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Introduction

Cyclodextrins (CDs, Fig. 1) are a family of macromolecules 
constituted of α-1,4-linked D-glucopyranose subunits, which 
generate a significant interest in the biosciences due to their 
particularly useful properties [1–4]. Among the different 
fields of scientific interest, special focus has been placed 
on the field of biopharmaceutical applications due to their 
ability to modulate several properties affecting the perfor-
mance and therapeutic profiles of drugs such as their solu-
bility, stability, release, bioavailability and toxicity, among 
others. This behavior is mostly related to the capability of 
CDs to form inclusion complexes [5, 6], which are three-
dimensional arrangements in which a guest molecule inter-
acts through non-covalent forces with the host CD. In most 
cases, this interaction is a consequence of the inclusion of 
the guest molecule in the internal cavity of the CD, which 
can be considered hydrophobic if compared to the bulk of 
the solvent, and thus able of including whole apolar mol-
ecules and/or functional groups. Also, the internal cavity 
of the CD is able to accommodate buried solvent (water) 
molecules, meaning that during the inclusion process, the 
displacement of these solvent molecules is required. Thus, 
the structural and energetic features driving the inclusion of 
guest molecules into CDs is a complex phenomenon involv-
ing a dynamic network of intermolecular interactions and 
conformational and solvation/desolvation events.

Considering the above mentioned aspects, there is a great 
interest in understanding and rationalizing at a molecular 
level the physicochemical and structural properties of CDs 
inclusion complexes. In line with this, several experimen-
tal techniques such as crystallography, microcalorimetry, 
phase solubility analysis and nuclear magnetic resonance 
(NMR) [5, 6], among others, are widely applied as part 
of the preparation and characterization of these kinds of 
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systems. However, the mentioned experimental techniques 
are somehow limited to provide detailed atomic resolution 
of the corresponding complexes as well as to clearly eluci-
date the key features related to the conformational properties 
of these systems. Also, performing experimental assays is 
particularly costly and tedious, and whenever the screening 
of a large number of compounds is envisioned, it becomes 
impractical or not feasible.

In this context, a wide range of molecular modeling 
methods able to characterize at a molecular level the 
behavior of molecules have been available for a rela-
tively long time [7, 8]. These techniques constitute a set 
of computational tools and algorithms that are currently 
used throughout the biosciences community to shade light 
on the phenomena related to intermolecular interactions, 
and their conformational and energetic dependence. In 
particular, molecular modeling methods have found a 
wide utility for the study and characterization of CDs 
complexes, with some very good reviews been reported 
periodically [9–12]. It is noteworthy that scientific com-
puting has evolved enormously in the last few years and 
will continue to grow exponentially in the years to come 
[13, 14]. In this context, tremendous advances are being 
made towards the development of improved calculation 
algorithms, refined force-fields, and new implementations 
of both classical and quantum ways of modeling small 
molecules and large biomolecules [15, 16]. Also, an enor-
mous advance in computing power and high-performance 
computing infrastructure available for scientific computing 
purposes has been seen over the last few years. Addition-
ally, the consolidation of molecular modeling packages 
and codes ported for execution on graphic processor units 

(GPU) [17] has opened up new horizons for the large-scale 
simulation of chemical systems in general and for CDs 
systems in particular.

The above mentioned scenario is evidenced by the numer-
ous reports published recently on highly elaborated and 
large-scale molecular modeling simulation studies involving 
CDs systems. In light of this, and considering the authors´ 
experience regarding molecular modeling studies applied to 
CDs inclusion complexes, we present and discuss the state 
of the art techniques currently used in this scientific field, 
covering the most important reports presented in the last 
5 years. We would like to highlight that our intention is not 
to exhaustively cover all the reports including some kind of 
molecular modeling study on CDs systems, since the number 
of reports in the last years is enormous. Rather than that, the 
driving force for literature selection was aimed towards pre-
senting selected reports with particular emphasis in the new 
possibilities provided by modern advances in computational 
infrastructure and molecular modeling protocols.

The sections below have been organized considering the 
increasing complexity of the simulated system and the com-
plexity of the technical approaches employed. We start our 
revision by exploring molecular modeling studies of pure 
CDs systems and modified CDs macromolecules. After-
wards, we revise molecular modeling tools aimed at the 
characterization of inclusion complexes, both binary and 
ternary. We end this revision with comments on complex 
supramolecular systems that include CDs as key constituents 
such as nanowires, rotaxanes and molecular engines. We 
hope the present review can serve as a useful material and 
as an introduction for scientists with no previous experi-
ence in molecular modeling studies regarding CDs as well 

Fig. 1  a Bidimensional view of 
the βCD, b three dimensional 
top view of the βCD structure 
and its interior cavity (green), c 
side view of the interior cavity 
of βCD (green). (Color figure 
online)
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as for experienced computational chemists who wish to start 
molecular modeling campaigns on systems involving CDs.

