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Natural multi-osmolyte cocktails form deep
eutectic systems of unprecedented complexity:
discovery, affordances and perspectives

Marina Cvjetko Bubalo, 2 *@ Thanos Andreou, 2 ** Manuela Panic¢,? Mia Radovi¢, 22
Kristina Radosevi¢® and Ivana Radoj¢i¢ Redovnikovi¢?

While exaptation is most impressive when links between very dissimilar contexts are established, it can be
even more pervasive when the previously unestablished connection seems surprisingly obvious in retro-
spect. We herein established such a connection between two major research fields previously advancing
in parallel: osmolytes and deep eutectic solvents. Osmolytes are small molecules produced in cells as a
response to external stimuli. Based on their individual interaction with macromolecules, single osmolytes
are currently categorized as “kosmotropes” (stabilizing proteins) and “chaotropes” (destabilizing them).
However, with two or more osmolytes, synergistic effects were also observed on top of cumulative ones.
All current attempts to explain these synergistic effects have been studying osmolyte—osmolyte inter-
actions in aqueous solutions, but none has been generally applicable so far, indicating that a new model
“beyond kosmotropes and chaotropes” is needed to understand the function of osmolytes. We have gath-
ered enough evidence to formulate a hypothesis of such a new model. First, inspired by patterns fre-
quently observed in nature, five major stabilizing osmolytes (kosmotropes) prominent across kingdoms
(trimethylamine N-oxide, sarcosine, glycerophosphorylcholine, dimethylsulfoniopropionate and ectoine)
were for the first time employed to form novel two- and three-component DESs with all known natural
perturbants/chaotropes (urea, guanidine hydrochloride and arginine). Going beyond the current three-
component barrier, we mimicked the exact composition of multi-osmolyte cocktails widely observed in
nature and we here report the rapid and consistent formation of deep eutectic systems of unprecedented
complexity and the tunable potential of these new systems to stabilize a template protein. Based on these
observations, we postulate that, in vivo, osmolytes form deep eutectic systems featuring new, emergent
and synergistic properties which govern their interaction with macromolecules. We believe that such bio-
inspired, osmolyte-based DESs can be a remarkable new tool to study complex natural systems in higher
granularity and to engineer their microenvironment towards efficient and sustainable processes at scale.

isms and plants, to living assemblages functioning in complex
microenvironments, such as the mammal kidney. All these

Observing nature has been one of the most successful ways to
find inspiration. Humans have long used this inspiration,
among other ends, to find new ways to solve complex problems
through engineering, chemistry and biotechnology. Looking at
the way living creatures cope with changes in the environment
and understanding the functions observed in organisms and
processes in nature can help us shape and create new pro-
ducts, processes, and systems." We can learn from biological
systems frequently exposed to harsh environments, from extre-
mophilic bacteria, marine organisms, sporulating microorgan-
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living systems share a similar mechanism of coping with the
stressors of a harsh environment: the accumulation of small
molecules commonly called osmolytes (Fig. 1). These versatile
organic compounds have been attributed with several biologi-
cal functions, among which the most pronounced one is the
increase in the thermodynamic stability of macromolecules
without compromising their native functionality. For this
reason, osmolyte-induced stability of biomacromolecules has
attracted considerable attention in various industrial fields.
Interestingly, the exact mechanisms and interactions involved
in this stabilizing effect have been a subject of debate and still
remain largely unresolved.”

Meanwhile, neoteric systems that effectively mimic the
natural environment for various biomolecules, the so-called
Deep Eutectic Solvents (DESs), have been intensively studied

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Deep eutectic solvents and osmolytes: the two research fields that have been advancing in parallel. When DESs are considered as Complex
Adaptive Systems, it becomes apparent that “exhibiting properties beyond the sum of their parts” is the concept that ontologically defines them. In
parallel, the paradoxes observed when specific mixtures of osmolytes interact with proteins reveal that the effects of such mixtures are also beyond
cumulative, leading us to explore the hypothesis of a common “lowest level of coherence” between these two research fields.

as nontoxic and highly tunable solvents in food, agrochem-
icals, cosmetics, and pharmaceuticals production (Fig. 1).
Unlike conventional molecular solvents, a DES is a mixture of
two or more, usually solid compounds combined in a suitable
molar ratio to form a liquid at ambient temperature.* A par-
ticular subgroup of these systems, Natural DESs (NADESs),
only consist of compounds that occur in nature.’ In most
cases, these compounds are strikingly similar, if not identical,
to naturally occurring osmolytes, i.e. sugars and their deriva-
tives, polyols, amino acids, and quaternary ammonium
compounds.

Based on previous hypotheses that DES may be formed in vivo
and may be responsible for the solubilisation and storage of bio-
molecules,® in this paper we experimentally prove that, across
kingdoms and environments, context-based combinations of
osmolytes form multicomponent eutectic systems which help
maintain the native conformation and functionality of proteins
and other biomolecules under adverse conditions. These new
findings provide an excellent opportunity to engineer new, osmo-
lyte-based solvents and systems which are directly inspired by the
natural microenvironment of biomacromolecules and can there-
fore mimic it effectively.

Naturally occurring osmolytes

To ensure their survival, persistence and growth, various
organisms, such as animals, plants, and microorganisms,
must respond in a timely manner to a myriad of stressful con-
ditions and nutrient limitations they face in their natural
environments. In particular, the loss of internal water due to
drought, extreme temperatures or diseases that cause osmotic
imbalance, is a common threat because it results in high con-
centrations of salts and organic solutes.” To maintain osmotic

This journal is © The Royal Society of Chemistry 2023

balance with their environment and prevent perturbations that
can cause structural changes in cellular proteins, most organ-
isms use osmolytes, small, electrically neutral and nontoxic
organic molecules.>’

While molecules acting as osmolytes vary across kingdoms,
all known osmolytes can be grouped into a few main chemical
categories: (i) polyols and sugar polyols (e.g. glycerol, sorbitol,
xylitol) found in all kingdoms (ii) sugars and their derivatives
(e.g. glucose, sucrose, trehalose) accumulated mainly in plants,
insects, and polar fish; (iii) amino acids and their derivatives
(e.g. glycine, proline, ectoine, taurine) found mainly in prokar-
yotic cells and plants; (iv) methylamines (e.g. trimethylamine
N-oxide - TMAO, sarcosine, betaine) found mainly in marine
fishes and plants; (v) methylsulfonium compounds (e.g. di-
methylsulfoniopropionate-DMSP) found in marine organisms;
(vi) Y-conjugated compounds (e.g. ureas and guanidines) used
by mammals and marine life.”® The diversity of osmolytes,
their multiple biological functions and their nontoxicity over a
wide range of concentrations have led to their wide application
in biotechnology, agriculture, and medicine, primarily as
protein stabilizers and cell protectants (Table 1)."°

Apart from their chemical structure, osmolytes have been
categorized in two major groups, according to their impact on
macrobiomolecules, particularly proteins.'' Urea, guanidine
hydrochloride (guanidine HCI) and, although somewhat con-
troversial,'” arginine (Arg) are denaturing or perturbing osmo-
Iytes, commonly referred to as chaotropes, because they have
been observed to disrupt the structure and function of macro-
molecules. On the other hand, methylamines and methyl-
sulfonium compounds, carbohydrates, polyols, amino acids
and their derivatives are referred to as kosmotropes and com-
patible solutes because they push the equilibrium of protein
folding towards the native form in various stressful situations,
often counteracting the destabilizing effect of chaotropes.'?
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Although generally non-toxic and compatible with cytoplasmic
proteins over wide concentration ranges, many kosmotropes
may result harmful at high concentrations in the absence of a
chaotrope. For example, at high concentrations TMAO inhibits
some enzymes and enhances formation of non-functional
protein aggregates in vitro.">'*

