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Abstract: Linamarin has been reported to have anticancer activities; however, its extraction and isola-
tion using different solvents yield a low amount. Therefore, understanding the physical properties,
such as solvents’ solubility, membrane permeability and lipophilicity and how they are associated
with different solvents, is a paramount topic for discussion, especially for its potential as a drug.
Linamarin has a sugar moiety with many polar groups responsible for its physical properties. Fol-
lowing current trends, a molecular dynamics simulation is performed to investigate its physical
properties and how different solvents, such as water, methanol (MeOH), dimethyl sulfoxide (DMSO)
and dichloromethane (DCM), affect such properties. In this work, we have investigated the influence
of intermolecular and intramolecular hydrogen bonding and the influence of polar and non-polar
solvents on the physical properties of linamarin. Furthermore, solvation free-energy and electronic
structure analysis are performed. The structural analysis results show that the polar groups of lina-
marin have strong interactions with all solvents except the etheric oxygen groups. A detailed analysis
shows intermolecular hydrogen bonding between polar solvents (water, MeOH and DMSO) and the
hydroxyl oxygens of linamarin. Water exhibits the strongest interaction with linamarin’s functional
groups among the investigated solvents. The findings show that within the first solvation shell,
the number of water molecules is greatest, while MeOH has the fewest. Centrally to the structural
analysis, solvation free energy confirms DMSO to be the best solvent since it prefers to interact with
linamarin over itself, while water prefers to interact with itself. While the solute–solvent interactions
are strongest between linamarin and water, the solvent–solvent interactions are strongest in water.
As a result, the solvation free-energy calculations reveal that linamarin solvation is most favourable
in DMSO.
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1. Introduction

Linamarin and its methylated analogue lotaustralin, are cyanogenic glycosides found
in the roots and leaves of cassava (Manihot esculenta), flax (Linum usitatissimum), lima beans
(Phaseolus lunatus) and white clover (Trifolium repens) [1]. Cassava is estimated to contain
a high amount—about 225 to 1830 mg/kg—of linamarin [1]. The plant’s disruption and
damage cause its cells to rupture and allow the hydrolysis of cyanogenic by the enzyme (β-
glucosidase) to release unstable cyanohydrin., onsequently, either at favourable conditions
or in the presence of hydroxynitrile lyases, degrades to release ketone and toxic HCN (see
Figure 1) [2–4].

Figure 1. A complete hydrolysis of linamarin and lotaustralin by linamarase.

Linamarin exhibits anticancer activities and its free cyanide is responsible for such
properties [5–7]. Small organic compounds (drugs) are characterized by the presence of
functional groups that can participate in hydrogen bond formation. These properties de-
termine their solubilities and their interaction capabilities with their target receptors. The
hydrogen bonding of a drug occurs conditionally; when the donor and receptor are at cer-
tain a proximity in the same compound, it leads to the existence of an equilibrium between
the closed conformation (intramolecular hydrogen bonding) and an open conformation,
where the polar groups interact with the surrounding solvents.

The closed conformation of linamarin prevents the polar groups from interacting with
the surrounding environment, making the drug lipophilic and membrane-permeable, and
vice versa for its water-soluble open conformation [8]. These conformations determine
physical properties such as water solubility, membrane permeability and lipophilicity. In
the study by Ashwood [9], the improved profile of the drug associated with intramolecular
hydrogen bonding, is shown to increase brain penetration, pharmacological activities
and lipophilicity. The Takeda team’s report finds better oral absorption and a favourable
pharmacokinetic profile for luteinizing hormone-releasing hormone receptor antagonists
when intramolecular hydrogen bonds are created. Research on cyclic peptides supports
the knowledge that an internal hydrogen bond is the best solution to passive membrane
permeability [10].

