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Modified cyclodextrins (CDs) consist of a distribution of different structures with different number and
location of the substituted groups. Among the most important applications of these molecules is their
use as an enabling excipient in pharmaceutical formulations to provide the necessary solubility, stability
and bioavailability for a drug to be effectively used. The most typical interaction mechanism of small
molecular groups with CDs is the formation of host–guest inclusion complexes. The thermodynamic
affinity constant between CDs and drugs should not be too strong, since then the biological activity could
be negated by the formation of the complex. In the opposite scenario, if the affinity constant is too weak,
the complex is barely formed and the amount of CD required in the formulation may become too great.
Thus, a balance between the affinity of the CD and the drug is necessary for an optimal formulation.
Additionally in the case of modified CDs and specific drug complexes there are further questions concern-
ing the effect that the locations and number of substitutions plays in complexation. In the present work,
this question is explored by using sulphobutylether-b-cyclodextrin and remdesivir, the only antiviral
medication currently approved by the United States Food and Drug Administration for treating COVID-
19, as a case study. This paper presents results from an orthogonal study using isothermal titration
calorimetry measurements and biased molecular dynamics simulations that provide complementary
information. Isothermal titration calorimetry delves into the global impact of the species distribution
while molecular dynamics simulations deals with specific chemical structures. The goal is to provide use-
ful information to optimize pharmaceutical formulations based on modified CDs, specifically in the case
of remdesivir, used to treat SARS-CoV-2 infection, although the main conclusions could be extended to
the interaction of other drugs with modified cyclodextrins.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Remdesivir (Fig. 1) is the active principle of VEKLURY�, the only
antiviral medication currently approved by the United States Food
and Drug Administration (FDA) for treating COVID-19 (https://
www.fda.gov/newsevents/press-announcements/fda-approves-
first-treatment-covid-19). Other countries including Japan, United
Kingdom, South Korea, Taiwan, India, Singapore, Israel, the Euro-
pean Union and Australia have also regulated the use of this drug
with different restriction levels (https://www.reuters.com/article/
healthcoronavirus-gilead-remdesivir-idUSL4N2EA2LZ). Remde-
sivir was developed by Gilead Sciences over a decade ago to treat
Hepatitis C and respiratory syncytial virus (https://www.
gilead.com/-/media/gileadcorporate/files/pdfs/covid-19/gilead_
rdv-development-fact-sheet-2020.pdf). Although it proved to be
ineffective for these diseases, it was repurposed as a potential
treatment for Ebola [1] and other infections including those caused
by several coronaviruses: Middle East Respiratory Syndrome
(MERS) and Severe Acute Respiratory Syndrome (SARS) [2,3].
Remdesivir prevents the replication of the virus by inhibiting the
RNA-dependent RNA polymerase (RdRp) [4,5], which is a key
enzyme for that mechanism [6]. Thus, at the outset of the appear-
ance of the SARS-CoV-2 pandemic, remdesivir was immediately
considered a potential treatment against COVID-19. Some debate
exists about the efficacy of this drug [7] although it has been clin-
ically proved that the recovery time of the patients affected by this
disease is significantly reduced after a 5 days treatment [8]. Longer
duration of use are not recommended since the potential benefit
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Fig. 1. Left: 2-dimensional representation of SBE-b-CD and the equilibrium between neutral and protonated remdesivir. In the CD structure the blue labels represent the
groups that are substituted in all the structures studied by MD simulations, the red label represents the group that is substituted in 6SBE and in 7SBE and the green label
represent the group that is substituted also in 7SBE. The labels with grey background represent the position of the carbon atoms C2, C3 and C6 and that of the oxygen O4.
Right: Three dimensional representations of the b -CD structures with 7, 6 and 5 SBE substitutions employed for the MD simulations. Carbon atoms are represented in violet,
oxygens in red, hydrogens in white, and sulphur atoms in yellow. Atoms of the glucopyranoside rings and sulphurs are in spheres while other oxygen and carbon atoms are in
stick representation. Two different views of each structure are shown. The label indicates the counter-clockwise sequence of substitutions, when the CD structure is oriented
as in the second column of the figure, with the secondary hydroxyl groups pointing out of the plane. The numbers 2, 3 or 6 represent the position of the substitution group in
each glucopyranoside ring and 0 indicates that no substitution is present in the corresponding ring. The color code is the same as that used in the left upper figure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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does not compensate for the observed hepatocellular injury in
healthy volunteers and COVID-19 patients treated with this antivi-
ral drug [9].

