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Effect of temperature on the structure and
drug-release behaviour of inclusion complex of
p-cyclodextrin with cyclophosphamide: a
molecular dynamics study
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Cyclodextrins (CDs) are suitable drug carriers because of their doughnut-shaped cavities with
hydrophilic outer and hydrophobic inner surfaces. Temperature-responsive CD-based drug carriers are
expected to be one of the most promising candidates for drug delivery systems. In this study, we
performed molecular dynamics simulations of the inclusion complex of -CD with cyclophosphamide
(CP) at temperatures from 300 K to 400 K to investigate the temperature dependency of the release
behaviour of CP and structural changes of -CD in an aqueous solution. We analysed the distance
between the centres of mass of -CD and CP and the radius of gyration of f-CD. The CP molecule was
released from the p-CD cavity at 400 K, whereas two different inclusion complexes, partially and
completely, were observed at T < 400 K. f-CD encapsulating a CP molecule had a more spherical
shape and rigidity than -CD without a CP, and the rigidity of their inclusion complex decreased with
increasing temperature. Our findings provide fundamental insights into the behaviours of the p-CD/CP

Received 25th November 2022,
Accepted 22nd March 2023

DOI: 10.1039/d2sm01542k complex and drug release at the molecular level and can facilitate the development of new
temperature-responsive drug delivery systems with CD nanocarriers triggered by localised temperature
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1 Introduction

Cyclophosphamide (CP) is a leading anticancer drug"? that is
used to treat most types of cancers, such as multiple myeloma,?
leukaemia, and breast cancer.® CP is a type of active alkylating
agent that can form cross-links with and within DNA, resulting
in the inhibition of cancer cell growth (i.e., inducing apoptosis/
programmed cell death).® However, there are risks of serious
side effects, such as bone marrow suppression, heart failure,
and haemorrhagic cystitis, because alkylating drugs can
damage normal cells as well as cancer cells. To overcome this
problem, the development of innovative targeted anticancer
drugs is essential.

A drug delivery system (DDS) is any technology that adequately
delivers drugs to the target disease site and is characterised by
time, location, and dosage. Cyclodextrins (CDs) that have
doughnut-shaped cavities with hydrophilic outer and hydrophobic
inner surfaces have attracted considerable attention as potential
drug carriers.” " A significant feature of such cage-type molecules
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is the formation of an inclusion complex with a drug molecule.
Notably, the -CD molecule containing seven glucopyranose units
has desirable features, such as cavity diameter and volume that
allow for inclusion of many types of drugs (~6.0-6.5 A; and
~262 A% respectively) and relatively low cost of production owing
to advances in synthetic technology."' In the past decade, extensive
research on -CDs and $-CD-drug complexes has been conducted
via computer simulations'®® and experiments'*'®*> with the
goal of developing new DDSs. For instance, a recent experimental
study on the inclusion complex of Sulfobutyl-$-CD and Celastrol
demonstrated that the formation of the inclusion complex
enhances Celastrols intestinal permeability and stability under
physiological and biological conditions.>®

To develop high-performance DDSs, controlled drug release
must be achieved, in addition to effective drug loading into -CD.
Accordingly, stimuli-responsive drug carriers based on CD have
attracted much attention and have already been extensively
studied as “smart” DDSs.”*>® Various stimuli-responsive systems,
including endogenous stimuli (e.g. pH,*?° enzyme,*** and
redox®®*") and exogenous stimuli (e.g. temperature,®*>>°
ultrasound,®”*® and light***°), have been proposed to achieve
foreseeable and controllable drug release. Among these,
temperature-responsive systems stand out in manageability,
non-invasiveness, and activation of anti-tumour immune

This journal is © The Royal Society of Chemistry 2023
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response relative to other methods. As a heating strategy, a
localised temperature increase in situ by ultrasonic irradiation
utilising the amplitude of the wave has been presented.* ™ In
particular, focused ultrasound (FUS) waves can be precisely focused
on a target area to produce high local temperatures.*** In the first
in vitro validation of a temperature-responsive CD-based drug carrier
with local heating by FUS, Gourevich et al.*” investigated the effect
of FUS-induced local heating on the drugrelease behaviour of
doxorubicin (Dox) from the CD cavity and showed that Dox can
be released by the localised temperature increase using FUS under
magnetic resonance imaging guidance.

