hydrolysis of L-
glutamine limits its application to the food industry. The L-ASNase structure is
tetrameric with two connected o/f3 domains (i.e., N-terminal and C-terminal) for each of
its four subunits, as shown in Figure 3.C. The N-terminal domain presents eight-
stranded mixed B-sheets with four a-helices, and the C-terminal of four-stranded
parallel B-sheets with four a-helices (Swain et al., 1993). The anti-leukemia property of
L-ASNase is based on the hydrolysis of L-asparagine and the depletion of this amino
acid necessary for the survival of cancer cells (Van Trimpont et al., 2022). However,
different sources and environments can alter the catalytic activity of L-ANSase,
improve or impair its pharmaceutical use, and reduce or increase its adverse effects.

Regarding its stability, Elspar® (L-ASNase biopharmaceutical from Escherichia
coli) can be maintained for up to 7 days in solution in the fridge (Stecher et al., 1999),
but its activity decreases substantially after a few hours at 50 °C (Magri et al., 2019). L-
ASNase from other sources can vary in properties and stability, hence, it is necessary to
take this information into account when comparing the enzyme variants (Bento et al.,
2022). Furthermore, L-ASNase is usually obtained from microorganisms, which
generate many contaminants that can cause unwanted clinical effects, such as
hyperglycemia and hepatotoxicity (Li et al., 2019). The purification of L-ASNase to
medical grade levels is complex and costly, raising the price of this biopharmaceutical
and limiting its access (Dos Santos et al., 2018). Thus, the development of technologies
to enhance L-ASNase stability, activity, and extraction can improve its clinical use in
cancer treatment.

ILs can be used as additives to improve the hydrolysis of L-asparagine by L-
ASNase, as observed in a study by Magri et al. that worked with L-ASNase EC 3.5.1.1
produced by E. coli (Magri et al., 2019). The ILs [Ch][CHsCOO], cholinium propanoate
([Ch][C:H5COO]), cholinium butanoate ([Ch][CsH-COOQO]) improved asparagine
hydrolysis from 0.001 to 0.050 mol IL/mol total and cholinium hexanoate
([Ch][CsH1COQO]) from 0.001 to 0.010 mol IL./mol total at room temperature. However,
higher concentrations of [Ch][CsHinCOO] (0.025 to 0.050 mol IL/mol total) or the
increase of temperature to 50 °C impaired L-ASNase catalysis for all ILs when

compared to the buffer.
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The recovery and preservation of biopharmaceuticals during their upstream
processing is also a topic of relevance for the pharmaceutical industry. With this in
mind, Li et al. (Li et al., 2019) applied the DES poly(vinyl pyrrolidone) and
propanedioic acid 1:1 ([(CsHsNO)n]-[CH2(COOH):]) to adsorb L-ASNase from E. coli
extract. The addition of 0.1 M of [(CéHasNO)n]-[CH2(COOH):] to the bacterial extract
facilitates the separation of the enzyme from their complex medium. Even though there
was a slight alteration in the protein structure, the catalytic activity of the protein was
preserved.

Considering the goals of application of the ILs and DESs with L-ASNase were
very distinct (i.e., ILs for its stabilization and activity enhancement and DES for its
recovery), it is not possible to do a direct comparison of the impacts of each class on
this enzyme.

As seen in this subsection, ILs and DESs can be applied to enhance the catalysis
and promote the recovery of L-ASNase from a complex medium. The improvement of
the activity and extraction of this enzyme can allow the reduction of costs and side

