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In this work we present the results of an orientation analysis of a single tautomeric curcumin
molecule in water and polymeric melts of poly(2-oxazoline) and poly(2-oxazine) based triblock
copolymers. The results yield stacking of the aromatic phenyl rings for curcumin solvated
in water, while showing that the molecule is mostly prolate when solvated in the polymeric
melts. The comparison of curcumin in the two different triblock copolymers however showed
no significant difference in the two observed reaction coordinates d and 6.

1 Introduction

Efficient delivery of drug molecules to patients is a major problem. In most cases, drug
transportation cannot simply be achieved in an aqueous solution, since the majority of
modern drugs have very poor water solubility, but requires some sort of carrier molecule
which needs to have both, hydrophilic and hydrophobic parts, to be able to dissolve the
drug molecules. Two examples of such hydrophobic drugs are paclitaxel (PTX) and cur-
cumin (CUR), with water solubilities of 5.56 mg/L° and 5.75 mg/L,'? respectively.

Liibtow e al.'! showed a comparison of the maximal drug concentration of these
drugs achievable in ABA triblock copolymers based on a hydrophilic part A, consisting
of poly(2-methyl-2-oxazoline) (pMeOx), and a hydrophobic part B, consisting of poly(2-
oxazoline) (pOx) or poly(2-oxazine) based polymers (pOzi), namely poly(2-n-propyl-
2-oxazoline) (pPrOx), poly(2-butyl-2-oxazoline) (pBuOx), poly(2-n-propyl-2-oxazine)
(pPrOzi) and poly(2-n-butyl-2-oxazine) (pBuOzi), of which two can be seen in Fig. 1.
Surprisingly, they found that the structural isomers ApBuOxA and ApPrOziA showed the
biggest difference in solubility for the different drugs.

While ApBuOxA achieved the best PTX drug loading of ~ 48 wt%, ApPrOziA
showed the second worst drug loading of approximately 25 wt %, corresponding to a drug
concentration of pprx = 9.04 + 0.61 g/L and pprx = 3.27 & 0.01 g/L, respectively, for
a polymer concentration of p, = 10g/L. The same test for CUR displayed a signifi-
cantly different behaviour, as it showed the highest drug loading of ~ 54wt % with the
polymer ApPrOziA and yielded the worst drug loading of = 24 wt % in combination with
ApBuOxA, again with a polymer concentration of p, = 10g/L and corresponding to a
curcumin concentration of pcyr = 11.91 £0.59 g/L and pcur = 3.23 £ 0.18 g/L, respec-
tively.!

Schulz et al.? did research on the morphological properties of similar copolymers
with PTX loading, which yielded that the polymer-drug-macromolecular structure forms
spherical micelles, with a size of 10 to 25nm, even at small drug loadings in aqueous
solutions. The structural model proposed by Poppler et al.® gives a deeper insight into the
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Figure 1. Schematic representation of two of the polymers used by Liibtow et al.!

properties within the micelles incorporating CUR molecules. The model states that at low
drug loadings all drug molecules are present in the hydrophobic core, while the hydrophilic
shell of the micelle is filled with water. As the drug loading increases, the core fills up and
the drug molecules settle in the hydrophilic part, extruding water from the shell.

2 Simulation Methods and Systems

System Construction

Our particular interest is the difference in drug loading of the two structural isomers (Ap-
PrOziA and ApBuOxA).! To get an idea of the origin of this difference, we used Molecular
Dynamics to simulate a small sample system using ApPrOziA and ApBuOxA polymers
and one curcumin molecule in a cubic volume with ¢ ~ 3.7nm edge length. The small
system size was chosen to represent a small volume within the interface region between
the hydrophilic and hydrophobic parts of the polymer micelle. Due to the lack of water in
this region as proposed by Poppler et al.,® a polymeric melt was chosen to approximate the
polymer movement within the micelles.

The copolymers used in the experiments of Poppler e al.> had repeating units of
38-23-38 for A-B-A, respectively. To generate the needed GROMOS 54A7 forcefields,
ATb* 14 was used. The restrictions for ATb’s semi-empirical forcefields only allowed
molecules with a maximum size of 500 atoms, thus the repeating units had to be adjusted.
The hydrophilic/hydrophobic ratio of the experimentally used polymers is 7exp ~ 1.65. To
make most use of the limitation, repeating units of 11-7-11 for A-B-A, respectively, were
chosen for the simulations, resulting in a ratio of gy, ~ 1.57.

