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Congo Red, Evans Blue and Titan Yellow were studied in pure component solutions and in mixtures with doxo-
rubicin. Congo Red was analyzed in both unprotonated and protonated forms which mimics the neutral and
acidic pHof solutions. The analysiswas based on themolecular dynamics simulationswith the second generation
of the general amber force field, gaff2. The calculations results led to the conclusion that in pure component
solutions the dyes and also doxorubicin exist in forms of single molecules or a few molecule aggregates. The ex-
ception is the protonated CR which forms large all-molecule aggregate. However, in the case of mixtures of dyes
with doxorubicin we observed formation of larger aggregates consisting of dyes and doxorubicin molecules and
accompanied by a few molecule clusters or just single molecules of the remaining dyes molecules. Within the
aggregates the dyes molecules reveal a tendency to parallel alignment with, however, diverse intensities. The
strongest tendency to formation of ribbon-like structures revealed Evans Blue and the ordering was the longest
range in the case of Evans Blue. Other dyes revealed only short-range parallel alignmentwith the exception of the
protonated Congo Red for which the formation of ribbon-like structures was strong. Among studied systems the
strongest binding of doxorubicin was found in the case of the unprotonated Congo Red while the weakest – for
the protonated Congo Red. Binding free energy of doxorubicin to the aggregates formed by other dyes was
generally significant and the spontaneous detachment of doxorubicin from those aggregateswas found as rather
unlikely at normal conditions. This effect can be utilized in targeted delivery of this drug to immune complexes
where it can be released from the aggregates.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Azo and bis-azo dyes are extensively studied due to their wide-
spread application in industry to colour various materials or as
probe molecules in diverse chemical/biochemical research method-
ologies. For instance, Congo Red (CR) is often used as model dye
molecule to study materials for removal of toxic compounds from
water or wastewater [1–3]. However, CR reveals another important
property that is a strong self-assembly tendency [4,5] and particu-
larly its ability to react/interact specifically with amyloid proteins
[6–8]. Evans Blue (EB) is known from its high affinity to serum
albumin [9], moreover EB is often used in biochemistry to assess
the permeability of the blood–brain barrier to macromolecules
[10–12]. Titan Yellow TY was often used in colorimetric determination
of magnesium ions [13,14] as well as in other analytical chemistry
methods [15].

Many dyes molecules are able to change electronic density distri-
bution or just overall molecular charge as a function of pH. Therefore,
zyk).

.V. This is an open access article und
some of their properties like strength of intermolecular interactions
or adsorption alter strongly and this can be utilized in construction of
e.g. stimuli responsive drugs carriers. Indeed, in recent publications
Panczyk et al. [16,17] proposed a concept of pH controlled carrier
of doxorubicin DX in which the drug together with some dyes are en-
capsulated in the inner space of a carbon nanotube. The key factor
was application of dyes with pKa values close to 6, so the change of
the protonation state of dyes led to co-release of DX from the carbon
nanotube. CR was also studied in the context of drug delivery be-
cause it was found that the interaction of CR with carbon nanotubes
was significantly modified upon pH change [18].

Congo Red, Evans Blue and Titan Yellow are also interesting because
of their specific interactionwithDX and someproteins. Their interaction
with the albumin and light chain of antibodies was described, but also
with native antibodies which form antigen - antibody complexes. In
the case of interactionwith antibodies, this is particularly important be-
cause these compounds interact only with immune complexes and do
not interact with free antibodies [19–21]. This creates the possibility of
targeted delivering of drugs associatedwith the ribbon like supramolec-
ular structure of CR, selectively bound only to antibodies involved in the
complex with the antigen.
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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To our best knowledge interaction of doxorubicinwith CR, EB and TY
has not been carried out so far using molecular dynamics simulations.
That methodology offers a deep, molecular level insight into the mech-
anism of interactions, energetics, thermodynamics or simply visual
observation of the molecular structures. Therefore, this contribution
provides new physical insights into processes occurring in mixtures of
these dyes with doxorubicin or pure dyes solutions. This knowledge
allows us to predict how the dyes can affect (or not) the state of the
DX molecules when they interact with the specialized proteins.

