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ABSTRACT: Helicenes are an extremely interesting class of conjugated molecules without
asymmetric carbon atoms but with intrinsic chirality. These molecules can interact with
double-stranded chiral B-DNA architecture, modifying after their adsorption the
hydrophilicity exposed by DNA to the biological environment. They also form ordered
structures due to self-aggregation processes with possible different light emissions. Following
initial studies based on molecular mechanics (MM) and molecular dynamics (MD)
simulations regarding the adsorption and self-aggregation process of 5-aza[5]helicenes on
double-stranded B-DNA, this theoretical work investigates the interaction between (M)- and
(P)-5-aza[6]helicenes with double-helix DNA. Initially, the interaction of the pure single
enantiomer with DNA is studied. Possible preferential absorption in minor or major grooves
can occur. Afterward, the interaction of enantiopure compounds (M)- and (P)-5-
aza[6]helicenes, potentially occurring in a racemic mixture at different concentrations,
was investigated, taking into consideration both competitive adsorption on DNA and the
possible helicenes’ self-aggregation process. The structural selectivity of DNA binding and the role of helicene concentration in
adsorption and the self-aggregation process are interesting. In addition, the ability to form ordered structures on DNA that follow its
chiral architecture, thanks to favorable van der Waals intermolecular interactions, is curious.

1. INTRODUCTION
Helicenes are chiral molecules without asymmetric carbon
atoms or other chiral centers in the helical structure.1,3

[n]Helicenes are polycyclic aromatic compounds formed by
ortho-fused aromatic rings due to steric repulsive interactions
between terminal aromatic rings and chiral helical molecules.4−9

It is known that (M)-helicenes are levorotatory, while (P)-
helicenes are dextrorotatory. These molecules have attracted
considerable attention due to their interesting electronic and
optical properties,10 possible applications in asymmetric
reactions and catalysis,11,12 supramolecular chemistry and
molecular recognition biology,13 material science,14 and
molecular motors.15 The idea that the extension of the aromatic
core of molecular motors, such as the helicene molecule
structure, is a viable strategy for red-shifting excitation
wavelengths is an interesting concept, as it can be applied to
the search for molecular motors driven by visible light.16

The synthesis, resolution, and asymmetric synthesis; struc-
tural, electronic, and chiroptical properties; and emissions, along
with other photochemical properties and applications of
helicenes and helicenoids containing main-group elements,
such as B, Si, N, and P, either incorporated within the helical
backbone or grafted to it, are reported in the literature.1−3 The
chemistry of heterohelicenes can be traced back to 1903 when
the first two azahelicenes were prepared by Meisenheimer and
Witte.7 The synthesis and properties of helicenes with seven or
nine fused aromatic rings are recent developments,17−23

together with the enantioselective synthesis, crystal structure,

and photophysical/chiroptic properties of aza[10]helicenes
with the important indication that the S-form in helicenes
increases quantum yields and anisotropy factors but decreases
optical rotation values.24

Concerning adsorption on chiral double-stranded DNA,
helicenes are an interesting new family of molecules with
intrinsic chirality that can exhibit chiral selectivity and structural
selectivity for binding to DNA. Furthermore, they can
discriminate between B- and Z-DNA. Helicenes can both
adsorb on biomolecule grooves, leading to the formation of
complexes, and intercalate in double-stranded DNA. These
aspects are important for the treatment of diseased cells.25−29

The adsorption process of [5]-aza[6]helicene, (M)-5H, on B-
DNA architecture using a theoretical study based on molecular
mechanics (MM) and molecular dynamics (MD) methods
indicated that the (P)-5H enantiomer adsorbs quickly and
follows the chiral structure of the helical DNA compared to (M)-
5H enantiomers, as demonstrated by experiments in which the
racemic mixture showed more favorable affinity binding to
DNA.30 It has been observed that hydrophobic chiral molecules
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adsorbed on the external surface of DNA can modify the
exposed hydrophilic surface by partially modifying its chirality
exposed to the biological environment, with consequences for
mechanisms involving DNA itself.

In the present work, [5]-aza[6]helicenes are studied,
comparing new theoretical results with previous studies that
consider [5]-aza[5]helicenes. In the literature, extension of the
aromatic core of helicenes is considered an important strategy
for red-shifting excitation wavelengths.16 This theoretical work
focuses on how an extra aromatic ring in the same chiral
structure affects the adsorption process on the DNA external
surface. These theoretical results regarding [5]-aza[6]helicenes
are compared to theoretical results obtained in consideration of
[5]-aza[6]helicenes, using the same simulation protocol
previously adopted.30 For about 25 years, personal attention
has been paid to atomistic simulations based on MM and MD
methods. The possibility of understanding the role of non-
covalent intermolecular interactions is interesting, for example,
in the adsorption process of proteins on biomaterial
surfaces;31−34 in the chiral discrimination in host−guest
compounds involving cyclodextrins; and in the nanoaggregation
process of carriers and drugs for drug delivery.35−37 These
theoretical studies can be useful in explaining experimental data
from circular dichroism and two-dimensional NMR spectra
when the experimental data are accessible. In some cases, these
studies may also be useful in predicting the unfolding state and
denaturation of albumin on ordered graphite surfaces,38−40 the
solubilization of carbon nanotubes using proteins41−43 or
indicating the discrimination of chiral molecules using chiral
NTs.44

At the atomistic level, the formation, structure, and stability of
the layer of chiral [5]-aza[6]helicenes physisorbed on the outer
surface of double-stranded B-DNA was investigated, consider-
ing enantiopure compounds or racemic mixtures at different
enantiomer concentrations as shown in a previous study.30

