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We explore clustering of curcumin molecules in water by using the OPLS-UA model for the enol conformer of cur-
cumin (J. Mol. Lig., 223, 707, 2016) and the SPC-E water model. With this purpose, solutions of 2, 4, 8, 12, 16 and
20 curcumin molecules in 3000 water molecules are studied by using extensive molecular dynamics computer
simulations. Radial distributions for the centers of mass of curcumin molecules are evaluated and the running
coordination numbers are analyzed. The formation of clusters on time is elucidated. The internal structure of
molecules within the cluster is described by using radial distributions of the elements of the curcumin molecule,
the orientation descriptors, the order parameter and the radius of gyration. The self-diffusion coefficient of so-
lute molecules in clusters is evaluated. The distribution of water species around clusters is described in detail.
A comparison of our findings with computer simulation results of other authors is performed. A possibility to
relate predictions of the model with experimental observations is discussed.
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1. Introduction

Curcumin is well known as a spice and natural coloring agent. Its pharmacological activity resulting
in therapeutic applications were the subject of very many experimental studies during the recent decades,
see e.g., [1HS]. Experimental investigations were accompanied by the applications of methods of quantum
chemistry in this area of research. However, from a theoretical modelling perspective there is a huge
number of variables involved in the experiments. Consequently, there is much room for the development
of adequate modelling and verification of theoretical predictions against experimental data [6].

The studies of solutions with curcumin solutes by using computer simulation techniques were initiated
quite recently [7H15]. In particular, modelling of the curcumin molecule force field from quantum
chemical (QC) calculations, mainly within the B3LYP method and using different versions of Gaussian
software, was undertaken in [[L1} [12} [16l [17]. Justification for the development of the simpler, OPLS-
united atom (UA) model (using the OPLS library [18]]) for curcumin molecule from our laboratory was
provided in [[19]. The model was tested in vacuum and in water using classical molecular dynamics
simulations [[19].

The present work is a continuation of our research of a single curcumin molecule in water, methanol
and dimethylsulfoxide in the framework of molecular dynamics computer simulation methodology [19}
20]. In contrast to the previous studies of many authors, we make one important step forward. Namely, we
focus on the systems with a larger number of curcumin molecules (N = 2, 4, 8, 12, 16 and 20) rather
than a monomer. Thus, the effects of interaction between solute molecules compete with solute—solvent
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Figure 2. (Colour online) Schematic representation for the united-atom curcumin model with sites num-
bering. Carbon groups are shown as dark gray spheres, oxygens — as red spheres, hydrogens — as small
light-gray spheres.

interaction. This kind of an appealing setup was realized only in [12, 16} [17], up to our best knowledge.
It is important to mention that the optimization of the curcumin dimer structure within the QC model
was undertaken in [[17]. Here, however, we follow the development used in [12]. In close similarity to
that work, we focus on the systems with a few curcumin solute molecules in water. It is known that the
curcumin molecule is hydrophobic due to the presence of phenyl rings. Hence, the solute is characterized
by a very low solubility in water. Water solvent promotes hydrophobic association of curcumin molecules
which leads to the formation of clusters. The study of this kind of phenomenon is the principal focus of
the present work.

2. Model and simulation details

Molecular dynamics computer simulations of curcumin molecules in water was performed in the
isothermal-isobaric (NPT) ensemble at a temperature of 298.15 K and at 1 bar. The GROMACS simulation
software [21]] version 5.1.4 was used.

Water is described in the framework of popular and well tested SPC-E model [22]]. On the other
hand, the model developed by using the OPLS-UA force field is used for curcumin molecule [19].
Recently, the model was tested by considering a single curcumin molecule in water, methanol and
dimethylsulfoxide [20]. Similarly to our previous investigations, in the present work we restrict our
attention to the enol tautomer of curcumin. This structure is dominant in solids and in various solvents,
see e.g., [23]24]. The chemical structure of the molecule is shown in ﬁgurem

The “ball-and-stick” schematic representation of the molecule was already presented in [19}20]. Still,
we show it here in figure 2] for the sake of convenience of the reader.

All the parameters of the force field can be found in the supporting information file to Ref. [19].
Slight modification of the original model was undertaken, however. In the study of the original model, we
observed quite large fluctuations of the bond length between oxygen and hydrogen atoms in the hydroxyl
groups H4-O5, H15-0O14 as well as in H28-O27. In order to avoid this nonphysical behavior, in the present
study these bonds are considered as rigid with the length 0.95 A and accounted for via constraints. The
LINCS algorithm is used.