effects of leukemia treatments.
5.2. Nucleic acid biopharmaceuticals

Nucleic acids such as small interfering RNA (siRNA) and oligonucleotides can be
applied as biopharmaceuticals to treat different conditions, such as autoimmune and
skin diseases. The siRNA are double-stranded RNA used to silence genes by interfering
with their expression (Chakraborty et al., 2017). They have been recently applied as
biopharmaceuticals to treat several illnesses, particularly cancer, viral infections, and
immune diseases. However, nucleic acids have very poor stability and problems with
their delivery, which hinders their applications in medicine (Mandal et al., 2020). In
addition to siRNA, oligonucleotides can also be applied as biopharmaceuticals (Handa
et al., 2019). However, they present the same drawbacks as siRNA due to their low
stability and difficulty in drug delivery. Considering the relevance of nucleic acid
biopharmaceuticals for advanced therapies and the current limitations to their
application, this section will explore the use and potential of ILs and DESs to stabilize
and improve the delivery of this class of biotechnological medicines, as previously
displayed in Tables 2 and 3.

To improve the stability and administration of siRNA, different groups have

applied ILs and DESs in siRNA formulations. For example, Mazid et al. (Mazid et al.,
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2014) used high concentrations (1.0 to 2.5 M) of [Ch]H2POa to stabilize the siRNA
against CD45, employed in the treatment of autoimmune diseases. This IL enhanced the
structural and thermal stability of the siRNA. Furthermore, it improved the long-term
storage of the siRNA, increasing its preservation from 30 min to 3 months while
maintaining its ability to induce gene knockdown. Also studying the effect of cholinium
ILs and DESs in siRNA, Mandal et al. (Mandal et al., 2020) employed high
concentrations (1.0 to 25 M) of the ILs [Ch][CsHisCOO] and cholinium
phenylpropanoate ([Ch][PhC:HsCOO]), and other cholinium derivates (i.e., 3-
methylbutanoic acid, choline and dimethylacrylic acid, and choline and biphenyl-3-
carboxylic acid) to enhance the skin penetration of the psoriasis biopharmaceutical
SiRNA against NFKBIZ. [Ch][PhC:HsCOO] preserved the structural integrity and
enhanced the skin penetration of the SiRNA. On the other hand, [Ch][CoHisCOO]
improved skin penetration of the siRNA but slightly decreased its structural stability.
With this in mind, the researchers mixed [Ch][CoHisCOOQO] and [Ch][PhC:HsCOO] 1:1
(v/v) and studied the effect of the solution on siRNA. The solution of [Ch][CsHisCOO]
and [Ch][PhC>HsCOO] (1 M each) improved the structural stability, activity (i.e., down-
regulation of psoriasis-related signals), and skin penetration of the siRNA. Moreover,
[Ch][CoHi5sCOO] and [Ch][PhC:HsCOO] 1:1 solution was also biocompatible with
mice. Thus, ILs, particularly [Ch][PhC:HsCOO], showed specific capabilities in
preserving the structural integrity and enhancing skin penetration of sSiRNA.

With another approach to improve the topical delivery of siRNA with ILs,
Zakrewsky and Mitragotri (Zakrewsky and Mitragotri, 2016) synthesized SiRNA
against GAPDH and MMP12 robed with ILs moieties for the treatment of skin diseases.
The siRNA robed with ammonium-ILs [i.e., benzyldimethyloctylammonium robed-
SIRNA1 ([N11,828]-SIRNAL), benzyldimethyltetradecylammonium robed-siRNAL
([N1,1,82).14]-SIRNAL), benzyldimethylstearylammonium robed-siRNAL1 ([N11,2)181-
siknat)] were able to increase skin penetration and cell internalization of the
biopharmaceutical in concentrations as low as 0.00005 M. The efficacy and safety of
the siRNA-robed ILs were also confirmed with tests in skin tissue.

To counter this issue related to the low stability and difficulty in drug delivery of
oligonucleotides, MEDRX co. developed the lonic Liquid Transdermal System (ILTS®),
a lidocainum etodolac IL designed to solubilize and enhance the delivery of
pharmaceuticals (Kubota et al., 2016). This system was successfully applied to increase
the skin penetration of STAT6 decoy oligonucleotide used for the treatment of skin
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inflammation (Handa et al., 2019). As a result, the formulation with ILTS and the
oligonucleotide led to a better therapeutical outcome in the treatment of skin
inflammation in mice when compared to the conventional protocol using Vaseline
(Handa et al., 2019).

