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Abstract

Computational  simulations  are  nowadays  ubiquitous.  They  are  employed  to  predict  the
behavior of populations under certain conditions, to design cars, buildings and other large
structures such as bridges or roads, and also to develop new drugs. The work in these areas
is  inconceivable  nowadays  without  computational  simulations.  In  particular,  Molecular
Dynamics  (MD)  simulations  are  highly  powerful  to  study  the  behavior  and  features  of
molecular systems since they allow determining a large number of energetic, structural and
dynamic properties and also elucidating interaction mechanisms as well as the evolution of
complex  structures  as  a  function  of  time  with  atomic  resolution.  The  contribution  of  MD
simulations to the study of molecular systems has been recognized with the Nobel Prize in
Chemistry in 2013, awarded to three of the main developers of the technique (Martin Karplus,
Michael Levitt and Arieh Warshel). Surprisingly, computational simulations are not commonly
employed for the study of cyclodextrins (CDs) even though these molecules, due to their
relatively small size, are well suited for this kind of methodologies. Here, we show evidences
about the important contribution that MD simulations might have on the study of CD systems
including  the  characterization  of  inclusion  and  non-inclusion  complexes,  the  formation  of
aggregates  and  the  adsorption  to  polar/nonpolar  interfaces.  Since  these  computational
simulation studies are based on the coordinates of all atoms in the three-dimensional space,
we implemented for the first time the use of Augmented Reality (AR) and Virtual Reality (VR)
technologies to visualize the results. This allows viewing CDs in a previously inconceivable
way, not only in three dimensions and from any angle or position in the space but also in
movement. We provide AR patterns together with free access to applications for smartphones
to illustrate how this works.
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Cyclodextrins are not simple rigid truncated cones

Humans tend to simplify  the real world by using rude representations of complex objects.
Cyclodextrins (CDs) are not simple at structural, dynamic and functional levels but for many
years  the  native  α-,  β-  and  γ-CDs  have  been  represented  by  perfect  truncate  cones  of
different diameters.

Figure 1: Typical representation structure of native α-, β- and γ-CDs as rigid truncated cones.

Such  a  simple  representation  does  not  explain  some  physicochemical  properties  of  these
molecules  including  their  different  solubility  as well  as  their  ability  to encapsulate  a large
variety  of  molecules  with  different  stoichiometry  and  probability  (affinity).  It  is  easy  to
understand that two amphiphilic molecules with identical polar groups and aliphatic chains of
different length as nonpolar groups have different solubility or ability to self-aggregate. In this
case the weight of the hydrophobic region justifies the differences. The same reasoning cannot
be applied to explain  the fact  that  the solubility  of the native  β-CD is about one order of
magnitude lower than that of α-CD and γ-CD [Mixcoha et al., 2014] because their structures
cannot  be  clearly  divided  in  polar/nonpolar  regions  -the  identification  of  the  cavity  as  a
nonpolar region is an oversimplification. Similarly, CDs can solubilize molecules which do not
fit  into  their  cavities  throughout  different  mechanisms:  non-inclusion  complexes  or  by
aggregating around them like a micelle [Messner et al., 2010]. The energy of solvation for the
monomeric species competes with the energy of self-aggregation and CD aggregates can play
an important role in many processes [Mixcoha et al., 2014]. Additionally, it has been proven
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that CDs are highly flexible [Dodziuk, 2002] and this is difficult to conciliate with the simplistic
truncated cone view of these molecules. Everything becomes more complex for non-native
CDs  where  the  hydrogen  atoms  of  some  primary  or/and  secondary  hydroxyl  groups  are
replaced by other chemical groups. Modified CDs are usually represented as truncated cones
with  disordered  branches.  Again,  this  representation  is  simple  but  not  fair  with  the  real
complexity  of  the  structures.  The number of degrees of freedom dramatically  increases in
these cases. 

Another factor that contributes to increase the complexity in the study of modified CDs is that
they are typically supplied as heterogeneous distributions of structures with the substitutions
located  at  the  different  hydroxyl  groups  with  different  probability.  This  means  that  the
distribution  of substitutions  not only  changes in  number but  also in  the specific  locations,
depending on the synthesis route. On top to the behavior of these molecules at equilibrium as
single  solutes  -or in  the  presence of co-solutes- as a function  of their  concentration,  it  is
important to consider the dynamics as well as the kinetics of the different processes. Some
events like the self-aggregation or dissociation in the presence of different co-solutes take
place at the time scale of hours or even days [Gaitano et al., 1997] while others like the
conformational change of an inclusion complex are very quick and they can only be seen at the
time scale of picoseconds (ps) or nanoseconds (ns) [Piñeiro et al., 2007]. 