Despite its potential, linamarin suffers from difficulties in isolation and purifica-
tion [7,11]. Relevantly, several studies have explored the role of solvents on the solvation
and solubility of biomolecular compounds in different solvents. For instance, a study by
Patsahan et al., reports the marginal solubility of curcumin in water [12]. To complement the
study, they apply methanol (MeOH) and Dimethyl sulfoxide (DMSO) to curcumin and their
findings confirm a bent conformation in water compared to methanol and DMSO. Thus,
the low solubility of the compound is attributed to the increased hydrophobic character of
curcumin in water [13].
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Hydrogen bonds are vital in determining linamarin’s conformational structure and
binding affinity to a receptor. Hydrogen bonding is a critical property in drug optimization,
focusing on improving the potency and absorption, distribution, metabolism and excre-
tion (ADME)-Tox profile. For example, the well-known small molecules amlodipine and
sildenafil form intramolecular hydrogen bonds, which has been proved to improve their
(ADME)Tox profiles [14].

There is very little data available on the solubility and phase equilibrium of linamarin.
Modelling, can play an important role in developing efficient separation processes. There-
fore, the present work focuses onunderstanding the structural behaviour of linamarin in a
range of solvents in order to address challenges that are usually encountered during extrac-
tion and purification of linamarin. The work shows that the conformation of linamarin is
sensitive to solvent type. Therefore, methods that can consider changes in conformation
are necessary during extraction and purification processes. We demonstrate possible errors
with solvation free energies, computed using electronic structure calculations. Since solu-
bility is exponentially related to solvation free energy, small differences largely affect the
predicted phase equilibrium.

2. Materials and Methods
2.1. Molecular Dynamic Computational Methods

We investigated the conformation and solvation of linamarin in a vacuum, water,
methanol (MeOH), dimethyl sulfoxide (DMSO) and dichloromethane (DCM) by atomistic
molecular dynamics simulation using Gromacs 2018 [15,16]. First, the structure of linamarin
as a monomer was obtained from the PubChem database (CID: 11128) [17] and saved
in Protein Data Bank (PDB) format. Next, the coordinates and topology of linamarin
were obtained using the OPLS-AA force field [18] using the LigParGen tool developed by
Jorgensen and co-workers [19–21]. Finally, the structural and topology files of solvents were
obtained after submitting their SMILES to the LigParGen webserver [19–21], and water was
modelled using TIP4P [22]. Solutes and solvents were modelled using a Lennard–Jones
plus electrostatic class I potential model using OPLS-AA.

A molecule of linamarin was immersed in a cubic simulation box (using gmx edit-
conf ) and independently solvated with pre-equilibrated solvents (using gmx solvate), viz.
DCM [23], MeOH [24], DMSO [25] and TIP4P water model [26] by using GROMACS
2018 [15,16]. Linamarin was centered at least 1.0 nm from the box edge, leaving a total of
2.0 nm between the two periodic images. The number of solvents filled in the box differed
depending on their sizes; thus, we obtained 191, 779, 210 and 316 for DCM, water, DMSO
and MeOH, respectively, and the initial box size was constant (24.1724 nm3) in all systems
see (Table S1 in the Supplementary Materials accompanying the electronic version of this
manuscript). The systems were energy-minimized using the steepest descent algorithm
and then equilibrated, first in canonical ensemble (NVT) and then in isothermal-isobaric
ensemble (NPT) for 2.5 ns. We used a stochastic velocity rescaling thermostat at 298 K
and a Parrinello-Rahman barostat at 1 bar for temperature and pressure coupling, respec-
tively [27,28]. The production run was performed at an NPT ensemble for 200 ns with an
integration time step of 2 fs. The particle mesh Ewald (PME) Darden et al. [29] was used to
treat long-range electrostatic interactions with the cut-off distance at 11 Å for electrostatic
and van der Waals interactions, while the covalent bonds were constrained by the SHAKE,
for DMSO, and LINCS for all other cases [30–32]. In all simulations, periodic boundary
conditions (PBC) were applied in all directions. All the structural analysis was performed
by using TRAVIS software [33]. The OPLS-AA force field was used to model both linamarin
and the solvents consistently. For additional details, all simulation files may be found in
the supporting information accompanying the electronic version of this manuscript.

2.2. Molecular Dynamics Free Energy Calculations

The final structure from the equilibrium simulations described in the previous section
were used as the starting structure of our free energy calculations for linamarin in each
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solvent. The simulation parameters were the same except the equations of motion were
integrated with the GROMACS “stochastic dynamics” integrator, which corresponds to
stochastic or velocity Langevin dynamics integrated with the leap-frog algorithm [34]. This
change is necessary as a local thermostat is required to correctly control the temperature
of a decoupled and weakly coupled solute molecule. The calculations follow exactly the
protocol of our recent work and will only be described briefly [35].