2. MATERIALS AND METHODS
The interaction between 5-aza[6]helicenes and double-stranded
DNA was investigated using a theoretical study based on MM
and MD methods. The simulation protocol used is the same as
that in a previous study on the adsorption of 5-aza[5]helicenes
on DNA.30 All MM and MD simulations were performed using
the consistent valence force field45 and the Materials Studio
program packages.46 The simulation protocol consists of three
steps. At first, initial energy minimization of the system is
performed. Then,MD runs at a constant temperature are carried
out until the equilibrium state is achieved, to study the kinetics of
the adsorption process, the mobility on the adsorbed molecule
or adsorbed layer, and the self-aggregation process. Finally, the
optimization of numerous saved configurations assumed by the
system during the MD run as well as the optimization of the
geometry assumed by the system at the end of the MD
simulations is performed. All MD runs for the study of the
adsorption of a single enantiomer of a helicene molecule on a B-
DNA chiral structure, and all MD simulations at larger
concentrations last 20 ns.30 The constant average temperature
was equal to 300 K. All simulations were conducted in a
dielectric medium considering the distance-dependent dielectric
constant of water. The structure of double-stranded B-DNA
fragments was found in the Protein Data Bank (3CRO).47 B-
DNAwas always fixed during calculations. The two enantiomers
were generated using the Module Builder of the InsightII/
Discover program and finally optimized. Using a simulation

protocol proposed in previous work,30,31 the DNA/5-aza[6]-
helicene enantiomer interaction was first studied in 1:1
stoichiometry, then at both low and high helicene concen-
trations, considering a 1:20 stoichiometry in a cubic cell of 123 Å
and a 1:120 stoichiometry in a cubic cell of 141 Å, respectively.
As in previous work, periodic boundary conditions and initial
random arrangements of chiral 5-aza[6]helicene molecules in a
simulation box were considered. Therefore, racemic mixtures at
both small and larger concentrations were investigated to
understand the effect of concentration and competitive
adsorption processes on the chiral surface of DNA. Helicene
self-aggregation takes place and affects the adsorption process of
helicenes’ enantiomers on double-stranded DNA. As such,
under the same theoretical conditions and starting with a
random arrangement in the same simulation cell but without
DNA at both small and larger concentrations, the aggregation
process of only the enantiopure (M)-6H and (P)-6H molecules
and their racemic mixtures were investigated. The results of this
investigation are reported in the next section.

3. RESULTS AND DISCUSSION
3.1. Chiral 5-Aza[6]helicenes: Self-Aggregation Proc-

ess at Small and Higher Concentrations of Enantiopure
Compounds and Racemic Mixtures. The optimized geo-
metries of (M)- and (P)-5-aza[6]helicene single-molecule
helicene enantiomers are shown in Figure 1. The dihedral
angle Θ for (M)-6H is equal to −28.178°, and for the (P)-6H
enantiomer, the angle is equal to 28.178°.

Helicenes contain benzene rings, which are interesting
building blocks for liquid crystalline systems. These molecules
exhibit a nonflat structure in the isolated state and are roughly
disk-shaped. Thanks to hydrophobic π−π interactions, helicenes
self-aggregate. Using the same simulation protocol proposed in a
previous study on the self-aggregation process of (M)-5-
aza[5]helicene and (P)-5-aza[5]helicene, MD simulations at a
constant average temperature were performed starting from
(M)- and (P)-6H enantiopure compounds in a racemic mixture
in small and higher concentrations initially in a random
arrangement on a simulation box (see Figures S1 and S2). At
a small concentration (see Figure 2), aggregates were formed

Figure 1.Top view and side view of the optimized geometries of (M)-5-
aza[6]helicene and (P)-5-aza[6]helicene. Color code: carbon atoms are
gray, nitrogen atoms are blue, and hydrogen atoms are white.
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during an MD run lasting 20 ns for both the enantiopure
compounds (panels a and b) and the racemic mixture (panel c).
At a larger concentration (Figure 3), larger aggregates were
formed. All animations of the MD runs are reported in SI.

At small concentrations, (M)-6H forms more spherical
aggregates, while (P)-6H displays orientational order along
one direction in a helicoidal distribution. A more spherical
aggregate is formed in the racemic mixture. At larger
concentrations, a conical shape is formed for both the
enantiopure compounds and racemic mixture. Hydrophobic
π−π interactions and the specific geometry of [6]helicene
molecules influence the self-aggregation process.

During theMD run, different aggregates are formed due to the
freedom of motion at an average temperature of 300 K,
exhibiting similar potential energy. Using this simulation

protocol, only the final geometries assumed by the system are
optimized; a deeper analysis of all of the geometries of the
aggregates assumed by the systems during theMD run is needed
to study the different populated aggregates. The helicenes
exhibit interesting mobility and different families of aggregates,
less or more spherical, at 300 K, which will be reduced after the
adsorption process on the DNA surface. This freedom of motion
is in fact reduced on the outer surface of DNA, as explained in
the following sessions. It is interesting to use solid or biological
surfaces to induce aggregation of molecules that can form
mesophase or more ordered aggregates,30 and to use, for
example, different crystallographic surfaces to induce adsorption
with one or more ordered layers of molecules parallel and/or
perpendicular to the surface48 or protein in a specific

Figure 2. Geometries optimized at the end of MD run lasting 20 ns, considering 20 (M)-6H molecules (panel a), 20 (P)-6Hmolecules (panel b), and
racemic mixture of 20 enantiomers (panel c). The helicenes with π−π interaction and slightly parallel aromatic rings are colored the same color.

Figure 3. Geometries optimized at the end of MD run lasting 20 ns, considering 120 (M)-6H (panel a), 120 (P)-6H (panel b), and racemic mixture of
120 enantiomers (panel c). All atoms are in gray, and the hydrogen atoms are omitted for clarity.
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conformation and tertiary structure to enhance biocompati-
bility.34,38

In this work, how a chiral surface of double-strandedDNA can
influence the self-aggregation process of these helicenes or
locally induce the adsorption process following its chiral
structure is investigated. Just as the different crystallographic
faces of TiO2 influence the adsorption of small aromatic
molecules, DNA structure characterized by its minor and major
grooves can influence the adsorption process of [5]-aza[n]-
helicenes, as is to be investigated. After the adsorption process,
the helicene molecules are adsorbed on the outer surface of the
DNA, following the chiral structure, which shows a positional
order in the DNA grooves and orientational order following the
DNA chiral structure. Furthermore, thanks to π−π interactions,
helicene molecules self-aggregate on the DNA structure,
forming aggregates with an ordered arrangement of aromatic
rings in minor or major grooves, as has been conducted in
previous work.30

In the following sections, the theoretical results on the
interaction between DNA and (M)-6H and (P)-6H molecules
are reported. The aim of this work is to understand how the
chiral surface exposed by minor grooves and major grooves can
affect the arrangement of adsorbed molecules or layers of
helicenes or self-aggregates attached on the outer DNA surface.
3.2. DNA/5-Aza[6]helicene Interaction in 1:1 Stoichi-

ometry: Importance of Chiral Structure. Initially, using a
simulation protocol proposed in a previous study,30 the
interaction between the minor and major grooves of double-
stranded DNA and both (M)-5-aza[6]helicene and (M)-5-
aza[6]helicene enantiomers are studied. The two initial
geometries are similar to those reported in Figure S1 of a
previous study on [5]helicenes.30 In the initial geometries (see
Figure S3), individual enantiomers are close to either the minor
groove or the major groove of DNA to better understand any
chiral discrimination, thanks to favorable interactions at a
specific geometric site. After initial geometry optimizations, MD
runs of 10 ns and final energy minimizations were conducted. All
animations of the MD runs are reported in SI. The stable and
optimized geometries calculated at the end of the MD run for
two enantiomers near the DNA major groove are shown in
Figure 4. The values of the interaction energy, Eint, and the Θ

dihedral angle are reported in Table 1. It is interesting to note
that during theMD run at 300 K, the two enantiomers interacted

with the minor or major groove with very small fluctuations
around the site-specific to DNA, indicating a stable and
favorable interaction energy and good geometric adhesion.