Technical details of the simulation procedure are as follows. The geometric combination rules were
used to determine the parameters for the cross interactions (rule 3 of GROMACS software). To evaluate
the Coulomb interaction contributions, the particle mesh Ewald procedure was used (fourth-order spline
interpolation and grid spacing for the fast Fourier transform equal to 0.12 nm). The cut-off distance
both for Coulomb and Lennard-Jones interactions was chosen equal to 1.1 nm. This choice provides
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reasonable computing efficiency and is sufficient to correctly reproduce the properties of interest for all
the systems under study. The van der Waals tail correction terms to the energy and pressure were taken
into account.

For each system, a periodic cubic simulation box was set up with Ny, = 3000 water molecules
and N, curcumin molecules (N¢, = 2, 4, 8, 12, 16 and 20). The initial configuration of particles was
prepared by placing first the N, molecules randomly in the simulation box. Next, Ny, water molecules
were inserted into the box. Each system underwent the energy minimization to remove a possible overlap
of atoms in the starting configuration. This was done by applying the steepest descent algorithm. After
the minimization procedure, we performed equilibration of each system with the time duration 10 ps at
298.15 K and 1 bar using a small time step 0.1 fs. The Berendsen thermostat with the time coupling
constant of 0.1 ps and isotropic Berendsen barostat with the time constant of 2 ps were used. The
compressibility parameter was taken equal to 4.5 - 107 bar~! (corresponding to the bulk water) in all
simulations. It was observed that during equilibration, the curcumin molecules start to assembly and
form clusters. At the end of the equilibration run, a few clusters were formed.

After equilibration, the production runs were performed. We used the V-rescale thermostat with the
time coupling constant of 0.5 ps and Parrinello-Rahman barostat with the time constant of 2 ps to perform
the production runs. The time step was chosen to be 1 fs. The production run was performed in two stages,
each of them with time duration of 100 ns. At the first stage, we verify if the carcumin molecules form a
cluster and if it behaves as a stable entity. At the second stage, a detailed analysis of the curcumin cluster
in aqueous medium was performed. With such time extension of data, we obtain good statistics of events.
It is worth mentioning that Hazra et al. [12] studied similar systems by collecting data up to 40 ns only.

3. Results and discussion

3.1. Trends of assembly of curcumin particles in water

To begin with, we extracted the time evolution of the center of mass (COM) of curcumin molecules
from the trajectories generated by molecular dynamics for each system under study. Then, the radial
distributions for the COM of curcumin molecules were constructed. The functions were obtained at the
second stage of each production run and are presented in figure[3] for Ney = 8,12, 16 and 20. For Ny, = 2
and 4, the radial distributions are much worse defined because of insufficient statistics. The function g(r)
falls to zero at a distance above ~ 2 nm for all the systems, indicating non-homogeneous distribution of
curcumin molecules in the box, or in other words showing that their aggregation occurred. By contrast, the
radial distribution function (RDF) of water molecules gow-ow (#) (not shown for economy of space) does
not exhibit any peculiarity, it behaves as common and tends to unity at large inter-particle separations.

The function g(r) for curcumin molecules has a single maximum in the interval from r ~ 0.4 nm
to r = 0.5 nm, if Ny, = 8,12, 16. The maximum slightly shifts to a smaller distance and its height
decreases with an increasing number of molecules. Moreover, a shoulder seen at r ~ 0.8 nm for Ny, = 8
converts into a local minimum at a slightly smaller distance for N, = 12 and 16. This behavior reflects
the development of a certain structure upon the assembly of curcumin molecules. The width of the
distribution upon changes from N, = 8 to 12 and next to 16 becomes smaller in the interval from 0.3 nm
up to » ~ 1.1 nm, whereas the outer part, for » > 1.1 nm, becomes more diffuse or better say extends to
a larger inter-particle separation, if the number of curcumin molecules increases from 8 to 20. Drastic
changes of the shape of g(r) occur, if the number of molecules increases from Ny, = 16 to 20. The first
maximum is very narrow for N, = 20 (its height essentially increases upon the change from N, = 16
to 20) and the following wavy structure reflects the ordering of curcumin species within the agglomerate.