The solvation free energy for linamarin, infinitely diluted in each solvent, ∆Gsolv
1 , was

calculated using a multi-stage free energy perturbation method with the multi-state Ben-
nett’s acceptance ratio method (MBAR) [36]. Stage (m)-dependent decoupling parameters,
λLJ

m and λelec
m , controlled the Lennard–Jones (LJ) and coulombic intermolecular interactions,

respectively. The decoupling parameters varied from zero to one. When λLJ
m = λelec

m = 1,
the solute is fully coupled to the system. When λLJ

m = λelec
m = 0, the solute is decoupled

from the system. The LJ intermolecular interactions were decoupled using a “soft-core”
potential and the electrostatic interactions were decoupled linearly [37]. The advantage
of using a “soft-core” potential to decouple the LJ interactions is that while it yields the
correct limiting values of the potential, it additionally allows nearly decoupled molecules
to overlap with a finite energy (and, hence, finite probability).

At each stage m an independent MD simulation was performed. The simulation
time for each stage m was 17.5 ns, where the first 1.5 ns was discarded from analysis as
equilibration. The change in the Hamiltonian with the current configuration between
stage m and the other stages was computed every 0.20 ps. This was saved for subsequent
post-simulation analysis with MBAR to determine ∆Gsolv

1 . This analysis was performed
using the Python implementation of MBAR A Python implementation of the multistate
Bennett acceptance ratio (PyMBAR) and the GROMACS analysis script distributed with
it [36]. The GROMACS analysis script has implemented an autocorrelation analysis, so
that only uncorrelated samples were used to determine ∆Gsolv

1 and the corresponding
uncertainty [36].

A total of 15 different stages were used for the free energy calculations, where m = 0
corresponds to a non-interacting (ideal gas) state and m = 14 is a fully interacting sys-
tem. From m = 1 to 10 the LJ interactions were increased from from λLJ

m = 0.1 to 1.0 in
10 equal increments of 0.1. Electrostatic interactions were increased in a square root fashion
following following λelec

m = (0.50, 0.71, 0.87, 1.00) from m = 11 to 14.

2.3. Electronic Structure Calculations

To further showcase the sensitive of the structure of linamarin to the solvent, and more
importantly the sensitive of the computed solvation free energy (∆Gsolv

1 , or more generally
phase equilibria) on small changes in the structure, we additionally performed solvation
free-energy calculations using electronic structure calculations in the SMD universal solvent
model [38] using Gaussian 16, Revision C.01 Frisch et al. [39].

We first obtained the Daylight SMILES [40] of linamarin from PubChem [17]. With the
SMILES, the 3-D structure was generated with Open Babel 2.3.2 [41]. Subsequently, using
Open Babel, we performed a systematic conformation search to identify the lowest-energy
conformer followed by geometry optimization, all using the General Amber Force Field
(GAFF) [42] with Gasteiger partial charges [43]. The force field was only used here to
generate a starting structure, and the choice was restricted by Open Babel.

With the same initial structure, the structure was next optimized in vacuum, water,
methanol, DMSO and DCM, where the solvents were modeled with the SMD universal
solvent model (a continuum solvent model) using Gaussian. First, the structure was
optimized using the PM6 semi-empirical method [44]. This was followed by optimization
at the M06-2X/def2-tzvp level of the theory/basis set [45]. The equilibrium structure was
confirmed by a frequency calculation.

Next, two sets of solvation free-energy calculations were performed. First, using
only the vacuum-optimized structure, single-point energy calculations were performed in
vacuum and in each solvent. The difference in energy in solution relative to vacuum was
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used to compute the solvation free energy. The use of the same structure in vacuum and
solution was consistent with the original parameterization of SMD, which involved mostly
small molecules and neglected conformational changes in solution [38].