The (P)-5-aza[6]helicene and (M)-5-aza[5]helicene both
show more favorable interaction with the DNA major groove,
but the (P)-6H, rather than (M)-6H (see Table 1), does so
especially. Interestingly, the (M)-5H enantiomer studied in
previous studies30 showed more favorable interaction strength
for the minor groove than the major groove. This fact suggests
that a new aromatic ring added to the (M)-5H and (P)-5H
enantiomer modifies the preferential site of interaction and the
strength of interaction energy. Concerning the conformational
changes after the adsorption process with respect to the isolated
[6]helicene molecules, it is interesting to note that the Θ
dihedral angles of the (P)-6H enantiomer were slightly larger
than those in the isolated state. Alternatively, for the (M)-6H
enantiomer, no significant variations were observed near the
major groove, and its Θ dihedral angle is smaller in the DNA
minor groove.
3.3. DNA/5-Aza[6]helicene Interaction: Importance of

the Concentration. In this section, the theoretical results
regarding the interaction of (M)-5-aza[6]helicene and (P)-5-
aza[6]helicene enantiomers on the chiral surface of double-
stranded DNA are reported and discussed considering two
different finite concentrations.

Figure 4. Optimized geometries of (M)-5-aza[6]helicene on the left (panel a) and (P)-5-aza[6]helicene on the right (panel b) after energy
minimization of the conformation assumed by the system at the end of MD run lasting 10 ns. Color code: carbon atoms are gray, nitrogen atoms are
blue, oxygen atoms are red, phosphorus atoms are pink, and hydrogen atoms are white.

Table 1. Values of the Interaction Energy, Eint, in Kilojoules
Per Mole Calculated in the Optimized Geometries Assumed
at the End of the MD Run Performed by Two Enantiomers
Studied for the Different Final Geometries and the
Corresponding Θ Values

site of
interaction

(M)-HAEint
(kJ/mol)

Θ value (deg)
for (M)-6H

(P)-HAEint
(kJ/mol)

Θ value (deg)
for (P)-6H

minor
groove

−167.9 −24.996° − 181.5 31.857°

major
groove

− 184.8 −28.955° − 192.2 31.366°
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3.3.1. DNA/5-Aza[6]helicene Interaction at Small Concen-
tration. At first, the interaction between B-DNA and chiral
enantiopure compounds considered in 1:20 stoichiometry was
studied, starting from initial trial geometries and considering a
random distribution of (M)-5-aza[6]helicene and (P)-5-aza-
[6]helicene molecules around the double strand of the DNA
fragment in the center of the simulation box as in previous work
(see panel a) in Figures S4 and S2 in ref 30. After the MD run
and energy minimization, optimized geometries were obtained,
as shown in Figure 5. Specifically, the left panel (panel a)
presents the (M)-H enantiomer and the right panel (panel b)
presents the (P)-H enantiomer [6]helicenes. During the MD
run, the kinetics of the adsorption process on the outer surface of
DNA was very fast for the two different enantiomers and
particularly for (M)-6H. All animations of the MD runs are
reported in the SI. After adsorption on the DNA surface, the
helicene enantiomers adhered well on the chiral surface. The
adsorbed first layer fluctuated around equilibrium positions. The
other [6]helicene molecules interacted via π−π interactions

with each other, and they moved slightly on the hydrophobic
layer of the first adsorbed helicene molecules. For the two
different MD simulations considering two different enan-
tiomers, the values of potential energy and van der Waals
contributions reported in Figure 5 (central panel in Figure 5)
displayed different kinetics of the adsorption process, which
were faster for the (M)-6H enantiomer. It should be highlighted
that for the same helicenes, i.e., (M)-5H and (M)-5H, the
kinetics of the adsorption process were very similar,30 still
emphasizing how another aromatic ring in the helicene structure
affects the kinetics of the adsorption process on DNA.

During the MD run, the (M)-5-aza[6]helicenes at a small
concentration displayed more favorable van der Waals
contributions and, hence, more stability, as indicated by
potential energy calculated during the MD run compared to
the (P)-5-aza[6]helicene. Conversely, considering the enantio-
pure (M)-5H and (P)-5H under the same conditions, similar
kinetics processes and stabilities were calculated for two
different enantiomers with five aromatic rings. In the final

Figure 5. Optimized geometries of (M)-6H on the left (panel a) and (P)-6H on the right (panel b) after energy minimization of the conformation
assumed by the system at the end of MD run considering enantiopure compounds in 1:20 stoichiometry. In the central panel, the potential energy and
the van derWaals contribution calculated during theMD runs for the (M)-6H (full symbols, black and red) and the (P)-6H (empty symbols, blue and
green) are reported. All the DNA atoms are in green, and the helicenes have the same color code as shown in Figure 1.

Figure 6. Solvent-accessible surface area (SASA) colored atoms for the optimized geometries of double-stranded DNA from data from the Protein
Data Bank on the left (panel a) of (M)-6H (panel b) and (P)-6H on the right (panel c) in optimized geometries obtained after theMD run, considering
enantiopure compounds in 1:20 stoichiometry in each panel from two different viewpoints. Atoms that are partially negatively charged are red, partially
positively charged atoms are blue, and apolar groups of atoms are white.
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optimized geometries, it is interesting to note that the
interaction geometries are slightly different for two enantiomers
(see panels a and b in Figure 5). In fact, in the final optimized
geometry of the (M)-6H enantiomer, more molecules adhered
to the major groove, thanks to more favorable interactions, as
calculated for a single adsorbed molecule. (P)-6H exhibits
adsorption in both the minor and the major grooves, displaying
favorable interactions for both interaction sites and good
interaction with the DNA bases at the end of the DNA
fragments. Here, self-aggregation of (P)-6H takes place due to
favorable interactions between the helicenes and DNA bases.