An additional insight into the trends of the assembly of curcumin particles in water can be obtained
from the running coordination numbers defined as follows,

Heureur () = 47(Now/L?) J J(R)R*R, 3.1
0

where L is the length of the edge of the simulation box. The corresponding curves are given in figure[] The
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Figure 3. (Colour online) Radial distributions for the center of mass of curcumin molecules in water
(Nw = 3000) at room temperature.

cyan curve indicates that the size of the agglomerate of curcumin molecules increases non-monotonously.
Apparently, the size tends to the saturation value, though in order to prove it, one would need to simulate
the systems with a much larger number of particles than we explore in the present work.

It is helpful to put the results shown in figure[3]in the context of findings of other authors. Specifically,
Hazra et al. [[12] provided the radial distribution of curcumin molecules within their QC model dispersed
in the SPC-E water. The bimodal shape of the radial distribution is much stronger pronounced, comparing
to our model. The wavy structure was also observed. Unfortunately, neither the number of water molecules
was reported nor the value of the chosen mole fraction of curcumin. Just recall, that our plot concerns
the effect of augmenting curcumin concentration in the solution.

On the other hand, Bonab et al. [[16] used a very similar QC curcumin model as Hazra et al.
in combination with the SPC water. The authors restricted to the systems with Ng,; = 2,3,4 and 5,
dispersed in Ny, ~ 1500 water molecules in the box. The shape of the radial distribution of curcumin
species differs from ours and from Hazra et al. results, cf. figure 3 of [[16]. Still, the reported dependence
of ¢g(r) on concentration is in agreement with our predictions. Namely, the height of the first maximum
decreases with augmenting curcumin concentration (it is located in the interval » ~ 0.4 nm to r ~ 0.5 nm
similarly to our data) and there exists a distance of crossover of the width of the distribution (at a distance
we report upon the changes from N¢y, = 8 to 12).

For the sake of better visualization of the structure that the curcumin molecules attain in water, we
present typical snapshots picked up at the end of the second stage of the production run for each system.
The plots were prepared by using the VMD software [25]. The 2D plots in the printed version of the
manuscript do not permit to appreciate the entire three-dimensional structure, unfortunately.

Still, in the case of a “dimer” (N = 2), we observe a pattern describing trends for parallel orientation
of molecules, figure [5] Two curcumins are close to each other, water species hardly penetrate the space
between much larger molecules. However, one can notice that there are water particles approaching the
hydrophilic entities of the curcumin molecules. It is worth mentioning, that the optimized curcumin
“dimer” structure of the QC model in the water-ethanol mixture shows a well pronounced parallel motif,
cf. table 1 of [17]. Much less order apparently exists in the agglomerate of four curcumin molecules
dispersed in water, figure[5} The parallel motif seen in a dimer seems to be perturbed upon aggregation
of two more curcumin molecules to the dimer.

If the number of curcumin molecules is larger, Ny = 8 and N, = 12, one can conclude, from
both panels of figure[f] that the trends for parallel ordering are either diminished (left-hand panel of this
figure) or enhanced and dominate the structure, as in the right-hand panel. In both cases, it seems that
water species are expelled from the interior of agglomerate of curcumin molecules. This issue will be
discussed below more in detail.
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Figure 4. (Colour online) Running coordination number of the COM of curcumin molecules in water
(Nw = 3000) at room temperature. The number of molecules in each case is marked in the figure. The
cyan line joins the points at which the coordination number reaches plateau values with Neyr — 1.

Figure 5. (Colour online) Typical snapshot of the structure attained by 2 and 4 curcumin molecules in
water, respectively.

Final snapshots in ﬁgureconcern the systems with a larger number of curcumin molecules, N, = 16
and N, = 20, comparing to previous illustrations. Water particles are not shown in order to make clearer
the distribution of solute curcumins. From this visualization, one can get an impression that there exist
two parallel motifs, each of them involving a certain number of molecules. However, it seems that these
two trends compete or, to put it in other words, two predominant orientations are tilted with respect to
each other. We will support this hypothesis in qualitative terms below.

The word cluster in the above part of this section has not been used so far. Now, it is time to do
that. We apply the geometric definition for a cluster, in certain similarity to the geometric definition
of hydrogen bonds. Namely, taking into account the behavior of the radial distribution of curcumin
molecules in water, figure[3] we choose the “cut-off” distance R, = 0.75 nm as a criterion for the cluster
definition. This distance approximately coincides with the position of the local minimum observed in
the radial distribution of COM of curcumin molecules for the case N, = 16 and 20 (figure . Thus,
all the molecules satisfying such geometric criterion along the second stage of the production run are
counted as those belonging to a cluster. It is worth mentioning that the radial distributions of curcumin
molecules explored with different force field quantitatively differ from the results of the present model,
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Figure 6. (Colour online) Typical snapshot of the structure attained by 8 and 12 curcumin molecules in
water.