Yancey et al."® have shown that adding urea (a chaotrope) or
glycine betaine (a kosmotrope) alone to the medium greatly
reduced mammalian renal cells growth, while adding both
types of osmolytes partly or fully restored normal growth. Also,
when high protein diets dictate changes in the concentration
of urea, the mammalian renal medulla appears to regulate one
of its methylamine osmolytes, glycerophosphorylcholine
(GPC), to maintain a constant GPC : urea concentration ratio.
In a totally different environment, the TMAO kosmotrope
content is reported to be high in deep sea organisms only
when there is an obvious chaotrope present, mostly notably
urea. Furthermore, cartilaginous fish and coelacanths accumu-
late high concentrations of methylamine compounds (mainly
TMAO, with lesser amounts of betaine and sarcosine) and
certain free amino acids (mainly e-alanine and taurine) in con-
centrations averaging 0.2 M, which is about half the concen-
tration of urea found in the same organism.'®

The presence of osmolytes in certain combinations and pro-
portions in nature is primarily related to the fact that, at
specific molar ratios, kosmotropes, such as methylamines and
amino acids, are able to counterbalance urea’s deleterious
effects on proteins and other macromolecules.'” Yancey et al.*®
were the first to conduct a series of in vitro experiments to
demonstrate that kosmotropes (TMAO, betaine, sarcosine,
f-alanine and taurine) are effective stabilizers of protein struc-
ture (i.e. bovine ribonuclease, rabbit and shark lactate dehy-
drogenases, and bovine glutamate dehydrogenase) and that
these compounds largely or completely offset the denaturing
effect of urea at a molar concentration ratio of 1: 2. Ahnad and
coworkers'” performed a series of studies to measure the
thermal denaturation equilibrium of a-lactalbumin in the pres-
ence of urea and methylamines (TMAO and sarcosine) and
found that at a molar ratio of 1:2 (methylamine: urea), the
denaturing effect of urea on the protein was perfectly compen-
sated by TMAO and sarcosine. In addition, Khan et al'®
observed that myo-inositol provides a perfect counteraction for
three proteins (RNase-A, lysozyme, and o-lactalbumin) at a
ratio of 1:2 myo-inositol to urea, whereas taurine regulates
perfect counteraction in a protein-specific manner: 1.5:2
(RNase-A), 1.2: 2 (lysozyme), and 1:2 (a-lactalbumin) taurine-
urea ratio. This study has also shown that the counteraction of
kosmotropes on urea is not limited to the 1:2 molar ratio but
depends on the protein structure and its origin.

Osmolyte-protein interaction models
and the over-stabilizing paradox

Over the past decade, many studies using both experimental
and theoretical approaches have attempted to elucidate the

This journal is © The Royal Society of Chemistry 2023
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molecular mechanism by which kosmotropes, especially
TMAO, stabilize proteins in the presence of the chaotrope
urea. The “indirect mechanism” states that osmolytes affect
the folding behavior of proteins by changing the structure of
the medium through interaction with the surrounding water
molecules and subsequently modulating (weakening or
strengthening) the water H-bond network and its thermo-
dynamic properties. In contrast, the “direct mechanism”
approach proposes that the osmolyte interacts directly with the
peptides or amino acid side chains of the protein backbone to
stabilize the native folding of the protein.’® So far, studies that
consider the effects of osmolyte combinations as cumulative
cannot adequately account for their complex interaction with
macromolecules. The culmination of this shortcoming is the
over-stabilizing paradox: it has been shown that a kosmotrope
(TMAO) stabilizes a protein more in the presence of a chao-
trope (urea) than alone.”®*' A similar trend to synergy has
been found with mixtures of other methylamines, i.e. betaine
and sarcosine, with urea.’** On these grounds, it has recently
been suggested that it is important to consider osmolyte-
protein interactions beyond the simple notions of individual
kosmotropes and chaotropes affecting the folding mechanism.

Rather, the effects of the combination of kosmotropes and
chaotropes on the folding equilibrium of proteins need to be
considered in a way that acknowledges not only cumulative
but also synergistic effects between the system
components.'®?> The above observations are consistent with
the concept of a complex adaptive system,** which exhibits
properties that extend beyond those of the sum of its parts.*®
These properties are often referred to as “emergent properties”
and have been pivotal to a major field of research during the
last two decades: the field of deep eutectic solvents.

Deep eutectic solvents: green solvents
for a myriad of applications

Eutectic is a term used to define a homogeneous mixture of
substances that melts at a single temperature which is lower
than the melting point of any of its constituents. These mix-
tures have been known for more than a century.”® However,
when Abbott et al?’ studied mixtures of quaternary
ammonium salts (e.g. choline chloride, m.p. 302 °C) and urea
(m.p. 133 °C) at a 1: 2 molar ratio in 2004, they observed a sub-
stantial decrease in the solid-liquid phase transition tempera-
ture compared to the melting point of the individual com-
ponents. The observed decrease was so substantially “deeper”
than the one expected for an ideal mixture that these compo-
sitions remained liquid even at room temperature. These
remarkable findings prompted Abbott’s group to claim a novel
class of such mixtures and to coin a suitable new term to
describe them: Deep Eutectic Solvents (DESs). As initially
suggested, such significant depression of the melting point is
attributed to the interaction between the mixture components
through intermolecular hydrogen bonds in a certain range of
component ratios. In practice, a DES is commonly prepared

Green Chem., 2023, 25, 3398-3417 | 3401
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with 100% atom economy by mixing two or more, usually solid
compounds, a hydrogen bond donor (HBD, e.g. amides,
polyols, sugars, organic acids) and an acceptor (HBA, e.g. qua-
ternary ammonium compounds choline chloride and betaine),
in a certain molar ratio, which upon heating form a liquid at
the operating temperature. While several studies on the nature
of the DES component interactions have appeared,*®*=° the
most recent ones focus on how these interactions define the
macroscopic properties of the resulting DES as a single, coher-
ent entity,*** thanks to, and not despite of, the “microscopic
heterogeneity” observed.*®> Along the same notion, recently
Martins et al.’>* proposed a more pragmatic definition of a DES
as “a mixture of two or more pure compounds for which the
eutectic point temperature is below that of an ideal liquid
mixture, presenting significant negative deviations from ideal-
ity”, significant enough so that “the mixture is liquid at the
operating temperature for a certain composition range”. Based
on these attributes, these neoteric solvents offer flexible physi-
cal properties such as low volatility, non-flammability, low tox-
icity, simple and solvent-free preparation from widely available
natural raw materials and are therefore considered an excellent
green alternative to conventional organic solvents and a prom-
ising tool for shaping numerous processes into being more
efficient and sustainable.” Additionally, the wide range of poss-
ible structural combinations encompassed by DES (estimated
to be approximately 10°), their sustainability, their unique phy-
siochemical characteristics, as well as the possibility of fine
tuning their solvent properties (e.g. pH value, polarity, hydro-
philicity/hydrophobicity, viscosity) for certain purposes, make
them ideal green candidates for (bio)chemical, -electro-
chemical, and material applications, as well as for the extrac-
tion of various compounds, both inorganic (i.e. metals and
CO,) and organic (i.e. plant metabolites, DNA, proteins).*®
These advantages have been reflected on the interest of the
academic community in these neoteric solvents, with more
than 7500 scientific papers published in the last 20 years.