The pharmaceutical formulation of remdesivir includes sul-
phobutylether b-cyclodextrins (SBE-b-CD) as an excipient to
address the limited solubility and stability of this drug. In general,
modified cyclodextrins are highly versatile molecules where the
primary or/and secondary hydroxyl groups of native cyclodextrins
are substituted by other functional groups to improve their utility
and safety. All these molecules share a common scaffold formed by
6–8 glucopyranoside groups covalently bound leading to a supra-
ring with an internal hydrophobic cavity. They have been used in
a large range of applications, many of them involved in coronavirus
treatments [10]. The most typical application is the solubility
increase of poorly soluble molecules when both solutes are jointly
dissolved in water [11–15]. The encapsulation of hydrophobic
groups in the cavity of the cyclodextrin forming inclusion com-
plexes is typically assumed to be the interaction mechanism for
this application [16,17]. In some cases, the encapsulated molecule
is protected from chemical degradation. When using a CD for these
purposes (solubilize and stabilize a given molecule) it is key to
quantify the affinity between both compounds and also to know
the structure of the resulting supramolecular complex. A very large
affinity constant is not convenient because in that case the active
molecule may not be released as desired, so it could not carry
out its function. In contrast, if the encapsulation is negligible, the
solubility increase and protection against degradation would be
inefficient.

The structural and thermodynamic characterization of inclusion
complexes between native CDs and different molecules can be
done by different experimental and computational methods and,
in general, it is relatively easy to perform and interpret when the
materials are single chemical species. In the case of modified CDs
2

the presence of multiple and different substitution patterns that
make up the modified CD material introduces an additional and
non-trivial-to-solve complexity. In particular, it is known that the
derivatization of cyclodextrins with sulfoalkyl groups occurs in a
controlled although not exact manner. For this reason, SBE-b-CD
is a mixture of both positional and regioisomers, the degree of sub-
stitution (DS) representing the average number of functional
groups per CD. Moreover, substitution of the different hydroxyl
groups occurs during manufacture of the derivatized CD, so the
average molecular weight of the final composition may vary from
batch to batch. Such a distribution represents a galaxy of molecular
structures with a common scaffold but with different number and
location of substitutions, different molecular weight, different dif-
fusion properties and solvation energy, and potentially have differ-
ent ability to encapsulate a given ligand [18,19]. Explicitly
considering the distribution of species in a structural and thermo-
dynamics analysis of inclusion complexes is not trivial, so classical
experiments provide representative parameters for the whole
material. Having a better understanding on how the encapsulation
depends on the substitution pattern could boost the development
of new manufacturing processes able to optimize the formulation
of these excipients for specific drugs. This is important to learn
how to minimize exposure and risk to the kidney hypothetically
attributed to the accumulation of SBE-b-CD in really compromised
COVID-19 patients treated with remdesivir [20,21].

To our knowledge, the thermodynamic characterization for the
formation of supramolecular complexes between remdesivir and
SBE-b-CD has not been performed and the resulting structures
have not been described in detail. Different molar concentration
ratios of both solutes (CD:drug) were tested to design the pharma-
ceutical formulations of remdesivir but typical mass ratio values
range from 10:1 to 30:1 [22] and the VEKLURY Injection ready-
made solution presentation has a mole ratio of 16.7:1 and a mass
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ratio of 60:1 (VEKLURY PI 2020). Based on the linear dependence of
the drug solubility as a function of the CD concentration, the for-
mation of 1:1 complexes between these two compounds has been
proposed [22]. Thus, the need for such a large proportion of CD in
the formulation suggests that the binding is not very strong. The
mixture between both molecules is preferentially performed at
low pH since the solubility of remdesivir, pKa 3.3 (https://www.
ema.europa.eu/en/documents/assessment-report/veklury-epar-
public-assessment-report_en.pdf) significantly increases under
this condition [22]. It was observed that the drug remains encapsu-
lated upon the addition of NaOH at the proposed concentrations,
although a weakness of the complex was expected when increas-
ing the pH [22].