Figure 7. (Colour online) Snapshot of the agglomerates consisting of 16 and 20 curcumin molecules in
aqueous medium. The water molecules are not shown to emphasize structural motifs of the distribution
of curcumin molecules.

cf. figure 2 of Hazra et al. [12]]. In particular, the second maximum, observed for N¢y, = 12, 16 and 20
for the model in question in figure [3] is small, in contrast to what is reported by Hazra et al. [12]] for
their QC model. However, these authors used the geometric criterion deduced from the local minimum
of the radial distribution as well. In their model R. = 0.84 nm (for N, = 8 and N¢, = 12) and 0.916
for Neye = 16, see [12]]. According to our choice of R, majority of curcumin molecules for the present
model will belong to a cluster, as it follows from the g(r) shape. Only the configurations described by a
“long-range” tail of g(r) would permit the molecules out of clusters. By contrast, for the QC model of
curcumin in water by Hazra et al., the probability to find the molecules farther than the cluster criterion
cut-off is much higher. Therefore, the growth of the clusters on time is expected to be different in the
present OPLS model and for the QC model from [[12]]. Experimental fact is that the curcumin in water-rich
solutions has fast aggregation kinetics [17]]. However, the experimental time scale and time evolution in
computer simulations are two distinct things.

In figure [§] and figure 0] we present the results describing the progress of clusters’ formation during
a short period of time from the first stage of production run. It can be seen that the molecules assemble
into a cluster within a few nanoseconds, figure[§] However, fluctuations of cluster size persist during the
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Figure 8. (Colour online) Number of clusters of curcumin molecules at the beginning of the first stage of
the production run.

entire trajectory corresponding to the first stage of the production run, figure 9}
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Figure 9. (Colour online) Number of clusters of curcumin molecules (panel a) and the number of molecules
in the largest cluster, npyax, dependent on the simulation time along the first stage of the production run.

A detailed description of the formation of cluster for the QC model in water was given in [12].
According to figure[Sh of that work, curcumin molecules do not form a single cluster, even at the end of
trajectory of 40 ns. It is difficult to prove whether the mechanism of formation of clusters in that work
through long-lived intermediates is universal for curcumin in water or whether it is model specific.

3.2. On the internal structure of clusters

In order to analyze the internal structure of clusters formed in each system under study, we pick up all
configurations that yield a “complete” cluster, i.e., when the number of molecules in the cluster is equal
to N¢yr during the entire second stage of the production run with the duration of 100 ns.

An overall insight into the radial distribution of curcumin molecules with respect to each other in
aqueous medium is given above in figure[3] Now, we turn our attention to the distributions of the structural
elements of the curcumin molecules. Trends of the formation of ordered structures can be explored in
terms of the radial distributions between the geometric centers of the left-hand (LR) and of the right-hand
(RR) phenyl rings, figure[I0} In particular, from the LR-LR RDF, panel a of figure[I0] we see that there are
three maxima corresponding approximately to the distances 0.4, 0.6 and 0.8 nm. The fourth maximum
is less pronounced, at N, = 8 it is just a shoulder. Since the RR-RR counterparts are equivalent to the
LR-LR distributions up to statistical inaccuracy, they are not presented.
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Figure 10. (Colour online) Pair distribution functions between the geometric centers of the left-hand (LR)
and of the right-hand (RR) rings of curcumin molecules: LR-LR (panel a) and LR-RR (panel b). In
panel b, the intra-molecular peak is also included.

The LR-RR radial distributions, panel b of figure are somewhat different comparing to their
LR-LR counterparts. Nevertheless, they have two sharp maxima at 0.4 and 0.6 nm, the third maximum
around 0.8 nm is more disperse, comparing to its LR-LR counterpart. The fourth maximum is due to
intra-molecular structure of the molecule. These characteristic distances approximately coincide with the
distances observed in the curcumin-curcumin COM radial distributions in figure [3] Thus, the behavior
of the LR-LR and LR-RR radial distributions can be interpreted as describing parallel and anti-parallel
alignment of phenyl rings of curcumin molecules within layer-like structure in the cluster.

The height of the first maximum of the LR-LR and LR-RR distributions is approximately equal
if Neyr = 8 and 12. However, in larger clusters (N, = 16 and 20), the first maximum of LR-RR
function is much higher, in comparison to LR-LR distribution. Thus, in a smaller cluster, parallel and
anti-parallel orientations of phenyl rings of neighboring molecules are approximately “equiprobable”
(strictly speaking, these functions do not have probabilistic interpretation). By contrast, in a larger
cluster, anti-parallel orientation of phenyl rings of nearest molecules dominates over parallel orientation.