2. Methods

All calculations were performed using the open source lammps
code [22] and generation of input files for lammps was done using
self-designed scripts. These scripts converted outputs from AcPype
[23] python script into lammps input files. The AcPype utilizes various
programms from AmberTools package [24] and generates complete
force fields, including second generation of general amber force filed,
(gaff2) in various formats. The partial charges of atoms need then to
be determined according to resp. (restrained electrostatic potential)
scheme [25] and this was done by utilizing RED server service [26].
Complete force field parameters for all molecules studied here are
provided as supplementary information.

Water molecules were accounted for explicitly using the TIP3P
water model as it is fully compatible with the amber family of force
Table 1
Definitions of the analyzed systems. DX – doxorubicin, CRn – unprotonated Congo Red, CRp –

System Formula/components

DX

CRn

CRp

EB

TY

CRnDX CRn + DX
CRpDX CRp + DX
EBDX EB + DX
TYDX TY + DX
fields. The number of water molecules was ca. 17,000 depending on
a system composition. Water molecules were kept rigid using the
shake algorithm. Na+ and Cl− ions were added to the simulation
box in the amounts accounting for the assumed ionic strength
0.145 mol L−1 and to neutralize total charge (see Table 1). The cutoff
distance for both van der Waals and electrostatic interactions was 12
Å. Summation of the electrostatic interactions was carried out using
the particle-particle particle-mesh [27] summation methodology.
The calculations were carried out with the timestep 2 fs. The initial
box size was 70 × 70 × 130 Å and the total number of atoms in
each system was ca. 54,000. The calculation were carried out at con-
stant pressure, constant temperature and constant number of atoms
ensemble (npt) using the Noose-Hoover barostat. The calculations
were carried out using own computational cluster build from
scratch. A single job was normally run on 20 Pentium Xeon cores
and efficiency was ca. 1.0–1.5 ns per day depending on the system
composition.

The systems were first heated up from 310 K to 500 K at constant
volume conditions and kept at 500 K for 1 ns. Next, the systems were
cooled down to 310 K for 1 ns and equilibrated for the next 1 ns at
constant temperature and constant pressure 1 atm conditions. Finally,
the production runs were performed; they took at least 6 ns for each
system studied. Moreover, each system was also subjected to biased
simulations for the extra 2–4 ns and no significant changes were
observed in that prolonged part of the calculations.
protonted Congo Red, EB – Evans Blue, TY – Titan Yellow.

Number of molecules/ions

DX DYE Na+, Cl−, H2O

15 0 56, 71, 18,484

0 30 116, 56, 17,501

0 30 56, 56, 17,691

0 30 176, 56, 16,981

0 30 116, 56, 17,494

15 30 116, 71, 16,800
15 30 56, 71, 16,975
15 30 176, 71, 16,272
15 30 116, 71, 16,746
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3. Results and discussion

3.1. Definition of the analyzed systems

The calculations involved 3 various dyes molecules among
which Congo Red could be in its protonated or unprotonated form.
Each dye was mixed (or not) with doxorubicin thus we finally
Fig. 1. Simulation snapshots of the studied systems before and after mixing the dyes with dox
constant pressure 1 atm and in 0.145 mol L−1 NaCl solution.
assembled 9 independent systems, as defined in Table 1. All bis-azo
dyes were initially in their trans forms as this form was found as
the dominating one [28], however, the transitions to cis forms are
rather easy and we should expect both forms with roughly the
same populations at thermal equilibrium. Complete force field
parameters and initial topologies of all molecules from Table 1 are pro-
vided as the supplementary electronic material. We chose gromacs files
orubicin. The snapshots taken after 6 ns of calculation at constant temperature 310 K and
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format for representation of the force field because it is relatively easy
to phrase and widely used [29].

As mentioned, the calculations were carried out for quite a long
time 6 ns and it was enough to draw reliable though still qualitative
conclusions concerning the long-term behavior of the systems. We
found that the state of each system is mainly dependent on the pres-
ence of doxorubicin, DX. The systems without DX, or with DX only,
prefer molecularly dispersed states (or with only small aggregates).
In turn, addition of DOX leads to formation of larger aggregates.
Fig. 1 shows representative snapshots of the simulation boxes for
all systems studied.