In nature, curcumin is a tautomeric molecule, existing in a diketo and in a keto-enol
form (see Fig. 2). Manolova et al.’ showed, that the keto-enol form of curcumin is the
common form in organic solvents, while the diketo form is rare in this environment. With
an increasing percentage of water in a mixture of organic solvents and water, the diketo
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(a) Keto-enol (b) Diketo

Figure 2. Illustration of the two tautomeric forms of curcumin, (a) showing the keto-enol form, (b) shows a
schematic representation of the values obtained using the diketo from of curcumin as an example. The COM’s,
symbolised by the red dots, are used to calculate the distance d and also to calculate the vectors ¥ ;, which span
the plane of the carbon rings.

form appears more frequent. We decided to simulate both forms of curcumin to achieve a
better understanding of what happens within the micelles.

To characterise the system we looked at two reaction coordinates, namely the COM
(centre of mass) distance d of the two carbon rings and the angle 6,2 between the normal
vectors of the planes created by the phenyl rings (see Fig. 2). The COM was calculated by
using only the six carbon atoms per ring and neglecting the hydroxy and OMe rest, while
the angle was calculated by

iy - 7o

b12 = D

|71 - |7
with ﬁl = Ui,l X 1_)'2'72.

Due to the OMe group of the phenyl ring, a difference in direction of 77; can be de-
termined. Using both parameters one can determine the geometrical configuration of cur-
cumin, which can then be used to generate a 2-dimensional configuration space.

Simulation Sequence

All simulations were done using GROMACS 2018.1%8 and analysed using the GROMACS
analysis template. Each simulation used a time step of dt = 1fs, the trajectories were
written every At = 1 ps.

We built one aqueous system with a single curcumin molecule in diketo form and
water using the solvate command in GROMACS to fill a box with edge length ¢ = 3 nm.
This system was initialised using energy minimisation and a N PT-Ensemble run at a
temperature of 7' = 400K for ¢ = 10ns. After the initialisation we obtained 300 start
configurations from the trajectory, which were equally distributed within the configurations
space (see Fig 4(a)).

The polymer systems were built using the GROMACS function insert-molecules, by
inserting 12 polymer molecules and one of the two curcumin forms in a cubic box with
edge length @ = 7 nm, thus creating four systems PrOzi-Keto, BuOx-Keto, PrOzi-Enol
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and BuOx-Enol. A flow chart of the simulations used to obtain all needed results of the
polymer systems can be seen in Fig. 3.

The start configurations were first simulated in an initialisation run consisting of an
energy minimisation, followed by a run in a NVT-Ensemble, with a temperature of
T = 700K for ¢ = 500ps, and a N PT-Ensemble simulation at the same temperature
for t = 30ns. The high temperature was chosen to allow the long polymer molecules to
move faster, the NVT-Ensemble simulation allows the polymers move freely, while the
simulation in the N PT-Ensemble lets them compress and entangle, thus achieving a better
equilibration and greater structural difference from the start configuration of the polymers,
compared to a N PT-run at 300K for the same duration. The trajectory obtained by the
N PT-run of the initialisation was used to search for different geometrical configurations
of curcumin, equally distributed within the configuration space, which resulted in about
80 to 85 start configurations per initialisation run. For all systems the start configurations
were then again minimised and used as start configuration in N PT-Ensemble simulations
at 7' = 300K with a simulation time of 30 ns and 10 ns for the polymer melts and water,
respectively. The resulting trajectories were then analysed and for each time frame the
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Figure 3. Flow chart of the simulation sequence. The blue rectangles with rounded corners represent the start
configurations used, the red rectangles with rounded corners represent the results obtained. The rectangles with
green title are showing the separate simulations used within one run (from left to right), while the yellow rect-
angles represent the program used to find start configurations. The green gradient arrows show that the result is
obtained at the end of the run, while the blue gradient arrows show, that the trajectory obtained by the N PT-run
was used in the next step.
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configuration was saved in a two dimensional histogram with bin sizes Byyge = 0.5° and
Biistance = 2.5 pm (see Figs. 4 and 5).

We used this pattern two times per system, using the result of the first initialisation run
to start the second initialisation. To rule out the difference of the polymer configurations
in the original initialisation of the systems, when comparing the diketo and the keto-enol
forms of curcumin, a program was used to change one form into the other. This way we
got four different starting points per system, where the only difference of the Polymer-Keto
and Polymer-Enol systems is the form of curcumin and not the orientation of the polymers.