Trends for alignment of curcumin molecules were explored more in detail by calculating the angular
probability distribution functions p(6) for angles 6 between axes of a pair of curcumin molecules
(figure[ITh). The axis of a molecule is defined as a vector between the geometry center of the left-hand
(LR) and the right-hand (RR) phenyl rings. The distribution p(6) describes an axial alignment of the
curcumin molecules with respect to each other. From the maxima of p(6) in figure[ITj, one can conclude
that curcumin molecules can be oriented not only parallel (or anti-parallel), but also normal to each other.
However, the nearest neighbors tend to solely parallel (anti-parallel) ordering, and the perpendicular
orientations may correspond to molecules from different domains formed within the cluster, or it can
appear due to the perturbations by the proximity of curcumin-water interface.

Another angular probability distribution function p () was calculated to analyze the planar alignment
of curcumin molecules, where « is an angle between vectors normal to phenyl ring planes (figure [TTp).
In this case, one can also observe a preferable orientation of the molecular planes, that are either nearly
parallel or perpendicular to each other. This behaviour indicates that cuarcumin molecules tend to form a
layered structure in a cluster, although it can be quite distorted due to a small size of clusters.

The parallel and anti-parallel alignment of curcumin molecules in a cluster was discussed by Hazra
et al. in [[12]. However, the perpendicular orientations of curcumin molecules in the cluster have not been
reported since they restricted to the angular probability distribution to the nearest neighbors only.

Trends for axial orientational order of curcumin molecules in a cluster can be captured by using other
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Figure 11. (Colour online) Probability density distribution of the angle between the axes of two curcumin
molecules in a cluster of size Ncyr (panel a). Probability density distribution of the angle between vectors
normal to a ring of two curcumin molecules (panel b).

mathematical descriptors. Namely, to inspect this phenomenon, the order parameter, S, of molecules in
clusters of sizes Ny = 12, 16 and 20 was calculated from the order parameter tensor,

1 Ncur

Qaﬁ = Wcur ; (3ui,(lui,ﬁ - 6(1/3) s a?ﬁ € {x’ Y, Z}’ (32)

where u; is the vector describing the orientation of a molecule 7, and ¢ is the Kroneker symbol. From
the diagonalization of tensor Q, the uni-axial order parameter S = %/L, can be obtained. Here, A, is the
largest eigenvalue, and the corresponding eigenvector is the director.

The vector u;, to characterize the orientation, is taken along the line connecting geometric centers of
the left-hand (LR) and the right-hand (RR) phenyl rings of each of curcumin molecules. Then, the order
parameter, S, is calculated at each 10 ps during last 50 ns of the second stage of the production run. This is
shown in figure[TZh (case Ny = 12 is not presented in order to avoid overload of this panel of the figure).
With these data available, the probability density distribution of the order parameter, p(S), is obtained.
From ﬁgure@ one can see that molecules in the cluster with N, = 20 are well uni-axially ordered, the
average order parameter is equal to S ~ 0.65. The clusters with a smaller number of curcumin molecules
Ncyr = 16 and 12 are characterized by a less pronounced uniaxial motif. Moreover, the average order
parameter for N, = 12 appears to be higher than for N, = 16, S = 0.5 and S = 0.4, respectively.

This behavior can be traced by recalling the non-monotonous changes of the height of the first
maximum for curcumin-curcumin RDF in figure [3] with the increasing number of curcumin molecules.
Namely, this function indicates the appearance of an additional characteristic length when N, increases
from 12 to 16. In addition, these trends can be elucidated from the snapshots described above. In
summary, the cluster growth is not necessarily accompanied by a monotonous growth of the uniaxial
order parameter.

Since we consider the clusters consisting of a small number of particles N, < 20, they are not large
in space. For example, in the case of N, = 20, our estimate from the corresponding radial distribution
yields a size about 2.2 nm. To get a deeper insight into clusters size change, we calculated the probability
distribution functions for the radius of gyration of clusters, figure [[3p. The gyration radius is a good
descriptor for the cluster compactness.