Molecular modeling of native CDs

The guest recognition properties of CDs constitute an impor-
tant feature of this macromolecule that is frequently sub-
jected to in silico screening and prediction by means of com-
putational modeling methods. It has been widely reported 
that the selective inclusion of CDs is mostly driven by inter-
molecular forces that act to achieve and stabilize the result-
ing inclusion complex. In general, there is agreement on the 
fact that hydrophobic interactions play an important role in 
driving the complex formation and stabilization. Thus, the 
size, shape, and conformational degrees of freedom of the 
CD cavity are essential features to obtain stable and selective 
complexation. The most studied natural CDs are α, β and 
γCD, which consist of six, seven, and eight d-glucopyra-
nose residues. These natural CDs exhibit differences in their 
hydrophobic cavity sizes, which in turn confers differential 
binding capacity.

The differential affinity of α, β, and γCD has been stud-
ied in detail by Ren et al. [18]. using molecular modeling 
techniques in light of the possibility of using CDs in soil 
remediation applications. In this study, not only was the 
differential capacity of natural CDs to sequester environ-
mental pollutants (i.e. DDT) explored by applying high 
affinity and selective inclusion in the hydrophobic cavity, 
but also a detailed understanding of the inclusion mode 
was possible. As part of the soil remediation strategy, 
DDT included in the CD cavity was much more soluble 
in aqueous environments, and thus more bioaccesible for 
uptake by plant and microorganism able to elicit biodeg-
radation. However, the biodegradable “soft point” within 
the DDT molecule was required to be exposed for bio-
transformation to occur, and thus knowing the specific 
mode of inclusion is critical for the intended use. These 
studies involved carefully designed simulation protocols, 
including extensive MD simulations to sample CDs con-
formational space combined with adaptive biasing force 
algorithmic approaches and steered molecular dynamics 
to determine the corresponding potential of mean force 
(PMF) profiles by describing the guest molecule bind-
ing. These theoretical studies suggested that all CDs were 
able to bind DDT and capture it within their hydrophobic 
cavity; however, only αCD was capable of further pro-
moting its biodegradability due to the partial inclusion of 
DDT in the CD cavity. Consequently, an increasing role 
in the enhancement of solubility and biodegradation of 
DDT was proposed by these authors as a positive aspect of 
αCD compared to other natural CDs. The hypothesis was 

consistent with aqueous phase solubility and biodegrada-
tion experimental measurements, supporting the potential 
of the molecular modeling procedures applied to screen 
these kinds of properties.

In a homologous study, Cerón-Carrasco [19] explored 
the potential use of α, β and γCD as enhancers of the 
activity of the antioxidants carnosol and carnosic acid 
by formation of inclusion complexes. Combined dock-
ing and QM calculations, including the hybrid ONIOM 
approach, were used to accurately assess these features. 
These authors concluded that γCD was able to efficiently 
bind the antioxidant agent, while αCD was discarded in 
other research efforts. This study also demonstrated that 
molecular docking was a reliable tool to filter CD mol-
ecules based on their cavity volume. To date, a wide range 
of molecular docking tools are available, [20] many of 
which include user-friendly graphic user interfaces to set 
up and run docking experiments, making this tool eas-
ily accessible to researchers not specialized in molecular 
modeling algorithms.

As mentioned before, the execution of computing inten-
sive studies dealing with the conformational sampling of 
CDs is nowadays possible. In this respect, Suárez et al. [21] 
performed a 5 ms molecular dynamics study to explore 
the conformational space accessible to native αCD, βCD 
and γCD. These authors described specific structural and 
dynamic features for each CD, including different numbers 
of water molecules bound to the hydrophobic cavity of the 
macromolecule. This structural observation is quite relevant 
to the design of inclusion complexes since the energetic cost 
associated with the displacement of water molecules buried 
in the CD cavity is related to the guest molecule affinity. 
In order to be able to perform these extended MD simula-
tions, the authors employed GPU units, in this particular 
case through the use of the PMEMD. CUDA code, which is 
part of the AMBER suite of programs [22, 23].

In addition to natural CDs, large-ring cyclodextrins have 
attracted the attention in recent years as tools to prepare 
inclusion complexes with large guest molecules [24–26]. 
Ivanov et al. [27] applied a carefully designed MD protocol 
to study the conformation of CD38, a cyclodextrin formed 
by 38 sugar subunits and a principal component analysis 
to identify stable conformers along the 0.5 µs MD simula-
tion trajectory. Overall deformations in the macroring were 
observed, with helix-turn shapes being formed at different 
regions of the macroring. These kinds of CDs present a con-
siderable challenge for molecular modeling methods due to 
the large number of degrees of conformational freedom. 
To assess this issue, Khuntawee et al. [28] applied replica 
exchange molecular dynamics simulations to the conforma-
tional study of CD10, finding agreements between calcula-
tion and available crystal structures regarding the distortion 
of two CD helices.
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Molecular modeling of modified cyclodextrins

