
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

The effect of molecular shape on oligomerization
of hydrophobic drugs : molecular simulations of
ciprofloxacin and nutlin

Li, Jianguo; Beuerman, Roger; Verma, Chandra

2018

Li, J., Beuerman, R., & Verma, C. (2018). The effect of molecular shape on oligomerization of
hydrophobic drugs : molecular simulations of ciprofloxacin and nutlin. The Journal of
Chemical Physics, 148(10), 104902‑. doi:10.1063/1.5013056

https://hdl.handle.net/10356/106542

https://doi.org/10.1063/1.5013056

© 2018 The Author(s). All rights reserved. This paper was published by AIP Publishing in
Journal of Chemical Physics and is made available with permission of The Author(s).

Downloaded on 23 May 2023 11:12:24 SGT



THE JOURNAL OF CHEMICAL PHYSICS 148, 104902 (2018)

The effect of molecular shape on oligomerization of hydrophobic
drugs: Molecular simulations of ciprofloxacin and nutlin

Jianguo Li,1,2,3 Roger Beuerman,1,3,4,5,a) and Chandra Verma1,2,6,7,a)
1Singapore Eye Research Institute, 11 Third Hospital Avenue, #06-00, Singapore 168751
2Bioinformatics Institute (A∗-STAR), 30 Biopolis Street, #07-01 Matrix, Singapore 138671
3Duke-NUS Medical School, Ophthalmology Academic Clinical Program, Singapore
4Department of Ophthalmology, National University of Singapore, 1E Kent Ridge Road, Singapore 119074
5School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 Nanyang Drive,
Singapore 637459
6School of Biological Sciences, Nanyang Technological University, 60 Nanyang Drive, Singapore 637551
7Department of Biological Sciences, National University of Singapore, 14 Science Drive 4, Singapore 117543

(Received 10 November 2017; accepted 20 February 2018; published online 13 March 2018)

Molecular aggregation plays a significant role in modulating the solubility, permeability, and bioac-
tivity of drugs. The propensity to aggregate depends on hydrophobicity and on molecular shape.
Molecular dynamics simulations coupled with enhanced sampling methods are used to explore the
early stages of oligomerization of two drug molecules which have a strong aggregation propensity, but
with contrasting molecule shapes: the antibiotic ciprofloxacin and the anticancer drug Nutlin-3A. The
planar shape of ciprofloxacin induces the formation of stable oligomers at all cluster sizes. The aggre-
gation of ciprofloxacin is driven by two-body interactions, and transferring one ciprofloxacin molecule
to an existing cluster involves the desolvation of two faces and the concomitant hydrophobic interac-
tions between the two faces; thus, the corresponding free energy of oligomerization weakly depends
on the oligomer size. By contrast, Nutlin-3A has a star-shape and hence can only form stable oligomers
when the cluster size is greater than 8. Free energy simulations further confirmed that the free energy
of oligomer formation for Nutlin-3A becomes more favorable as the oligomer becomes larger. The
aggregation of star-shaped Nutlin-3A results from many-body interactions and hence the free energy of
cluster formation is strongly dependent on the size. The findings of this study provide atomistic insights
into how molecular shape modulates the aggregation behavior of molecules and may be factored into
the design of drugs or nano-particles. Published by AIP Publishing. https://doi.org/10.1063/1.5013056

I. INTRODUCTION

Bioavailability of a drug is a basic pharmaceutical prop-
erty and plays important roles in lead selection during drug
discovery.1 For orally administered drugs, bioavailability is
largely determined by the interplay between aqueous solubility
and membrane permeability.2 Both solubility and permeability
often contrastingly depend on the hydrophobicity of the drug
molecule. Reduction in the hydrophobicity of drug molecules
enhances aqueous solubility but may lead to low membrane
permeability. By contrast, increasing the drug hydrophobic-
ity favors membrane permeation, but results in low solubility
due to an increased tendency to aggregate. Thus an appropri-
ate balance between membrane permeability and solubility is
needed for reasonable bioavailability.