The  behavior  of  CDs  and  CD  complexes  at  polar/nonpolar  interfaces  is  also  extremely
interesting.  The  group of  Eric  Monflier  at  the  University  of  Artois  has  performed a  lot  of
experimental  work on this issue. They found that different substitutions on the native CDs
have a large impact on their interfacial properties [Leclercq, 2007]. They have also connected
these results with the ability of CD aggregates to encapsulate different molecules as well as to
use such superstructures as green chemical reactors [Ferreira et al., 2012]. Interfacial films
with interesting mechanical properties based on α-CD complexes with sodium dodecyl sulfate
have  also  been  recently  observed  [Hernández-Pascacio  et  al.,  2007]  and  the  exotic  self-
assembly behavior of the same structures in solution at high concentration has been studied
by different experimental  techniques [Jiang et al., 2011]. More complex structures such as
cyclodextrinosomes,  also  formed  at  polar/nonpolar  environments,  have  been  reported  by
Mathapa and Paunov, who proposed several practical applications for these systems [Mathapa
and Paunov, 2013]. 

Purely experimental information is rarely useful

Clearly, the rigid truncated cone view of CDs is useful for simple representations but not to
explain  the formation of the  previously  described structures either  the properties  of  these
molecules and the derived molecular assemblies. A large number of experimental  methods
based  on  different  measurement  principles  (calorimetry,  different  spectrometric  and
microscopy methods, several methods based on nuclear magnetic resonance, surface tension,
X-ray and neutron reflectometry/scattering, etc.) have been applied to extract information on
CD-based systems. Each of these methods is typically focused on a particular aspect: energy,
structure at different level or in different locations, kinetics, etc. In general, the useful results
at quantitative level are not purely experimental but they are connected to a primary signal
throughout  a  model  with  assumptions  that  are  more  or  less  accurate.  Additionally,  the
application of a given model requires a pre-processing of the raw measurements that is often
accompanied  by  a  loss  of  information.  In  many  cases,  completely  different  models  with
divergent conclusions are able to describe reasonably well a given set of experimental data.
Purely experimental results providing useful specific and quantitative information for molecular
systems -with no modelling steps- are hard to imagine.
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Figure 2:  Example of wet-lab experiments.  Almost all experiments are coupled to modelling
steps  to  treat  the  measured  signals,  so  “pure”  experimental  information  is  commonly  not
useful.

The power of Computational Simulations

Nowadays,  weather  forecasting  is  unthinkable  without  computational  simulations  based  on
information collected by strategically distributed sensors and satellites. The design of expensive
structures such as buildings or bridges, functional instruments, technological devices, etc. are
also based on computational  simulations.  The  development  of  new active  principles  in  the
pharmaceutical  industry  also makes  intensive  use of computational  simulations  at  different
levels. 

The rapid evolution of hardware and new algorithms makes increasingly trustworthy the results
of computational work because it facilitates the sampling of the involved structures and so the
calculation of new properties and the elucidation of mechanisms for specific processes. 

Surprisingly,  computational  simulations  of  CD  systems  are  scarce  even  though  they  are
relatively small molecules compared with typical proteins and other biological structures. Thus,
CDs are easily accessible to computational methods, but several difficulties prevent their use
for these systems: the lack of computational tools specifically developed for them as well as of
well-validated force field and simulation parameters. In the case of protein systems both issues
have been overcome several years ago due to the high demand of tools for those systems, but
CDs are much more specific molecules and much less effort has been put on them.
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Figure 3:  Examples of the use of computational simulations in different areas, i. e. weather
prediction,  medicine,  car  industry,  pharmacy,  aerospace  industry,  etc.  Supercomputers  are
used in all of them.

Molecular Dynamics simulations of Cyclodextrins

MDUSE Innovations has internally developed and validated specific tools to perform Molecular
Dynamics (MD) simulations of native and modified CDs. Our scientific team has participated in
both experimental and theoretical studies of CD systems including the formation of inclusion
and non-inclusion complexes of different stoichiometry, the aggregation of native CDs and CD
complexes, the adsorption to polar/nonpolar interfaces and the formation of CD based films
[Hernández-Pascacio et al., 2007]. 