The use of CDs as nanodevices with technological applica-
bility requires not only a fine tuning of their guest inclusion 
properties, but also the compliance with other physicochem-
ical properties that confer utility on them. Native CDs are 
often not well-suited to comply with these requirements, and 
thus their chemical modification is required, which in turn 
encompasses a very active and attractive area of research. 
Nowadays, the field of carbohydrate chemistry is rapidly 
growing, and is now possible to fine tune by means of syn-
thetic method most natural (and simple) carbohydrate to 
more complex ones. As such, it is possible to monofunction-
alize, perfunctionalize, perform simple or multiple capping, 
just to cite some procedures, on most CDs. The discussion 
on these procedures lies out of the scope of this review, and 
interested readers may refer to Chap. 9: “Advances in Cyclo-
dextrin Chemistry”, bt Guiey and Sollogoub, in Modern 
Synthetic Methods in Carbohydrate Chemistry [29, 30]. By 
taking advantage of the reactivity of the hydroxyl moieties 
present in CDs, the chemical space available for chemical 
modification is enormous. Thus, the possibility of modeling 
the structural and physicochemical properties of modified 
CDs arises as a very powerful tool for the design of carefully 
tuned CDs structures. At this point, it needs to be addressed 
that from a synthetic point of view, the obtention of mono-
functionalized CDs is quite challenging due to synthetic 
and/or purification limitations, and as such, the modeling 
of randomly substituted CDs should be carefully addressed 
before initiation the modeling campaign in an attempt to 
further explain experimental findings. Also, in silico organic 
chemistry is a rapidly growing area within molecular mod-
eling methods [31] and is useful for the virtual exploration 
of the chemical space of a molecule. The discussion of these 
methods is out of the scope of this review, but we would 
just like to point out that nowadays it is technically feasible 
to generate and evaluate in silico a wide range of modified 
CDs by enumeration of chemical reactions using specific 
computer languages.

As an example of these kinds of studies, we can men-
tion the research carried out by Shityakov et al. [32], who 
were able to model a system comprised of a sulfobutyl 
ether-and hydroxypropyl-β-cyclodextrin and their corre-
sponding inclusion complexes with the general anesthetic 
propofol. In particular, the inclusion complex formed 
with sulfobutyl ether- β-cyclodextrin allowed an enhance-
ment not only of the stability of propofol in solution, but 
also of the blood–brain barrier permeability compared to 
the non-modified CD. An agreement was found between 
the properties calculated from the simulated system and 
those from experimental measurements, demonstrating an 
adequate parametrization of the chemically modified CD. 
In this case, the well validated GLYCAM_06j-1 force field 

specifically developed for carbohydrates was used [33] and 
combined with the GAFF force field to assess the modi-
fied CD parametrization [34]. The modification of CDs with 
sulfobutyl ether moieties has also been modeled for other 
therapeutic compounds, finding also agreement between 
experimental and theoretical methods [35–38]. In a similar 
research, Altarsha et al. [39] simulated peracetylated βCD in 
supercritical carbon dioxide by combining parametrization 
procedures based on the GLYCAM force field and RESP 
charge calculation approaches [40, 41]. Again, the calculated 
structural properties were in agreement with experimental 
observations, evidencing that a self-closure of the molecu-
lar cavity was produced as a consequence of the chemical 
modifications, and thus elicited significant changes in the 
CD inclusion properties.

Also, the modification of natural CDs by conjugation 
with therapeutic compound can be modeled. Kordopati 
et al. [42] simulated a βCD conjugated with a luteinizing 
hormone-releasing hormone (LHRH) analogue in an attempt 
to enhance the biopharmaceutical limitations associated with 
the therapeutic use of peptides. In this work, explicit solvent 
molecular dynamics simulations demonstrated that aromatic 
segments of the therapeutic peptide were included in the 
interior core of the CD, which in turn might favor its bioa-
vailability and/or biopharmaceutical properties. In this case, 
the structural behavior of the chemical spacer included in the 
conjugate was identified as a key feature driving the inclu-
sion of the guest molecule, further supporting the potential 
of predictive molecular modeling simulations to perform 
virtual screening campaigns on these kinds of systems.

Structural characterization of CDs complexes

The structural and energetic behavior associated with the 
binding of guest molecules to CDs has been studied very 
actively by means of molecular modeling methods, includ-
ing molecular docking, molecular dynamics, and free energy 
of binding analyses [43–52]. In particular, the possibility 
to calculate free energies of binding based on extended 
molecular configurations, constitutes fascinating and rap-
idly evolving area with utmost importance in the field of 
CDs systems characterization. In this way, the most elabo-
rated modeling workflows frequently includes a final stage 
of free energy of binding analysis to address consistency 
with experimental affinity calculations. Unfortunately, it is 
impossible to address the details of each report presented in 
this review, but we would like to highlight the importance 
of this scientific field and refer the reader to recent reviews 
[53, 54]. The considerable increase in computing power 
observed in recent years has led to the possibility of applying 
very detailed and advanced protocols for the simulation of 
CDs:guest molecules inclusion complexes. Thus, a detailed 
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characterization of the structure and energetic properties 
of inclusion complexes is now relatively easily accessible 
by using standard computing infrastructure. Nowadays, the 
possibility to execute explicit solvent simulation for inclu-
sion complexes, allows the study of the critical role of water 
molecules in the complexation process. As such, solvent 
(water) molecules may be part of higher order (i.e. three or 
four-component) systems. Also, this increase in computing 
power has made possible the development of high quality 
simulation protocols able to model not only the interaction 
of the included molecule, but also the energetic landscape 
associated with the inclusion process that occurs when the 
guest molecule diffuses from the core of the solution into 
the interior of the CD cavity. Among these protocols, care-
fully designed umbrella sampling [55] schemes have been 
reported to characterize the inclusion of a wide variety of 
ligands. Therefore, molecular modeling methods stands as 
consolidated techniques to complement experimental tech-
niques aimed at the structural characterization of CDs binary 
complexes and the dynamic features of their formation. In 
a further perspective, molecular modeling methods open up 
the possibility of screening large library of compounds as 
guest molecules, among other new possibilities.