According to the classical nucleation theory (CNT),3 the
aggregation of drug molecules is determined by the free energy
change ∆G defined as

∆G =
4
3
πr3
∆g + 4πr2

σ, (1)

a)Authors to whom correspondence should be addressed: rwbeuerman@
gmail.com and chandra@bii.a-star.edu.sg

where ∆g is the free energy density of the aggregates, r is the
radius of the aggregates, and σ is the surface tension. The first
term is the bulk contribution of the free energy of the aggre-
gates which is negative and favorable, while the second term is
the surface contribution which is always positive and unfavor-
able. Equation (1) assumes that the aggregates are spherical
and ∆g is independent of cluster size. However, this may not
be the case when the shapes of the particle and the aggre-
gate are non-spherical. The CNT in Eq. (1) describes the state
where well-defined nucleus is formed; it may not hold true
in the early stage of aggregation where only a low degree of
oligomers has occurred. Hence, the free energy of aggregation
of non-spherical molecules and its dependence on cluster size
during the initial stage of aggregation can be different from
that of spherical molecules.

Aggregation of a hydrophobic drug is primarily driven by
hydrophobic interactions, which depend on both the hydropho-
bicity of the molecule and on the desolvation surface area.4

Moreover, surface complementarity is known to favor aggre-
gation, suggesting the important role of molecular shape in
modulating aggregation.5 Although numerous studies have
been carried out to understand the effect of hydrophobicity
on aggregation, few have focused on the effects of shape
anisotropy. Molecules having similar hydrophobicity but with
different molecular shapes may have different aggregation
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FIG. 1. (a) Structures of Nutlin-3A and ciprofloxacin
and (b) potential of mean force of Nutlin-3A and
ciprofloxacin in water.

behavior and aggregate into a variety of oligomers with vary-
ing shapes. To understand the role of molecular shape in
aggregation, we examined the aggregation behavior of two
model compounds with different shapes: Nutlin-3A and
ciprofloxacin [Fig. 1(a)]. Nutlin-3A is an anti-cancer com-
pound whose derivatives are currently under clinical trials.
It has a star-like shape resulting from branched aromatic
moieties. This molecule and its derivatives are being pur-
sued as inhibitors of the mouse double minute 2 (MDM2)
homolog protein for cancer treatment.6 Nutlin-3A is usually
formulated in suspensions in 2% Klucel and 0.5% Tween
80 in oral administration.6,7 By contrast, the planar-shaped
ciprofloxacin is a representative fluoroquinolone and is a
Food and Drug Administration (FDA) approved second line
antibiotic which targets the DNA gyrase in bacteria.8 The oral
formulation of ciprofloxacin is in the form of either tablets
or suspensions in diluent.9,10 Both compounds are insoluble
in water but can be soluble in organic solvents, suggesting
strong aggregation propensity in aqueous solutions.11–14 There
is one study that investigated the mechanism of transloca-
tion of ciprofloxacin across membranes and observed that the
ciprofloxacin molecules stacked close to the membrane surface
but translocate across the membrane as monomers.13 From a
thermodynamic perspective, the translocation of ciprofloxacin
across the membrane requires the creation of cavities in the
membrane, which incurs entropic penalties. The monomeric
form is favored compared to the oligomeric form because
it will engage smaller cavities and hence will incur lower
entropic penalty. Given that in solution, the monomers are
likely in equilibrium with different sizes of oligomers, the equi-
librium between the monomer and oligomers of ciprofloxacin
modulates its membrane permeation. In addition, a study using
theoretical modeling and NMR experiments also reported
stacking in ciprofloxacin.14 However, there are no reports of
the energetics underlying this stacking process. Aggregation is
known to modulate the biological properties of drugs.15 Both
drugs bind to hydrophobic cavities (Nutlin-3A to its recep-
tor MDM2 and ciprofloxacin to its receptor DNA gyrase)
as monomers. Understanding the population distribution of
oligomers with different sizes of oligomers will provide use-
ful insights into their structure-activity relationships (SARs).
In particular, it could provide crucial insights into the process
that enables a monomer to partition into the binding site on its
receptor and this knowledge could be used to enhance binding
to the receptor. Although some studies have been carried out to
investigate the population distribution of oligomers for planar
aromatic molecules, these largely employ analytical equations