3 Results and Discussion

The results obtained from the simulation of the aqueous system displayed in a two dimen-
sional configuration space plot can be seen in Fig. 4(b). One can see two prominent regions
(P1 and P2) in configuration space, where P1 is at an angle of 61 ,, ~ 170° and a distance
of di,q¢ = 0.4nm and P2 at 05 ., =~ 10° and d3 o4 ~ 0.4nm. By comparing the two
regions one can see that P1 is slightly more prominent than P2. These two configurations
correspond to two m — w—stacking forms of CUR’s phenyl rings, where the P2 configura-
tion is less frequent, due to the OMe groups of the two rings being next to each other, which
can result in a separation of the rings when the OMe groups turn towards one another. In
P1 on the other hand, the OMe groups are on opposite sites of the stacked rings and can
thus not separate the rings easily, resulting in a higher stability of the P1 configuration.
We also observed flipping from one state into the other, resulting in the fine, slightly bent
line between the two peaks. The bent line is due to the flipping mostly involving the OMe
group of one ring stacking onto the other ring, thus creating a bigger distance between the
two rings centre of masses.

The results obtained from the four polymer systems however display a completely dif-
ferent behaviour of CUR compared to the aqueous system. Instead of two precise peaks
in the configuration space plots, one can observe a much broader variety of configurations
(see Fig. 5). The purple areas in Fig. 5(a)-(d) show the less often found configurations,
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Figure 4. Configuration space plots of the water system, (a) shows the distribution of 300 start configurations
within the configuration space, (b) shows the result of the start configurations after 10 ns of N PT'-simulation,
displaying two peaks P1 (upper peak) and P2 (lower peak).
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which seem to be mostly found in CUR molecules moving towards a more prominent con-
figuration. These configurations are displayed by two prominent regions, one at a distance
of di , =~ 0.6 nm, the other at distances between 0.8 nm and 1.2 nm. The system PrOzi-
Keto additionally shows smaller peaks in the same positions as the P1 and P2 peaks in
the aqueous system, as can be seen in Fig. 5(b), which again represent m — 7w —stacking of
curcumin’s phenyl rings. Further, when comparing the BuOx systems (Fig. 5(a) and (c))
to the PrOzi systems (Fig. 5(b) and (d)), one can see that the PrOzi system displays more
confined areas in the configuration space.

However, the difference of the prominent configurations between the two polymers is
not significant enough to be the sole reason for better solubility of CUR in ApPrOziA. A
comparison of the diketo and keto-enol forms, both within the same polymer, yields that the
prominent peaks of the keto-enol forms exhibit a more stretched form in angle direction,
while the diketo form displays broader stretching in direction of the distance variable. This
can be explained by the difference in bonding of both forms. While the keto-enol form is
more planar due to the C-C double bond in the molecules middle part between the oxygen
atoms (see Fig. 2(a)), and thus being less able to fold but moving by torsion. The diketo
form on the other hand does not have a C-C double bond in the middle part, allowing it to
fold more freely (see Fig. 2(b)).
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Figure 5. Configuration space plots of the polymer systems, (a) shows curcumin in diketo form dissolved in
ApBuOxA, (b) the diketo form dissolved in ApPrOziA, (c) the keto-enol form dissolved in ApBuOxA, and (d)
the keto-enol form dissolved in ApPrOziA.
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4 Conclusion

The simulations done in this work give an impression of how a single curcumin molecule is
incorporated within the interface region of triblock copolymer micelles and its orientation
in different solutions. While the results of our simulations were able to show a difference
in orientation for curcumin solvated in water (stacking of the aromatic phenyl rings) and
curcumin in polymeric melt (mostly showing a prolated form), it could not show significant
differences when comparing the orientation of curcumin in ApBuOxA and ApPrOziA, thus
not confirming the findings of Liibtow et al.'

A possible reason for this could be that the diffusion time of the polymeric melt is
too large to get viable results by simulations as short as 30 ns. By using single curcumin
molecules instead of multiple ones we also stray far from the concentration achieved by
Liibtow et al.' and therefore neglect possible curcumin-curcumin interactions, which could
also stabilise the micelle and increase drug loading. Taking the structural model for these
specific polymer micelles proposed by Poppler et al. into account, simulations of the core
and corona regions and comparisons of the different regions could also yield important
informations for understanding the high drug loading ability of ApPrOziA, which will be
investigated in the future.

Another way to find differences in the two polymer systems could be the radial dis-
tribution of different functional groups of the polymers in respect to functional groups of
curcumin, since the keto-enol form exhibits an additional hydrogen bond donor, that could
possibly alter the way in which the functional groups of the polymers move.
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