Initial distribution of molecules within the simulation box can for-
mally determine their final configuration due to formation of transient
states corresponding to local potential energy wells. Therefore, each
configuration shown in Fig. 1 was obtained from similar initial distribu-
tion ofmoleculeswithin the simulation box. DX and dyeswere placed in
well separated rows each containing 15 molecules.

Thus, the dyes formed two parallel rows and DXwas added as the
third and still parallel row containing 15 DX molecules. As a result,
initial configurations represented totally separated subsets of DX
and dyes molecules and the mixed states, shown in Fig. 1, appeared
spontaneously during calculations. Of course, during preparation of
the simulation boxes other initial arrangements of the molecules
were produced and tested. However, we did not observe any effects
related to those arrangements in longer runs and therefore we
applied the above described approach for all the systems studied in
production runs.

Development of the aggregates in the mixed dye + DX systems was
found as quite a fast process. The aggregates started developing in early
stages of the calculations (in the first 2 ns) i.e. during the heating stage
the molecules already formed weakly bound pre-aggregates and they
settled down to actuallyfinal forms during the cooling stage. Thus, during
the equilibration stages and production runs the aggregateswere already
present though some exchange of molecules with the bulk occurred.

3.2. Aggregation of dyes and doxorubicin in solution

Looking at the simulation snapshots we can see that the protonated
Congo Red differs significantly from the other dyes. It forms aggregates
beforemixingwith DX. This was already observed in our previous work
devoted to the analysis of CR with various protonation states and
interacting with carbon nanotubes [18,30]. The protonated state of CR
appears below pH4–5 and therefore this is not a particularly interesting
state of thatmolecule when its biochemical applications are considered.
Moreover, at such low pH the conversion to the quinoid form of the
protonated CR may occur [31]. The protonated CR forms, as seen, large
aggregates and colloidal stability of such a solution must be weak. The
other dyes, in turn, seem to form regular aqueous solutions as they
exists as only small aggregates.

The division of molecules into aggregates of various sizes is very
interesting phenomenon and deserves a closer analysis. Thus, Table 2
Table 2
Values of various parameters of interest found in calculations. E(DX-DX) –mean pair interaction
energybetweenDXanddyemolecules per singleDXmolecule E(Dye-Dye)–meanpair interaction
max – composition and size of an average biggest aggregate found in each simulation frame; min

E(DX-DX), kJ mol−1 E(DX-Dye), kJ mol−1 E(Dye-Dye), kJ mol−1

DX 228.5 ± 8.0 0 0
CRn 0 0 379.5 ± 43.2
CRp 0 0 −543.8 ± 4.3
EB 0 0 902.2 ± 144.2
TY 0 0 134.1 ± 21.1
CRnDX 313.9 ± 8.6 −1223 ± 22 670.6 ± 27.8
CRpDX 311.2 ± 21.9 −264.6 ± 9.1 −474.6 ± 4.9
EBDX 349.2 ± 2.5 −2208 ± 127 2502 ± 364
TYDX 350.2 ± 13.1 −1362 ± 107 683.3 ± 61.5
shows various pieces of information concerning the observed clustering
and intermolecular interactions between various compounds. A
classification of a given atom as belonging to a given aggregate is
based on the distance criterion. Thus, a set of atoms, where each of it
is within the cutoff distance 3.5 Å from one or more atoms within a
fragment is a part of the same aggregate. Next, all such atoms are
labeled by the same label and the number of distinct labels (aggregates)
was computed.

Let us note that DX is not molecularly dispersed in the considered
conditions of temperature and salt concentration. 15 DX molecules
form 5–6 aggregates and the biggest one is composed of 4.4
(on average) DX molecules. There are also single molecules dispersed
in solution as the smallest aggregate found in simulations is just a single
DX molecule. The quantities max and min in Table 2 have quite simple
meaning but in order to avoid any misunderstanding let us note that
they were determined by searching for the biggest and the smallest
aggregate in each simulation frame (snapshot) and averaging them
over all simulation frames. Therefore, these quantities are not integer
numbers and they do not sum to the total number ofmolecules because
we skip aggregates which did not get the min or max flag.