Natural Deep Eutectic Solvents (NADESs), a subgroup of
DESs, were introduced and defined by Choi et al.*® as mixtures
exclusively composed of two or three compounds naturally
occurring in plants, often primary metabolites, such as non-
toxic quaternary ammonium salts, amines, sugars, alcohols,
polyols and organic acids. Precisely because of their natural
origin, these solvents are expected to provide a natural,
cytosol-like environment for various biomolecules, allowing
them to show properties and functionality profiles that
resemble the ones observed in their natural environment.
Namely, in anhydrous form or with water as an additional
component, these systems not only allow for excellent solubi-
lity of various biomolecules per se, but can also stabilise a wide
range of commercially important molecules of natural origin
(DNA, biologically active compounds, drugs, proteins, and
enzymes) by providing a network of hydrogen bonds that
favours stable structural conformations.®’

Given the above mentioned extractive and solubilising pro-
perties, together with their capability to stabilise diverse (bio)
molecules, DESs stand out as solvents with almost endless
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possibilities of applications. However, some key concerns on
DESs application at the industrial level are their relatively high
viscosity, possible corrosive activity, and in some cases, their
high price. Thus, the choice of a DES for a particular use
should be made carefully, having the production process and
the final product in mind. Besides that, as DESs have a very
low vapor pressure, isolation of the target compounds is con-
sidered to be one of the major challenges for their industrial
application. Cautiously chosen DES can be safe for direct use
in food, pharmaceutical, cosmetic and agrochemical products,
and may thus widen the options during end product
formulation.?®

Osmolytes and deep eutectic systems:
what happens when the two worlds
collide?

The molecules with strong H-bonding potential which have
been so far considered as raw materials for the preparation of
DES are mainly quaternary ammonium compounds, polyols,
sugars, organic acids, and amino acids. The majority of these
are in fact similar or identical to known natural osmolytes. For
example, choline chloride is the most commonly used methyl-
amine compound for the preparation of DESs. Structurally
similar and naturally occurring methylamines, such as TMAO,
betaine, GPC and sarcosine, are all particularly important
osmolytes that stabilize macromolecules by counteracting the
deleterious effects of perturbant osmolytes like urea.” Out of
these four natural methylamines, so far only betaine has been
considered as a HBA for DES preparation, along with a few
other osmolytes from other chemical classes, such as polyols
(e.g. glycerol) and sugar polyols (e.g. glucose, sucrose, xylose,
fructose, sorbitol, trehalose) and amino acids (e.g. proline,
lysine, arginine and histidine) (Table 2).

As a group working in the field of DESs preparation and
characterization, we were not only intrigued by the structural
similarity between osmolytes and common DES components,
but also by the fact that osmolytes are usually present in cells
and tissues in certain combinations and often in rather strict
proportions, and that these combinations and proportions are
often strikingly similar or identical to those used for the prepa-
ration of synthetic DESs. Based on these observations, we
decided to explore the pool of naturally occurring osmolytes
and the patterns of their natural distribution in order to form
novel, osmolyte-based DESs.

Eutectic systems based solely on naturally occurring osmo-
lytes have been reported, mostly consisting of simple sugars,
polyols, amino acids, and the methylamine betaine (Table 2).
In general, most of these systems were prepared aiming at
specific industrial applications, by combining known DES
components. Here, we explored various new combinations of
osmolytes, including TMAO, sarcosine, GPC, ectoine, proline,
DMSP, guanidine HCI, arginine, taurine, sorbitol, and treha-
lose, and discovered a variety of distribution patterns that

This journal is © The Royal Society of Chemistry 2023
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Components
Components Water content

DES 1 2 3 4 molar ratio (Wt%) Ref.
B:U Betaine Urea Water . 1:1:2 17 56
B:Gly Betaine Glycerol Water — 1:2:2 10 57
B:Sol Betaine Sorbitol Water — 1:1.2:6 25 58
B:Treh Betaine Trehalose Water — 4:1 Unk. 5
B: Xyl Betaine Xylose Water — 2:1:3 12 59
B:Glc Betaine Glucose — — 5:2 — 5
B:Man Betaine Mannose — — 5:2 Unk. 5
B:Lys Betaine Lysine Water — 1:1:27-180 65-93 39
B:His Betaine Histidine Water — 1:1:28-190 65-93 39
B:Arg Betaine Arginine Water — 1:1:30-200 65-93 39
B:Ar Betaine Arginine Water — 5:1:28 40 ¢
B:G Betaine Guanidine HCl =~ Water — 1:2:3 17 “
TMAO : U Trimethylamine N-oxide Urea Water — 1:1:3.5 33 “
TMAO : Gly Trimethylamine N-oxide Glycerol Water — 1:1:2 17 “
TMAO : Sol Trimethylamine N-oxide Sorbitol Water — 1:1:2 12 ¢
TMAO : Glc Trimethylamine N-oxide Glucose Water — 5:2:12 23 “
TMAO : Treh Trimethylamine N-oxide Trehalose Water — 4:1:8 18 “
TMAO : Xylol Trimethylamine N-oxide Xylitol Water — 1:1:4 24 “
TMAO: G Trimethylamine N-oxide Guanidine HCI Water — 1:1:2 18 ¢
TMAO : Arg” Trimethylamine N-oxide Arginine Water — 15:4:56 37 “
Sar:U Sarcosine Urea Water — 2:5:9 25 “
Sar: G Sarcosine Guanidine HCI Water — 2:5:11 23 “
Sar: Arg” Sarcosine Arginine Water — 3:2:19 36 ¢
Sar: Gly Sarcosine Glycerol Water — 1:2:4 20 “
GPC:U Glycerophosphorylcholine Urea Water — 1:2:1.5 7 “
GPC:G Glycerophosphorylcholine Guanidine HCI Water — 1:2:1 4 “
GPC: Arg” Glycerophosphorylcholine Arginine Water — 11:4:80 30 ¢
DMSP: U Dimethylsulfonopropionate HCI Urea Water — 1:2:2 11 “
DMSP: G Dimethylsulfonopropionate HCI1 Guanidine HCI Water — 1:1:3 17 “
DMSP : Arg Dimethylsulfonopropionate HCI Arginine Water — 5:4:45 37 “
DMSP: Gly Dimethylsulfonopropionate HCI Glycerol Water — 1:2:5 20 ¢
Glc: Fru Glucose Fructose Water — 1:1:8 30 60
Glc: Gly Glucose Glycerol — — 1:4 — 59
Glc: Treh Glucose Trehalose Water — 1:2:13 21 59
Glc: Gly:U Glucose Glycerol Urea — 2:1:1 — 61
Fru: Treh Fructose Trehalose Water — 1:2:13 20 59
Fru:Gly: U Fructose Glycerol Urea — 2:1:1 — 61
Gly : Sol Glycerol Sorbitol — — 2:1 — “
Gly: Treh Glycerol Trehalose — — 30:1 — 59
Gly:U Glycerol Urea — — 5:2 Unk. 62
Gly:G Glycerol Guanidine HCl — — 5:2 — 63
Gly: Arg Glycerol Arginine — — 4:1 — 64
Pro: Glc Proline Glucose — — 5:3 Unk. 5
Pro: Gly Proline Glycerol — — 1:2 — 65
Pro: Sol Proline Sorbitol — . 1:1 Unk. 5
Pro: Suc Proline Sucrose — — 2:1,3:1 Unk. 5
Pro:U Proline Urea — — 2:1 Unk. 66
Pro:G Proline Guanidine HCl =~ Water — 2:1:8 30 “
Pro: Arg Proline Arginine Water — 2:1:11 33 “
Pro: GA Proline Glutamic acid — — 2:1 Unk. 67
Ser: Gle Serine Glucose — — 5:4 Unk. 5
Car:U Carnitine Urea — — 2:3 — 68
Ect: U Ectoine Urea Water — 1:2:2 12 “
Ect: G Ectoine Guanidine HCI Water — 1:2:3 14 “
Ect: Arg Ectoine Arginine Water — 2:1:10 30 ¢
Ect:Gly Ectoine Glycerol Water 1:2:4.5 20 “
Sol: U Sorbitol Urea Water — 2:3:1 3 “
Sol: G Sorbitol Guanidine HCI ~ Water — 2:3:1 3 “
Sol:Gly: U Sorbitol Glycerol Urea — 1:1:2 — 61
Sol:Gly: G Sorbitol Glycerol Guanidine HCl  — 1:1:2 — “
Suc:U Sucrose Urea Water — 4:1:8 9 “
Suc: G Sucrose Guanidine HCI Water — 2:1:12 23 “
Suc: Arg Sucrose Arginine Water — 5:2:16 12 ¢
Treh : Glc: Gly Trehalose Glucose Glycerol — 1:1:5 — “
B:Sol:U Betaine Sorbitol Urea Water 1:1.2:1:7 25 58
B:Sol: G Betaine Sorbitol Guanidine HCI Water 1:1.2:1:7 23 “
B:Treh:Raf Betaine Trehalose Raffinose Water 9:1:1:35 25 5
B:Suc:Pro Betaine Sucrose Proline Water 5:2:2:21 20 59
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Components
Components Water content