to model the aggregation process and assume the formation of
one-dimensional aggregates.14,16,17 In this study, we employ
detailed molecular dynamics (MD) simulations to explore the
effect of shape on the aggregation behavior of the two drugs as
model compounds: the planar-shaped ciprofloxacin and star-
shaped Nutlin-3A. To this purpose, for each drug, we first
calculated the potential of mean force (PMF) between two
monomers using umbrella sampling. Next we examined the
stability of different oligomers via classical MD simulations.
Finally, to have a thermodynamic understanding of the depen-
dence of cluster size on aggregation, we calculated the free
energy of oligomerization via a combination of umbrella sam-
pling and Hamiltonian replica exchange MD (HREMD) simu-
lations. The results can complement biophysical experiments
such as NMR and affinity measurements towards providing a
detailed thermodynamic understanding of their mechanisms
of aggregation and guiding the design of efficient formulation
and delivery strategies.

II. METHODS

We used three sets of simulations to study the effect
of molecular shape on the aggregation of Nultin-3A and
ciprofloxacin. In the first set, the potential of mean force (PMF)
for both compounds was calculated using either umbrella sam-
pling18 or HREMD simulations.19,20 In umbrella sampling
simulations, the distance between two monomers was used
as the reaction coordinate and a series of biased simulations
in windows with bin size of 0.15 nm were carried out. Each
umbrella window was run for 50 ns, with a biased potential
of 1000 (kJ/mol/nm2) added to enhance phase space sam-
pling. The full PMF was constructed based on the last 25 ns
using the weighted histogram analysis method (WHAM).21,22

To account for the entropic contributions, a correction term
of 2kT ln(r) was added, where r is the distance along the
reaction coordinate.23,24 As the PMF for Nutlin-3A showed
a surprisingly low free energy minimum, we also performed
an HREMD simulation for the Nutlin-3A dimer to validate
the convergence of umbrella sampling. In the HREMD simu-
lations, 8 replicas were run in parallel for 15 ns each (totally
120 ns). The first replica corresponds to the case of normal
Hamiltonian and in the last replica, the interactions involv-
ing the Nutlin-3A molecules were rescaled by a factor of 0.5.
Intermediate replicas were added with rescaling between 1 and
0.5 to ensure that the potential energy distributions of adja-
cent replicas overlap sufficiently. At 1 ps intervals, a Monte
Carlo move was tried to exchange adjacent replicas and the
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acceptance was based on the Metropolis criterion.25 The PMF
was constructed using the following equation (2):

∆G = −kT ln(RDF), (2)

where RDF is the radial distribution function between the
centers of mass of the two monomers and k and T are the
Boltzmann constant and temperature, respectively.26

In the second set, we performed a series of 200 ns classical
MD simulations of Nutlin-3A and ciprofloxacin to study the
effect of cluster size on the oligomer stability at both 300 K and
310 K. For each compound, 2, 4, 8, and 16 molecules were used
and a compound/water ratio was kept at 1/1500, resulting in the
same molar concentrations for all sizes of oligomers. In each
MD simulation, the required number of compounds was ran-
domly placed in a simulation box, followed by solvation with
water molecules. The compound/water ratio corresponds to a
molar concentration of 0.037M, which is above the solubility
of each compound. The shape, radius of gyration, and the clus-
ter size distribution of the oligomers were used to characterize
the stability of the aggregates.