Average aggregate size can be calculated by dividing the total num-
ber of molecules by the average number of aggregates. Thus, in the case
of DXwe get 2.5whichmeans that DX forms2–3molecule aggregates in
solution. Obviously, this is only estimation of a static average aggregate
size. In practice we observed dynamic changing of aggregates numbers,
compositions and sizes. To sum up, DX is well soluble in the considered
solvent and looking at the mean pair interaction energy between DX
molecules we can conclude that this is due to electrostatic repulsion
between charged DX ions. Of course, that repulsion is compensated to
some extent by the interaction with water and salt ions and by disper-
sion interactions (which are always attractive). The presence of small
a few molecule aggregates is possible due to such a compensation of
the electrostatic repulsion because all these components are of similar
order and are able to compensate each other depending on local orien-
tation of molecules or density fluctuation.

In the case of neutral formof Congo Red, CRn,we also observed small
aggregates well dispersed in the solvent. However, in this case the size
of the largest aggregates reached 11.7 molecules that is almost half of
the total amount of the CRn molecules. At the same time the mean
number of aggregates is ca. 6.5 thus the rest of those 11.7 molecules is
dispersed over ca. 5 other aggregates. The smallest aggregates are not
bigger than 2 molecules. The general conclusion is that CRn forms
many aggregates of various sizes however the biggest should not ex-
ceed 12 CRn molecules and such a cluster should still represent good
colloidal stability. And, similarly like in the case of DX, the main source
of good solubility is electrostatic repulsion between charged CRn mole-
cules, as seen in E(Dye-Dye) large positive value.

Totally different behavior reveals CRp. In this case we observe a sin-
gle aggregate containing all CRp molecules. Moreover, this aggregate is
absolutely static as the standard deviation of the aggregate size is zero.
Looking at pair energies we can see that CRp molecules attract each
energy between DX molecules per single DX molecule; E(DX-Dye) –mean pair interaction
energybetweendyemolecules per single dyemolecule;Nagg - averagenumber of aggregates;
– composition and size of an average smallest aggregate found in each simulation frame.

Nagg Max Min

5.89 ± 0.45 4.4 ± 1.2 DX 1.00 ± 0.03 DX
6.41 ± 1.28 11.7 ± 2.6 CRn 1.5 ± 0.5 CRn
1.00 ± 0.00 30 ± 0 CRp –
9.64 ± 1.83 11.07 ± 1.89 EB 1.00 ± 0.00 EB
7.31 ± 1.20 7.9 ± 1.17 TY 1.3 ± 0.67 TY
2.00 ± 0.00 8 ± 0 DX, 15 ± 0 CRn 7 ± 0 DX, 15 ± 0 CRn
1.00 ± 0.00 15 ± 0 DX, 30 ± CRp –
3.69 ± 1.21 15 ± 0 DX, 26.7 ± 0.9 EB 0 ± 0 DX, 1.3 ± 0.87 EB
2.97 ± 0.94 11.3 ± 3.49 DX, 20.8 ± 7.79TY 0 ± 0DX, 1.0 ± 0.03TY



Fig. 2. The upper part shows distributions of the planarity parameter bdN of dyes
molecules, defined in Eq. (1), for every studied system. The bottom part visualizes dyes
molecules corresponding to the minimal and maximal value of bdN detected while the
molecules in the “peak” column represent the most abundant states, that is with bdN
corresponding to its maximum probability.
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other (negative energy) because the repulsive component coming from
electrostatic interactions disappeared in this case. Thus, the protonated
form of CR cannot form a stable aqueous solution and reduction of pH
leads to precipitation of CR from solution as known from experimental
observations.

Evans Blue and Titan Yellow behave similarly like unprotonated
Congo Red. In both cases we observe ca. 10 and 7 aggregates with the
standard deviation of 1.2 and 1.8. The largest aggregates are composed
of roughly 11 and 8 molecules, respectively and they dynamically
change the number of molecules by 1.2–1.8 molecule during the
whole simulation time. The smallest aggregates are single molecules
(EB) or 1–2 molecules (TY). The stabilization of solution is controlled
by electrostatic repulsion and this effect is particularly strong in the
case of EB as this molecule carries the highest charge −4e. TY is the
smallest of the considered dyes and reveals the smallest E(Dye-Dye) en-
ergy though its charge is the same like CRn.