DES 1 2 3 4 molar ratio (Wt%) Ref.
B:Gly: Suc Betaine Glycerol Sucrose Water 2:3:1:5 10 59
B:Gly: Treh Betaine Glycerol Trehalose Water 2:3:1:5 13 59
B:Suc:Pro Betaine Sucrose Proline Water 5:2:2:21 20 59
B:Tau:Gly Betaine Taurine Glycerol — 1:1:3 — “
B:Ect:Gly Betaine Ectoine Glycerol — 1:2:3 — “
B:Ect: Sor Betaine Ectoine Sorbitol Water 1:2:3:5 9 “
TMAO: U:Gly Trimethylamine N-oxide Urea Glycerol Water 1:2:2:2 8 “
TMAO: G : Gly Trimethylamine N-oxide Guanidine HCI Glycerol Water 1:1:2:2 9 “
TMAO: U: Sol Trimethylamine N-oxide Urea Sorbitol Water 1:2:2:2 6 “
TMAO: G : Sol Trimethylamine N-oxide Guanidine HCI Sorbitol Water 1:1:2:2 6 “
TMAO:B:U Trimethylamine N-oxide Betaine Urea Water 1:1:2:2 10 “
TMAO:B:G Trimethylamine N-oxide Betaine Guanidine HCI Water 1:1:2:6 21 “
Suc:Glc: Fru Sucrose Glucose Fructose Water 1:1:1:11 22 59
Fru:Glc: Treh Fructose Glucose Trehalose Water 1:1:1:11 21 59
Fru:Gle: G Fructose Glucose Guanidine HCI Water 1:1:2:1 4 “
Fru:Gly: G Fructose Glycerol Guanidine HCI Water 2:1:1:1 4 “
Gle:Gly: G Glucose Glycerol Guanidine HCI Water 2:1:1:6 16 “
Glc:Treh: U Glucose Trehalose Urea Water 1:1:2:3 7 “
Glc:Treh: G Glucose Trehalose Guanidine HCI Water 1:1:1:3 8 “
Gly : Suc: Sor Glycerol Sucrose Sorbitol Water 2:1:2:10 16 59
Gly : Treh : Sor Glycerol Trehalose Sorbitol Water 2:1:2:10 16 59
Gly: Glc: Sor Glycerol Glucose Sorbitol Water 1:1:1:3 12 59
Treh : Gle: Sor Trehalose Glucose Sorbitol Water 1:2:1:13 17 59
Treh : Glc : Sor Trehalose Glucose Sorbitol Water 1:1:4:13 20 “
Treh: Pro: Gly Trehalose Proline Glycerol Water 1:1:4:8 15 “
Treh : Ect: Gly Trehalose Ectoine Glycerol Water 1:1:4:6 11 “
Pro: Fru:Gly Proline Fructose Glycerol Water 1:1:1:5 20 69
Pro: Glc: Gly Proline Glucose Glycerol Water 5:3:3:20 21 59
Pro: Gly: Sor Proline Glycerol Sorbitol Water 1:1:1:3 12 “

“DES were prepared as follows: the appropriate amount of the components was placed in a 25 mL round bottom flask and the mixture was
heated at 60 °C with stirring for 2 hours until a clear homogeneous liquid was formed. Upon cooling to room temperature, the mixture was left
on a bench for a week in order to observe possible solidification or precipitation. Before use, DES forming compounds were dried under vacuum.

b Liquids stable at 40 °C.

form liquids stable at room temperature (Table 2). Several
molar ratios of known and unknown osmolyte combinations
were explored experimentally, building on the distribution pat-
terns observed in natural systems.

All known natural methylamine osmolytes (TMAO, betaine,
sarcosine and GPC), as well as DMSP, the only reported
natural methylsulfonium kosmotrope, formed liquids with all
known perturbant osmolytes (urea, guanidine HCI and argi-
nine), indicating a horizontal kosmotrope : chaotrope pattern
of two-component Deep Eutectic Solvent formation (Fig. 2).
Considering the melting points of the individual components
(sarcosine 210 °C, GPC 143 °C, TMAO 100 °C, DMSP 123 °C,
urea 133 °C, guanidine HCI 182 °C, arginine 244 °C), obtain-
ing liquids at room temperature or even at 40 °C arguably
satisfies the strict criterion for the “deep” designation. This
trend, also observed for glycerol with chaotropes urea and gua-
nidine, was extended to another chaotrope, arginine, and
further corroborated for sugar polyols sucrose (m.p. 180 °C)
and sorbitol (m.p. 95 °C). The potential of the amino acid
osmolyte proline (m.p. 252 °C) to form DES was also con-
firmed for all known chaotropes (urea, guanine and arginine),
together with another widely applied osmolyte and amino acid
cyclic derivative, ectoine (m.p. 280 °C), which also provided
stable liquid mixtures with all studied chaotropes.

3404 | Green Chem., 2023, 25, 3398-3417

As a representative of the methylamine osmolytes class,
TMAO also formed stable liquids when combined with glycerol
and major sugar polyols, following the example of betaine.
The results previously published for betaine®® prompted us to
further explore high water content in selected two-component
DES. In particular, betaine reportedly formed liquid mixtures
with three amino acids at a molar ratio of 1:1, but the water
content of these mixtures was mentioned to be between 65 and
93 wt%, which is substantially higher than the upper limit
usually considered for water-containing DES and will be further
discussed in the next section. Given the abundance and appli-
cation potential of betaine, we decided to probe additional
molar ratios for its combination with arginine (Arg), which is
also a somewhat controversial*®** but widely employed osmo-
Iyte. Indeed, in our hands betaine did form a stable liquid with
arginine at a 4:1 molar ratio, while it also required a higher
water content (40 wt%) compared to betaine : urea and betaine :
guanidine DESs, which both required 17 wt%. The same trend
of very particular kosmotrope:arginine ratios and relatively
higher water content than usual chaotropes was observed for
most of the novel Arg-based DESs. Interestingly, the arginine
combinations with the other natural methylamine kosmotropes
TMAQO, sarcosine and GPC only remained liquid at temperatures
of at least 40 °C.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Formation of the TMAO :urea 1:1 deep eutectic solvent at 33 wt% water content, (b) FT-IR and (c) *H NMR spectra of the TMAO : urea 1:1
DES, compared to the respective spectra of the individual components. Spectra were recorder using TMAO : U as a pure viscous mixture. NMR spectra of
TMAO and urea were recorded using their respective solutions in D,O, with external C¢Dg and TMS sealed in capillary as standard at 25 °C in 5 mm NMR
tubes. IR spectra were recorded on an FTIR spectrometer equipped with an attenuated total reflection module with diamond ATR crystal.