The present work is intended to shed some light on this issue by
combining the analysis of multiple isothermal titration calorimetry
(ITC) experiments at two different pH values with biased molecular
dynamics (MD) simulations using neutral and protonated remde-
sivir, as well as three different structures for SBE-b-CD with 5, 6
and 7 substituted groups.
2. Materials and methods

2.1. Materials

SBE-b-CD and remdesivir were provided by the CyDex sub-
sidiary of Ligand Pharmaceuticals and employed without further
purification. The commercial name of this cyclodextrin is CAPTI-
SOL�. All the solutions were prepared by weight, using citrate buf-
fer previously adjusted at the desired pH using NaOH/HCl.
Millipore water was employed to prepare the buffer.

2.2. Isothermal titration calorimetry (ITC) experiments

In order to get a thermodynamic characterization for the inter-
action between SBE-b-CD and remdesivir, ITC experiments were
performed using a VP-ITC instrument from Microcal with a sample
cell of 1.4323 mL. Since the solubility of remdesivir is low and sig-
nificantly dependent on the pH experiments at pH 6 and at pH 3
were carried out, where the drug is expected to be neutral and pos-
itively charged, respectively. At pH 3 all the experiments were per-
formed using a 0.1 mM solution of the drug and different
concentrations of the modified cyclodextrin: 1, 1.5, 2.5 and
5 mM. The concentration of remdesivir at pH 6 was reduced to
0.03 mM and the employed solutions of SBE-b-CD were 0.3, 1.0
and 2.5 mM. Considering the limited solubility of remdesivir, even
at low pH, it was placed in the sample cell of the instrument in all
the experiments since the compound in the syringe typically
requires ~ 10 times higher concentration. One small injection of
1 lL followed by 28 � 10 lL aliquots of each cyclodextrin solution
were then injected in the remdesivir solution. Dilution experi-
ments of the CD in buffer were performed for all the concentra-
tions. The measurements were analyzed using the AFFINImeter
software (www.affinimeter.com; Piñeiro, et al. 2019).

2.3. Molecular dynamics (MD) simulations

The SBE-b-CD provided by Ligand Pharmaceuticals (CAPTISOL)
is a distribution of modifiedb-CDs with different number and loca-
tion of SBE substitutions with an average substitution number of
6.5. For the MD simulations, 3 different representative component
structures of SBE-b-CD with a single substitution on the primary
side and 4, 5 or 6 substitutions in the secondary side of the CD
(see Fig. 1) were selected: 5SBE, 6SBE and 7SBE, respectively.
These structures were considered to be suitable to examine the
role of Degree of Substitution (DS), considering these are three of
3

the larger DS fractions of CAPTISOL, NMR studies on file at CyDex
showed ~ 85% of the substitution is on the secondary side with
slightly greater than 3 to 2 ratio of substitutions at the -2 versus
-3 positions, and using a rule for this comparison that no more than
one substitution can take place in a single glucose unit. Note that
for low substitution numbers the secondary hydroxyls are more
prone to be substituted [23,24]. For remdesivir the neutral struc-
ture and the protonated structure as shown in Fig. 1 were used.

Using these structures, potential of mean force (PMF) profiles
for the formation of inclusion complexes with neutral and proto-
nated remdesivir were determined. These simulations are compu-
tationally expensive compared with standard non-biased MD
simulations starting from specific conformations of the complexes
but, in return, they allow to effectively sampling the accessible
degrees of freedom as a function of a given reaction coordinate.
The aim of these calculations is to get the energy barriers and wells
as a function of the reaction coordinate, an estimation of the bind-
ing constant and the most likely structures for each complex.