We observe that the probability density distribution of the gyration radius is unimodal and possesses a
certain dispersion. Dispersion of the distribution decreases upon increasing N,;. The dependence of the
average radius of gyration on the number of curcumin molecules in a cluster, Neyr, is shown in figure[I3p.
It indicates a monotonous growth of the geometrical size of a cluster with N¢y, from Ry, = 0.56 nm up to
1.06 nm. Another estimate for the size of curcumin cluster follows from the radial distribution of water
molecules with respect to the COM of the cluster. It is discussed below.
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Figure 12. (Colour online) Order parameter of N¢,r curcumin molecules in a cluster dependent on time (a).
Probability density distribution of order parameter of N¢y; curcumin molecules in a cluster (b).
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Figure 13. (Colour online) Probability density distribution of Rg of the largest cluster of curcumin
molecules (left-hand panel). Radius of gyration, Rg, as a function of the number of curcumin molecules
Neur (right-hand panel).

3.3. On the self-diffusion coefficient of curcumin species

Obviously, the dynamic properties of curcumin cluster are affected by its size. One of the methods to
obtain the self-diffusion coefficients is from the mean square displacement of species. The mean-square
displacement (MSD) is obtained from the simulation trajectories during the second stage of production
runs.

In figure [I4h, we show the MSD functions of the COM for curcumin cluster of different sizes Neyr. It
is worth noting that after 20 ns these functions behave linearly with time. Therefore, the time interval of
20 — 40 ns was used to estimate the self-diffusion coefficients of clusters, Dy, from the presented MSD
functions by using the Einstein relation,

1. d
Di = ¢ lim —|ri(7+1) - ri(7)], (3.3)
where i refers to the COM of a curcumin molecule belonging to a cluster, and 7 is the time origin.

One can see that the self-diffusion for N, = 2 is somewhat smaller (0.378 - 10~ c¢cm?/s) than
for the case of single curcumin molecule in water (0.423 - 107> cm?/s) obtained by us earlier in [20].
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Figure 14. (Colour online) Mean-square displacement of the center of mass of a curcumin molecule
belonging to a cluster with a size N¢yy (left-hand panel). Self-diffusion coefficient of a curcumin molecule
belonging to a cluster as a function of the number of molecules in the cluster Ny (right-hand panel).

However, it drastically decreases to D¢y = 0.176 - 107 cm?/s for Ny = 4, afterwards it falls down to
Deyr = 0.096349 - 107> cm?/s for Ny = 16. Finally, the self-diffusion coefficient reaches a very small
value D¢y = 0.012496 - 1075 cm?/s for Ny, = 20, figure . Apparently, a single curcumin molecule
and the “dimer” aggregate find enough space for translational motion in water. By contrast, the translation
motion of a molecule belonging to a larger cluster becomes essentially hindered. Finally, in a big cluster,
the curcumin molecules become almost “frozen”.

Alternatively, it would be of interest to perform calculations of dynamical properties by using the
velocity auto-correlation functions (VACFs). This method would permit to obtain the self-diffusion
coeflicient as well, and to compare the results with the predictions from the MSD. Most importantly, the
VACEF calculations provide an ampler set of dynamic properties, such as relaxation times and vibrational
spectra. These issues will be discussed in a separate work.

3.4. On the hydration of clusters

One of important aspects of the self-assembly of curcumin particles in water is the hydration of
clusters. Cluster formation intuitively should be accompanied by the process in which the water molecules
are expelled from the cluster body. On the other hand, the cluster surface formed due to self-assembly
should be geometrically and energetically heterogeneous. Thus, the structure of such an interface can be
quite complex.

In order to get insight into this kind of interfaces, we first construct a radial distribution of water
oxygens around the COM of a cluster of curcumin species. As expected, the water molecules are
expelled from the cluster body, figure[T5] The functions constructed for systems with a different number
of curcumins saturate to unity at a distance dependent on N.,. The width of the interface is diffuse
indicating a certain degree of permeation of water molecules into a cluster. Moreover, it is difficult to
unequivocally establish the trends of changes of the width of this interface. Apparently, in all the cases,
rate of changes of this function is similar, though in the case of a larger cluster. Namely, if N, changes
from 16 to 20, the interface width becomes wider.