In light of the commented aspects, the structural mod-
eling of CDs host–guest binary systems has been and contin-
ues to be actively studied, and nowadays standard protocols 
and simulation conditions aimed at large scale prediction of 
inclusion complexes are available [56–60]. In the following 
subsection, a revision of several works dealing with modern 
aspects of the molecular modeling simulation of binary and 
ternary inclusion complexes will be presented.

Structural characterization of CDs binary complexes

As presented in the section above, modern simulation tech-
niques dealing with the modeling of binary systems by 
means of carefully designed umbrella sampling protocols 
are able to provide detailed information about the mode of 
inclusion of guest compounds in CDs. Also, more advanced 
research efforts include detailed quantum calculations to 

assess the binding of the guest molecule. Sancho et al. [61], 
for example, studied the inclusion of chalcone and a chal-
cone derivative in βCD by determining the corresponding 
free energy profile obtained through the combination of 
umbrella sampling protocols and hybrid QM/MM meth-
ods. These protocols allowed elucidating the region of the 
molecule that is first included in the cavity of βCD, with 
these calculations being in agreement with experimental 
measurements. To date, the use of quantum calculations to 
assess the stability of binary complexes has been frequently 
reported [62–64]. In addition, combined methods such as 
computational calorimetry are possible by using different 
semi-empirical and quantum calculations based on MD tra-
jectories [53, 65]. Taking a similar approach, Cao et al. [66] 
determined the PMF to model the encapsulation of fullerene 
(C60) in the hydrophobic cavity of γCD, describing the criti-
cal role of the van der Waals dispersion forces in the encap-
sulation process. As can be seen in Fig. 2, an interesting 
feature of CDs is their ability to form inclusion complexes 
with molecules with guest molecules with larger size than 
the buried area of the macromolecule cavity.

Finding the best CD system for a specific guest molecule 
is also feasible by applying molecular modeling methods. 
In this respect, Toth et al. [67] screened a set of 20 different 
CDs including natural and modified CDs to find the best 
host molecule that could act as a chiral selector for ofloxacin 
at different pH environments. As a result, they concluded 
that negatively charged CDs were the best host molecules 
among the whole set of the studied macromolecules. In this 
regard, molecular modeling techniques have been widely 
used to assess the chiral selection potential of CDs, which 
is of great pharmaceutical and industrial relevance [68–76]. 
Suliman et al. [77], for example, studied the inclusion mode 
of the drug baclofen in α and βCD by using docking and 
molecular dynamics simulations combined with quantum 
calculations. They observed a higher chiral discrimination 
potential of βCD compared to that of αCD, feature that is 
mostly derived from the different intermolecular hydrogen 
bonding networks that may be established with a particular 
guest molecule.

Fig. 2  a Three dimensional dis-
position of the complex between 
Darunavir and βCD (Quevedo 
et al. unpublished). b Three 
dimensional disposition of the 
complex between doxicycline 
and βCD (Quevedo et al. unpub-
lished). (Color figure online)
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An important aspect that needs to be assessed when 
preparing CDs inclusion complexes is the corresponding 
stoichiometry. Although this experimental determination 
is very tedious, molecular modeling techniques are capa-
ble of assessing the number of guest molecules that may 
be included in the CD hydrophobic cavity [78, 79]. In this 
respect, Terekhova et al. [79] studied several binding modes 
and stoichiometries for the binding of different aromatic car-
boxylic acids to hydroxypropyl-γ-CD. A systematic screen-
ing of the ligand positioned in the CD cavity was performed 
considering different binding modes and calculating the 
associated energy of complexation. In most cases, a 1:2 
stoichiometry was found, which was in accordance with 
experimental determinations.

Furthermore, a frequent requirement in the pharmaceu-
tical field is the use of cosolvents as part of the designed 
formulations. It is well known that the structure of inclusion 
complexes with CDs may be considerably modified by the 
presence of cosolvent molecules and as such, it is relevant 
to anticipate its effect on the inclusion behavior. In this 
regard, Zhang et al. [80] exhaustively modeled the effect of 
commonly used alcohol cosolvents on the inclusion of two 
isoflavonoids (puerarin and daidzin), describing an intrinsic 
structural rigidization elicited by the cosolvent, which in 
turn diminished the affinity of the guest molecule. The same 
authors also modeled the effect of other cosolvents on the 
structural and inclusion properties of CDs [81]. In this way, 
the possibility of modeling in detail different explicit solvent 
systems as part of molecular modeling protocols arises as a 
powerful contribution to the in silico techniques.