As can be seen, ILs and DESs are promising alternatives to improve the stability
and drug delivery of nucleic acid biopharmaceuticals. Considering the current
expansion of nucleic acid therapeutics, the demand for formulations to stabilize and

functionalize this class of biopharmaceuticals will escalate in the next years.

6. Perspectives for the use of ILs and DESs for the stabilization of

biopharmaceuticals

In this section, we will present the tendencies of the effects of ILs and DESs on the
stability of biopharmaceuticals in a pragmatic manner, as previously shown for insulin
and 1gG1. As stated for insulin, this discussion aims to find patterns and knowledge
gaps in the topic to guide further research and not to be a definitive conclusion on the
effect of ILs and DESs on nucleic acids and proteins. Furthermore, we will give our
insights regarding the opportunities in the area and the perspectives regarding the
expansion of applications of ILs and DESs in the medical field.

With this goal, Figure 7 shows the percentage of IL and DES solutions that
increased or maintained the stability of biopharmaceuticals according to the stability
type (Figure 7.B), class (Figure 7.C), and concentration range (Figure 7.E). Moreover,
Figure 7.A has the number of original ILs and DESs per class and Figure 7.E has the
number of cholinium ILs and DESs that improved the delivery of biopharmaceuticals

considering their concentration ranges.
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Figure 7. A) Number of original ILs and DESs for each class. B) Percentage of IL and DES solutions that
maintained or increased the different types of stability of biopharmaceuticals (structural, thermal, activity,
and aggregation). For aggregation, improvement of stability represents ILs and DESs that decrease
protein aggregation. C) Percentage of solutions that maintained or increased the stability of
biopharmaceuticals according to their IL and DES class. D) Percentage of IL and DES solutions that
maintained or increased the stability of biopharmaceuticals according to their concentration (<1 or > 1
M). E) Number of cholinium-based ILs and DESs that improved the delivery of biopharmaceuticals at
different concentrations. n = total number of samples for each condition.

Figure 7.A show there were 56 original ILs or DESs in studies of their effect on
biopharmaceuticals. The most prevalent class was of cholinium ILs and DESs (26
entries), followed by imidazolium- (18) and ammonium-based (6) ILs. This information
contrasts with a previous study of the group, where the most used class for non-
enzymatic protein stabilization was imidazolium ILs (55 % of entries) (Verissimo et al.,
2022). However, considering that cholinium ILs and DESs are regarded as more
biocompatible than imidazolium ILs, it is not surprising that research designed for
pharmaceutical applications opt for a class with lower toxicity (Kumar et al., 2017; Riaz
et al., 2022). Furthermore, as presented in Figure 7.E, cholinium ILs and DESs are also
suitable vehicles to improve the delivery of biopharmaceuticals (n = 14), adding another
reason to justify their selection.

Regarding the overall effect of ILs and DESs on biopharmaceuticals stability,
around 70 % of the solutions increased or maintained the structural (n = 63) and thermal
(n = 44) stability and aggregation rate (n = 31) and activity (n = 23) of proteins,
peptides, and nucleic acid biologics (Figure 7.B), with only small differences between
each type. Furthermore, there were also only small differences between the use of low
(<1 M, n=114) or high (= 1 M, n = 47) concentrations of ILs and DESs (Figure 7.D),
with both preserving around 70 % of the stability of biopharmaceuticals. This is an
interesting result, considering the percentages fluctuate when considering individual
macromolecules, as observed in Tables 2 and 3 and the previous work of the group
(Verissimo et al., 2022). Therefore, larger amounts of data comprising different classes
of macromolecules and ILs and DESs must be evaluated when searching for trends in
their interactions.