Interestingly, considering the solvent-accessible surface area
(SASA) colored by the charge of atoms exposed to the solvent
for the two optimized geometries (see Figure 6), it is possible to
observe that these new noncovalent DNA/helicene complexes
show a hydrophobic patch where the helicenes have adhered to
the helical surface.

3.3.2. DNA/5-Aza[6]helicene Interaction at Higher Con-
centration.The interaction between double-stranded DNA and

the chiral (M)-5-aza[6]helicene and (P)-5-aza[6]helicene
enantiopure compounds in 1:120 stoichiometries is then
considered. Starting from initial trial geometries in a simulation
cell as reported in Figure S2 of ref 30 and in panel (b) in Figure
S4, and following the MD run and energy minimization, the
optimized geometries are reported in Figure 7 for the (M)-6H
and (P)-6H helicenes molecules on the left (panel a) and on the
right (panel b), respectively.

Considering both the (M)-6H and the (P)-6H enantiomers at
the highest concentration at the end of the MD run, a similar
stability of the system during the MD run was calculated. All
animations of the MD runs are reported in the SI. Interestingly,
unlike what happened at a smaller concentration, the van der
Waals contribution decreased slightly faster for (P)-6H with
respect to (M)-6H (see the central panel in Figure 7). In these
MD runs, the adsorption process, as well as the self-aggregation
process, also took place before the final adsorption on the DNA
surface (see the animations in SI). In fact, some helicene
molecules adsorb on the DNA structure, while others self-

Figure 7. Optimized geometries of (M)-6H on the left (panel a) and (P)-6H on the right (panel b) after energy minimization of the conformation
assumed by the systems at the end of MD run, considering enantiopure compounds in 1:120 stoichiometry. In the central panel, the potential energy
and the van der Waals contribution are shown, which were calculated during MD runs lasting 20 ns for (M)-6H (full symbols, black and red) and (P)-
6H (empty symbols, black and red). The color code is the same as in Figure 5.

Figure 8. Solvent-accessible surface area colored by atom charge of the optimized geometries of double-stranded DNA from data from the Protein
Data Bank on the left (panel a) of (M)-6H (panel b) and (P)-6H on the right (panel c), after energy minimization of the conformation assumed by the
system at the end of the MD run considering enantiopure compounds in 1:120 stoichiometry. The color code is the same as in Figure 6.
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aggregate in the simulation box and then move to adhere to the
DNA surface during MD simulation. Only a few helicene
molecules formed a monolayer adherent to the minor groove of
(M)-6H and on the major groove of (P)-6H. As for 5-
aza[5]helicenes, (see ref 30), at a higher concentration, the (P)-
6H enantiomers kinetically adsorbed faster than the (M)-6H
molecules (see central panel of Figure 7). Double-stranded
DNA acted as a nucleation center for the formation of
hydrophobic aggregates by enveloping the DNA structure or
starting from the ends of the structure.

It is important to study both the adsorption on the DNA
surface and the self-aggregation process of chiral molecules.
Different concentrations of helicenes and, therefore, different
concentrations of aggregation, or only the adsorption process on
the DNA structure at lower concentrations, can influence
interactions with light and the kinetics of the adsorption process.
They can likely also influence emission properties, depending on
the geometry (likely a small part of the mesophase) and the
stability of aggregates.

The SASA of the optimized geometries after the MD runs is
reported in Figure 8. Adsorbed or self-aggregated helicenes on
the chiral DNA structure hide the specific helical geometry of
oxygen atoms exposed to the biological environment.
3.4. DNA/5-Aza[5]helicene Interaction in Racemic

Mistures at Two Different Concentrations. In this section,
the theoretical results on the interaction of the (M)-5-
aza[6]helicene and (P)-5-aza[6]helicene molecules in racemic
mixtures with the external surface of the chiral DNA at two
different concentrations, namely, a small concentration and a
higher concentration, are reported. The initial nonoptimized
geometries with helicene enantiomers in the initial random
arrangement around the double-helix DNA in the simulation
box are reported in panel (a) and in panel (b) of Figure S5. All
animations of the MD runs are reported in the SI.

Using a simulation protocol proposed in a previous study,30 it
is curious to note that at a low concentration of racemic mixtures
after the MD simulations, all the molecules were adsorbed at the
end of the DNA structure, forming an initial layer and small
aggregates, thanks to π−π interactions between aromatic rings

(see panel a in Figure 9). On the contrary, considering (M)-5H
and (P)-5H in previous work,30 the racemic mixture favored
interaction with the DNA fragment with a monolayer of
molecules that follow the helical structure, particularly the major
groove, which was similar to a glove. At a higher concentration
(see panel b in Figure 9), the helicene molecules formed a layer
in the major groove, and the aggregation of helicene molecules
occurred at the end of the DNA structure. Initially, a layer of
helicene molecules was adsorbed onto the DNA surface within 5
ns, at both 1:20 and 1:120 stoichiometry. At the same time, there
was a decrease in potential energy, as indicated in the central
panel of Figure 9. Regarding the competitive adsorption of (M)-
5H and (P)-5H, the (P)-6H enantiomer molecules kinetically
adsorbed faster than the (M)-6H molecule. During the MD
simulation time at 300 K, the isomerization of these 5-
aza[6]helicenes was not observed (see Table 2) as can be seen
from the comparison of the Θ values reported in Table 1.
Therefore, some changes were observed in terms of the value of
the Θ dihedral angles of two enantiomers adsorbed near the
minor groove and the major groove of the DNA fragment with
respect to the Θ values calculated for the isolated single molecule
of [6]helicenes.

At higher concentrations (see panel c in Figure 10), the
adsorption process occurred preferentially in the major groove
and, subsequently, during the process of self-aggregation of the
helicene molecules. In racemic mixtures, a more ordered
adsorption process was observed at larger concentrations and
with ordered aggregation, not only at the end of the finite DNA
structure but also following the DNA structure.

The SASA of the optimized geometries after the MD run is
shown in Figure 10. Adsorbed and self-aggregated helicenes on
chiral DNA architecture at higher concentrations exhibited a
hydrophobic helicoidal coating exposed to the biological
environment, especially following the major groove.