In the second set of solvation free-energy calculations, the vacuum-optimized ge-
ometry was used for the single-point energy calculation in vacuum, and the geometry
optimized in each solvent was used for the single-point energy calculation in the respective
solvent. We further note that the difference in solvation free energy resulting from using the
vacuum-optimized versus solvent-optimized structure may be obtained from the difference
in the computed energy in solution with each structure.

3. Results
3.1. Connection Matrix Analysis (CMat)

The linamarin molecule contains different atoms that form intramolecular hydrogen
bonds as acceptors and donors. To have a precise analysis, we used connection matrix
analysis [33] to determine the strength of the interactions of hydrogen and polar atoms
within the linamarin compound in different solvents (see Figure 2). The matrix had: the
left-hand and right-hand sides and the heat map depicting interaction strength [33]. The
rows of the left-hand side matrix correspond to different hydrogen acceptors, while the
columns are for all hydrogen donors. The analysis was computed using TRAVIS, which
internally calculated the difference radial distribution function (RDF) and provided the
height and distance of the first maximum. We exclude 1–2, 1–3 and 1–4 intermolecular
interactions and a distance cutoff of 350 pm. The matrix was filled with a black cross if
the computed RDF proved no interaction detected. However, if the interaction existed, the
matrix was filled with a colour corresponding to the strength of the interaction. The colour
scheme on the right panel has two dimensions, which correspond to the first difference
RDF maximum’s observed height and distance. For example, the red colour shows firm
hydrogen bonding because it is formed at a minimal distance and much larger maximum
height. On the other hand, the blue indicates a bond formed at a very short distance but
small maximum height, which proves the bond is weak. The yellow corresponds to the
hydrogen bond formed at a considerable distance and significant maximum height; thus,
the interaction moderated strong.

Figure 2. Chemical structure of linamarin (simple drawing for illustrative purposes).

From the analysis computed properties at the matrix (see Figure 3), the intramolecular
and intermolecular hydrogen bonding behaved differently in each solvent. For example,
in MeOH, we have the column for receptor N1, O1, O2, O3, O4, O5, O6 from linamarin
consider Figure 2 and O1 for MeOH, while the rows for donors are H14, H15, H16 and
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H17 for linamarin (consider Figure 2 and H1 for MeOH). The computed parameters were
unnormalized RDF calculated out of 350 pm and calculated by looking at the height and
distance of the first picka. Figure 3b, for linamarin in MeOH, indicates that H1 from MeOH
had strong intermolecular hydrogen interaction with linamarin’s O4, O5 and O6. On the
other hand, weak intramolecular hydrogen bonding is characterized by purple, which
corresponds to short distance but lower intensity, specifically H16 with O4 (see Figure 1).
For the analysis of linamarin in DMSO, see Figure 3c, the y axis has the hydrogen acceptors
N1, O1, O2, O3, O4, O5 and O6 from linamarin and O1 for DMSO, and the x axis has only
donors from linamarin.

Figure 3. The connection matrix analysis of linamarin in (a) water (b) Methanol (MeOH), (c) Dimethyl
sulfoxide (DMSO) and (d) Dichloromethane (DCM). The columns correspond to hydrogen bond
donors, and rows stand for hydrogen bond acceptors. The square boxes are filled with colours
representing the intensity and distance of the maximum solvation shell of radial distribution
function (RDF).

It is observed that O1 formed intermolecular hydrogen bonding with H14 and, to a
lesser extent, with H15. In DMSO, there was a solid intramolecular hydrogen bonding
between O5 and H17, the purple colour between N1 and H17, O5 and H15, O3 and H15
and O4 and H14 indicates weak intramolecular hydrogen bonding. More, analysis was
performed in DCM; in Figure 3d, on the y axis, are the acceptors N1, O1, O2, O3, O4, O5
and O6 for linamarin and Cl1, 2 for DCM, while on the x-axis, are the donors H14, H15, H16
and H17 for linamarin and H1,2 for the carbon of DCM. There is no significant interaction
by hydrogen bonding, except in some regions where yellow is observed between H1,2 and
N1, which shows strong intensity at a considerable distance. On the other hand, there is
some potential intramolecular hydrogen interaction between H14 and O1, shown in yellow
colour, and between H14 and O4 and H15 and O5. Generally, DCM has Cl1,2 weak proton
acceptors, and has H1,2 weak proton donors.
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Another analysis was performed with linamarin in water; from Figure 3a, the y axis
has N1, O1, O2, O3, O4, O5 and O6 for linamarin and O1 for water, while the x-axis has the
hydrogen donors H14, H15, H16 andH17 for linamarin and H1,2 for water. There is more
intermolecular hydrogen bonding in water than in any other solvent; the two hydrogens
from water interacted strongly with all oxygens of linamarin, O3, O4, O5 and O6, but not
O1 and O2, and, to some extent, with N1. On the other hand, the hydrogen of linamarin
interacted poorly with the oxygen of water. There was also a weak intramolecular hydrogen
bonding, indicated by purple colour, between N1 and H14, H17 and O4 and H16.