Experiments  and  computational  simulations  together,  when  they  converge  to  compatible
results,  provide  a  quite  complete  view  of  the  studied  systems.  By  comparing  the  results
obtained from different force fields and simulation parameters for CDs we have seen that they
are  especially  sensitive  to  all  these  parameters.  Thus,  we  have  developed  a  specific
parameterization of the GROMOS force field for CDs that, in contrast to other combinations of
parameters, provides results perfectly compatible with a variety of experiments both in solution
and at interfaces (Mixcoha et al., 2014; Brocos et al., 2010; Piñeiro et al., 2007) (see Figure
4). A feature of this parameterization is that the simulated CDs are significantly more flexible
than  CDs simulated  using  other  force fields.  This  allows seeing  more events  during  a MD
trajectory as well as catching the most stable structures.

Edited and produced by: CYCLOLAB – page 8Edited and produced by: CYCLOLAB – page: 5



VOLUME 31. No 11. 

Figure 4: Different examples of simulation studies of CD systems forming inclusion complexes
of different stoichiometry with surfactant molecules, aggregation between different number of
1:1 and 2:1 complexes (a), self-assembly of 4:1 complexes of α-CD with a gemini surfactant
forming a bilayer (b), aggregates of relatively small phosphane molecules surrounded by native
β-CDs (c) and self-aggregates of pure native α- and β-CDs (d).

The negative side of simulation democracy

As discussed above, well-designed MD simulations of CD systems are highly powerful. During
the last years, a number of tools designed to facilitate the simulation of molecules have been
developed and nowadays it is relatively easy to see how a molecule moves by using automated
and user friendly commercial software. This democratization of the technique is positive when
the users know how to manage the tools. However, such facilities have favored the publication
of computational simulations of molecules that are not properly designed and analyzed. MD
simulations, like any experimental property, should not be employed to get results beyond the
limitations of the technique and the obtained trajectories should not be overanalyzed. In order
to perform a computational simulation, a good knowledge of the system from the experimental
point of view and also on the simulation methods specifically adapted for the target molecules
is  recommended.  General  methods  developed mainly  for  proteins  or other  specific  kind  of
molecules should not be directly extrapolated to CDs. Validation of force fields and simulation
parameters is always recommended.

Doing analysis of Molecular Dynamics simulation trajectories

MD simulations, as well as the analysis of the resulting trajectories, are designed for specific
aims.  Typically,  they  are  devoted  to  the  elucidation  of  interaction  mechanisms  or  to  the
determination  of  some  quantitative  property  such  as  global  or  specific  distances  or  angles,
energy contributions  or movement  periods. The amount  of information contained in  the  MD
trajectories is huge since all the atomic coordinates are stored every few picoseconds. As an
example, we have recently determined the solvation free energies of native CD monomers at
different temperatures (Mixcoha et al., 2014), concluding that the role of CD aggregation in the
solubility of these molecules is key to understand this property. Binding free energies for host-
guest complexes have been computed by several authors (Henriksen and Gilson, 2017). 

A very important part of the analysis is the visualization. For this it is important to note that CD
complexes are not flat but highly involved in the three spatial dimensions and they usually move
in non-trivial ways.
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AR/VR visualization

Augmented  Reality  and  Virtual  Reality  technologies  are  nowadays  easily  accessible  from
medium-high range smartphones with more than reasonable quality. The extraordinarily quick
advance  that  these  methods  are  experiencing  encourages  us  to  expand  the  variety  of
applications in different fields. In particular, the dynamic features of CD-based structures and
other complex molecular systems can be efficiently represented thanks to Augmented Reality
(AR) and Virtual Reality (VR) devices and software. Since molecular systems are naturally three
dimensional, the level of immersion provided by AR/VR to visualize their movement in 3D and at
360º favors a much better understanding of the interactions that define their behavior. 

3D printing technology is also advancing very quickly, and it is getting easier to create 3D-
printable models of molecules that are scientifically correct. 