In order to get insights into the structure of the interface formed upon the assembly of curcumin
species, we constructed a set of radial distribution functions for different atoms of the curcumin molecule
and water. They are shown in figure[T6|and figure[I7] First, we picked up the oxygen and hydrogen atoms,
O14 and H15 respectively, of a curcumin molecule as a reference and built up the radial distribution of
atoms of water molecules. The corresponding functions, for e.g., Neyr = 16, reach saturation for r larger
than ~ 1.6 nm, figure This estimate agrees with the observations coming from g(r) in the previous
figure @ This behavior could be anticipated, because O14 and H15 atoms are close to the COM of a
molecule and presumably are situated in the cluster interior. It is worth mentioning that a single curcumin
molecule is quite hydrophobic, i.e., water molecules do not like to approach O14 and H15, as it follows
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Cluster-water radial distribution

0 05 L5 2
COM-COM distance, nm

Figure 15. (Colour online) Radial distribution function of water molecules around a curcumin cluster
with respect to its COM.
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Figure 16. (Colour online) Pair distribution function O14-HW (left-hand panel) and H15-OW (right-hand
panel).

from the black curves in figure [[6] However, as a manifestation of cooperativity in the case of even a
small cluster, this fragment of a curcumin molecule becomes much stronger hydrophobic.

Next, we picked up oxygen and hydrogen atoms, OS5 and H4 respectively, of a curcumin molecule and
plot radial distribution of atoms of water molecules, figure [[7] These atoms are far from the center of
mass of a single curcumin molecule. Moreover, according to the snapshots and other structural indicators
discussed above, these atoms should be situated on the external surface of a cluster. Consequenctly, we
observe that the cooperative effect of self-assembly of curcumins into a cluster is not very strong at small
inter-particle separations. A certain amount of water molecules prefers to locate quite close to OS5 and
H4 even if the cluster is formed, quite similarly to a single curcumin molecule in water. Moreover, the
shape of the functions with multiple peaks in figure [T7]indicate the existence of water structure close to
OS5 and H4. Thus, on average the degree of hydrophobicity of these fragments of curcumin molecules is
much less pronounced, in comparison to the fragments involving O14 and H15.

In addition, we explored the distribution of water close to the carbon groups of the phenyl rings. The
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Figure 17. (Colour online) Pair distribution function O5/027-HW (panel a) and H4/H28-OW (panel b).
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Figure 18. (Colour online) Pair distribution function C1/C30-OW (panel a) and C9/C22-OW (panel b).

results are shown in figure[I8] Apparently, this distribution of water molecules is strongly affected by the
formation of a cluster. The entire curve yielding this kind of ¢() moves down strongly, if the cluster size
increases, indicating cooperative hydrophobicity. The shape of radial distribution in the present case (for
a large cluster) is quite similar to what we observed in figure [[7} However, the water structure close to
C1 (or equivalently close to C30) is less pronounced or smoother, in comparison to the structure close
to O5.

In summary, less hydrophobicity of the surface of a cluster for the systems of this study can be
attributed to OS5, H4, or equivalently to O27, H28 fragments of the curcumin molecules.

4. Summary and conclusions

To conclude, in this work we have presented a very detailed description of the properties of solutions
consisting of a different number of curcumin molecule (from 2 to 16) in 3000 molecules of water. The
home-made, non-polarizable OPLS-UA model for curcumin molecule was used. On the other hand, water
is considered by using the SPC-E model. Geometric combination rules were applied. The simulations were
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performed by using isobaric-isothermal conditions. Our principal issue was in obtaining and analysing
the structural aspects of self-assembly of curcumin molecules in an aqueous medium.

General trends of our findings are in a qualitative agreement with the recent similar kind of systems
performed in the laboratory of Bagchi [12]] by using a different model of curcumin molecules. However,
we offer a wider set of properties in comparison to that work. Namely, we analyzed various orientational
descriptors for the distribution of curcumins in a cluster, the radius of gyration of a cluster, order param-
eter and diffusion coefficient. The cluster-water interface is characterized by several radial distribution
functions that indicate its geometric and energetic heterogeneity and an overall hydrophobicity.

Still, similarly to [12]], we were unable to find an appropriate experimental setup to verify our
predictions from computer simulations versus experiment. Apparently, this can be done in future, by
adding a certain amount of a co-solvent that should lead to disaggregation of clusters. Specifically, the
systems consisting of curcumin species in water-ethanol solvent of variable composition were studied very
recently using molecular dynamics computer simulations and experimental methods [[17]. The study made
use of determining the so-called critical water aggregation percentage (CWAP) to delimit the monomeric
form of curcumin species from aggregates. Experimentally, the CWAP, i.e., the percentage of water below
which curcumin is in its monomeric form predominantly, was evaluated from the analyses of the effect
of electronic absorption spectra and of fluorescence emission spectra on the solvent composition, see
e.g., the discussion of figures 2 and 3 of [[17]]. This quantity may provide good test of the quality of the
curcumin model of the present study.