Considering mixtures of DX with dyes we can observe coalescence
of both compounds into aggregates. In the case of neutral form of CR
we can see 2 aggregates composed of mixture of DX with CRn, these
aggregates are very stable as no fluctuations of the aggregates numbers
or sizes are observed. As seen in Table 2, the largest and the smallest ag-
gregates are roughly the same and differ only by one DX molecule.
Moreover, there is no exchange of molecules between aggregates as
all values of standard deviation are zero. It seems that the observed
size of the aggregates, i.e. 15 CRn molecules plus 7–8 DX molecules, is
thermodynamically themost probable andwould be preserved in larger
boxes, reaching macroscopic or even experimental sizes.

The analysis of pair interaction energies leads to the conclusion that
the observed clustering is related to overcompensation of repulsion be-
tween identical compounds by attraction between mixed pairs of com-
pounds. Obviously, the pair energies are dominated by the electrostatic
components and remembering that CRn is charged negatively and DX
positively, the understanding of the observed phenomena is easy and
clear: the electrostatic stabilization of pure solutions is canceled after
mixing. The same conclusion applies also to EBDX and TYDX systems.

The protonated CR after mixing with DOX gives structurally the
same picture like pure CRp. We got a single and totally static aggregate
containing all molecules present in the box. The pair energies show that
addition of DX slightly reduced the dye-dye energy and the DX-dye is
the smallest of analyzed cases. This might suggest that the strength of
adsorption of DX in the CRp cluster is the smallest when compared to
the other systems.

Concerning EBDX and TYDX systems we can conclude that mixing
the pure compounds leads to formation of ca. 3–4 aggregates but with
only one dominating in size. In the case of EBDX all DX resides in that
large aggregate and the smallest aggregates are just single EBmolecules.
TYDX also reveals existence of one large aggregate in whichmost of DX
is bound. However, large fluctuations of that aggregate composition
mean that there exists quite intense mass exchange between that
large aggregate and transient a fewmolecule aggregates in its neighbor-
hood. The smallest aggregates do not contain DX at all. Some residual
DX molecules probably belong to the mentioned transient aggregates.

3.3. Planarity and spatial arrangements of dyes molecules

Another important factor which deserves analysis in the case of
bisazo dyes is the shape of a molecule. Normally, all the studied dyes
molecules should be fairly flat and any deviation from the planar
shape can be related to external forces acting on such a molecule.
Due to the planar shape of molecules the dyes can form rod-like or
ribbon-like supramolecular mesophases in water solutions [5] due to
mechanism of face-to-face stacking, which is a well-known property
of Congo Red, for instance [4,7,32,33].

Quantitative analysis of the “planarity” of a molecule involves con-
struction of the best-fit plane in 3D which passes through the centers
of atoms forming that molecule. Quantitative measure of the degree of
planarity can be the residual sum of squares (RSS) from fitting the
model plane to atomic coordinates. Such a fitting has been done for
each molecule in each simulation frame by utilizing the scheme of the
singular value decomposition (SVD) of atomic coordinates matrix. Not
going into technical details, the output from the SVD gives all quantities
of interest, i.e. the least singular value is the square root of the residual
sum of squares while the corresponding eigenvector gives components
of the vector which is orthogonal to that best-fit plane. Fig. 2 shows
distribution of the quantity defined as:

bdN ¼
ffiffiffiffiffiffiffiffi

RSS
p

N
ð1Þ

whereN is the number of atoms in themolecule. bdN physicallymeans a
meandistance of an atom from its projection into the bestfit plane pass-
ing through the molecule. Because bdN is expressed as per atom quan-
tity it can be compared between various molecules and its meaning is:
the smaller bdN the more planar molecule is.

Fig. 2 shows the distribution of bdN which was determined by
counting the molecules with the same bdN and determining the proba-
bility of observation of a given value of bdN in the whole simulation
time. The bottom part of Fig. 2 visualizes the most important states of
the molecules, i.e. the minimal value of bdN observed (highly planar
case), the most probable state and the maximum value of bdN observed
(least planar case). They correspond to the headingsmin, peak andmax,
respectively.