To gain further insights into the thermodynamics of
oligomer stability, we calculated the free energy of forming
a cluster of N monomers ∆G(N) by adding single monomers
to an existing cluster of N � 1 monomers using umbrella
sampling. The bin size, simulation time, and force constant
were the same as in the PMF calculation. The aggregation
numbers used in the free energy simulations, including sim-
ulations of the dimer, were 2, 4, 8, and 16 for ciprofloxacin
and 2, 4, 8, 12, 16, and 20 for Nutlin-3A. Entropic contri-
butions were accounted for by adding 2kT ln(r), where r is
the distance along the reaction coordinate.23,24 To prevent
the dissociation of clusters in umbrella sampling simulations,
wall potentials in the x, y, and z directions were used to
restrict the monomers of the cluster to a particular region
in the simulation box. Our simulation results revealed that
ciprofloxacin forms very stable oligomers at all values of the
aggregation number N. Hence at large N (e.g., N = 8 and 16),
the umbrella sampling simulations likely depend on the ini-
tial conformation of the ciprofloxacin aggregates, resulting in
insufficient sampling of the phase space of the aggregates. In
order to enhance sampling in each umbrella sampling window

so that the aggregates can rearrange the oligomer structure,
we also carried out HREMD simulations for each umbrella
sampling window for ciprofloxacin at N = 8 and 16. For the
case of N = 8, 8 replicas were used and for N = 16, 10 replicas
were used to ensure sufficient overlap in the potential energy
distributions between the adjacent replica. The error bars of
each PMF profile were estimated using the bootstrap method.22

In all simulations, the AMBER general force field27 was
used to model both Nutlin-3A and ciprofloxacin and the
TIP3P model was used for the water molecules.28 Short-range
electrostatics and Lennard-Jones interactions were calculated
with a cut-off distance of 1.0 nm, while long-range electro-
static interactions were calculated using Particle Mesh Ewald
(PME).29 All simulations were performed in the NPT ensem-
ble with pressure and temperature maintained at 1 bar and
300 K, respectively. All simulations were performed using the
GROMACS package patched with PLUMED.30–32

III. RESULTS
A. Potential of mean force

To understand the aggregation propensities of
ciprofloxacin and Nutlin-3A, we begin by calculating the
potential of mean force (PMF) using umbrella sampling MD
simulations.18,21,22 The PMF is the free energy of dimeriza-
tion of two monomers with the intermolecular distance being
the reaction coordinate, and it has been widely used to charac-
terize the aggregation propensity of a molecule.33,34 Figure 1
shows that ciprofloxacin has a very favorable free energy of
association between two monomers, with a free energy mini-
mum of �27 kJ/mol, suggesting a high propensity for aggrega-
tion. The free energy minimum locates at 0.45 nm, correspond-
ing to two ciprofloxacin molecules stacking together (Fig. 2).
On the contrary, although Nutlin-3A contains more aromatic
rings and has a larger molecular size, the strength of the
free energy of association between two Nutlin-3A monomers
is much weaker (�7 kJ/mol), indicating that the Nutlin-3A
dimer is thermodynamically less stable, which is not corre-
lated with the experimentally determined low solubility of
Nutlin-3A. One may wonder if this inconsistency arises from

FIG. 2. Snapshots of aggregates of ciprofloxacin and
Nutlin-3A at different cluster sizes during classical MD
simulations.
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the non-convergence of the umbrella sampling simulations.
To examine this, we performed an HREMD simulation of
two monomers of Nutlin-3A. Free energies of association as
a function of distance between the centers of mass of the two
monomers were calculated based on Eq. (2). The free energy
from HREMD is identical to that computed using umbrella
sampling (Fig. S1 of the supplementary material) thus ruling
out the possibility of non-convergence of the umbrella sam-
pling simulations. In fact, during the HREMD simulations,
the two monomers were found to undergo several events of
association and dissociation, as can be seen from the varia-
tions in the distance between the two monomers during the
simulations, thus further suggesting that the Nutlin-3A dimer
is not stable. Thus this inconsistency between the instability
of the Nutlin-3A dimer and its low solubility suggests that the
PMF between two monomers clearly does not account for the
known aggregation propensity of Nutlin-3A.