A hint to additional possbilities worth probing for the
behaviour of two-component mixtures was revealed when we
investigated the potential of the commercially promising
TMAO-urea combinations. While these two-component
systems were unstable at room temperature at the typical
methylamine-to-urea molar ratio of 1:2 found in nature, the
addition of a third osmolyte component, glycerol or sorbitol,
to a final TMAO : urea: polyol molar ratio of 1:2:2, smoothly
provided a stable eutectic mixture stable at the same con-
ditions. These two polyols were also critical as a third DES
component when added to the binary mixtures betaine-
ectoine (molar ratio of 1:2) and trehalose-glucose (molar ratio
of 1:1), once more providing three-component liquid mixtures
stable at room temperature. A similar need for a third com-
ponent to obtain stable liquids was observed for the binary
mixture trehalose-glucose, this time with urea, affording a
liquid stable at room temperature for the three-component
combination Treh:Glu:U (Table 2). Following this trend,
several new three-component eutectic mixtures were obtained,
ranging from mixed kosmotropes : chaotrope systems, reminis-
cent of natural osmolyte distribution patterns, to industrially
promising all-sugar and ectoine-based systems.

Some of the prepared DESs were anhydrous (i.e. Gly:Sol,
Gly:G, B:Tau:Gly, B:Ect:Gly, Treh:Glc: U and Sor:Gly:G),
while most of them required approximately 5-35 wt% of water to
remain in a stable liquid form at room temperature for an
extended period of time (Table 2). This was to be expected since
water has been shown to play a key role in the formation of DESs
by modifying the physicochemical properties of the corres-

This journal is © The Royal Society of Chemistry 2023

ponding DESs supramolecular network. For instance, it has been
observed that the small amount of water present in hydrated
DESs can strengthen the hydrogen bond network with water
monomers confined into the DES voids.*** Hammond et al.*?
demonstrated that water acts as a second small HBD when
aqueous mixtures of ChCl:malic acid in a 1:1 molar ratio
contain 1-2 mol of water per mole of DES. This was also con-
firmed by Loépez-Salas et al.*> who showed that in the “water-in-
DES” system of a ternary DES composed of resorcinol, urea and
choline chloride (RUChCL,W, where n represents mol of water
per mole of ternary DES), the tetrahedral structure of water was
distorted as a consequence of its incorporation, as an additional
HBD or HBA, into the hydrogen bond complexes formed among
the original DES components. The same group showed that
“water-in-DES” regime occurs in DES dilutions with nonaqueous
hydrogen-bond-forming organic solvents (e.g. benzyl alcohol).**

The point of transition from water-in-DES regime to DES-in-
water regime (described as a simple aqueous solution of the
individual components) depends on the DES composition, but
it is generally considered that up to about 40-50 wt% of water
(in some cases even up to 57%,'® the strong interactions
between the components of the DESs slowly weaken with the
supramolecular structure preserved,’”” while at higher
dilutions, the network can be disrupted, leading to a mixture
that exhibits behavior closer to that of the individual com-
ponents in an aqueous solution.*®

As mentioned, none of the newly prepared mixtures
required more than 40 wt% of water, which is consistent with
the strict definition of these mixtures as DESs.

Green Chem., 2023, 25, 3398-3417 | 3405
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Overall, we here present several major advances: TMAO, sar-
cosine, GPC, ectoine, DMSP, arginine and guanidine HCI, the
most widely encountered osmolytes and representatives of
both kosmotrope and chaotrope families, are for the first time
experimentally combined to form new DESs. The potential of
these seven osmolytes to form eutectic systems is further estab-
lished by the preparation of 54 novel two-or three-component
DESs with other osmolytes. And for the first time, these new
eutectic systems are directly inspired by the distribution pat-
terns of kosmotropes and chaotropes observed in nature. In
terms of DES sustainability, choline chloride, the most widely
used methylamine for DESs preparation so far, is industrially
manufactured from fossil-based ethylene oxide.*® The systems
herein reported are based only on natural methylaimines, and
thus avoid the use of choline chloride, while exhibiting novel
properties and providing new affordances.

Mimicking nature: new
multicomponent DESs based on
osmolyte distribution patterns in
biological contexts

Single osmolytes rarely accumulate alone in a given biological
context, but rather within patterns comprising one chaotrope
and one or more additional kosmotropes. For example, the
serum of winter-acclimatized fish contains urea, TMAO and
glycerol,® while terrestrially hibernating amphibians accumu-
late urea, glucose and glycerol,”* an ubiquitous grass species
use proline, betaine and sucrose to improve salt tolerance,>
and sharks combine urea, TMAO and betaine in their body
fluids.”® We have herein shown that, among others, these exact
three-component combinations (TMAO-urea-gylcerol,
glucose-urea-glycerol, proline-betaine-sucrose and TMAO-
betaine-urea) can form DESs (Table 2). We have further shown
that in the case of the TMAO-urea-glycerol DES, the addition
of the third osmolyte to the initial binary mixture was crucial
to obtain a liquid at room temperature. Therefore, it would be
reasonable to expect the formation of such ternary or even
more complex osmolyte-based DESs inspired by additional
and even more complex natural distribution patterns.

Encouraged by these findings and by the fact that no DES
of such complexity has been reported, we decided to break the
three-component barrier and explore the patterns found in the
kidney of cartilaginous fish (shark) and mammals (rabbit -
inner renal medulla), as well as in the muscles of sharks and
skates (Fig. 3). These organs/organisms accumulate urea to
high concentrations as part of their osmoregulatory strategy
and a cocktail of kosmotropes to counteract the perturbing
effects of the urea chaotrope on protein structure.”>*

In particular, during antidiuresis (under water-deficient
conditions), mammals accumulate high concentrations of
compatible osmolytes in renal medullary cells, among them
sorbitol, GPC, inositol, and betaine, whereas in cartilaginous
fish, TMAO dominates a cocktail of urea, betaine, inositol and

3406 | Green Chem., 2023, 25, 3398-3417
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a-aminoacids.’® As for marine elasmobranchs, to be approxi-
mately isosmotic with seawater, these organisms accumulate
high concentrations of urea in their body fluids and tissues,
together with TMAO, betaine and taurine to “neutralise” its
harmful effects.”> Based on these observations, we calculated
the molar ratios of each osmolyte cocktail directly from their
concentrations in the respective tissues and subjected the mix-
tures to the standard DES-forming conditions (Fig. 3).

All 10 osmolyte combinations provided liquids that were
stable at room temperature with water contents less than
40 wt% (Fig. 3) and most of them were rapidly formed within
minutes, compared to almost 1 hour required for usual DES
formation.

This is the first time that a specific molar combination of
multiple osmolytes, as encountered in a specific native
environment, is experimentally proven to form a deep eutectic
system of unprecedented complexity (osmoDES). It is worth
noting that the tested osmolyte combinations are distinct, not
only in terms of which organism they belong to, but also in
terms of the topology of the studied tissue (different sections
of the rabbit kidney medulla, Fig. 3) as well as the specific rela-
tive localization of a given organism (skates in different sea
depths, Fig. 3). Therefore, the differences observed in the
osmolyte distribution patterns may reflect the response to the
respective conditions, functions and stresses related to each
specific microenvironment. Similar multi-osmolyte cocktails
are also found in other plant, animal and human organs and
tissues, such as the tissues of other marine animals (e.g. fish,
molluscs, crustaceans, shrimps, octopods, snails and
worms),”’®’" plants exposed to salt stress,’> hibernating
organisms,” and in the human brain.”? Based on this novel
viewpoint, tracking osmolyte patterns in specific biological
contexts could help successfully create novel, bioinspired two-,
three-, and multicomponent DESs. Perhaps more significantly,
such systems could be very effective in mimicking the natural
microenvironment of proteins and other biomacromolecules
operating within these biological contexts, by deciphering,
understanding and hopefully replicating and tuning the mole-
cular interactions between these new media and the targeted
macromolecular structures.

Methylamines stabilize proteins in the
presence of urea: could this
phenomenon be explained by the
formation of a eutectic system?