Molecular dynamics (MD) simulation is a powerful tool for
gathering microscopic insights into the behaviours of inclusion
complexes and drug release, shedding light on experimental
observations, and guiding future DDS applications. To date,
many MD simulation studies'®*°>> on the inclusion complex
of f-CD with various drug molecules have been reported.
Recently, the structural stability, inclusion process, and ther-
modynamic properties of CD-drug complexes at a limited range
of temperatures have been investigated.’>> However, the effect
of temperature on the inclusion state of the f-CD/CP complex
and the CP release behaviour at the molecular level have not yet
been systematically elucidated. This study aimed to gain funda-
mental insights into the behaviour of the f-CD/CP complex and
drug release in the development of ultrasound-mediated targeted
drug delivery with CD nanocarriers. To this end, we performed
MD simulations of the f-CD/CP inclusion complex in an aqueous
solution within a wide temperature range to investigate the effect
of temperature on CP release conditions and f-CD structural
changes.

2 Model and methods

All MD simulations were performed using the GROMACS
2020.5.>>>* Fig. 1(a) and (b) show the molecular structures of
B-CD and CP, respectively. We used the GLYCAMO6 force field*®
for B-CD, general amber force field (GAFF)*® for CP, and TIP3P
force field®>” for water. The partial charges for the CP were
calculated at an RHF/6-31G(d) level using Gaussian 16 software
(Gaussian Inc.)’® and the restrained electrostatic potential
method. To investigate the effect of CP inclusion on the
structural changes of $-CD, we prepared two systems: (i) a
single -CD molecule in water and (ii) f-CD and CP molecules
in water. In the f-CD/CP system, the CP molecule was initially
positioned close to the centre of the large rim of f-CD, as shown
in Fig. 1(c). The distance between the centres of mass of -CD
and CP was set to d¢;,, & 0.90 nm. All systems were fully solvated
with 9,258 water molecules. The edge length of the cubic
simulation box was set to L = 7 nm, and periodic boundary
conditions were applied for all three spatial conditions.

In this study, we simulated the inclusion process at normal
temperature (7= 300 K) and atmospheric pressure (P = 0.1 MPa),
and the heating process from 300 to 400 K. For the inclusion
process, energy minimisation was initially carried out until the

maximum force was reduced to less than 1000 k] mol * nm?,
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Fig. 1 Molecular structures of (a) f-cyclodextrin (8-CD) and (b) cyclopho-
sphamide (CP). (c) Snapshot of the initial configuration of the f-CD and CP
(before inclusion into the -CD cavity). Snapshot rendered using Visual
Molecular Dynamics (version 1.9.4).°

using the steepest descent method. Next, NVT simulations were
performed to relax the system for 0.1 ns, followed by NPT
simulations for 10 ns. The temperature was fixed using the
V-rescale temperature coupling method®® with a time constant
of 0.1 ps, and the pressure was controlled using a Parrinello—-
Rahman barostat®" with a coupling time constant of 2.0 ps. The
equations of motion were integrated using the leapfrog
algorithm®, with a time step of 2.0 fs. The cut-off radii for both
the Lennard-Jones and long-range electrostatic interactions
were taken as 1.0 nm. The particle mesh Ewald method®® was
used to calculate the long-range electrostatic force. The LINCS
algorithm® was used to constrain the lengths of all bonds. After
the equilibrium simulations at 7= 300 K and P = 0.1 MPa were
completed, we started the heating process with a heating rate of
10 K/10 ns using an inclusion state of B-CD/CP as the initial
configuration.®®®® For each temperature, 10 ns equilibrium MD
simulations were performed with a time step of 2.0 fs.