Analysis of Fig. 2 leads to several important conclusions. Namely, all
the considered molecules preserve their planar shape, though with



Fig. 3. Distribution of angles θ between any pair of dyes molecules determined for all
simulation frames.
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diverse quality, either in pure component or in a mixtures with DX. The
visualizations of themost and the least planar cases give us a notionwhat
happens in themiddle but these particular shapes are rarely observed, in
fact. Of course, the most likely states are the ones denoted as ‘peak’ and
they correspond to the maximum value of the occurrence. But, as seen,
most of the systems reveal rather uniform distribution of shapes with
rather weakly pronounced maximum. The exception is TY and TYDX
and also CRpDXwhere the shapes of the distributions differ significantly
from the others. The CRpDX reveal two-modal distribution and these
two different shapes of the CRp molecules are visualized in Fig. 2.

CRn and EB reveal very similar behavior and these molecules are
actually the most planar as the peaks are shifted to the left when com-
pared to TY and CRp. Also, formation of mixtures with DX only slightly
affects the very good planarity of these molecules. This means that
CRn and EB and also CRnDX and EBDX are able to form ribbon like
structures as parallel alignment between molecules is easy to achieve
and probably enhances intermolecular interactions. On the other
hand, TY prefers states which are significantly bent though these mole-
cules are able to reach highly planar structures. Moreover, TY reveals
quite sharp peak which means that most of the molecules represent
very similar and little planar structure. This peak becomes more diffuse
after addition of DX, thus we can conclude that interaction with DX
favors transition tomore planar TYmolecules. That structure of TYmol-
ecules might affect their ability of forming ribbon-like micelles with or
without DX, however, it is difficult to draw more strict conclusions
from this study. Interesting behavior reveals also CRpDX system
where two peaks are observed. The protonated CR is less flat than its
neutral counterpart as seen in Fig. 1 and addition of DX splits that struc-
ture into more and less planar ones with roughly the same populations.

The observed ability of keeping planar shapes of considered dyes
molecules makes it possible to define an angle between any two mole-
cules and further to detect creation of layered mesophases or just
ribbons. From the SVD we got components of vectors orthogonal to
the best-fit planes for each molecule. Thus, the normalized dot product
of two vectors allows us to find the cosine of angle between the two
vectors (molecules). Further, by measuring that angle for any given
pair of molecules within the simulation frame and by summing over
all frames allows us to determine the probability distribution of those
angles for a given system. The method does not distinguish whether
the molecules are close to each other or far away, simply all pairs of
molecules are accounted for.

Fig. 3 shows the distribution of angles θ between any two dyes
molecules determined according to the above scheme. The physical
significance of these distributions is following: the higher value of the
occurrence then the more likely is observation of the given angle and
angles close to 0 or 180° represent parallel alignment of molecules.
The fairly flat segments of the distributions in the range from 40 to
140° mean that no particular angle between molecules is preferred.
However, in all the systems angles b40 and N140 are more likely than
the reference state, i.e. 40–140°. This means that there is a preference
towards parallel alignment though with diverse intensity.

The protonated formof Congo Reddiffers from the other cases either
in pure component solution or in the mixture with DOX. Parallel orien-
tation of molecules strongly dominates other alignments and this is re-
lated to formation of big aggregates in which the mutual orientation of
molecules are almost intact. However, that stationary orientation is
mainly parallel as seen in large values of the occurrence for 0 and
180°. The presence of DX destroys to some extent that ordering of CRp
molecules though still the orientations close to parallel dominate
strongly over other possible cases. Thus, the result shown in Fig. 3 sup-
ports a common statement that CR forms ribbonmesophases (micelles)
in solution but this concern only the protonated form of CR. The neutral
CR reveals only moderate occurrence of parallel molecules. They are
only visible in pure component solution and therefore the enhanced
probability of parallel orientations corresponds mainly to the closest
neighbors alignment. The mixture of CRn with DX reveals rather small
occurrence of parallel molecules. They are in a form of only two large
aggregates and therefore the observed small occurrence of 0 and 180°
means that CRn molecules are randomly distributed within the
aggregates. Some small increase of the occurrence at terminal part of
thedistribution is related to short range ordering. Indeed, visual analysis
of the aggregates structures (Fig. 4) leads to the conclusion that CRn
forms 2–3 molecule stacks which are randomly oriented in reference
to the other stacks and DXmolecules fit into spaces between the stacks.