As discussed above, the molecular mechanism by which
methylamines, as kosmotropes, stabilize proteins in the pres-
ence of the chaotrope urea remains controversial. At a molar
ratio of 1:2, the thermodynamic effects of combined methyl-
amines and urea on protein stability and function were
believed to be algebraically additive."” However, in numerous
cases methylamines in the presence of urea are more potent in

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Bioinspired multicomponent osmoDES prepared by following osmolytes distribution patterns in the cartilaginous fish (shark Squalus
acanthias)” and mammal (rabbit Oryctolagus cuniculus)’ kidneys, and muscles of cartilaginous fish (sharks Chiloscyllium punctatum and Dasyatis
sabina, and skates Raja hollandi).”**>” The molar ratios of DES forming components were calculated from their concentrations in the respective
tissues and the mixtures were subjected to the standard DES-forming conditions.

stabilizing a protein than alone,?® resulting in the over-stabiliz-
ing paradox mentioned earlier.

When Abbott reported the choline chloride:urea DES
(ChCl: U, molar ratio 1:2),”” and when later the same DES not
only did not denature” but instead showed a strong stabilizing
effect on enzymes,”” the mechanism by which methylamines
stabilize proteins in the presence of the denaturant urea was
not properly discussed in the context of synergies and interfer-
ences between these two in the form of a eutectic mixture. The
only study that addressed this issue showed that, as the con-

This journal is © The Royal Society of Chemistry 2023

centration of betaine-urea mixtures increased up to 75 wt%
(corresponding to deep eutectic conditions), the ability of the
lysozyme to refold upon cooling increased accordingly, while
an increase in urea concentration alone could cause denatura-
tion of the lysozyme.>® Zeng et al.”®
betaine as a kosmotrope and urea as a chaotrope form a DES
at molar ratios in the range of 1:1 to 1:3.%°

In addition to this observation, we have here shown that
the four most prominent methylamines distributed across all
kingdoms of life (betaine, TMAO, sarcosine and GPC) form

were the first to show that
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eutectic systems with urea, guanidine HCl and arginine
(Table 2). Furthermore, we have also shown that multicompo-
nent DESs are consistently formed when combining promi-
nent natural kosmotropes (betaine, TMAO, GPC, DMSP,
taurine, ectoine, sarcosine, inositol and a-amino acids) with
natural chaotropes urea and guanidine in molar ratios found
in mammal and fish kidney and muscles (Fig. 3).

Based on these findings, we wondered whether it was poss-
ible for osmolytes to coexist in the vicinity of proteins or other
macromolecules in the form of a eutectic mixture, rather than
as components dissolved in water, and whether this might
provide additional information on the molecular mechanism
of the stabilizing effect of natural methylamine kosmotropes
on proteins in the presence of a natural chaotrope.

The mechanism underlying the counteraction of synthetic
choline chloride to urea under eutectic conditions is well
studied. Two independent experimental and molecular
dynamics studies have shown that small helix-rich protein”®
and lipase” exhibit excellent conformational stability in
ChCl: U and that high concentrations of both choline chloride
and urea (at a 1:2 molar ratio) are critical for this stabilizing
effect. At these conditions, which correspond to a deep eutec-
tic state, the authors suggest that choline chloride acts as an
efficient protein stabilizer by attracting urea and excluding it
from the protein surface.”® This assumption was further cor-
roborated by Monhemi et al.”> who showed that, at deep
eutectic conditions, urea molecules have a low diffusion
coefficient due to hydrogen bonding with choline and chlor-
ide ions and cannot reach protein domains. Thus, the above
research on synthetic ChCl with urea may serve as a basis
for the hypothesis that, within cells, strong hydrogen bonds
between natural kosmotropes and chaotropes under deep
eutectic state are responsible for the stabilization of proteins
and other biomolecules in vivo. Similar to synthetic ChCl,
the newly discovered fact that all major natural methyl-
amines form deep eutectic mixtures with urea and guani-
dine HCl can give us guidelines on how to decipher the
molecular mechanism behind the protein-stabilizing effects
of all-natural methylamine-based kosmotropes, specifically.
At the same time, the expansive interpretation of these
observations raises the question whether all osmolyte-
induced changes in the conformational equilibrium of
macromolecules in vivo are related to the formation of
osmolyte-based DESs, whose emergent properties within the
wider system of the cytoplasm extend beyond those of separ-
ate osmolytes in aqueous solution.

Do osmolytes form DESs in cells
exposed to stress?

The cytoplasm has been traditionally viewed as a well-mixed
and spatially homogeneous mixture of monomers and small
complexes. However, modern molecular biology techniques
are giving us unprecedented access to cell structure and
dynamics at micro- and meso-length scales.”” Recent studies
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reveal that, at these scales, a number of interesting liquid
phase transitions occur in two or three dimensions resulting
in separate fluid phases within cells.”® Intermolecular hydro-
gen bonding between osmolytes is highly likely to occur in
cells at the nanoscale, as part of dynamic (to overcome
various forms of stress)’® as well as apparently static
systems (e.g. in seeds for long-term survival).>* High concen-
trations of solutes, such as sugars, alcohols, organic acids
and amino acids, has provoked scientists to wonder if these
solutes contribute to the nano/mesoscale organization in
certain biological systems by forming DESs.>**®° If so, DESs
formation in vivo should not be seen as a simple, randomly
dispersed liquid phase, but as a layer or a liquid cluster in
different cellular regions or subcellular assemblies such as
plastids and vesicles.®°

The presence of DESs in vivo was first hypothesized for
plant cells by Choi et al.,*® based on the observation that plant
secretions, such as sap and nectar, accumulate primary metab-
olites which are known DES components (choline, betaine,
proline, organic acids such as malic, succinic and citric) in
molar ratios typical of DES formation. The authors went on to
propose that plant cells contain a third type of medium, which
plays a vital role in solubilizing, storing, and transporting
poorly water-soluble metabolites, adjusting the water content
of plants, and protecting cells when in harsh conditions.
Durand et al.®® recently raised the hypothesis that DES may
also be involved in cell function regulation through inter-
actions with membranes, by affecting their properties and
therefore regulating the transport and diffusion of molecules
or the circulation of fluids.

Going one step further, here we experimentally show that
several natural distributions of osmolytes in several species
across kingdoms and environments form new multicompo-
nent DESs of previously unimagined complexity. We thus
believe that the question is now ripe: are osmolyte-based
eutectic systems formed in the cytoplasm of all species to
support the stability and function of biomolecules under
external stress? Furthermore, could the concept of DESs for-
mation in the cell at the mesoscale be a key to understand-
ing the in wvivo stabilization of biomacromolecules in
general?

To support this hypothesis, we identified measurable indi-
cators of the proposed existence of DESs in vivo. It has been
shown that enzymes such as laccases,” dehydrogenases,®!
lipases and other hydrolytic enzymes®”®* show little or no
activity in pure synthetic DESs or in DESs at low water content.
However, by adding water to DESs, the activity of the enzymes
increases and reaches its maximum in highly diluted mixtures
(80-90 wt%). On the other hand, low water content in DES has
been shown to positively affect the stability of the same
enzymes.>® We may postulate that mixtures of osmolytes form
DESs at nano/microscale in vivo and in this way preserve
enzymes in catalytically inactive form during cryoprotection,
drought, resistance and germination. Once the stressful con-
ditions are overcome and water enters the cell, the eutectic
systems are diluted and the enzymes are activated.

This journal is © The Royal Society of Chemistry 2023
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Is the microenvironment a low-
energy, context-aware regulator of
biomacromolecule function?