Generally, there was strong intermolecular compared with intramolecular hydrogen
bonding in almost all the studied solvents. Moreover, the intensity of intermolecular
hydrogen bonding was more observed in water and MeOH. Both water and MeOH worked
by both principals—donors and acceptors—however, water has two potential hydrogens
to be involved in intermolecular hydrogen bonding, while MeOH has only one hydrogen.
The above observation contributed to the higher intensity of interaction observed in water
when compared with MeOH.

It is important to notice that, in the interaction between some sites of linamarin and
solvents, the solvents had strong contributions to both intermolecular and intramolecular
hydrogen bonding, as these two properties complement and influence each other.

3.2. Plane Projection Analysis (PlProj)

Plane projection analysis helped to understand the arrangement of the solvent molecules
around linamarin [33]. Unfortunately, the common RDF and spatial distribution function
(SDF) provided only the solvation shells around linamarin but not the in-depth analysis of
the orientation of each solvent around it. For example, consider Figure 4, where linamarin
in MeOH has three prominent regions of linamarin that highly surround, mainly, its oxygen
atoms. The observed three regions match exactly with Connection Matrix Analysis (CMat)
(Figure 3b) for O4, O5 and O6.

The DMSO (Figure 4c) analysis had almost the same properties as observed in MeOH.
DMSO surrounded three regions of linamarin but was more pronounced around two
regions; these findings correlate with the findings, observable in Figure 3c, for H14 and
H15, which were approached more by DMSO. Further analysis was done in DCM (see
Figure 4d); we found that DCM did not have any significant interaction with the atoms of
linamarin. These observations are consistent with the CMat analysis, which depicted no
significant intermolecular hydrogen bond, proving that DCM did not approach the sites
of linamarin. Further analysis included linamarin in water; Figure 4a shows four regions
of linamarin’s atoms that were more approached by water molecules. The observation
correlates with the solid intermolecular interactions of O3, O4, O5 and O6 as acceptors of
hydrogens from water, supported by the evidence of interactions in Figure 3a.

3.3. Radial Distribution Function

In order to characterize the properties and intermolecular interaction properties of
linamarin in the four solvents, radial distribution functions (RDF) were investigated using
TRAVISsoftware [33]. By definition, RDF g (r) is the local density relative to bulk; the larger
the g (r) value, the higher the probability of finding an atom/molecule at a certain distance
from the reference point, signifying more substantial interactions. Therefore, for this study,
we computed the RDFs of specific sites of linamarin (see in Figure 2) and the centres of mass
of the solvents. The analysis helped capture the information of both hydrogen accepting
and donating within a single analysis, which is also useful in comparisons such as water,
having two hydrogens to donate, with MeOH, having only one.

The normalized RDFs of the selected linamarin sites and the center of mass (COMs)
of the solvents was computed and are depicted in Figure 5. The overall observation of
the computed RDFs aligns with the observations in Sections 3.1 and 3.2. In all selected
sites except O1 and O2, water and MeOH, denoted by blue and green lines, respectively,
were observed to form the first solvation shell at relatively minimal differences in intensity
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and distance. The formation of the first solvation shell at a shorter distance reflected
the stronger intermolecular hydrogen bonding of these solvents to the mentioned sites.
These observations are supported by the findings shown in Figure 3a,b for water and
MeOH, respectively, indicating the presence of intermolecular hydrogen bonding. The local
densities were used to quantify the number of solvent molecules within a given distance.