Generally, the above picture applies to the other dyes; parallel orien-
tation is preserved to some small extent and must be attributed to the
nearest neighbors alignment only. In pure component systems this is
obvious because the molecules are in forms of small aggregates dis-
persed in solution. In the case of mixtures with DX the distributions
are almost the same and thus we must conclude that the alignment
must be similar, i.e. concerns only the nearest neighbors. However, EB
differs from the above scheme. The pure component system indeed
must be associatedwith the parallel alignment of the nearest neighbors
but the mixture with DOX reveals enhanced occurrence of angles close
to the parallel alignment and this must be attributed to the ordering at
larger distances. Indeed, looking at Fig. 4 we can see that EBDX system
reveals existence of long sandwiches EB mixed with DX and parallel
alignment is preserved for both molecules at large distances.

3.4. Free energies of doxorubicin binding within the aggregates

Another interesting factor which needs attention is a binding energy
of a DX molecule with an aggregate formed in solution. This factor in-
forms about relative stabilities of dye-DX aggregates and can be used
as an estimate of an aggregate lifetime in solution. The binding energies
of a DX with the rest of an aggregate were determined as potentials of
mean force during enforced detachment of that DX molecule from the
aggregate. For that purpose we utilized the metadynamics biasing
method [34]. This method adds gaussian hills to the system hamiltonian
at a given position/value of the considered collective variable localized in
a potential energywell and, as a result, the state of the system changes in
such a way that it finally escapes from that energy well. During this pro-
cess information about the parameters of the gaussian hills and their fre-
quency is collected and can be used to recover the potential of mean
force, pmf, associated with the escape from the potential energy well.

In this particular case the potential energy well is simply the state
when the DX molecule is a part of the aggregate. The transfer of this



Fig. 5. Potentials of mean force, pmf, determined inmetadynamics runs for all the systems
containing DX. The gaussian hills had the heights of 0.5 kJ mol−1 and their widths
(typically 0.5 Å) were related to the grid density. The insertion frequency was 2500 ns−1.

Fig. 4. Snapshots of the CRnDX and EBDX showing parallel orientation of dyes molecules.
DX molecules are represented as black sticks for clarity of presentation.
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molecule from the aggregate to the bulk is just the escape from the
potential energy well. This escape is quantitatively measured as a dis-
tance between centers of masses of the DX molecule and the aggregate
(collective variable). Fig. 5 shows the determined pmf's for all the
systems where dye-DX aggregates were formed, for comparison, also
the case of pure DX in solution is presented. The positions of the mini-
mums differ strongly when going from system to system but this is
related to somewhat arbitrary choice of the DX molecule to which the
bias is added. The choice of the DX molecule affects to some extant
also the depths of the pmfs but this should not lead to significant qual-
itative differences between the studied systems.

As seen in Fig. 1, doxorubicin forms small aggregates in the pure
component solution. Thus, the pmf in Fig. 5 corresponds to the detach-
ment process of a single DXmolecule from the largest aggregate found,
i.e. the one containing 3 DX molecules. The depth of the pmf minimum
is just the free energy difference between the bound state (adsorption)
and the desorbed state and informs about the thermodynamic stability
of the adsorbed state. In the case of DX that value is 29 kJmol−1 thus the
aggregates are rather transient structures which form and decompose
reversibly.

In the case of mixed systems there is always one large aggregate
which is in equilibriumwith a few smaller ones or just single dyesmol-
ecules. The exception is CR at the neutral pHwhere two almost identical
aggregates were formed. Therefore, the detachment of the DXmolecule
from the largest aggregate was carried out in every case since it is the
most natural choice. It is very likely that the largest aggregates are
representative of the most likely aggregate in the limit of macroscopic
system size. However, we cannot guarantee that the binding energy de-
termined using these largest aggregates is the average value which
could be found experimentally.