Yancey et al.™® postulate that transitions between torpid and
active states may not require metabolic regulation at the level
of enzyme degradation or synthesis, but may rather depend on
readily reversible transitions between inactive and active
enzyme states in response to alterations in its microenvi-
ronment. Furthermore, this hypothesis could be relevant not
only to organisms undergoing stress, but also as a general
regulatory mechanism for the storage and on demand acti-
vation of enzymes. In addition, versatile enzymes (e.g. lac-
cases,®® lipases,®® proteases®®) show excellent thermal stability
in synthetic DESs composed of osmolytes such as betaine,
polyols and sugar alcohols. Delorme et al.®® showed that
laccase is much less thermostabilized in the presence of
betaine and xylitol alone than in a DES formed by those two
osmolytes. This leads us to assume that formation of eutectic
systems in vivo could contribute to the stabilization of proteins
in organisms that must cope with high temperatures. Going
beyond proteins, the nucleic acid-templated synthesis (NATS)
of a dipeptide was studied as a simple model of non-enzymatic
translation in DESs.*® The authors showed that, compared
with aqueous buffer media, various glycholine-based DESs
have a positive effect on the stability of DNA-conjugated acti-
vated esters which are necessary for non-enzymatic peptide
formation. In this DES, peptide synthesis was prevented due to
a significant decrease in the reactivity of amines. When the
DNA-conjugated activated esters were transferred back to
aqueous buffers, peptide synthesis was once again observed.
This suggests that the hypothesis of DES-based regulation
could be relevant to the storage and “on-demand” activation of
additional biomacromolecules beyond proteins.

When thinking of osmolytes forming DESs in the cyto-
plasm, it is worthwhile to consider the way cells react when
osmolytes reach potentially toxic concentrations of up to
400 mM.¥ Jagannathan et al® proposed that mixtures of
different osmolytes in specific molar ratios may help to reduce
toxicity of accumulated osmolytes. Depletion in osmolytes tox-
icity could be a consequence of them forming DESs. Namely, it
has been shown on several occasions that phosphonium-,*®
ammonium-,** choline-°>°! and betaine-based®’ DESs show
lower toxicity toward immortalized animal cell lines than the
aqueous solutions of their individual components.

The accumulation of osmolytes in cells is a dynamic and
reversible process. Thus, to plausibly consider that osmolytes in a
cytosol form eutectic systems and thus stabilize biomacro-
molecules, the formation of these systems must also be reversible.
As previously noted, DESs have the potential to bind up to
40-50% water and their components still interact with each
other,*® whereas further dilution behaves closer to a solution of
its individual components. By performing hygroscopicity
measurements of the glucose:choline chloride:water DES
(molar ratio 2:5:5) Dai et al.® proved that this process is indeed
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reversible, indicating that, within cells, DES may easily arise and
disappear at micro-scale level. More importantly, this inherent
ability may enable fine-tuning of the cytoplasm water level as a
means to control physicochemical properties (e.g pH, osmolality,
polarity and viscosity) which are crucial for maintaining cell
homeostasis under various environmental conditions.

The way cells regulate the stabilization of macromolecules
at low water content conditions (freezing and drought) could
also be explained by the reversibility of DESs formation and
dilution. In psychrophilic bactera,”® diapausing insects®***
(e.g. grasshoppers and spiders), amphibians®" (e.g. frogs) and
reptiles”>°® (e.g. snakes and turtles) the accumulation of com-
patible solutes such as betaine, glucose, sucrose, trehalose,
sorbitol, mannitol, glycerol, glycine, taurine, and urea results
in the lowering of the cytoplasmic freezing point, thereby pro-
viding protection against frost. Analogous to the mechanism
proposed for plants,® freezing may result in the formation of a
separate liquid phase (DES) that keeps both water and (macro)
molecules in a stable liquid form, as discussed earlier. Indeed,
the interactions between the DES components and water are
strong enough to maintain water liquid in the form of a glassy
DES solution even at extremely low temperatures.”” Dilution
with water, once an organism is back to ambient temperature,
restores the cellular structures resulting in a living cell or
organism. An analogous course of action could be applicable
for organisms in dormant state. Namely, in certain anhydro-
biotic organisms, ranging from bacteria and yeast (in cyst or
spore stages) to nematodes and to certain arthropods that have
entered a dormant state, water content may drop well below
10% and such anhydrobiotic states exhibit no detectable
metabolism.”® These organisms can remain viable in this form
for years, even millennia in the case of some prokaryotes.”®
The initially obscure underlying mechanisms have been only
partially clarified in the recent decades. While the effect of tre-
halose in anhydrobiotic states was initially touted as conclus-
ive, recent studies indicate a more complex phenomenon,”
which might benefit by acknowledging synergistic effects
between trehalose and other osmolytes accumulated in the
cytoplasm, such as glycerol, proline, ectoine, betaine and
TMAO,"'?” possibly in the form of eutectic systems. The loss of
water from the cytosol at anhydrobiotic conditions could result
in the formation of a DES that keeps biomolecules in an inac-
tive form until needed. Knowing that DES easily absorb and
desorb water from the environment, the existence of DESs as a
third and possibly transient medium inside a cell appears as a
simple and non-demanding way to tolerate water-related
changes in the environment.®

Case study: (thermo)stabilisation of a
model protein in novel osmolyte-
based DESs

To showcase some of the novel osmolyte-based DESs as a
liquid medium for storage of biomolecules, particularly pro-
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Fig. 4 Residual lysozyme activity after incubation in osmolyte-based DES (containing 20 wt% of water) and sodium phosphate buffer solution at
25 °C (A) and 45 °C (B). Lysozyme activity was determined according to the method of Shugar et al.'>® Lysozyme solutions at a concentration of
0.1 mg ml™* were prepared in different DESs and in 10 mM sodium phosphate buffer solution (pH 7) and incubated for 7 days at 25 and 45 °C. To
measure residual enzyme activity, to 525 pl of 10 mM sodium phosphate buffer solution (pH 7) in a plastic disposable cuvette 30 ul of Micrococcus
lysodeikticus bacteria suspension in sterile PBS buffer (7 mg ml™) and 30 pl of the lysozyme solution were added. Immediately after mixing, the
cuvette was placed in a UV/VIS spectrophotometer and the absorbance was measured at a wavelength of 450 nm over a period of linear turbidity
decline. The relative activity (%) was calculated from the initial reaction rate obtained by the enzyme after incubation, compared to the one obtained
without previous exposure.

teins, we monitored the stability of a model protein, lysozyme, amines (betaine, TMAO and sarcosine), methyl sulfone DMSP
in these solvents (Fig. 5). The enzyme was incubated at 25 and and cyclic amino acid ectoine as HBA, and glycerol as HBD, as
45 °C for 7 days in several DESs comprising natural methyl- well as in two bioinspired osmoDESs (all containing 20 wt% of
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water). It has been previously shown that compared to
buffered solutions, lysozyme activity was greatly reduced in
ChCl:Gly having low water content.'”"'*> However, the
enzyme activity was completely recovered upon dilution.
Herein, we have also observed the same trend: in all tested
osmolyte-based DESs the loss in enzyme activities compared to
the reference buffer was observed (>90%, data not shown),
while upon dilution in sodium phosphate buffer the enzyme
activity was restored completely. Thus, for the purpose of
measuring lysozyme stability in osmolyte-based DESs, the
enzyme was incubated in DESs and residual activity upon its
dilution in the buffer was measured. As can be seen form
Fig. 4, DESs comprising sarcosine or DMSP with glycerol, at
both incubation temperatures tested, enabled higher residual
lysozyme activities after 7 days of incubation (in the range
from 95 to 103%) in comparison to both controls, ChCl: Gly
and the reference buffer'®® with residual activities <82%. In
contrast, TMAO as HBA, when paired with glycerol, did not
show stabilizing effect on the tested enzyme, while the pres-
ence of ectoine was beneficial for lysozyme stabilization at
25 °C.

Two-component DESs of betaine and TMAO with urea as
HBD showed similar destabilizing effects. However, the bioin-
spired multicomponent osmo-DESs containing the same
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osmolytes, betaine and urea, exhibited excellent protein stabil-
isation ability, especially at 25 °C (residual activity of 96.2%),
indicating that the presence of additional osmolytes in the
cocktail (sorbitol, GPC, and taurine) in the ratios replicated
from a natural context drastically enhanced DES ability to
stabilise lysozyme. The same was observed for TMAO: U and
its multicomponent osmoDES cocktail counterpart, which
besides TMAO and urea also contained betaine and taurine.
These results suggest that osmolyte-based DESs in all their
variability have a potential to stabilize a template protein
stored at ambient, as well as at elevated temperatures, in a sig-
nificantly better and longer-lasting manner than the currently
known DES stabilizing medium (ChCl: Gly) and the standard
buffer for lysozyme storage. Replicating osmolyte patterns
inspired by specific biological contexts can, therefore, help
design novel multicomponent DESs with exquisite stabilising
abilities, providing new options for the preservation of pro-
teins, ideally without the requirement of additional excipients.