Figure 4. The average solvent molecules around linamarin (a) water, (b) MeOH, (c) DMSO and
(d) DCM atoms displayed here are heavy atoms; C (grey), N (blue) and O (red) atoms of linamarin
are drawn as a reference.

Figure 6 shows the same observations as in Figure 5, but, here, it is evident that
in Figure 6a,d–g, intensive peaks formed around 250 to 350 pm. Moreover, in all fig-
ures, the intensity of solvents’ interactions with the selected sites follows water > MeOH
> DMSO = DCM. This shows that water molecules are more available to interact with
linamarin. The discussion in Sections 3.1 and 3.2 supports these observations.
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Figure 5. RDF of polar atoms around linamarin and centres of mass of solvents correspond to (a) N1,
(b) O1, (c) O2, (d) O3, (e) O4, (f) O5 and (g) O6 of linamarin, as a reference set.

The analysis of the solvents and the selected sites affected both the first peaks’ location
and the minima of the peaks. The observations imply that each solvent did disturb the first
coordination layer of the selected sites. Overall, water was observed to have a higher effect
on the intensity of the RDF peaks than other solvents.

3.4. Number of Integral Analysis

We performed a quantitative analysis to determine the number of solvent molecules
in each selected site at the first minimum following the peak. The number of solvent
molecules was quantified using the integral number at a certain distance. Figure 7 displays
the sites that formed the first minimum and the number of molecules of each solvent at
a distance. All sites in Figure 7, except (b) and (c), formed the first minimum with each
solvent. Figure 7b shows the formation of the first minimum with water and MeOH, while
Figure 6c shows the same with only water. Table 1 summarizes the number of molecules
of each solvent and their corresponding distances. From Table 1, N1 is observed to have
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a greater number of solvents in the first minimum for water, which revealed a maximum
number of nine. Different properties were observed, since some sites formed the first
minimum at a relatively short distance while others at longer ones. Table 1 shows that
the number of solvents at the first minimum followed the trend: water > DMSO > DCM
> MeOH. These observations do not correlate with the observed properties in the fore
sections. MeOH was reported to have a strong interaction with linamarin sites; however,
this analysis ranked it as a solvent with lesser amount in the first minimum.

Figure 6. Local density of polar atoms around linamarin and centres of mass of solvents correspond
to (a) N1, (b) O1, (c) O2, (d) O3, (e) O4, (f) O5 and (g) O6.
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Figure 7. Number of solvent molecules in the first solvation shell for selected sites of linamarin
correspond to (a) N1, (b) O1, (c) O2, (d) O3, (e) O4, (f) O5 and (g) O6.

Table 1. Number of solvents around the first solvation shell of the selected sites of linamarin. The
data were obtained from local density (distance and integral).

ATOMS WATER MeOH DMSO DCM
r [pm] n r [pm] n r [pm] n r [pm] n

N1 462 9 513 5 582 5 582 4.77
O1 380 1.88 440 1.66
O2 333 0.67
O3 343 2.669 387 1.918 525 3.86 525 3.1
O4 340 2.7 391 2.2 441 2.1 443 1.4
O5 333 2.5 383 1.62 458 1.8 458 1.64
O6 350 3.2 355 1.29 565 5.4 565 4.6
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3.5. Spatial Distribution Function

Spatial distribution functions were used to investigate the tendency of solvents to
surround linamarin; the solvents’ and linamarin’s centres of mass were used as a reference.
The corresponding graphs were developed using VMD [46] software with isosurface values
of 63.8502, 41.9874, 33.3596 and 26.5337 for water, MeOH, DMSO and DCM, respectively.
The data used for developing the three-dimensional isosurfaces (SDF) of the corresponding
solvent molecules were obtained from simulation trajectories; the SDF depicts the local
solvent density in 3D see Figure 8.

Figure 8. Spatial distribution function of solvents around a linamarin molecule in (a) water, (b) MeOH,
(c) DMSO and (d) DCM.