The combination of these visualization methods with computational simulation techniques allows
reaching  an  explicit  understanding  of  the  systems  under  study  that  otherwise  can  only  be
imagined.  The  growth  of  AR,  VR  and  3D-printing  to  enhance  illustrations  of  chemical  and
biological  communications  at  papers (Muslo  et  al.,  2016),  meetings,  conferences,  and trade
shows in recent years means these technologies appear here to stay and to greatly expand how
publishers,  writers,  event  hosts,  exhibitors,  and  sponsors  interact  with  their  audience.  Our
company has recently developed the software Ollomol (available at the ios and android official
stores for free) that implements this technology to visualize molecular systems and, in particular
CD complexes. Some illustrations of this software are shown in Figure 5.

Figure 5: Virtual Reality, Augmented Reality and 3D-printing applied to CD systems. Visit the
Oculus app repository and look for “Ollomol VR” to download our app for VR for free using the
Samsung Gear headset. Visit the app store for ios or the play store for android and download
the “Ollomol AR” molecular viewer for free if you want to test our AR technology. Just point to
the green molecules in this figure and you will see the magic yourself!
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Conclusions

The final conclusions obtained from experimental work in molecular systems depend a lot on the
following factors: the purity and homogeneity of the samples, the sensitivity of the instrument
and the principle of measurement to be applied, the processing of the raw data, the application
of a reasonable model and the fitting of the parameters with physical meaning avoiding local
minima and over-parameterization as well as getting a good estimation of uncertainties. A fail in
any of these steps makes an experiment completely useless. Most of these factors are perfectly
under control in computational simulations. Of course, different uncertainties, such as the size of
the sample that is possible to simulate during a reasonable time and the quality of the employed
force  field,  appear  in  this  case.  A  well-designed  simulation  can  provide  information  that  is
extremely difficult to obtain in a wet lab and modern visualization methods such as AR and VR
are highly efficient to show the structural and dynamic behavior of these molecules in a very
clear way. We do encourage you, the reader, to test  these new technologies to study your
molecular systems by contacting us (info@mduse.com).
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Cyclodextrin News Retrospective
We wrote 10, 20 and 30 years ago

10  years  ago,  the  editorial  of  Cyclodextrin  News  dealt  with  the  use  of  cyclodextrins  for
controlling  the  ripening of  fruits.  Hard picked fruits  better  survive  transport,  but  need to
undergo „programmed ripening” before offered for sale at stores. 1-methylcyclopropene gas
used for delaying ripening was introduced in molecularly encapsulated form attained by  α-
cyclodextrin  and  could  be  distributed  as  a  powder  (called  SmartFresh).  Now,  in  2017,
according  to  the  current  homepage  of  the  manufacturing  company
(https://www.agrofresh.com/smartfresh-technology) the product is still successful, moreover
available  in  three  additional  modes  of  delivery:  ProTabs  (tablet),  SmartTabs  (for  small
quantities) or InBox (sachet format to be used in container).

K. Balogh: „Cyclodextrin for control the ripening of fruits” Cyclodextrin News, 2007 Vol. 21, 
No. 11.

20 years ago, Cyclodextrin News editorial reported on the EU project entitled „Development
from CD derivatives to polymeric materials for selective transport, separation and detection of
active  substances.”  The  program coordinator  was  Professor  Wenz,  while  the  participating
groups were led by outstanding researchers as M. Morcellet, G. Torri, B. Perly, J. Defaye, D.
Reinhoudt, W.A. König, J.M. Bardin, P. Kilz, J. Vessman and G. Schmid. The aim of the EU
project was to find new applications for functional CD derivatives and CD polymers.

J. Szejtli: „EU Project Report on utilisation of CD”, Cyclodextrin News, 1997 Vol. 11, No. 11.

30 years ago, in the second volume of Cyclodextrin News, the topic highlighted by Professor 
Szejtli was the deodorant effect of CDs. A simple calculation method showed that using 
cyclodextrin even in the case of lower association constant (Ka) values, significant smell 

reduction may be expected. Several examples such as hair-wave setting compositions, mouth 
deodorant, palatable soybean, yeast, vitamin B1 products were enumerated. The viability of 

the concept is best demonstrated by the over 20-year success of a flagship product of Procter 
& Gamble: Fabreeze / Febreze which was introduced in 1996.

J. Szejtli: „Deodorant effect of CDs” Cyclodextrin News, 1987 Vol. 2, No. 3.
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