2.3.1. General simulation methods
The simulation parameters are similar to those employed in

previous works for similar systems [25,26]. All the simulations
were performed using the GROMOS 54a7 force field [27] (Schmid,
et al. 2011) with SPC water molecules [28] and the GROMACS 2020
engine [29,30]. The initial coordinates for the independent mole-
cules and the topologies were built using our own tools. All the
simulations were performed using the NPT ensemble at 298 K
and 1 bar. The temperature and pressure were controlled using
the v-rescale thermostat [31] and the Parrinello-Rahman barostat
[32] with coupling constants of 0.1 and 0.5 ps, respectively. The
long range interactions were determined using the Particle Mesh
Ewald algorithm [33,34] with a grid spacing of 0.15 nm and a
direct-space cutoff of 1.2 nm. The same cutoff was employed for
the short-range interactions. A timestep of 2 fs was employed in
all cases using the leap-frog integrator algorithm [35]. All bonds
were constrained using the SETTLE algorithm [36] for water and
the LINCS algorithm [37] for the CDs and the remdesivir molecules.

2.3.2. Umbrella Sampling simulations
The PMF profile for the interaction between each pair of mole-

cules was independently obtained with the remdesivir structure
initially oriented in opposite directions (‘‘up” and ‘‘down”) within
the CD cavity (Fig. 2). The reaction coordinate (n) is the distance
between the center of mass (COM) of the O4 atoms of the CD
and the COM of the whole remdesivir molecule. In order to build
the initial structures for the PMF calculations, the drug was initially
placed just in the middle of the CD cavity and then it was sequen-
tially displaced in small 0.02 nm steps towards both the primary
and the secondary sides of the CD up to 2.5 nm in each direction
(Fig. 2). Thus, a total of 500 different frames with different relative
orientations and n values were obtained for each pair of structures:
neutral or protonated remdesivir and the three CDs: 7SBE, 6SBE
and 5SBE. These structures were inserted in dodecahedron boxes
with 7-nm-long side axis, large enough to prevent interactions
with periodic images even at the largest distances between solute
molecules. The simulations boxes corresponding to the same struc-
tures were solvated with exactly the same number of SPC water
molecules (approximately 7800 for all systems after removing
those overlapping the solute atoms). Then, a steepest descent min-
imization was performed for all boxes with a force constant of 104

kJ�mol�1�nm�2 to constrain the initial value of the reaction coordi-
nate in each case. The structure resulting from this minimization
was employed to obtain 15-ns-long umbrella sampling simulations
with a force constant of 3000 kJ�mol�1�nm�2. This value was
selected after several tests and it was considered to be large
enough to keep the constrained reaction coordinate value at rea-
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Fig. 2. Representations of the reaction coordinate (n) used for the umbrella
sampling calculations, for the ‘‘up” and ‘‘down” relative orientations between the
cyclodextrin and the remdesivir molecules. The colors, as well as the sphere and
stick representations for the cyclodextrin are as in Fig. 1. For remdesivir the carbon,
oxygen, hydrogen and nitrogen atoms are in green, red, white and blue, respec-
tively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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sonably unfavourable conformations and short enough to produce
reasonably wide distance and force distributions so that a reason-
able overlapping can be obtained. The distance between the COM
of the ligand and that of the O4 atoms of the CD, as well as the force
required to constrain the selected distance between both struc-
tures were stored every 0.1 ps for further analysis. A total of
3000 � 15-ns-long trajectories (45 ls in total) were performed.

2.3.3. Analysis of the trajectories
The PMF profiles were independently obtained by two different

methods: (i) first we used the Weighted Histogram Analysis
Method (WHAM), as implemented in the GROMACS package; (ii)
as an alternative, the direct integration of the average force for
each restrained simulation as a function of the reaction coordinate
was also used. The secondmethod is equivalent to the analysis typ-
ically performed in the Adaptive Biasing Force (ABF) method [38],
although the sampling is performed in a different way, by con-
straining the reaction coordinate at specific values by a harmonic
potential. These calculations were applied to each set of 250 trajec-
tories corresponding to one CD and one remdesivir molecule with a
predefined relative orientation. Although the PMF profiles obtained
from both methods were similar, those obtained from the direct
integration of the forces exhibited significantly less noise when
calculated over different time periods than those using WHAM,
so only the results coming from the second method are shown in
this work. The resulting profiles were post-processed to determine
the standard equilibrium binding constant (1 M reference state) for
the formation of inclusion complexes (KA) using the following
equations [39,40]:

KA ¼
Z

e�EðrÞ=RTdr ð1Þ

where E(r) is the PMF as a function of the relative coordinates
between both molecules (r), R is the gas constant and T is the tem-
perature. By using cylindrical coordinates (/, q, z), integrating the
volume element over / (from 0 to 2p) and q (from 0 to qav), and
taking z as the reaction coordinate (n), the following equation is
obtained:
4

KA ¼ pNA

Z
q2

avðnÞe�EðnÞ=RTdn ð2Þ

In this equation qav(n) is the maximum distance between the COM
of the remdesivir molecule and the axis defined by the reaction
coordinate (see Fig. 2) for each simulation. This defines the radius
of the accessible circle for each value of n. NA is the Avogadro’s
number.

The uncertainties of the KA values were estimated by using a
bootstrapping method. Each 15-ns-long trajectory was distributed
in 15 � 1-ns-long segments, then the PMF profile was obtained
from all the trajectories corresponding to the same segment. The
standard deviation of the resulting distributions was used to esti-
mate the uncertainties. The values that differ from the mean by
more than 1 standard deviation were removed in a single step
before obtaining the final values. The typical number of outliers
for each system was 2–3. Thus, the final association constants were
determined using more than 10 � 1-ns-long trajectories in all
cases.

3. Results & discussion

ITC measurements and MD simulations were used to character-
ize the interaction between remdesivir and SBE substituted b-CD.
The commercial SBE-b-CD used in the ITC experiments (CAPTI-
SOL�) is a heterogeneous mixture of many different chemical spe-
cies with an average degree of substitution of 6.5. The number and
location of the SBE groups are expected to affect the affinity of a
specific CD structure for a given ligand. In a typical ITC experiment,
the concentration of the CD gradually increases in the sample cell
while the concentration of remdesivir is approximately constant
[41]. Thus, the global impact of the species distribution should be
reflected in a change in the value of the equilibrium constant dur-
ing the titration experiment and, for the same reason, in different
equilibrium constant values for experiments with different con-
centration of CD in the syringe. Whereas in ITC experiments it is
not possible to distinguish the influence of each single CD unless
they are isolated as reagents, MD simulations allow for carrying
out specific studies with each particular substitution patterns. In
this work, the calculations were performed using the structures
shown in Fig. 1. Below, the results for the ITC and MD experiments
will be presented and discussed.

3.1. ITC experiments

The experiments at pH 3 produced very clean power signals
with a quick recovery of the perturbations due to the injections.
The dilution titrations were very important in all cases and they
should be explicitly considered in the model or directly subtracted
from the raw measurements (Fig. 3).

The power raw data were integrated to determine the enthal-
pies and the dilution signals were subtracted to get the binding iso-
therms, which were then analyzed using different approaches:

� First, each isotherm was individually fitted to a simple 1:1
model. These fittings became overparameterized, supplying
inconsistent values for the equilibrium association constants
(KA) and enthalpies (DH) as well as very large uncertainties.
This is partially due to the low curvature of the isotherms
which, when they are individually analyzed, do not seem to
contain much information.

� Next, the number of degrees of freedom was drastically reduced
by a global fitting of all the experimental data (with different
concentrations of the cyclodextrin) together using a single set
of KA and DH. Using this approach, the experimental data con-
sidering was not able to be properly described using just 1:1



Fig. 3. ITC raw data corresponding to the titration of CAPTISOL (5 mM) in citrate buffer at pH 3 and in a 0.1 mM remdesivir solution.
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complexes. So, it was concluded that this approach is also incor-
rect since the thermodynamic parameters describing a given
interaction mechanism should not depend on the absolute/rel-
ative concentration of the involved chemical species. Since the
signal to noise ratio of all the experiments is very low and the
baseline after each injection is perfectly recovered, it is reason-
able to assume that the equilibrium conditions are fulfilled and
that a better model is needed to describe the experimental data.
In this case, the most likely sources of discrepancy are the pres-
ence of a species distribution with different affinities in the SBE-
b-CD compound or the interaction mechanism, that could
include more complex stoichiometries or even some kind of
aggregation.