It is observed in all four graphs that the solvents (Figure 8) were distributed through-
out linamarin molecules. Furthermore, it is observed that the polar solvents (water, MeOH,
DMSO; see Figure 8a–c respectively) were grouped and formed a belt-like cluster, specif-
ically to regions where there were polar atoms of linamarin, while, in Figure 8d, DCM
molecules were populated throughout the linamarin molecule. Thus, these observations
are attributed to the fact that linamarin has a large region of sugar moiety that contains
many polar atoms that are likely to form hydrogen bonds with polar solvents. Following
these observations, we can confirm that the polar solvents, specifically water, had strong
interactions with linamarin sites, and that these interactions were mainly intermolecular.

3.6. Molecular Dynamics Free-Energy Calculations

As described earlier, a total of 15 different stages were used for the free-energy calcula-
tions, where m = 0 corresponded to a non-interacting (ideal gas) state, and m = 14 was a
fully interacting system, considering Table S2 in supporting information. When m = 0, all
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linamarin–solvent interactions were turned off. Then, with linamarin–solvent electrostatic
interactions turned off, from m = 0 to 10, the LJ interactions were increased from λLJ

m = 0.1
to 1.0 in 10 equal increments of 0.1. The free energy relative to the non-interacting state,
as a stage function, is shown in Figure 9 for this process. Initially, we found that the
relative solvation free energy increased for all solvents. In the non-interacting state (m = 0),
linamarin may have been everywhere in the system with equal probability, which included
structures overlapping with solvent molecules. As the LJ interactions were turned-on,
linamarin necessarily carved out a cavity in the solution. This disrupted the neat solvent
structure and required the “breaking” of solvent–solvent intermolecular interactions.

Figure 9. Contribution of the van der Waals force at each stage of the ∆Gsolv calculation using
Multistate Bennett acceptance ratio (MBAR).

Comparing the relative free energies in state m = 1, we found water > methanol >
DMSO > DCM. Recall that the lower the relative free energy, the more favourable. Water
and methanol are both capable of donating and accepting hydrogen bonds, and as a result,
there was a greater cost to carving out a cavity in the solution. Water is known to be well
structured and to form strong intermolecular hydrogen bonds with itself. This is inherent
in the significantly larger relative free energy in state m = 10 for water. Interestingly, for
the case of water, the relative free energy was positive, indicating that the non-interacting
state was preferred over state m = 10.

Next, electrostatic interactions were increased in a square-root fashion, following
λelec

m = (0.50, 0.71, 0.87, 1.00) from m = 11 to 14. In Figure 10, we show the free energy
relative to state m = 10. In state m = 10 LJ interactions were full, while electrostatic
interactions were turned off.

While the LJ term captures attractive dispersion and repulsion (i.e., van der Waals)
interactions, the electrostatic term accounts for high-order interactions, such as hydrogen
bonding. We found that as the electrostatic interactions were turned on, the relative
solvation free energy decreased in all cases. Again, recall that the lower the relative free
energy, the more favourable. We found that in state m = 14, and the relative free energy
was obviously most negative in water. Next, the values in DMSO and methanol were
similar, with DMSO being slightly more negative, and DCM was clearly the least negative.
This agrees perfectly with our structural analysis, where we expected the relative free
energy to be related to the strength of the intermolecular interactions between linamarin
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and the solvent, specifically, hydrogen bonding, here. In Figure 11, we summarize the total
solvation free energy (m = 0 to 14), along with its LJ (m = 0 to 10) and electrostatic (m = 0
to 14) contributions.

Figure 10. Contribution of electrostatic interaction at each stage of the ∆Gsolv calculation (MBAR).

Figure 11. Decomposition of the MBAR ∆Gsolv in van der Waals and coulombic contribution functions
(in units of kT).