To date, most of the studies dealing with the modeling 
of guest molecules:CDs binary systems have been oriented 
towards the optimization of the formulation properties. 
However, the possibility of modifying the pharmacodynamic 
interaction of drugs and biomacromolecules by encapsula-
tion with CDs has been recently proposed [82–87]. In this 
respect, Sameena et al. [83] determined the binding of ralox-
ifene to DNA and bovine serum albumin in the presence 
and absence of βCD. Using molecular docking studies, the 
authors described a clear competition between the CD inclu-
sion and the binding to biomacromolecules.

Characterization of ternary inclusion complexes

Extensive reports have described the possibility of further 
enhancing the solubilization and complexation elicited by 
CD through the addition of auxiliary agents able to effi-
ciently interact with binary complexes and form ternary 
aggregates. To date, a wide range of chemicals have been 
reported as potential third compounds; among them, the 
most extensively studied are aminoacids, polymers and 
hydroxyl agents [88]. Taking into account that each binary 
complex will be enhanced by specific third agents, molecular 

modeling methods arise as a very powerful screening tech-
nique to select the most adequate adjuvant, and thus making 
it possible to perform large-scale experimental screenings. 
Again, the increase in computing power observed in recent 
years also allows the execution of massive screening cam-
paigns with this specific purpose.

As an example of the use of aminoacids as auxiliary 
agents, we can mention the study conducted by Sherje et al. 
[89], who performed molecular docking and molecular 
dynamics simulations to assess the effect of different aux-
iliary agents on the binding of Etodolac to HP-β-CD. From 
the screened compounds (which included aminoacids and 
polymers), l-arginine turned out to be the most effective 
compound, which was in line with the latest experimental 
determinations. From the modeling, it was observed that 
l-arginine increased the affinity of the included compound 
by establishing additional hydrogen bonds between the host 
and guest molecules. These observations are consistent with 
reports by Sapte et al. [90], who also modeled the effect of 
l-arginine on the binding of cefuroxime axetil to βCD. The 
effect of l-arginine in particular and aminoacids in general 
has been systematically described as a complexation adju-
vant in several reports including molecular modeling tech-
niques [91–93].

By using molecular docking, molecular dynamics, and 
free energy of binding analyses, Barbosa et al. [94] dem-
onstrated that the addition of triethanolamine (TEA) to 
metotrexate:βCD complexes further enhanced the guest mol-
ecule solubility, which derived from a significantly increased 
electrostatic interaction component between the guest mol-
ecule and the CD. In this case, TEA was found to establish 
stable interactions in the region corresponding to the wide 
rim of βCD. As in the previously described reports, these 
theoretical observations were consistent with experimental 
studies.

Study of pH dependent inclusion

A particular case of the design and modeling of modified 
CDs is the preparation of macromolecules containing pH 
responsive moieties. These kinds of systems are being 
actively studied in order to prepare inclusion complexes 
able to act as pH-selective drug release devices. In this 
context, molecular modeling techniques are very powerful 
tools not only to model the thermodynamics properties 
driving the inclusion phenomena, but also to predict and 
model the pH dependence behavior of the host molecule, 
including the structural events on the CDs conformation 
that may trigger a drug-releasing event. Bearing in mind 
the different pH environments in living systems, applica-
tions in different fields of the biosciences are possible. An 
actively studied application is the formation of inclusion 
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complexes with anticancer drugs [95–100], since it has 
been demonstrated that the pH in the environment of 
tumoral cells is lower than that of normal cells [101].

In this regard, Swiech et al. [102] modeled a pH sensi-
tive system containing a lipoic acid derivative of βCD 
including the anticancer drug doxorubicin as guest mol-
ecule. The CD was chemically modified on the narrow 
rim using a triazole scaffold as linker moiety, which was 
self-included in the CD hydrophobic cavity upon a down-
shift of the pH environment. Molecular modeling studies 
involved standard molecular dynamics simulations using 
the YASARA software and the AMBER03 force-field. At 
pH 7.4 the inclusion of DOX was predicted, while at pH 
5.5 the formation of a self-inclusion complex in which the 
lipoic acid was buried in the CD hydrophobic cavity was 
observed, thus eliciting the release of the included drug. 
It is noteworthy that these findings were consistent with 
experimental evidences showing a higher cellular toxic-
ity of the DOX-loaded βCD complex towards immortal 
(HeLa) cell lines with respect to normal cells. In a previ-
ous report [103], these authors also performed molecu-
lar modeling studies based on a similar type of chemical 
modifications, but employing aromatic groups as self-
inclusion scaffolds. A similar type of behavior regard-
ing the release of the included drug was observed. These 
researchers also demonstrated that by mean of molecular 
dynamics simulations a 2–3 order of magnitude increase 
was obtained by carefully controlling the flexibility of the 
linker compared to the native CD [100]. This last work 
included the simulation of explicit solvent environments 
(DMSO, water, and DMSO:water mixtures), evidenc-
ing differential binding modes depending on the solvent 
composition.