Although both molecules contain aromatic moieties,
Nutlin-3A is characterized by a branched topology, while the
aromatic rings in ciprofloxacin form a planar shape. When
forming a dimer, only part of the Nutlin-3A monomer par-
ticipates in the interactions with the other monomer. The
insufficient number of atomic contacts and low degree of des-
olvation results in a Nutlin-3A dimer with low stability. This
suggests that the two-body interaction (e.g., the interaction
between two monomers) is not strong enough to maintain the
Nutlin-3A dimer. It suggests that the aggregation of Nultin-3A
may result from many-body interactions and the free energy of
association may be a function of the cluster size. Considering
the low solubility of Nutlin-3A, the Nutlin-3A oligomers must
become stable as the cluster size increases. We next attempt to
understand this.

B. Effect of cluster size on oligomer stability

To understand the effect of the cluster size on oligomer sta-
bility, we performed classical MD simulations for Nutlin-3A

and ciprofloxacin by varying the number of monomers in the
simulation box. As expected, the aggregation behavior of the
two molecules differed, as can be seen from the number of clus-
ters during the 200 ns simulations (Fig. 3). When there are 2
and 4 monomers, Nutlin-3A molecules were found to undergo
repeated events of association and dissociation, as revealed
by the large fluctuations in the number of Nutlin-3A clus-
ters, resulting in polydispersed aggregates. As the aggregation
number N further increases to 8 [Fig. 3(c)] and 16 [Fig. 3(d)],
all the monomers form one cluster (Fig. 2), suggesting that
the stability of the aggregate depends on the cluster size. By
contrast, ciprofloxacin forms one stable cluster at all cluster
sizes. Snapshots show that in each aggregate, ciprofloxacin
molecules stack together, which naturally results from its pla-
narity (Fig. 2). The stacking of ciprofloxacin monomers can be
characterized by the relative orientations of monomers (Fig. S2
of the supplementary material). In the ciprofloxacin dimer, the
probability distribution of the angle between the two normal
vectors of each planar monomer has a much higher population
near zero degrees, suggesting that the monomers assume sim-
ilar orientations upon aggregation. For Nutlin-3A, the angle is
between the two normal vectors of the center ring, which is
widely distributed, suggesting a loosely packed dimer, and is
consistent with the PMF results we saw earlier. A similar trend
was also observed for the radius of gyration of the oligomers
(Fig. S3 of the supplementary material). Nutlin-3A displays
high fluctuations when the cluster size is 2 and 4 but con-
verges to a constant value as the cluster size further increases
to 8 and 16, while the radius of gyration of ciprofloxacin was
found to fluctuate much less, suggesting stable oligomers for
each cluster size. Moreover, because of the difference in the
aggregation mechanisms, Nultin-3A and ciprofloxacin form
oligomers with different shapes. Ciprofloxacin forms elon-
gated oligomers resulting from the strong aromatic stacking,
while Nutlin-3A oligomers have a spherical shape. To under-
stand this, we calculate the shape parameter during the MD
simulations, which is defined as the ratio of the longest axis to

FIG. 3. Number of clusters during 200 ns classical MD
simulations for Nutlin-3A and ciprofloxacin at 300 K.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
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the shortest axis of the oligomers (Fig. S4 of the supplementary
material). The shape parameter of the aggregate is about 2 for
ciprofloxacin, suggesting an anisotropic shape, while it is
around 1 for Nutlin-3A, suggesting a spherical shape. The
results confirm our hypothesis that the oligomer stability
depends on the shape of the molecule as well as on the size of
the oligomer, and differences in the molecular shapes result in
different shapes of oligomers.