In Figure S6, the side view and top view of the only helicenes
adsorbed on the major groove of the chiral DNA structure in the
final optimized geometries considering 120 (M)-6H and (P)-6H
enantiomers on the left (panel a) and on the right (panel b),
respectively, without DNA for clarity, are shown. The (M)-6H

Figure 9. Optimized geometries of (M)-6H and (P)-6H in a racemic mixture at small concentrations on the left (panel a) and at larger concentrations
on the right (panel b) after energyminimization of the conformation assumed by the system at the end of theMD run, considering racemic mixtures, in
stoichiometry 1:20 and 1:120, respectively. In the central panel, the potential energy calculated during theMD run lasting 20 ns for the racemicmixture
in 1:20 stoichiometry (black symbols) and 1:120 stoichiometry (blue symbols) is shown. The color code is the same as in Figure 5.
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enantiomers are colored in red and the (P)-6H enantiomers are
colored in blue. The (P)-6H enantiomers are continuously
adsorbed along the line defined by the major groove, and the
(M)-6H enantiomer also follows the helical groove. The
concentration profile of only the helicenes in racemic mixture
adsorbed on the DNA structure as in the geometry shown in
panel (c) of Figure 10, with the important details of the
Cartesian axes in panel (a) of Figure 11, is reported in panel (b)
of Figure 11. The helicenes are adsorbed on the DNA structure,
following the orientation of the double helix.

4. CONCLUSIONS
Using MM/MD simulations, the adsorption process on DNA
architecture and the possible self-aggregation process of chiral
[5]-aza[6]helicenes at different concentrations were studied.
Helicenes adsorb in two ways, either by following the DNA
chiral surface or by forming aggregates on the DNA surface.
Sometimes these aggregates are very similar to those formed in
enantiopure compounds or racemic mixtures without DNA in a
simulation box. Helicenes display local ordering as in liquid
crystal systems as well as an orientational order at long-range
near the DNA surface following its helicoidal structure. The
formed aggregates attached to the DNA surface are very stable
during simulation time, as found in a previous study30

considering [5]-aza[5]helicene molecules. The positional and
orientational order of helicenes on the DNA surface in the final
structure is interesting. Without DNA, different arrangements
are possible and equally stable. After adsorption on DNA, small
conformational changes take place. It is interesting how the
simultaneous presence of different chiral molecules in the
racemic mixture influences the kinetics of the adsorption
process. [5]-Aza[n]helicenes with five or six aromatic rings
adsorbed on double-stranded B-DNA modified the hydro-
philicity of the DNA exposed to the biological environment.
These new stable adsorbed architectures likely interact differ-
ently with light. The chiral structure of DNA acts as a nucleation
substrate for the self-aggregation process of helicenes. The
structure of DNA appears to be a chiral model. The helicenes
self-aggregate on a fixed structure in these simulations. In future
work, the DNA surface will have freedom of motion to better
understand the possible intercalation process and whether the
DNA architecture can be stabilized by a stable coating formed by
chiral molecules such as helicenes.

The helix pitch (height of a turn) of A-DNA is 28.6 Å. The
diameter of A-DNA is 20 to 25% shorter than that of B-DNA due
to the smaller rise per turn. It would be interesting to study the
interaction of the helicenes adsorbed on different forms of DNA,
differing based on the curvature exposed to the biological
environment. The change in helix pitch and in the geometry of
the grooves can probably induce different adsorption geometries
and therefore different interaction energies and therefore
possibly different light emissions. Using the same methodology
reported here, MM and MD methods can be useful tools to

Table 2. Values of Θ Dihedral Angles in the Optimized
Geometries at the End of MD Run Considering the
Enantiopure Compounds, (M)-6H (Negative Θ Values in
Italic) and (P)-6H (Positive Θ Values), As Well As the
Racemic Mixture at Small Concentration (20 Molecules of
Helicene Interacting with the DNA Fragment)

(M)-HA Θ value
(deg)

(P)-HA Θ value
(deg)

racemic mixture Θ value
(deg)

−34.845 28.906 −33.509
−34.042 32.411 29.6
−34.097 30.561 29.335
−34.309 30.143 −35.281
−34.571 29.894 −32.191
−29.006 32.999 −29.811
−30.403 30.907 −28.395
−35.449 33.004 −31.265
−27.265 33.139 27.465
−35.485 35.388 30.308
−29.408 30.426 34.277
−31.562 29.24 30.72
−32.144 29.051 −32.22
−31.986 32.635 −31.172
−32.355 31.983 −29.936
−32.067 29.356 31.234
−29.843 29.356 29.065
−31.724 34.295 30.204
−28.727 32.277 −33.123
−28.275 30.206 32.905

Figure 10. Solvent-accessible surface area colored by the atom charge for the optimized geometries of double-stranded DNA from data from the
Protein Data Bank on the left (panel a) of the final optimized geometries of racemic mixtures at a small concentration with (M)-6H/(P)-6H in 10:10
stoichiometry in panel (b) and at a larger concentration with (M)-6H/(P)-6H in 60:60 stoichiometry on the right in panel (c). The color code is the
same as in Figure 6.
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investigate at the atomistic level some similarities and some
differences, just as found in my previous work on single-walled
carbon nanotubes inducing different adsorption on protein
fragments adsorbed in their outer surface or inner cavities
according to their curvature.33 The classic macroscopic
representation of a nematic mesophase is a herd of sheep
walking along a mountain path. The two DNA grooves are akin
to the mountain path but with important differences: they are
not flat, they are curved grooves, and they exhibit chiral
discrimination. They are an interesting substrate for selective
adsorption, dictating the direction of the helix winding, with a
specific pitch, inducing the formation of more ordered
mesophases than a nematic mesophase with possible interaction
with light of a suitable wavelength.

The basic idea is to predict, at an atomistic level, the ordered
shape imprinted on the helicenes adsorbed on a chiral surface,
such as DNA, just as it is possible to predict, at a macroscopic
level, the shape of bronze in statues formed by casts in lost-wax
casting, with the detail of a smile, a muscle, and beard filaments
as in Greek and Roman statues. A coating of molecules with
optical properties would have a dual role. Outside the helicenes
can interact with light and show us if geometrically ordered and
stable from an energy point of view, their color and shape, while
in direct contact with the surface, they can act as a mold of the
surface itself, B-DNA, Z-DNA, A-DNA, or other chiral surfaces.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487.