Conclusions and future perspectives

It has been argued that adaptation accounts for most incre-
mental evolutionary changes in nature, while exaptation has
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been linked to the most disruptive and arguably the most fas-
cinating ones, such as the wing or the lung."®*'** While exap-
tation is most impressive when links between very dissimilar
contexts are established as a result, it can be even more perva-
sive when the previously unestablished connection seems sur-
prisingly obvious in retrospect. Most importantly, when the
newly formed link can act as an enabling constraint,'% then a
new way of thinking is revealed, based on which additional
interdependencies can be envisaged and new opportunities of
action can emerge.

Here we have established such a connection between the
previously discrete fields of osmolytes and DESs. We first
showed that osmolytes prominent across all kingdoms, TMAO,
sarcosine, ectoine, GPC, DMSP, arginine and guanidine HCI,
may be used to prepare new DESs. Going one step further, we
followed the inspiration from several natural distributions of
osmolytes in several species and environments to reveal new
multicomponent DESs of unprecedented complexity and
briefly showcased their tunable ability to stabilize a template
protein.

These new biorelevant DESs are context-aware and context-
specific snapshots of a micronarrative which reflects the
nuances of the cellular microenvironment through space, time
and function. This feature can provide additional and poten-
tially orthogonal angles when looking at biological systems,

whether one is trying to understand and describe
them,>'%"*  monitor or regulate them in vitro and
in vivo,""*?° replicate and mimic them ex vivo or “on-a-
chip”,"**™*25 or model them in silico.***"**°

On top of that, these novel DESs are also bioinspired engin-
eered media which may serve as new tools and open up new
opportunities for action in diagnosis, monitoring, treatment
and manufacture across several research fields and market
sectors, 130 13171381397143  giarting  from  applications and
current use cases where single osmolytes or aqueous mixtures
have shown promise'** (Fig. 5). Most importantly, this new
concept can serve as a constructor'®® and adequate scaffold-
ing'*® can be used to devise industry-relevant substrates, probe
their attributes and engineer scalable processes ased on legiti-
mate input/output states. To explore this newly revealed space,
we are aided and inspired by the Cynefin® Framework."*”'4®
Cynefin® is a “multi-ontology sense-making framework”
which can help make sense of the systems we find ourselves in
so that we can act within them.'*® Perhaps the most crucial
confusion elucidated by this framework is the distinction
between the complex and the complicated domains.
Complicated is a system where we know what information we
are missing (known unknowns) and we must employ the ade-
quate expertise to obtain it. In the complex domain of
“unknown unknowns”, we do not know which questions we
need to answer, and we must conduct safe-to-fail probes to dis-
cover important information. Based on these experiments, the
next plausible question and the next step forward is defined
and a path towards a potential solution emerges.

Being aware of the properties and interdependencies of
each type of system can help us respond in meaningful ways.

3412 | Green Chem., 2023, 25, 3398-3417
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We have used such responses to trigger deliberate movement
within or across the Cynefin domains encompassed by the
osmoDES concept, creating dynamics, as we recently described
elsewhere™ in detail (Fig. 6). As an example, our “shallow
dive into Chaos” can trigger the emergence of a set of patterns
(“osmolyte cocktails form multiDESs”) as an enabling con-
straint. Using this constraint as a springboard can help one
explore “unimagined unknowns” about, for example, empiri-
cally observed natural substances of largely unbeknownst com-
plexity of functions, components and distributions, such as
saps. Actively exploring this space may help move beyond the
postulation phase about eutectic mixtures and reveal action-
able experiments to understand which questions are worth
asking (“unknown unknowns”- e.g. is there an overarching pre-
ferred ratio between total methylamine kosmotropes and total
perturbants that forms a DES?). Experimenting with such
exploratory questions can eventually lead to exploitable prac-
tices by resolving specific problems through expertise (“known
unknowns”- e.g. which osmolyte distribution and ratio best
stabilise a particular recombinant protein contained in that
sap in order to avoid product loss due to aggregation?). To the
best of our knowledge, no prior art precedent has been
reported for such a complexity-based approach, neither in the
field of osmolytes nor in that of Deep Eutectic Systems. To
further exploit the osmoDES concept as a constructor, we first
need to acknowledge both known unknowns and unknown
unknowns within the current state of the system we are in. For
the first, Wardley mapping'®' can be a useful tool to assess
what kind of knowledge and expertise would be most relevant
for each targeted use case and which current capacities require
additional resources (Fig. 7).

Very often, when we dedicate resources to linked com-
ponents of a Wardley map we become more aware of the space
between disciplines and the amount of potential it holds. In
this liminal space, we can look for alternative answers to exist-
ing questions (known unknowns), but also find additional
plausible questions worth asking (unknown unknowns). A
suitable approach to explore this space is the Entangled Trios
method, which involves a triad of people “from radically
different backgrounds with no prior interaction but with a
common purpose. This entangling leads to a more extensive and
diverse exploration of the issue at hand which may lead to new
ideas that can be explored. The three are kept together by a shared
purpose and by well-crafted sets of actions which ritualize the
exchange of knowledge and lead to new possibilities”.">?
Potential questions within such triads which could instigate a
shared purpose would be: do single osmolytes always function
as DESs with additional components we do not know yet? Do
other osmolyte roles exist on top of kosmo- and chaotropic?
Do other DES component roles exist on top of H-bond donor
and acceptor? Are current synthetic DESs simplified versions
of more nuanced natural eutectic systems? What is the role of
water as a DES component? Could the “three states” postulated
for hydrogels'> be relevant in DES? And how does water regu-
late the interaction of the deep eutectic system with
biomolecules?

This journal is © The Royal Society of Chemistry 2023
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For additional unknown unknowns, we must first act on an
attribute we can affect and have the analytical tools to sense
how the system responds to the perturbation,"*” to become
aware of the affordances, the possibilities for further action,
provided within the area of each experiment. Some of these
actions could be, for example:

+ to replicate more natural osmolyte cocktails and
monitor their ability to form eutectic systems;

+ to impose specific eutectic microenvironments on
known enzymes and monitor for potential dormancy/wake-up
triggers;

+ to force cell protein production in specific eutectic
microenvironments and monitor their effect on protein
aggregation;

+ to induce cell proliferation in DES-induced “meta-
stress” conditions and monitor fitness landscapes and gene
evolution for protein engineering;

« to subject different varieties of nucleic acid substrates
to relevant DES and monitor their ability to interact and the
topologies of their interaction;

+ to generate new computational modules and tools
based on relevant eutectic microenvironments and monitor
their applicability and functionality limits.

Questions and actions will continue to arise the more we ques-
tion and act, and the more diverse minds question and act the
more probable it is for these initial thoughts and experiments to

This journal is © The Royal Society of Chemistry 2023

become a path. We believe that the inherent beauty of this path is
the potential to change the way we understand information flows
in nature"™* by introducing the following assemblage:

Through their interaction with biomacro-
molecules, osmolyte-based microenvironments regulate a

constant

myriad of cellular properties, enable intra- and extracellular
% and facilitate the “enactive” functions of
the components of biological systems.’®® Could osmolyte-

information flows

based deep eutectic media be employed to better monitor
these flows in complex natural systems and allow for the emer-
gence of new properties and affordances we can explore and
exploit? And could this new knowledge be leveraged to enable
information flows within engineered systems?
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