For hydrophobic molecules, such as Nutlin-3A and
ciprofloxacin, aggregation can originate from two driving
forces: direct interactions (e.g., direct van der Waals and elec-
trostatic interactions between polar groups) and hydrophobic
interactions (e.g., solvent mediated forces). To further under-
stand the driving force behind the oligomerization of Nutlin-
3A and ciprofloxacin, we calculated the hydration number
and the number of contacts in the various aggregates (Fig.
S5 of the supplementary material). The hydration number is
defined as the number of water molecules within 0.5 nm of any
non-hydrogen atom of the solute molecule. Two non-hydrogen
atoms are considered to be in contact if they belong to different
monomers and are separated by a maximum of 0.5 nm. As the
aggregation size N increases, the average hydration number of
the ciprofloxacin oligomers displays a near linear increase. By
contrast, the hydration number for Nutlin-3A increases sharply
from monomer to tetramer, followed by a gradual increase
beyond the tetramer [Fig. S5(a) of the supplementary mate-
rial]. The results confirm that Nutlin-3A cannot form a stable
dimer or tetramer due to the high degree of hydration. It appears
that only when the oligomer is large enough (e.g., N ≥ 8),
Nutlin-3A can form stable aggregates. The same behavior can
be seen from the number of contacts [Fig. S5(b) of the supple-
mentary material]. Ciprofloxacin displays a linear increase in
the number of atomic contacts as N increases, while Nutlin-
3A showed a small increase in the number of contacts from
dimers to tetramers, suggesting that the dimers and tetramers
in the latter are more dynamic. Moreover, ciprofloxacin
and Nutlin-3A display different distributions in their 2-D

plots of hydration and atomic contacts [Fig. S5(c) of the
supplementary material]. For ciprofloxacin, the cluster
becomes more dynamic as the oligomer size increases,
while for Nutlin-3A, the oligomer becomes more stable (less
dynamic) as the oligomer size increases. To understand the
aggregation of ciprofloxacin and Nutlin-3A at physiological
temperatures, we also carried out aggregation simulations at
310 K. The cluster distribution analysis showed very similar
results to those at 300 K (Fig. S6 of the supplementary mate-
rial). Together, these observations suggest that small oligomers
of ciprofloxacin are thermodynamically more stable than large
ones, while Nutlin-3A is more stable as larger oligomers.

C. Free energy of oligomerization

To further understand the effect of aggregation number
on the thermodynamic stability of the aggregates, we cal-
culated the free energy changes characterizing the following
process:

M1 + MN−1
∆G(N)
←→ MN, (3)

where ∆G(N) in units of kJ/mol is the free energy change of
adding a single monomer to an aggregate of (N � 1) monomers
to form an aggregate of N monomers, corresponding to 1 mol
of oligomer MN�1 and 1 mol of monomer M1 forming 1 mol
of oligomer MN.

Figures 4(a) and 4(c) show the corresponding free ener-
gies of cluster formation for Nutlin-3A. As the aggregation
number N increases, the free energy change incurred upon
the addition of one Nutlin-3A monomer to an existing aggre-
gate to form a cluster with N monomers ∆G(N) decreases
with aggregation number N. Moreover, as N increases, the
reduction in ∆G(N) decreases, and ∆G(N) reaches �23 kJ/mol
when N reaches 20. Visual inspections of the N-mer aggregate
revealed that the aggregates of Nutlin-3A take a globular shape,
particularly for aggregates with large N, similar to the aggre-
gates observed in Fig. 2. The difference in ∆G(N) suggests