Additionally, the possibility of obtaining CDs self-
assemblies triggered by the presence of guest molecules 
can be studied in detail by means of molecular modeling 
methods. For example, De Sousa et al. [104] used molecu-
lar dynamics techniques to verify the formation of a nano-
structure formed between ampicillin (AMP) and βCD in 
a 4:4 stoichiometry. This involved the inclusion of two 
AMP molecules in the βCD combined with the interac-
tion of two additional molecules at the outer surface of 
the host macromolecule.

Clearly, molecular modeling techniques able to effi-
ciently model the changes in ionization states and its cor-
responding structural effect on modified CDs constitute 
a very promising tool for the screening of specifically 
modified CDs. These modeling strategies can also benefit 
significantly from modern constant pH molecular dynam-
ics simulation protocols [105–107].

Studies on systems containing multiple CD units

In recent years, much interest has been shown in supramo-
lecular systems in which multiple CDs units forms part of 
the supramolecular system as covalent or non-covalent moie-
ties, making it possible to obtain sophisticated materials able 
to comply with specific functions [108].

In the simplest example of the simulation of systems 
containing multiple CD units, Zhang et al. [109] applied 
molecular modeling techniques to model the dimerization 
behavior of βCD in different solvents. The authors used 
molecular dynamics simulations combined with umbrella 
sampling protocols to obtain the PMF for the association 
of two CD units. After modeling the dimerization process 
in explicit solvent environments, the author concluded 
that the solvents with the lowest hydrogen bond donor and 
acceptor properties (such as chloroform) strongly favored 
the dimerization event. Also, the effect of host molecules 
on the dimer formation was explored, finding that specific 
ligands may strengthen the stability of the dimer. This work 
also demonstrated the importance of explicitly modeling the 
solvent environment when dealing with CDs simulations. In 
this respect, the same research group [109, 110], studied in 
detail the necessity of explicitly including the solvent envi-
ronment to adequately model CDs inclusion phenomena. In 
another report, Zhang et al. [111] reported the modeling of 
three inclusion complexes involving isoflavones and βCD 
dimers, applying molecular dynamics and PMF analyses. 
The systematic exploration of head to head (HH), head to 
tail (HT) and tail to tail (TT) oriented dimers combined with 
detailed thermodynamic analyses made it possible to shade 
light on the cooperativity of guest molecules regarding the 
stabilization of the dimeric structure. It is worth mentioning 
that the association of CD-complexes constitutes a feasible 
event once the inclusion complex is formed. The possibil-
ity of predicting this event is highly relevant, since some 
physical properties of the system (such as opalescence) 
may arise as a consequence of associations. Also, the drug/
CDs aggregated may result in effective solubility enhancers 
themselves, which may in turn raise the solubility of drugs 
through non inclusion effects.

In addition, Staelens et al. [112] exhaustively studied the 
behavior of a system containing multiple units of β and γCD 
as nanotubes by means of molecular dynamics simulations, 
finding different orientations for both CDs. Also, the inclu-
sion behavior of selected ligands towards these tubes was 
reported. The possibility of modeling the association of mul-
tiple CDs units is also feasible. Raffaini and Ganazzoli [113] 
reported a remarkable molecular dynamics study to describe 
the self-aggregation behavior of βCD monomers conjugated 
with porphyrin monomers. Liu et al. [114] also studied the 
self-inclusion of a modified αCD using molecular mode-
ling methods by applying microsecond MD simulations and 
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free-energy calculations. Notably, by determining the free-
energy barrier for two self-inclusion pathways, the corre-
sponding mechanism was elucidated. These kinds of models 
are of great utility for the design of new rotaxanes based on 
this kind of behavior.

In line with the use of CDs dimers as encapsulating 
agents, Wallace et al. [115] modeled γCD dimers covalently 
linked by succinamide and urea moieties. The binding of 
curcumin to these dimers was explored by MD simulations, 
with the free energies of binding being calculated by ther-
modynamic integration. These authors found agreement 
between the calculated and experimental results.

One particular device derived from systems containing 
multiple CD units is the nanosponges [116]. These systems 
are being actively explored in light of potential applications 
such as drug delivery devices and environmental detoxifica-
tion of contaminants, among others. These nanosystems are 
prepared by reacting CDs with cross-linking agents. The 
behavior of the resulting nanosponges as delivery devices is 
highly dependent on the nature of this cross-linking agent, 
and thus this property can be studied using molecular mod-
eling methods. In these findings, Raffaini et al. [117] applied 
molecular dynamics simulations, both in vacuo and in an 
explicit water model, to study nanosponges containing dif-
ferent ratios of βCD and two cross-linking agents (pyrom-
ellitic dianhydride and diphenyl carbonate). The resulting 
models allowed a characterization of the hydration proper-
ties of the nanosponge and the identification of water mol-
ecule distributions within the material and its surface.