3 Results and discussion

First, we performed equilibrium MD simulations at T = 300 K
and P = 0.1 MPa to observe the formation of the inclusion
complex of -CD with CP. For quantitative analysis, we evalu-
ated the inclusion state based on the distance, d.,, between the
centres of mass of f-CD and CP. Fig. 2 shows the time evolution
of distance between the centres of mass, d.,, of f-CD and CP,
and the radius of gyration, Ry, of f-CD. We can see a clear
decrease in d., at t &~ 4.5 ns, and the distance remains approxi-
mately constant close to the d.,, £ 0.1 nm for ¢ < 5.2 ns. These
results indicate that f-CD can completely encapsulate CP at
normal temperature and pressure, as reported in a previous
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Fig. 2 Time evolution of distance between the centres of mass, dcm, of
p-CD and CP and radius of gyration, Ry, of f-CD at T = 300 K and
P = 0.1 MPa.

experiment.” We also found that R, of f-CD increased from
R, ~ 059 nmatt 5 3.0ns to Ry, ~ 0.62 nm att 5 4.5 ns by
inclusion of CP into the f-CD cavity.

Next, we performed heating simulations with a heating rate
of 10 K/10 ns to investigate the drug-release condition by
temperature rise and the effect of temperature on the inclusion
state of the f-CD/CP complex. Fig. 3 shows the representative
results for d.,, as a function of time at T = 310, 330, 350, 380,
and 400 K. The representative simulation snapshots for the
behaviours of the -CD/CP complex and drug release during the
equilibrium simulation of 10 ns are presented in Fig. S1 of
the ESI.{ As shown in Fig. 3, we observed the release of CP
molecules from the f-CD cavity at T = 400 K. Most -CD/drug
complexes release a drug molecule from the f-CD cavity at
T = 50-60 °C'" however, our results indicate that the f-CD/CP
complex is stable at higher temperatures. A recent experimental
study of the inclusion complex of podophyllotoxin with f-CD**
showed that the thermal stability of the encapsulated podo-
phyllotoxin is significantly improved by the cavity of the -CD.
Our results also suggest that inclusion complexation improves
the thermal stability of CP. The analysis of the thermal proper-
ties of the -CD/CP complex remains an interesting topic for
future work. For T > 380 K, although d., slightly increased to
~0.40 nm, the inclusion state was maintained for at least 10
ns. As the temperature increases, the thermal motions of the

Aoy [NM]

Time [ns]

Fig. 3 Distance between the centres of mass, dcy, of f-CD and CP as a
function of time for various T, as indicated.
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molecules become larger and more frequent, making the -CD/
CP complex unstable at higher temperatures. We also checked
whether any water molecules remained in the cavity of the
f-CD/CP complex. The average number of water molecules, N,
in the f-CD cavity, as shown in Fig. S2 of the ESI.{ The cut-off
distance from the centres of mass of f-CD to water oxygens was
set to 5 A; based on a previous study.** This analysis shows that
1-2 water molecules exist inside the cavity of the f-CD/CP
complex in the inclusion state at T < 390 K. In the single-
dispersion state at T = 400 K, the -CD cavity was occupied by
7 water molecules. To obtain a detailed understanding of the
inclusion state of the f-CD/CP complex, we conducted addi-
tional simulations for 100 ns at selected temperatures. For each
temperature, we performed ten independent simulations to
improve the statistics of the MD data. Fig. 4(a) shows the
distribution of the distance between the centres of mass of
p-CD and CP, P(d.,). A distinct peak was observed at
dem & 0.04 nm for all investigated 7. As T increased, the peak
at dem ~ 0.04 nm gradually weakened while, a weak peak at
dem &~ 0.33 nm appeared. To better demonstrate the difference
in the inclusion state of the -CD/CP complex, we have included
representative snapshots of complete inclusion state with d.,, =
0.044 nm and partial inclusion state with d.,, = 0.326 nm in
Fig. 4(b) and (c), respectively. These results indicate that the
probability of a partial inclusion state which could cause the
release of CP from f(-CD under thermal fluctuation increases
with increasing 7.