All initial nonoptimized geometries and animations of the
MD runs discussed; the optimized geometry of the
helicenes adsorbed on the chiral DNA structure
considering 120 (M)-6H and (P)-6H enantiomers
without DNA for clarity reported together with all θ
dihedral angle values calculated for all molecules of the
first layer closer to the DNA chiral structure (PDF)

The MD runs obtained starting from the four different
initial optimized geometries considered are reported in
file.avi generated by using Materials Studio program,
visualizing every 10 frames of the 1000 frames saved
during MD runs lasting 20 ns (ZIP)

■ AUTHOR INFORMATION
Corresponding Author

Giuseppina Raffaini − Department of Chemistry, Materials,
and Chemical Engineering “Giulio Natta”, Politecnico di
Milano, 20131 Milano, Italy; INSTM, National Consortium
of Materials Science and Technology, Local Unit Politecnico di
Milano, 20131 Milano, Italy; orcid.org/0000-0003-3462-
6514; Email: giuseppina.raffaini@polimi.it

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.3c02487

Notes
The author declares no competing financial interest.

■ ACKNOWLEDGMENTS
G.R. gratefully acknowledges financial support from MIUR-
FIRB 2008 (Surface-Associated Selective Transfection�SAST,
grant RBFR08XH0H) and from INSTM with the IN-
STMMIP07 Project (G.R.). Discussions with Prof. Tullio
Caronna and Prof. Andrea Mele are gratefully acknowledged.

■ ABBREVIATIONS
B-DNA: right-handed double-helical structure of DNA
MM: molecular mechanics
MD: molecular dynamics
(M)-5H: (M)-5-aza[5]helicene
(P)-5H: (P)-5-aza[5]helicene
(M)-6H: (M)-5-aza[6]helicene
(P)-6H: (P)-5-aza[6]helicene
CNT: carbon nanotube
PBC: periodic boundary conditions
NVT: number of particles, volume and temperature constant
during the MD run

■ REFERENCES
(1) Shen, Y.; Chen, C. F. Helicenes: Synthesis and Applications.Chem.
Rev. 2012, 112, 1463−1535.
(2) Mori, T. Chiroptical Properties of Symmetric Double, Triple, and

Multiple Helicenes. Chem. Rev. 2021, 121, 2373−2412.
(3) Dhbaibi, K.; Favereau, L.; Crassous, J. Enantioenriched Helicenes

and Helicenoids ContainingMain-Group Elements (B, Si, N, P).Chem.
Rev. 2019, 119, 8846−8953.

Figure 11. In panel (a) density field representation of the optimized final geometry of the higher concentration racemic mixture with (M)-6H/(P)-6H
in 60:60 stoichiometry adsorbed onDNA structure, as in panel (c) of Figure 10, is shown. The color code is the same as in Figure 6. The atomic density
concentration profile of the only helicene molecules within evenly spaced slices parallel to the bc, ca, and ab planes are reported in black, in blue, and in
red line symbols in panel (b).

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c02487
J. Phys. Chem. B 2023, 127, 8285−8295

8293

https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c02487/suppl_file/jp3c02487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c02487/suppl_file/jp3c02487_si_002.zip
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppina+Raffaini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3462-6514
https://orcid.org/0000-0003-3462-6514
mailto:giuseppina.raffaini@polimi.it
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?ref=pdf
https://doi.org/10.1021/cr200087r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02487?fig=fig11&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(4) Groen, M. B.; Wynberg, H. Optical Properties of Some
Heterohelicenes. Absolute Configuration. J. Am. Chem. Soc. 1971, 93,
2968−2974.
(5) Kemp, C. M.; Mason, S. F. The Absorption and Circular

Dichroism Spectra and the Absolute Configuration of (+)-1-Fluoro-12-
methylbenzo[c]phenanthrene. Tetrahedron 1966, 22, 629−635.
(6) Moscowitz, A. Some Applications of the Kronig- Kramers

Theorem to Optical Activity. Tetrahedron 1961, 13, 48−56.
(7) Meisenheimer, J.; Witte, K. Reduction von 2-Nitronaphtalin.
Chem. Ber. 1903, 36, 4153−4157.
(8) Latterini, L.; Galletti, E.; Passeri, R.; Barbafina, A.; Urbanelli, L.;

Emiliani, C.; Elisei, F.; Fontana, F.; Mele, A.; Caronna, T. Fluorescence
properties of aza-helicenium derivatives for cell imaging. J. Photochem.
Photobiol., A 2011, 222, 307−313.
(9) Bazzini, C.; Brovelli, S.; Caronna, T.; Gambarotti, C.; Giannone,

M.; Macchi, P.; Meinardi, F.; Mele, A.; Panzeri, W.; Recupero, F.; et al.
Synthesis and Characterization of Some Aza[5]helicenes. Eur. J. Org.
Chem. 2005, 2005, 1247−1257.
(10)Wigglesworth, T. J.; Sud, D.; Norsten, T. B.; Lekhi, V. S.; Branda,

N. R. Chiral discrimination in photochromic helicenes. J. Am. Chem.
Soc. 2005, 127, 7272−7273.
(11) Dreher, S. D.; Katz, T. J.; Lam, K. C.; Rheingold, A. L.

Application of the Russig-Laatsch reaction to synthesize a bis[5]-
helicene chiral pocket for asymmetric catalysis. J. Org. Chem. 2000, 65,
815−822.
(12) Lu, T. X.; Zhu, R. X.; An, Y.; Wheeler, S. E. Origin of

Enantioselectivity in the Propargylation of Aromatic Aldehydes
Catalyzed by Helical N-Oxides. J. Am. Chem. Soc. 2012, 134, 3095−
3102.
(13) Nakagawa, H.; Kobori, Y.; Yoshida, M.; Yamada, K. I. Chiral

recognition by single bilayered phosphatidylcholine vesicles using
[5]thiaheterohelicene as a probe. Chem. Commun. 2001, 24, 2692−
2693.
(14) Balogh, D.; Zhang, Z.; Cecconello, A.; Vavra, J.; Severa, L.; Teply,

F.; Willner, I. Helquat-Induced Chiroselective Aggregation of Au NPs.
Nano Lett. 2012, 12, 5835−5839.
(15) Kelly, T. R.; Silva, R. A.; De Silva, H.; Jasmin, S.; Zhao, Y. A

rationally designed prototype of a molecular motor. J. Am. Chem. Soc.
2000, 122, 6935−6949.
(16) van Leeuwen, T.; Pol, J.; Roke, D.;Wezenberg, S. J.; Feringa, B. L.