Also, the effect of different physicochemical properties on 
CD mulimerization may be studied at atomic detail by apply-
ing molecular modeling methods. In this respect, Mixcoha 
et al. [118] reported extended molecular dynamics simula-
tions in which the aggregation of α and βCDs were studied 
as a function of temperature in the bulk of the solvent. The 
higher tendency of βCD to form aggregates compared to 
αCD was modeled and described at an atomistic level. The 
obtained conclusions were in agreement with experimental 
observations.

Finally, systems containing multiple CD units may also 
be useful as chemical reaction platforms and thus merit sim-
ulation efforts. For instance, Takayanagi et al. [119] studied 
by means of molecular modeling methods the utility of CDs 
as catalysts of polymerization reactions. They observed that 
the reaction proceeded more efficiently by the cooperation 
of multiple βCDs molecules.

Modeling CDs in complex systems

It has been remarked many times throughout this review that 
the enormous increase in computing power observed over 
the last few years has strengthened in an unprecedented way 

the possibilities of modeling not only CDs in solution, but 
also complex systems containing CDs. In this section, some 
remarkable research efforts on these kinds of simulations 
are included.

One widely studied property of CDs in the biopharma-
ceutical field is its possibility of enhancing the bioavail-
ability of drugs, feature that has been reported because it is 
related to the interaction of CDs with biological membranes 
[120, 121]. In line with the modeling of these properties, 
Khuntawee et al. [122] performed a detailed all-atom MD 
simulation to describe the interaction of βCD with a lipid 
bilayer system. The whole system was simulated on the 
microsecond scale, and from the resulting MD trajectories, 
several features were studied, such as the permeation and 
insertion of βCD into the lipid bilayer, the energetic of the 
association between βCD and the membrane, and the con-
formational changes produced in the βCD truncated cone 
shape as a consequence of the insertion into the lipid. It 
was observed that βCD was able to spontaneously migrate 
towards the lipid surface, but it was not further inserted into 
the membrane bilayer core region. Also, a significant change 
in the βCD conformation was observed as a consequence 
of the interaction with the bilayer, suggesting that it was 
closely related to the drug-releasing properties of βCD upon 
interaction with the biological membrane. This report clearly 
demonstrated how in silico models are of great value to the 
design of mucoadhesive drug delivery CDs devices.

Another field in which CDs are being actively modeled as 
part of complex macromolecular systems is the development 
of molecular motors [123]. Molecular motors are nanoscale 
devices which transform the free energy of chemical reac-
tions into mechanical work. These devices are being studied 
for multiple applications, involving molecular recognition, 
nanosensors, and transducers. Rotaxanes, including CDs, 
are under active research in this respect [124]. In line with 
these strategies, Singharoy et al. [125] reported a simulation 
scheme developed by combining several molecular mode-
ling approaches in order to capture the structural and ener-
getic behavior of CD based on molecular motors. Similarly, 
Liu et al. [126] modeled by means of MD simulations and 
free-energy calculations the compression and decompres-
sion strokes of a molecular engine prepared using modi-
fied βCDs. The obtainment of the corresponding PMF and 
its subsequent analyses helped to understand, at an atomic 
level, the forces involved in these kinds of molecular engines 
and also allowed the design of new ones based on specifi-
cally tuned CDs that may exhibit higher efficiencies. The 
application of modern high throughput molecular modeling 
techniques to the study and design of molecular motors con-
stitutes an incipient and rapidly growing scientific field [127, 
128].

Another field in which complex systems containing 
multiple CD units are being designed and exhaustively 
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Table 1  Compilation of the molecular modeling methods used in the study cases referenced in this review

Software Methodology Scoring function/forcefield References

NAMD MD CHARMM27 [18]
Autodock Vina, GAUSSIAN09 Docking, QM Autodock scoring [19]
GAUSSIAN09, AMBER14 MD GLYCAM-06j [21]
AMBER10 MD GLYCAM-04 [24]
CDOCKER, AMBER12 Docking, MD GLYCAM-06 [28]
ROSETTA 5.98, AMBER12 Docking, MD GLYCAM-06j [32]
Sybyl 7.1, GAUSSIAN03, GOLD Docking Tripos FF, GoldScore [35]
GAUSSIAN09, AMBER9 MD GLYCAM-04 [39]
GAUSSIAN09, CDOCKER, AMBER12 Docking, MD GLYCAM-06 [45]
Chem3DUltra [47]
FRED, AMBER12 Docking, MD GLYCAM-06 [48]
PRESTO v.3 MD GAFF [49]
MacroModel v9.9 Docking OPLS2005 [50]
AMBER12 MD GAFF [60]
GROMACS 4.5.3 MD GROMOS 53a6 [61]
GAUSSIAN09 Manual docking PM3 [62]
Schrödinger Small Molecule Drug Discovery Suite 2014-1, 

GAUSSIAN 09, AMBER12
Docking, MD FF99SB [64]