In addition to the analysis of the distance between CP and
p-CD, a structural analysis of the inclusion states was carried
out. Fig. 5(a) shows the probability distribution of the radius of
gyration of f-CD, P(R,), in the inclusion state of the f-CD/CP
complex. A distinct peak was observed at R; & 0.625 nm for all
T values. When increasing the temperature to T = 380 K, the

(a)
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Fig. 4 Distribution, P(d.n), of distance between the centres of mass of
f-CD and CP in the inclusion state. Representative simulation snapshots of
(b) complete inclusion state with d¢y, = 0.044 nm for T = 300 K and
(c) partial inclusion state with dcy, = 0.326 nm for T = 380 K.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Probability distribution of the radius of gyration, Ry, of -CD, P(Ry)
in the (a) inclusion state and (b) single-dispersion state.

intensity of this peak obviously decreases, and the distribution
of R, develops a shoulder toward lower values, indicating a
decrease in the R, of f-CD by a transition to a partially occluded
state of the /-CD/CP. To confirm that -CD retained its rigidity
upon inclusion of CP into the -CD cavity, we also performed a
heating simulation for a single f-CD solution and computed
the distribution of R,, as shown in Fig. 5(b). Compared with the
case of the inclusion state (Fig. 5(a)), broader distributions were
observed at each temperature, and the peak of P(R,) shifted to
higher R, values at T = 380 K. The temperature dependence of
P(R,) of -CD in the single-dispersion state for all investigated T'is
shown in Fig. S3 of the ESL.{ As an overall trend, we can see the
temperature dependence of P(R,) of f-CD in the single-dispersion
state. This behaviour was observed also in previous simulation
study.®® We also conclude that the R, of p-CD slightly increases,
particularly at 7 < 360 K, and $-CD can maintain rigidity by the
inclusion of CP into the -CD cavity. To obtain more details on
the structural changes of f-CD, we introduced the relative shape
asymmetry parameter, x>, defined as
B 2G1G2 + G1G3 + G2G3

2
k“=1-3 1
(G + Gy + G3)* @

where G, G,, and Gj; are the three eigenvalues of gyration tensor
G of f-CD. Parameter x” is bounded between values of 0 and 1,
which correspond to perfectly spherical and linear shapes,
respectively. Fig. 6 shows x* as a function of T, where x> is
averaged over all inclusion states (defined as d.,, < 0.40 nm here,
since this value is slightly larger than the peak of P(d.n),
indicating the partial inclusion state.) found in an MD simulation
of 10 ns at each temperature. For comparison, x> for the single-
dispersion state was also added to Fig. 6. The error bars in Fig. 6
reflect the standard deviation of x?, indicating the shape
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Fig. 6 Relative shape anisotropy, k2, as a function of temperature, T, for
inclusion (red circles) and single-dispersion state (blue squares).

variability of the $-CD. We found that f-CD that encapsulates a
CP molecule shows lower «* values, indicating a more spherical
shape than that of the single-dispersion state for all investigated
T. In addition, this spherically shaped -CD was more sterically
stabilised, which is also reflected by the small error bars, as
confirmed by the results of P(R;) (Fig. 5).

4 Conclusions

We studied the effect of temperature rise on the release behaviour of
cyclophosphamide (CP) and structural changes of f-cyclodextrins
(CD) in an aqueous solution via molecular dynamics simulations.
Under normal temperature and pressure, the formation of the
inclusion complex of f-CD with CP was observed, and CP was
completely encapsulated by the cavity of f-CD. We also found that
the radius of gyration of f-CD was increased by the inclusion of CP
into the -CD cavity. When the inclusion complex of f-CD with CP
was gradually heated, the CP molecule was released from the f-CD
cavity within 10 ns at 7'= 400 K. For T' < 400 K, we observed the
existence of two different inclusion complexes: partial and complete
inclusion states, based on the distance between the centres of mass
of f-CD and CP. As T was increased, the probability of a partially
unstable state, which is more vulnerable to temperature increase,
could cause the CP to be released from S-CD under thermal
fluctuation. Further, we found that S-CD encapsulating a CP
molecule has a more spherical shape and rigidity than -CD without
a CP molecule, and the rigidity of their inclusion complex decreases
with the increase in 7. Our findings provide fundamental insights at
the molecular level into the behaviours of the f-CD/CP complex and
drug release, and can facilitate the development of ultrasound-
mediated targeted drug delivery with CD nanocarriers.
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