Several interesting and important issues, even within the present stage of modelling, require additional
investigation. Namely, a more detailed description of the solute - solvent interface would be desirable in
perspective. The properties of a solvent and of a co-solvent, if present, around a biomolecule determine
its conformations and affect trends to form clusters. Evidently, the “direct” interaction between such
complex solutes is of importance in the latter aspect as well. Moreover, at the level of a more sophisticated
modelling, one may attempt to elucidate the role of the polarizability of solute molecules. At present,
for the system of our interest, it is difficult to profoundly discern and analyze each type of the effects.
Interesting discussion of some of these issues for a simpler, dimethylsulfoxide-water solutions was given
in [26].

Concerning the formation of clusters of curcumin molecules, one may attempt to take advantage of
the system with two curcumin molecules dispersed in a solvent. Then, along the line of previous studies
of simpler molecular fluids, one may focus on the evaluation of the potential of the mean force (PMF).
The software of the present study permits to obtain the PMF for the center of mass of curcumin species.
Then, the second virial coefficient at a given thermodynamic conditions can be calculated. The molecular
clustering phenomena can be analyzed in terms of the virial coefficients, as it was proposed originally
in [27]] and implemented for water in the laboratory of Kofke [28l [29]. This kind of methodology is of
interest in a wider context and for the systems of the present work as well, see e.g., [30]. Some of these
issues are under study in our research groups.
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CTPYKTYPHi acnekTn KnactepyBaHHS MOJIeKY/l KYPKYMiHY B
BoAi. Komn'toTepHe MoAentoBaHHA MeTOA0M MOJIEKYNSAPHOI
AVHaAMIKN

T. I'Iau,aral-P], 0. Nizid?

IHCTUTYT $i3nKM KOHAEHCOBaHMX cucTeM HauioHanbHOI akageMmii Hayk YkpaiHu,
Byn. CBeHUiypKoro, 1, 79011 JibBiB, YkpaiHa

-

N

IHcTMTyT Ximii, HauioHanbHWn aBTOHOMHWIA yHiBepcuTeT Mekcrku, M. Mexiko, Mekcmka

Mu AOCNifKYEMO KnacTepyBaHHSA MONEKYN KYPKYMiHY Y BOZi, BUKOPUCTOBYOUM Mogenb OPLS-UA ans eHonbHOI
dopmn Kypkyminy (J. Mol. Liq., 223, 707, 2016) Ta mogenb SPC-E Ana BogW. 3 Lji€t0 MeTOI NpoBeAeHO KOMM'to-
TepHe MOAe/IoBaHHSA PO3UUHIB 2, 4, 8, 12, 16 Ta 20 Monekyn KypkymiHy B 3000 Monekynax BoAW i3 BUKOPUCTaH-
HSIM MeToZy MONEeKYyNSiPHOI AUHaMiKU. PO3paxoBaHO pajiaibHi po3noAinv LeHTpiB Mac MOIeKyl KypKyMiHy Ta
NpoaHanizoBaHO 3HaYeHHs BiXyunx KOOpAMHaLLRHMX Yncen. MpocnigkoBaHO GOPMYBaHHS KNacTepiB 3 YacoM.
OTprMaHO ONUC BHYTPILLHBLOT CTPYKTYPU MOJIEKYN Y KAacTepi 3a 4OMOMOror pajiajbHNX Po3MnoAinis okpeMux
eNnemMeHTIB MoNeKy/n KypKyMiHy, OpieHTaLiliHVX AeCKpMNTOpiB, NapameTpa NopsAKy Ta pagiycy ripauii. Pospaxo-
BaHO koediLieHT camoandysii KnacTepoBaHMX MOIeKya KYPKyMiHY. [leTanbHO ONm1caHo po3noAis Moaekyn BOAN
HaBKOJ0 KnacTepiB. BUKOHaHO NOPIBHAHHSA HaLLWX pe3y/nbTaTiB 3 pe3y/ibTaTaMu KOMM'HOTEPHOIo MOAeNtOBaHHSA
iHWKX aBTOPiB. O6rOoBOPHETLCA MOXNMBICTL 3B'A3KY NepejbadeHb, OTPUMaHNX ANt HALLOI MoAeni, Ta ekcnepu-
MeHTaNbHO CrocTepexyBaHUX JaHUX.

KnouoBi cnoBa: KypKyMiH, MOAeNb 06'€4HaHNX aTOMIB, MONIEKYNSPHA AVHAMIKa, BOAA, Kactepy
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