FIG. 4. Changes in the free energy on adding one
monomer to a cluster vs. final cluster size N. (a) Nutlin-
3A, (b) ciprofloxacin, and (c) the free energy depth of
different cluster size N.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-029810
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that Nutlin-3A monomers in small clusters experience a dif-
ferent environment compared to that around large clusters. In
small clusters, the Nutlin-3A monomers cannot achieve close
packing and complete desolvation due to its star-like shape and
small cluster sizes. Note that there are two contributions to the
favorable ∆G(N) when transferring one Nutlin-3A monomer
to an existing aggregate: (i) desolvation of the aromatic moi-
eties; (ii) formation of atomic contacts with other monomers
in the aggregate. Apparently both contributions depend on the
aggregation number N. When N is small, such as is the case of
a dimer or a tetramer, all Nutlin-3A molecules locate at the sur-
face of the aggregate and thus are only partially desolvated and
the number of atomic contacts between Nutlin-3A monomers
is small. As a result, ∆G(N) is only slightly favorable. When
N is relatively large (e.g., 16-mer or 20-mer), transferring one
Nutlin-3A monomer to an existing Nutlin-3A cluster results
in not only complete desolvation but also in the formation of
large number of contacts with other monomers via close pack-
ing, forming a stable oligomer and resulting in a much more
favorable ∆G(N). At sufficiently large N, no additional gain
is seen in desolvation and number of contacts; thus, ∆G(N)
converges to a constant value.

In the case of ciprofloxacin, ∆G(N) varies slightly as
N increases [Figs. 4(b) and 4(c)]. Given its planar structure,
aggregation of ciprofloxacin molecules is driven by stacking.
In any size of aggregates, adding one ciprofloxacin monomer
to an existing aggregate involves the desolvation of two faces
of the aromatic moiety and the formation of an aromatic stack.
Therefore ∆G(N) is relatively weakly dependent on cluster
size N.

IV. DISCUSSIONS AND IMPLICATIONS

The above results present new atomistic insights into
understanding the effect of molecular shape on drug aggrega-
tion. A widely used thermodynamic parameter to characterize
molecular aggregation is the potential of mean force (PMF)
between two monomers, namely, the free energy of dimer-
ization ∆G(2), in which, except for the distance, all other
factors are considered implicitly. Although ∆G(2) is widely
used to characterize the aggregation propensities of proteins
or colloidal particles, the results must be interpreted with cau-
tion. In this study, we examined the differences in ∆G(2)
for two therapeutic molecules Nutlin-3A and ciprofloxacin.
When Nutlin-3A forms a dimer, the lack of many-body inter-
actions prevent the formation of close contacts between the
two monomers, resulting in a thermodynamically not very
favorable free energy minimum. This, however, does not cor-
relate with the low solubility of Nutlin-3A. By contrast, the
planar-shaped molecule ciprofloxacin has a more favorable
∆G(2), consistent with its low solubility. Together these obser-
vations suggest the important role of shape complementarity in
the free energy of dimerization. The effect of molecular shape
on ∆G(2) has also been observed for other molecules. For
example, n-pentane and neo-pentane, both with the same num-
ber of carbon and hydrogen atoms, display different dimer-
ization free energies ∆G(2).35 More generally, it is found
that branching increases solubility and decreases the boiling
point of hydrocarbons and the changes correlate well with the

number of branches.36,37 Our results indicate that∆G(2), or the
PMF, fails to account for solubility in cases where the aggre-
gation driving force is dominated by many-body interactions.
In such cases, the free energy of aggregation also depends on
the cluster size and the free energy of cluster formation needs
to be considered.