Visible-Light Excitation of a Molecular Motor with an Extended
Aromatic Core. Org. Lett. 2017, 19, 1402−1405, DOI: 10.1021/
acs.orglett.7b00317.
(17) Vana, L.; Jakubec, M.; Sykora, J.; Cisarova, I.; Storch, J.; Cirkva,

V. Synthesis of Aza[n]phenacenes (n = 4−6) via Photocyclodehydro-
chlorination of 2-Chloro-N-aryl-1-naphthamides. J. Org. Chem. 2021,
86, 13252−13264.
(18) Vana, L.; Jakubec,M.; Sykora, J.; Cisarova, I.; Zadny, J.; Storch, J.;

Cirkva, V. Synthesis of Aza[n]helicenes (n = 4−7) via Photo-
cyclodehydrochlorination of 1-Chloro-N-aryl-2-naphthamides. J. Org.
Chem. 2022, 87, 7150−7166.
(19) Zheng, Y. H.; Lu, H. Y.; Li, M.; Chen, C. F. Synthesis, Structures,

and Optical Properties of Aza[4]helicenes. Eur. J. Org. Chem. 2013,
2013, 3059−3066.
(20) Rajan, B.; Goel, N.; Bedekar, A. V. Synthesis and characterization

of aza[7]helicenes. J. Mol. Struct. 2022, 1261, No. 132972.
(21) Panzeri, W.; Recupero, F.; Sironi, A.; Tubino, R. Synthesis and

characterization of some Aza[5]helicenes. Eur. J. Org. Chem. 2005,
2005, 1247−1257.
(22) Upadhyay, G. M.; Talele, H. R.; Sahoo, S.; Bedekar, A. V.

Synthesis of carbazole derived aza[7]helicenes. Tetrahedron Lett. 2014,
55, 5394−5399.
(23) Tanaka, K.; Fukawa, N.; Suda, T.; Noguchi, K. One-Step

Construction of Five Successive Rings by Rhodium-Catalyzed
Intermolecular Double [2 + 2+2] Cycloaddition: Enantioenriched
[9]Helicene-Like Molecules. Angew. Chem. 2009, 48, 5470−5473.
(24) Tanaka, M.; Shibata, Y.; Nakamura, K.; Teraoka, K.; Uekusa, H.;

Nakazono, K.; Takata, T.; Tanaka, K. Gold-Catalyzed Enantioselective

Synthesis, Crystal Structure, and Photophysical/Chiroptical Properties
of Aza[10]helicenes. Chem. - Eur. J. 2016, 22, 9537−9541.
(25) Herman, D. M.; Baird, E. E.; Dervan, P. B. Stereochemical

control of the DNA binding affinity, sequence specificity, and
orientation preference of chiral hairpin polyamides in the minor
groove. J. Am. Chem. Soc. 1998, 120, 1382−1391.
(26) Ehley, J. A.; Melander, C.; Herman, D.; Baird, E. E.; Ferguson, H.

A.; Goodrich, J. A.; Dervan, P. B.; Gottesfeld, J. M. Promoter scanning
for transcription inhibition with DNA-binding polyamides. Mol. Cell.
Biol. 2002, 22, 1723−1733.
(27) Herman, D. M.; Baird, E. E.; Dervan, P. B. Tandem hairpin motif

for recognition in the minor groove of DNA by pyrrole - Imidazole
polyamides. Chem. - Eur. J. 1999, 5, 975−983.
(28) Honzawa, S.; Okubo, H.; Anzai, S.; Yamaguchi, M.; Tsumoto, K.;

Kumagai, I. Chiral recognition in the binding of helicenediamine to
double strand DNA: interactions between low molecular weight helical
compounds and a helical polymer. Bioorg. Med. Chem. 2002, 10 (10),
3213−3218.
(29) Dhbaibi, K.; et al. Modulation of circularly polarized

luminescence through excited-state symmetry breaking and inter-
branched exciton coupling in helical push-pull organic systems. Chem.
Sci. 2020, 11, 567−576.
(30) Raffaini, G.; Mele, A.; Caronna, T. Adsorption of Chiral [5]-

Aza[5]helicenes on DNA Can Modify Its Hydrophilicity and Affect Its
Chiral Architecture: A Molecular Dynamics Study. Materials 2020, 13,
5031.
(31) Raffaini, G.; Ganazzoli, F. Protein Adsorption on Biomaterial and

Nanomaterial Surfaces: A Molecular Modeling Approach to Study
Non-Covalent Interactions. J. Appl. Biomater. Biomech. 2010, 8, 135−
145.
(32) Raffaini, G.; Elli, S.; Ganazzoli, F. Computer simulation of bulk

mechanical properties and surface hydration of biomaterials. J. Biomed
Mater. Res. A 2006, 77A, 618−626.
(33) Raffaini, G.; Ganazzoli, F.Surface Topography Effects in Protein

Adsorption onNanostructured Carbon Allotropes. Langmuir 2013, 29,
4883−4893.
(34) Raffaini, G. Surface Chemistry, Crystal Structure, Size and

Topography Role in the Albumin Adsorption Process on TiO2 Anatase
Crystallographic Faces and Its 3D-Nanocrystal: A Molecular Dynamics
Study. Coatings 2021, 11, 420.
(35) Castiglione, F.; Ganazzoli, F.; Malpezzi, L.; Mele, A.; Panzeri, W.;

Raffaini, G. Inclusion complexes of beta-cyclodextrin with tricyclic
drugs: an X-ray diffraction, NMR and molecular dynamics study.
Beilstein J. Org. Chem. 2017, 13, 714−719.
(36) Treccani, S.; Alongi, J.; Manfredi, A.; Ferruti, P.; Cavalli, R.;

Raffaini, G.; Ranucci, E. L-Arginine-Derived Polyamidoamine
Oligomers Bearing at Both Ends beta-Cyclodextrin Units as pH-
Sensitive Curcumin Carriers. Polymers 2022, 14, 3193.
(37) Lazzari, F.; Manfredi, A.; Alongi, J.; Ganazzoli, F.; Vasile, F.;

Raffaini, G.; Ferruti, P.; Ranucci, E. Hydrogen Bonding in a l-
Glutamine-Based Polyamidoamino Acid and its pH-Dependent Self-
Ordered Coil Conformation. Polymers 2020, 12, 881.
(38) Raffaini, G.; Ganazzoli, F. Understanding the performance of

biomaterials throughmolecular modeling: Crossing the bridge between
their intrinsic properties and the surface adsorption of proteins.
Macromol. Biosci. 2007, 7, 552−566.
(39) Svaldo-Lanero, T.; Penco, A.; Prato,M.; Canepa,M.; Rolandi, R.;

Cavalleri, O. Nanopatterning by protein unfolding. Soft Matter 2008, 4,
965−967.
(40) Barinov, N. A.; Prokhorov, V. V.; Dubrovin, E. V.; Klinov, D. V.