NAMD MD GLYCAM-06 [66]
TINKER Docking MMFF94 [67]
Autodock 4.2, AMBER12 Docking, MD Autodock scoring, GLYCAM-06 [68]
Discovery Studio, AMBER9 Docking,MD GAFF [69]
GAUSSIAN03, Autodock 4.2, Material Studio 6.0 Docking, MD COMPASS [70]
GAUSSIAN03, ArgusLab, DL_POLY 2.17 Docking, MD DREIDING [71]
Autodock 4.2, AMBER11 Docking, MD Autodock scoring [77]
PatchDock Docking PatchDock scoring [78]
HYPERCHEM 8.0 Docking MM+ [79]
GROMACS MD Q4md-CD [80]
Maestro v8.5 Docking Glide score [82]
Glide v5.5 Docking Glide score [83]
Autodock 4.2 Docking Autodock scoring [84]
MOE Docking Not informed [87]
VLifeMDS 4.3 Docking MMFF94 [90]
GOLD 5.2 Docking ChemPLP [91]
FRED, AMBER14 Docking, MD ChemGauss, GLYCAM06 [92]
VLifeMDS 4.3 Docking MMFF [93]
YASARA MD AMBER03 [100]
YASARA MD AMBER03 [102]
YASARA MD AMBER03 [103]
GROMACS, AMBER10 MD GAFF, GLYCAM06 [109]
GROMACS, AMBER10 MD Q4md-CD [111]
Tinker 4.2 MD MMFF94 [112]
Insight/Discover 2000 MD CVFF [113]
GROMACS 4.5.5 MD GROMOS96(53a6) [118]
GROMACS 4.5.5 MD GROMOS96(53a6) [122]
NAMD MD CHARMM27

CSFF, CGenFF
[125]

LAMMPS MD PCFF [130]
Autodock 4.2/GROMACS 4.6.2 Docking, MD GROMOS96(53a6) [131]
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characterized by applying molecular modeling methods 
is the field of molecular wires. These devices are conduc-
tive polymers obtained through the formation of inclusion 
complexes in a polymer chain [129]. CDs are being actively 
studied as components for molecular wires, with molecular 
modeling techniques being of significant interest since the 
prediction of the CDs orientation and dynamic behavior is 
crucial for the electronic and conductive properties of the 
molecular wire. In this respect, Tallury et al. [130] used 
implicit solvent molecular dynamics simulations to study the 
orientation of βCD included in a polyaniline polymer, deter-
mining that the head-to-tail (HT) orientation of the included 
CDs tended to be more attractive than other types of ori-
entations, which in turn affected the mobility and motion 
confinement of the CD along the wire.

One final remark referred to the simulation of complex 
structures involving CDs is oriented towards the stabiliza-
tion of biologically active peptides by multiple capping 
with CDs. In this regard, Muhammad et al. [131] studied 
the interaction between human insulin and multiple units 
of βCD by means of molecular docking and molecular 
dynamics simulations. They described the formation of an 
1:3 insulin-βCD complex, which in turn suggested the pos-
sibility of preparing insulin formulations with enhanced 
biopharmaceutical properties, mostly its degradability and 
self-aggregation behavior [132]. These scientific possibili-
ties are being actively studied nowadays by using atomistic 
molecular modeling methods [133–136].

From the discussed research efforts, it can be seen that 
plenty of molecular modeling tools, including software, 
forcefields and workflow designs are available. The main 
details are summarized in Table 1. As can be seen, the 
selection of the method, calculation protocol and simula-
tion workflow is highly dependent on the type of system 
that needs to be studied and the kind of hypothesis under 
study. Clearly, the utilization of theoretical modeling tools 
are highly complementary with experimental techniques 
towards the possibility of describing CDs systems at an 
atomistic level.

Conclusions

The potential of CD as nanodevices able to form inclusion 
complexes has been studied for a long time by experimental 
and theoretical approaches. However, in recent years, both 
computational methods and computing power have evolved 
enormously. In particular, performing computations on 
GPU cards has further increased the technical possibility 
of managing larger systems and achieving longer simula-
tion times. Consequently, as presented in this review, CDs 
are now being exhaustively modeled as part of sophisticated 
materials with the aim of exhibiting specifically designed 

properties. Also, elaborate simulation protocols and state 
of the art forcefields have proven to be able to adequately 
parameterize CDs as part of simple and complex systems. In 
overall, molecular modeling techniques are now able exhaus-
tively describe (and predict) not only the inclusion mode of 
guest molecules to CDs, but also its conformational evolu-
tion under diverse physicochemical environments, such as 
ionic strength, solvent polarities, membrane interfaces, pH, 
to mention some examples. The elucidation at an atomistic 
(and quantitative) detail of these properties forecasts a new 
era in the research involving CDs as pharmaceutical and 
industrial scaffolds.

This new horizon in the field of in silico studies will defi-
nitely continue to expand in the near future, and will have 
a great impact on the capability to obtain new materials 
with applicability in diverse fields, including drug delivery, 
nanosensors, and transducers, among others. A remarkable 
example of the research possibilities that molecular mod-
eling methods offer for the simulation of CDs materials is 
molecular motors. Surely, in the years to come, this area 
of frontier research, which was awarded the Nobel Prize in 
Chemistry in 2016, will be a matter of amazing discoveries. 
In summary, it is clear that CDs have now gained significant 
attention as nanodevices with technological application in 
this research era driven by the evolving power of computa-
tional chemistry and the state of the art molecular modeling 
protocols in particular.
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