As the cluster size N increases, Nutlin-3A and
ciprofloxacin display different trends in the free energy of clus-
ter formation. For ciprofloxacin, the aggregation process is
largely driven by aromatic stacking between two molecules
(e.g., two-body interactions). Transferring a monomer of
ciprofloxacin to an existing ciprofloxacin cluster results in des-
olvation of two planes and the formation of a single stacked
pair. Thus the corresponding free energy change ∆G(N) is
only weakly dependent on the cluster size N. For Nutlin-3A,
∆G(N) was shown to be strongly dependent on the cluster
size N. As N increases, ∆G(N) decreases and converges to
∼�23 kJ/mol when N is larger than 16, at which point, trans-
ferring a Nutlin-3A monomer to an existing Nutlin-3A cluster
results in almost complete desolvation of the monomer. The
free energy dependence on the cluster size clearly demon-
strates that the aggregation of Nutlin-3A involves many-
body interactions and thus is a cooperative process. Interest-
ingly, the size dependence of the free energy change is also
observed for aggregation of other hydrophobic molecules,
ranging from molecules as small as methane in water to
large molecules such as fullerene C60 in water.38,39 The
observed cooperativity in cluster formation is also supported
by recent experiments using real-time monitoring of aggrega-
tion in a microfluidic mixer; the study demonstrates that the
free energy of aggregation of hexaphenylsilole, a molecule
that has a star-shape similar to that of Nultin-3A, depends
on the cluster size.40 Furthermore, the free energy depen-
dence on many-body interactions is similar to the cooperative
hydrophobic collapse that occurs during the initial events of
protein folding,41 suggesting that cooperative hydrophobic
association is a general phenomenon governing biomolecular
aggregation.

Comparison of ∆G(N) for Nutlin-3A and ciprofloxacin
has revealed different aggregation mechanisms. Due to the
planar shape, the two-body interactions play an important role
in the aggregation of ciprofloxacin, but for the star-shaped
molecule Nutlin-3A, many-body interactions are required to
induce stable oligomers. As a result, ciprofloxacin and Nutlin-
3A display different population distributions of oligomers,
which have important implications in drug design and delivery.
For a drug such as Nutlin-3A whose aggregation is driven by
many-body interactions, the low stability of oligomers shifts
the equilibrium towards the monomeric state. This is favor-
able for the drugs as it is easier to permeate a membrane as
a monomer, which requires the creation of a small cavity in
the membrane, thus incurring low entropic penalty. In addi-
tion, this shift in equilibrium is further advantageous because
most drugs bind to their receptors as monomers. In a broader
context, the shape anisotropy will also play important roles in
controlling the self-assembly of lipids, macromolecules (e.g.,
proteins), and nano-particles as the underlying driving forces
of aggregation are conserved. In fact, it has been shown that
the structure of protein aggregates strongly depends on the



104902-7 Li, Beuerman, and Verma J. Chem. Phys. 148, 104902 (2018)

shape anisotropy of the protein molecule and proteins with
complementary shapes have much higher aggregation propen-
sities.5,42 Moreover, the shape of a lipid molecule determines
the structural features of the aggregates. For example, lipid
molecules with big head groups and small lipid tails form
micelles, while lipid molecules with smaller head groups form
bilayers.43 The effect of shape anisotropy is even more evident
for the self-assembly of nano-particles.44,45

V. CONCLUSIONS

In summary, we have studied the aggregation behavior
of two hydrophobic molecules with contrasting molecular
shapes. Potential of mean force calculations revealed a thermo-
dynamically favorable free energy minimum for ciprofloxacin
but a shallow free energy minimum for Nutlin-3A. Classi-
cal MD simulations showed that ciprofloxacin forms stable
oligomers for all sizes of clusters, but Nutlin-3A can only
form stable oligomers when the size of the oligomer is larger
than 8. Extensive simulations revealed that the free energy
of cluster formation of ciprofloxacin is weakly dependent on
the cluster size, while the free energy of cluster formation for
Nutlin-3A decreases as the cluster becomes larger and con-
verges to ∼�23 kJ/mol when the cluster size is larger than
20. The difference in the aggregation behavior suggests that
molecular shape has significant effects on the aggregation
mechanism. The aggregation of planar-shaped molecules such
as ciprofloxacin is driven by two-body interactions while that
of star-shaped molecules such as Nutlin-3A is dominated by
many-body interactions.

SUPPLEMENTARY MATERIAL

See supplementary material for the potential of mean force
between two Nultin-3A molecules using HREMD; the 2-D plot
of hydration vs number of contacts of different sizes of aggre-
gates; the radius of gyration of different oligomers, the shape
parameter for different oligomers and the cluster distribution
at 310 K.
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