� Later, it was decided to maintain the global fitting to a 1:1
model but introduce a correction factor for the concentration
of CAPTISOL (rC) as an approach to assess for the species distri-
bution in this compound. Using this approach, a good descrip-
tion of the experimental data was obtained with rC close to 2
and an apparent association constant of 6.56�103 M�1 (see
Fig. 4 and Table 1). This rC value could be interpreted as if half
of the CAPTISOL distribution was inefficient to encapsulate the
drug while the rest of the molecules exhibit the average affinity
constant supplied by the fitting.

� An alternative explanation for the high rC value obtained from
the previous fitting could be the formation of 2:1 complexes
(two CDs encapsulating each remdesivir molecule). In order to
test this possibility, a global fitting was performed considering
the presence of complexes with 2:1 stoichiometry and with
rC = 1. The resulting goodness of fit was 14% worse than that
for the fitting shown in Fig. 3 and Table 1, even when the model
including 2:1 species has one additional fitting parameter.
Interestingly, the quality of the fitting considering 2:1 com-
plexes was worse for the highest concentrations of CAPTISOL
5

(2.5 and 5 mM), which are expected to be more sensitive to
the eventual presence of higher order stoichiometries, than for
the experiments using a CAPTISOL concentration of 1 or
1.5 mM. The parameters obtained for this second fitting are in
Table 2. Even though the fitting to this second model is not as
satisfactory as the fitting to the model shown in Fig. 3 and in
Table 1, the association constants are of the order of 104 M�1

in both cases.

One hypothesis is that the high rC value required to fit the 1:1
model arises from the variation of binding affinity along the spe-
cies distribution of CAPTISOL. It is not trivial to model the variation
of thermodynamic parameters along the distribution since they are
expected to depend not only on the number of substituted groups
but also on their location. This will be discussed later based on our
MD calculations.

The signal to noise ratio of the experiments at pH 6 was signif-
icantly higher than for the experiments at pH 3. This is in part
because the solubility of remdesivir is lower at higher pH [22]
and so the experiments were performed at lower concentrations.
As in the case of pH 3, the signal coming from the dilution of CAP-
TISOL is significant. In addition to the presence of noise, the bind-
ing isotherms at pH 6 do not exhibit a clear curvature and so, they
are not very useful to discard different approaches, as was done
with the experiments at pH 3. These results could be due to weak
binding but they are not conclusive.

3.2. MD simulations

In contrast to ITC measurements, which provide a global appar-
ent association constant for the whole distribution of CDs binding
to remdesivir, MD simulations consider specific structures. Follow-
ing the protocol described in the methodology section, the average



Fig. 4. Row data together with the binding isotherms and the curves resulting from a global fitting of the ITC experiments at pH 3. The employed concentrations of CAPTISOL
and remdesivir are indicated in each plot. The signal corresponding to the dilution of CAPTISOL has been subtracted from all the binding isotherms in order to perform the
fitting.

Table 1
Parameters resulting from a global fitting of a 1:1 model with a correction factor for
the concentration of CAPTISOL (rC) to the experimental ITC data at pH 3.

Parameter Value std dev

KA (M�1) 6562 72
DH (cal/mol) �678 2
rC 1.905 0.009

Table 2
Parameters resulting from a global fitting of a 2:1 model to the ITC experimental data
at pH 3. The corresponding chemical reactions are indicated in the first column. FS is
the acronym for ‘‘Free Species”, i.e. unbound CAPTISOL or remdesivir, C and R are used
to represent the CAPTISOL and remdesivir molecules, respectively.