The strongest adsorption of DX is found in the CRnDX system. In this
case the energy reaches 150 kJmol−1 andwe can conclude that DX is ir-
reversibly attached to Congo Red aggregate and such a construct will be
very difficult to destroy during interaction with other molecules (e.g.
proteins). Most probably, DX will be deactivated when mixed with the
neutral form of Congo Red in solution. Contrary to that, the protonated
form of Congo Red reveals actually the weakest (among the studied
dyes) affinity to DX. The free energy of DX adsorption on the CRp aggre-
gate is 71 kJ mol−1. This value means that spontaneous detachment of
DX is rather unlikely, however, during interaction with other molecules
the competing forces can prevail the interaction with the CRp. Interest-
ingly, that small value of the free energy compares well with the
smallest E(DX-Dye) value shown in Table 2. Though the CRp forms
very large and stable aggregate the adsorption or incorporation of DX
on/in its structure is not very strong. The recognized property of CR
that is strong binding of DX at neutral pH and significant reduction of
the binding energy at acidic pH can be utilized in realization of pH trig-
gered release of DX at tumor sites. It is well known that tumors reveal
reduced pH due to anaerobic glycolysis processes. However, this con-
cept needs further studies using more relevant computational models.

Titan Yellow reveals actually the same value of binding free energy
like CRp i.e. 76 kJ mol−1. The lack of minimum in this case is due to
the fact that centers of masses of both TY and the aggregate from
which it detaches can overlap and this state corresponds to the energy
minimum. That value can be considered as high and spontaneous de-
sorption of DX is rather unlikely. But the presence of other molecules,
particularly proteins can affect the state of DX molecules and they can
be taken away from the aggregate when the affinity to protein will be
high. Binding of DX to the EBDX aggregate is strong, the free energy
difference is 97 kJ mol−1 and such an energy makes the adsorption
irreversible. Interaction with other molecules can obviously be even
stronger but generally doxorubicin seems to be locked strongly in the
EBDX aggregates.

General conclusion concerning the binding energy of DX within the
dyes aggregates is that DX is kept within the aggregates quite strongly
andwithout a presence of other species the binding should be classified
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as irreversible. The order of binding strengths is following (from the
strongest to theweakest): CRn, EB, TY, CRp. However, this strong biding
of DX to dyes aggregates can be potentially utilized in construction of
the drug delivery vehicles. It is known that CR or other dyes aggregates
form specific complexes with many proteins, including antibodies
bound to the antigen and amyloids, in particular [19–21]. Interaction
of the aggregate with the antibody may lead to the release of DX due
to competitive many body interactions. However, such a mechanism
needs further and dedicated studies.

4. Summary and conclusions

Molecular dynamics analysis of the behavior of Congo Red, Evans
Blue and Titan Yellow dyes with or without doxorubicin in aqueous so-
lution allowed us to draw several important conclusions concerning
their properties. Namely, it was observed that all dyes (except of pro-
tonated CR) and also DX are molecularly dispersed or form aggregates
in aqueousmedia. The sizes of these aggregates are rather small, includ-
ing individual molecules, and the largest observed were not bigger than
12 molecules. Only in the case of protonated CR all dye molecules
formed a single and big aggregate. Mixing of dyes with DX leads to for-
mation of a few DX-dye aggregates which contain all DX molecules
present in the solution. They are much bigger than in the case of pure
dyes and contain from 15 to ca. 27 dye molecules. This behavior is
associated with the compensation of the electrostatic charges of dyes
(negative) by positively charged DX molecules. Within the aggregates
we detected fairly well preserved parallel alignment of dye molecules
but that ordering is observed mainly at short distances; only EB is able
to preserve parallel alignment of molecules at relatively long distances.
However, all dyesmolecules prefer relatively flat conformations though
formally they can exist in bent as well. Determination of the binding
energy of DX within the aggregates led to conclusion that DX is quite
strongly absorbed by dyes aggregates and spontaneous desorption is
rather unlikely. This effect can be utilized in targeted delivery of
this drug to immune complexes where it can be released from the
aggregates. An interesting feature of CR is that the free energy of DX ab-
sorption in the aggregates is pH dependent; at neutral pHDX is strongly
bound to the CRn while at acidic pH the binding is the weakest among
the studied systems.
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