AFM visualization at a single-molecule level of denaturated states of
proteins on graphite. Colloids Surf., B 2016, 146, 777−784.
(41) Raffaini, G. PhD Thesis in Materials Engineering; Politecnico di

Milano: Italy, a.a. 2004−2005.
(42) Raffaini, G.; Ganazzoli, F. Molecular simulations of proteins

adsorbed on biomaterials and on carbon nanotubes. J. Appl. Biomater
Biomech. 2004, 2, 214 DOI: 10.1177/228080000400200332.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c02487
J. Phys. Chem. B 2023, 127, 8285−8295

8294

https://doi.org/10.1021/ja00741a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00741a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4020(66)80032-7
https://doi.org/10.1016/0040-4020(66)80032-7
https://doi.org/10.1016/0040-4020(66)80032-7
https://doi.org/10.1016/S0040-4020(01)92204-5
https://doi.org/10.1016/S0040-4020(01)92204-5
https://doi.org/10.1002/cber.19030360481
https://doi.org/10.1016/j.jphotochem.2011.06.013
https://doi.org/10.1016/j.jphotochem.2011.06.013
https://doi.org/10.1002/ejoc.200400648
https://doi.org/10.1021/ja050190j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991498u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo991498u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209241n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209241n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209241n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b109062c
https://doi.org/10.1039/b109062c
https://doi.org/10.1039/b109062c
https://doi.org/10.1021/nl303179s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001048f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001048f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c01113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201300002
https://doi.org/10.1002/ejoc.201300002
https://doi.org/10.1016/j.molstruc.2022.132972
https://doi.org/10.1016/j.molstruc.2022.132972
https://doi.org/10.1002/ejoc.200400648
https://doi.org/10.1002/ejoc.200400648
https://doi.org/10.1016/j.tetlet.2014.07.116
https://doi.org/10.1002/anie.200901962
https://doi.org/10.1002/anie.200901962
https://doi.org/10.1002/anie.200901962
https://doi.org/10.1002/anie.200901962
https://doi.org/10.1002/chem.201601622
https://doi.org/10.1002/chem.201601622
https://doi.org/10.1002/chem.201601622
https://doi.org/10.1021/ja9737228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9737228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9737228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9737228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/MCB.22.6.1723-1733.2002
https://doi.org/10.1128/MCB.22.6.1723-1733.2002
https://doi.org/10.1002/(SICI)1521-3765(19990301)5:3<975::AID-CHEM975>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1521-3765(19990301)5:3<975::AID-CHEM975>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1521-3765(19990301)5:3<975::AID-CHEM975>3.0.CO;2-T
https://doi.org/10.1016/S0968-0896(02)00175-X
https://doi.org/10.1016/S0968-0896(02)00175-X
https://doi.org/10.1016/S0968-0896(02)00175-X
https://doi.org/10.1039/C9SC05231C
https://doi.org/10.1039/C9SC05231C
https://doi.org/10.1039/C9SC05231C
https://doi.org/10.3390/ma13215031
https://doi.org/10.3390/ma13215031
https://doi.org/10.3390/ma13215031
https://doi.org/10.5301/JABB.2010.6093
https://doi.org/10.5301/JABB.2010.6093
https://doi.org/10.5301/JABB.2010.6093
https://doi.org/10.1002/jbm.a.30670
https://doi.org/10.1002/jbm.a.30670
https://doi.org/10.3390/coatings11040420
https://doi.org/10.3390/coatings11040420
https://doi.org/10.3390/coatings11040420
https://doi.org/10.3390/coatings11040420
https://doi.org/10.3762/bjoc.13.70
https://doi.org/10.3762/bjoc.13.70
https://doi.org/10.3390/polym14153193
https://doi.org/10.3390/polym14153193
https://doi.org/10.3390/polym14153193
https://doi.org/10.3390/polym12040881
https://doi.org/10.3390/polym12040881
https://doi.org/10.3390/polym12040881
https://doi.org/10.1002/mabi.200600278
https://doi.org/10.1002/mabi.200600278
https://doi.org/10.1002/mabi.200600278
https://doi.org/10.1039/b800621k
https://doi.org/10.1016/j.colsurfb.2016.07.014
https://doi.org/10.1016/j.colsurfb.2016.07.014
https://doi.org/10.1177/228080000400200332
https://doi.org/10.1177/228080000400200332
https://doi.org/10.1177/228080000400200332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(43) Karajanagi, S. S.; Yang, H. C.; Asuri, P.; Sellitto, E.; Dordick, J. S.;
Kane, R. S. Protein-assisted solubilization of single-walled carbon
nanotubes. Langmuir 2006, 22, 1392−1395.
(44) Raffaini, G.; Ganazzoli, F. Separation of chiral nanotubes with an

opposite handedness by chiral oligopeptide adsorption: A molecular
dynamics study. J. Chromatogr. A 2015, 1425, 221−230.
(45) Dauber-Osguthorpe, P.; Roberts, V. A.; Osguthorpe, D. J.; Wolff,

J.; Genest, M.; Hagler, A. T. Proteins: Struct., Funct., Genet. 1988, 4, 31−
47.
(46) Materials Studio BIOVIA. Accelrys Inc. InsightII 2000; Accelrys

Inc.: San Diego, CA, 2000. See also the URL http://www.accelrys.com.
(47) Mondragón, A.; Harrison, S. C. The phage 434 CroOR1 complex

at 2.5 Å resolution. J. Mol. Biol. 1991, 219 (2), 321−334.
(48) Raffaini, G.; Melone, L.; Punta, C. Understanding the

topography effects on competitive adsorption on a nanosized anatase
crystal: a molecular dynamics study.ChemComm 2013, 49, 7581−7583.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c02487
J. Phys. Chem. B 2023, 127, 8285−8295

8295

https://doi.org/10.1021/la0528201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0528201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chroma.2015.11.045
https://doi.org/10.1016/j.chroma.2015.11.045
https://doi.org/10.1016/j.chroma.2015.11.045
http://www.accelrys.com
https://doi.org/10.1016/0022-2836(91)90568-Q
https://doi.org/10.1016/0022-2836(91)90568-Q
https://doi.org/10.1039/c3cc43462a
https://doi.org/10.1039/c3cc43462a
https://doi.org/10.1039/c3cc43462a
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

	2023 Adsorption 5aza6H on DNA_ J Phys Chem B_ART.pdf