Reaction Parameter Value std dev

FS M C1R1 KA (M�1) 9750 138
DH (cal/mol) �975 7

C1R1 + C M C2R1 KA (M�1) 10,078 213
DH (cal/mol) 816 3
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forces were obtained as a function of the reaction coordinate
shown in Figure S1. By integrating such forces, the PMF profiles
were calculated (see Fig. 5). Those profiles exhibit a very high
energy barrier for the entry of the drug by the primary side of
the CD and a relatively broad and shallower well on the secondary
side. This behaviour takes place for the three CDs with both rela-
tive orientations of the guest–host molecules. This means that
the binding of remdesivir by the primary side of the CDs is unlikely.
For the ‘‘up” orientation, a double minimum separated by an
energy barrier is present for the three CDs, regardless the protona-
tion state of the drug. The minimum at low n values corresponds to
configurations where the remdesivir molecule is completely
threading the CD (Figs. 6 and 7). The energy of this minimum is
similar to that of the more external one, located at n ~ 0.8 nm for
7SBE and 6SBE with protonated remdesivir and for 6SBE for neu-
tral remdesivir. In the conformation corresponding to the external
minima, the remdesivir molecule seems to interact directly with
6

the SBE substituted groups. For both protonation states of the
ligand the cyclodextrin with lower number of substitutions,
5SBE, exhibits the less pronounced energy wells. The fact that
the energy of the minimum corresponding to low n values is not
very deep, together with the energy barrier separating both wells,
is expected to make difficult to reach the actual inclusion complex.
In the case of the ‘‘down” orientation the deepest minimum was
observed only for 7SBE interacting with neutral remdesivir. For
the other two cyclodextrins, 5SBE and 6SBE, as well as for the three
CDs interacting with protonated remdesivir, the PMF profile exhi-
bits several fluctuations with a negative average slope when n
decreases beyond the external minimum. There are several clear
differences between the profiles corresponding to neutral and pro-
tonated remdesivir. The energy wells for the latter are clearly dee-
per than for the former. However, the structures corresponding to
the minima do not seem to depend too much on the charge of
remdesivir (Figs. 6 and 7). It is also worth to comment that the flat
region in the PMF profile for neutral remdesivir is reached at much
shorter distances than for the protonated structure, which still
keeps a significant slope at n values larger than 2 nm. This is likely
due to the electrostatic attraction between the CD and the charged
drug in the second case.

As explained in the methods section, the PMF profile was
employed to determine the association constants for the different
CD structures. The association constant was calculated separately
for the up and down orientations. Using the law for mass action,
it can be easily demonstrated that the overall association constant
can be obtained as the sum of the association constants obtained
for the relative orientations (Table 3 and Fig. 8). The KA values
obtained for protonated remdesivir significantly depend on the
number of substitutions. The value obtained for 5SBE is of the
same order of magnitude than that obtained by ITC at pH 3, while
the KA for the 6SBE and 7SBE is one order of magnitude larger. In
contrast, the KA values obtained for neutral remdesivir are very
low, suggesting that the interaction is much weaker in this case.
Although the ITC experiments at pH 6 are not conclusive, the low
heat power signal is in agreement with this computational result.
Interestingly, the fact that the CD structure with less number of



Fig. 5. Potential of mean force (PMF) profiles as a function of the reaction coordinate for the three cyclodextrin structures shown in Fig. 1 and neutral or protonated
remdesivir considering both relative orientations. The profiles for 7SBE, 6SBE and 5SBE are in black, red and blue solid lines, respectively. The dashed lines at low n values
were included to highlight the large negative slope of the PMF in that region, due to the presence of a large energy barrier. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Representative structures corresponding to the minimum of the PMF wells for the studied cyclodextrins and neutral remdesivir.
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Fig. 7. Representative structures corresponding to the minimum of the PMF wells for the studied cyclodextrins and protonated remdesivir.

Table 3
Association constants obtained from the PMF profiles between the three CD structures shown in Fig. 1 and neutral or protonated remdesivir using Eq. (2).