The figure shows that the solvation of linamarin was driven by a balance of linamarin–
solvent and solvent–solvent interactions. While water strongly interacted with linamarin, it
also strongly interacted with itself. This lead to a large disparity in the LJ and electrostatic
contributions to the solvation free energy. On the other hand, DMSO is a strong hydrogen-
bond acceptor but cannot donate hydrogen bonds. DMSO is unable to have hydrogen
bond with itself. However, DMSO can hydrogen bond with linamarin. As a result, the total
solvation free energy was most negative (i.e., solvation was most favourable) in DMSO.
Note that, while, here, we report Gsolv, the log solubility is proportional to −Gsol.
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3.7. Electronic Structure Calculations

As revealed in our structural analysis, the conformation of linamarin was sensitive
to the solvent; specifically, we found competition between the intra- and inter-molecular
interactions. However, very little experimental data is available for the phase equilibrium
of linamarin in solution. As a result, modelling is expected to play an essential role in
the early-stage design of novel separation processes. Therefore, our results suggest that
it is important that methods be used that can account for the conformational changes
of linamarin. Molecular simulation can sample the ensemble of conformations of lina-
marin in solution and vacuum, making it an excellent candidate. To demonstrate the
sensitivity of the solvation free energy to structure, we next considered the use of electronic
structure calculation.

Selected geometrical parameters for linamarin structure, optimized using DFT in
vacuum, water, methanol and DCM, were evaluated. The oxygen–hydrogen distances for
O1-H15, O2-H17, O2-H14 and O4-H16 were measured; it was observed that O–H distances
increased in the order O1-H15 < O4-H16 < O2-H17 < O2-H14 both in a vacuum and in
solvents see Table 2; this implies that the strength of hydrogen bonding follows the reverse
order. These observations coincide with the connection matrix analysis of linamarin in
solvents (Figure 3).

Table 2. Summary of distances of the hydrogen bonding from geometric optimized structure in
different solvents.

Distance Vacuum Water Methanol DMSO DCM

O2-H17 2.184 2.313 2.277 2.24643 2.249
O2-H14 2.412 2.537 2.536 2.46779 2.473
O4-H16 2.168 2.282 2.270 2.20373 2.209
O1-H15 1.988 2.027 2.031 1.98382 1.986

4. Conclusions

In the current work, we performed molecular dynamics simulations to understand
the solvation of linamarin, covering a range of polar protic, aprotic and non-polar solvents.
The study specifically focused on inter- and intra-molecular hydrogen bonding. CMat
and PlProj, in combination, demonstrated the existence of both inter and intra-molecular
hydrogen bonding, which behaved differently in all solvents. Radial distribution functions
were used to characterize the intensities of the interactions between linamarin sites and
the solvents, considering their donating and accepting capabilities. The higher radial
distribution function peak at a low distance for water signified its strong interaction
with linamarin.

The number of critical analyses quantitatively analysed the number of solvents ob-
served at the first minimum following the peak. The maximum amount of nine for water,
when interacting with N1, signified its strong interaction. There was variation in the trend,
but the general trend followed the order: water > DMSO > DCM > MeOH. Spatial dis-
tribution function analysis confirmed the strong interaction between polar solvents and
linamarin due to a belt-like cluster in water and MeOH.

These findings aligned with each other and proved the strong interaction between
polar solvents and linamarin. The inter- and intra-molecular hydrogen bonding analy-
sis proved that they were solvent-dependent and significantly contribute to linamarin’s
solvation. Therefore, linamarin more strongly interacted with water than with the other
discussed solvents. Whenever there was competition between inter- and intra-molecular
hydrogen bonding, linamarin preferred to interact with the surrounding solvents (polar).

The solvation free energy of linamarin in these solvents provided a detailed analysis
of how the dispersive and electrostatic interactions contribute to the overall preferences
of a solvent to interact with a solute or another solvent molecule. The analysis indicated
solvation free-energy results of coulombic contribution align with the structural analysis
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that water interacted strongly with linamarin. However, the total contribution to solvation
free energy depicted DMSO as the best option because it can hydrogen bond with linamarin
but not with itself. From these findings, we also found that linamarin’s conformation
depends on solvents themselves, not just the solute-solvent interaction. Since there is no
experimental solubility data, the modelling of linamarin in a range of solvents (polar to
non-polar) provides an opportunity to consider even other traditional methods, including
a very large range of solvents in the near future.

Supplementary Materials: The following information can be downloaded at https://www.mdpi.
com/article/10.3390/pr10020352/s1, Table S1: Table summarizes the number of solvents molecules
and the size of PBC box; Table S2: Summary of free energy contribution from each solvent.
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