As for the IL and DES classes in Figure 7.C, ammonium ILs were the most
compatible with biopharmaceuticals, with 96 % (n = 24) preserving their stability. They
were followed by imidazolium ILs with 74 % (n = 42) e cholinium ILs and DESs with
69 % (n = 89).
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The results are still scarce to allow a proper comparison between ILs and DESs on
their particular effect on the stability of biopharmaceuticals, given that DESs were only
applied in studies with insulin, 1gG1, and L-ASNase. Furthermore, the research with
DESs involving insulin and L-ASNase primarily aimed at enhancing the delivery and
recovery of the biomolecules, respectively. Therefore, there are only reports on the
effect of DESs on the stability of IgGl. For insulin, both ILs and DESs have
demonstrated the potential to improve its delivery through enhanced transdermal
permeation. Cholinium-based ILs and DESs, when applied to 1gG1, showed aptitude in
boosting both its stability and delivery. Both ILs and DESs increased the thermal
stability of 1gG1, but their impact on the structural integrity of the protein varied based
on concentration range and specific solvent. Interestingly, while both ILs and DESs are
useful for stabilizing 1gG1, cholinium-based DESs seem particularly promising for
antibody delivery applications, especially for enhancing the long-term storage of IgG1
and its delivery into the intestinal mucosa and systemic circulation. In conclusion, while
both ILs and DESs have showcased potential in the stabilization and delivery of
biopharmaceuticals, their specific impacts vary considerably based on the biomolecule

in question and the specific application.

The evolving landscape of ILs and DESs in biopharmaceutical applications
highlights their significant potential for enhancing the stability and delivery of various
biomolecules. While the current data suggest a generally positive impact on the
structure and activity of biopharmaceuticals, the variability in effects based on the type
of IL or DES, concentration, and specific biomolecule underscores the need for further
research. The cholinium-based ILs and DESs are particularly promising for future
pharmaceutical applications, considering their biocompatibility and enhanced delivery

capabilities.
7. Conclusions

Medical professionals are expanding the use of biopharmaceuticals due to their
targeted therapeutic action, reducing adverse effects and improving positive clinical
outcomes of complex treatments such as cancers and auto-immune diseases. However,
stabilizing biopharmaceuticals and enhancing their delivery are essential steps to allow
their sustainable production and application, which are required to fulfill their market
demand and clinical use. This issue demands continuous R&D efforts to find disruptive

and sustainable solutions for current drawbacks in formulating biopharmaceuticals.
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In this sense, ILs and DESs offer a diversity of physical-chemical properties and
effects that researchers could exploit to improve the stability and delivery of
biopharmaceuticals, such as their tunable and "designer"” (Freire, 2016; Kunz and Hackl,
2016). As presented in this review, most ILs and DESs conditions evaluated (around 70
%) preserved or increased the stability or activity of the biopharmaceuticals, enhanced
their solubility, or improved their delivery. However, although there are classes with
low toxicity, such as ammonium and cholinium ILs and DESs, the complete
environmental footprint of these compounds still needs further investigation to
guarantee their safe and sustainable use. Moreover, altering the biomolecule,
concentration range, and environmental conditions can impact their effect on the
biopharmaceuticals and their safety, which could complicate their commercial use.
There is also the issue regarding their current low availability, high prices, and lack of
approved ILs and DESs for human use by regulatory agencies, which can limit their
large-scale applications (dos Santos et al., 2018; Hough and Rogers, 2007; Wakayama
et al., 2019).

Hence, we believe researchers should further explore biocompatible classes such
as cholinium and ammonium-based DESs, which present high preservation of the
structure and activity of the biomolecules while also allowing formulations with
improved solubilization and delivery of the biopharmaceuticals. Moreover, scientists
should work towards increasing the numbers and availability of ILs and DESs and
investigate the interactions between biopharmaceuticals and these green solvents to
provide insights regarding the transposition of applications for different biomolecules.
These advances can allow the development of predictive models and facilitate the

design of novel biopharmaceutical formulations.
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