Cyclodextrin Neutral remdesivir Protonated remdesivir

UP DOWN Overall UP DOWN Overall

7SBE 76 ± 13 441 ± 164 517 ± 165 (1.57 ± 0.37)�105 (1.88 ± 0.58)�104 (1.76 ± 0.38)�105
6SBE 159 ± 81 61.2 ± 6.7 220 ± 81 (3.1 ± 1.7)�105 (5.30 ± 0.84)�104 (3.6 ± 1.7)�105
5SBE 29.4 ± 4.3 51.4 ± 6.1 80.8 ± 7.5 (1.38 ± 0.57)�104 (3.33 ± 1.8)�104 (4.7 ± 1.9)�104

Fig. 8. Overall association constants obtained from the PMF profiles between the three CD structures shown in Fig. 1 and neutral or protonated remdesivir.
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substitutions, 5SBE, exhibits the lowest association constant agrees
with the interpretation proposed for the rC value obtained from the
analysis of the ITC measurements, i.e. a significant dependence of
the association constant with the SBE substitution pattern in the
CD. Due to the high computational cost of these calculations, only
three CD structures were tested, but the number of different mole-
cules comprising CAPTISOL is huge, considering the possible com-
bination of different substitution numbers and locations. Thus, the
presence of other structures with lower and higher affinity con-
stants is expected. This result is interesting not only for the inter-
action between CAPTISOL and remdesivir but also for other ligands.

The average forces calculated from 1-ns-long trajectory seg-
ments were used to get the corresponding PMF profiles (see
Fig. S2) and the standard deviation of the association constants
resulting from the application of Eq. (2) was taken as the uncer-
tainty. Although the resulting values are large, the differences
between the association constants obtained for the different
cyclodextrins are significant. This supports the finding that the
binding of remdesivir to 5SBE, the CD with lowest number of sub-
stitutions, is weaker than for the other two CDs, 6SBE and 7SBE.
4. Conclusions

A structural and thermodynamic analysis for the interaction
between CAPTISOL and neutral or protonated remdesivir has been
performed using multiple ITC measurements and computational
MD simulations. The global analysis of the calorimetric measure-
ments suggests that a relatively strong complex with an associa-
tion constant of ~ 104 is formed at pH 3. The need to introduce
an extra parameter in the fitting model, accounting for the propor-
tion of active CD, indicates that a large amount of structures do not
effectively encapsulate the drug. The ITC measurements at neutral
pH did not produce a strong signal. This could be due to a weak
interaction under these conditions, but the analysis of the corre-
sponding isotherms was not conclusive. At both pH values, the sig-
nal corresponding to the dilution of CAPTISOL was relatively large,
comparable to the signal arising from the interaction with the drug
molecule. The source of this signal deserves a further study but its
large value indicates that it has to be considered in the analysis
between CAPTISOL and remdesivir or other drugs. Since the analy-
sis of ITC measurements provides global thermodynamics parame-
ters for the whole distribution of CD structures consisting
CAPTISOL, it does not provide information on which number and
location of SBE substitutions favor the encapsulation of the drug.
This has been further investigated by MD simulations using three
different structures with 7, 6 and 5 SBE substitutions respectively.
These simulations provided complete energy profiles for the
encapsulation mechanism, indicating that the remdesivir molecule
can spontaneously bind with the CD by the secondary side and,
preferentially, with the ‘‘up” orientation. The entry of the drug by
the primary side of the CD seems to be blocked by a high energy
barrier for all the structures. Additionally, the simulations clearly
indicate that the binding with the drug is significantly stronger
when it is protonated (corresponding to low pH values) than when
it is not charged (corresponding to neutral pH values). The values
obtained for the association constants from the PMF profiles indi-
cate that the binding is weaker for the structure with the lowest
number of SBE substitutions, also in agreement with the ITC con-
clusion that the affinity is significantly dependent on the number
and location of structures consisting CAPTISOL. Further studies
using more CD structures with lower and higher number of substi-
tutions, as well as using complementary experimental and compu-
tational methods would be useful to confirm our conclusions.
Complementary studies considering several cyclodextrin and drug
molecules in the same simulation box, in order to consider the
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impact of self-aggregation, would also be useful. Some recent com-
putational investigations in this direction have recently been pub-
lished [42]. Overall, our results suggest that pharmaceutical
formulations based on excipients could be optimized by enriching
the most active fractions. This would minimize eventual toxicity
problems, and would possibly allow reducing the pharmaceutical
doses for therapeutic treatments, in particular COVID-19.
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