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ABSTRACT: Biological host molecules such as β-cyclodextrins (β-CDs) have been used to remove cholesterol guests from
membranes and artery plaques. In this work, we calibrated the host−guest intermolecular mechanical forces (IMMFs) between
cholesterol and cyclodextrin complexes by combining single-molecule force spectroscopy in optical tweezers and computational
molecular simulations for the first time. Compared to native β-CD, methylated beta cyclodextrins complexed with cholesterols
demonstrated higher mechanical stabilities due to the loss of more high-energy water molecules inside the methylated β-CD cavities.
This result is consistent with the finding that methylated β-CD is more potent at solubilizing cholesterols than β-CD, suggesting that
the IMMF can serve as a novel indicator to evaluate the solubility of small molecules such as cholesterols. Importantly, we found that
the force spectroscopy measured in such biological host−guest complexes is direction-dependent: pulling from the alkyl end of the
cholesterol molecule resulted in a larger IMMF than that from the hydroxyl end of the cholesterol molecule. Molecular dynamics
coupled with umbrella sampling simulations further revealed that cholesterol molecules tend to enter or leave from the wide opening
of cyclodextrins. Such an orientation rationalizes that cyclodextrins are rather efficient at extracting cholesterols from the
phospholipid bilayer in which hydroxyl groups of cholesterols are readily exposed to the hydrophobic cavities of cyclodextrins. We
anticipate that the IMMF measured by both experimental and computational force spectroscopy measurements help elucidate
solubility mechanisms not only for cholesterols in different environments but also to host−guest systems in general, which have been
widely exploited for their solubilization properties in drug delivery, for example.

■ INTRODUCTION

The solubility of cholesterol in different environments is of
high physiological importance as it is involved in many
physiological and pathological processes. For instance, in
atherosclerosis, the slightly soluble cholesterol in the blood
stream is the cause for cholesterol crystal formation in artery
plaques.1 In lipid rafts, cholesterols are enriched, a result of its
preferential solubility in these heterogenous membrane
domains.2,3 To deplete cholesterols in both artery plaques
and lipid membranes, bio-host molecules such as cyclodextrins
and their derivatives have been used.4−6 It has been shown that
native β-cyclodextrin (β-CD) and derivatives can reduce the
cholesterol content in cells or virus membranes for potential
antivirus therapies.7 In addition, cyclodextrins have also been
used to enrich the cholesterol content in the membrane of
tissue culture cells.8−10 The efficiency of the cholesterol
enrichment or depletion is governed by the solubility of the
cholesterol in cyclodextrins with respect to specific environ-
ment.

The solubility of a chemical is traditionally determined by
the intermolecular force (IMF)7 between the chemical and the
solvent. However, IMF is a thermodynamic parameter that has
been frequently characterized by the chemical energy required
to disassemble a particular intermolecular interaction. As a
thermodynamic parameter, IMF does not contain the
information relevant to the molecular force direction or
assembly/disassembly pathways for intermolecular interac-
tions. Consequently, it cannot reflect the kinetic solubilization
processes which are closely dependent on the direction as well
as the pathway of intermolecular interactions11,12 between
solutes and solvents.
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In this work, we directly measured the intermolecular
mechanical force (IMMF) between cholesterol and cyclo-
dextrin in a host−guest complex at the single-molecule level. In
contrast to the IMF, which is a thermodynamic term, IMMF
evaluates mechanical strength between molecular interactions
and therefore, is a kinetic term that reflects the pathway and
orientation effect on these interactions. We used single-
molecule rupture force measurements in optical tweezers, in
combination with computational force spectroscopy simula-
tions, to calibrate mechanical forces required to disassemble
the cholesterol−cyclodextrin host−guest complexes from two
opposite orientations, that is, pulling from the hydroxyl head
group and that from the alkyl tail of the cholesterol molecules.
For free cholesterols in solution, either end of a cholesterol
molecule has the chance to interact with a cyclodextrin
molecule. In phospholipid bilayer membranes, however, it is
the hydroxyl head of the cholesterol that interacts with the
cyclodextrin first.13 The interaction strength from such a
direction can be evaluated by the disassembly of the
cholesterol−cyclodextrin complex from the alkyl tail. Pre-
viously, atomic force microscopy (AFM)14,15 has been used to
study the mechanical interaction strength of host−guest
complexes. However, AFM has limitations including the non-
specific interaction between the AFM tip and sample. It also
suffers from the lower bound of the useful force range to probe
molecular interactions.16 The orientational effect of guest
molecules in a host molecule has been analyzed with
NMR17−19 at the ensemble average level; here, we show that
cholesterol guest orientations in cyclodextrin complexes can be
analyzed at a single-molecule level in our IMMF measurements
in optical tweezers. All the mechanical disassembly experi-
ments were simulated by nonequilibrium steered molecular
dynamics (SMD) simulations20−23 to establish relevant single-
molecule force spectroscopy distributions, which showed
striking agreement with the optical-tweezer IMMF results.
Our combined experimental and computational simulation
studies provide molecular insights into the solubility property
of cholesterol in cyclodextrins, which are not attainable merely
based on mechanical unfolding experiments or computational
simulations on cholesterol−cyclodextrin interactions.24−26 The
IMMF revealed by combined experimental and computational
force spectroscopies can be readily extended to understand
other intermolecular interactions such as host−guest systems,
in which the solubility of the guest molecules in host cavities is
a critical consideration for their wide applications.27,28

■ MATERIALS AND METHODS
General Experimental Section. DNA oligos were

purchased from the Integrated DNA Technologies (IDT,
IA). Enzymes were purchased from New England Biolab
(NEB, Ipswich, MA) for the preparation of DNA constructs.
Streptavidin or anti-digoxigenin-coated polystyrene bead were
purchased from Spherotech (Lake Forest, IL). Azide-modified
native β-CD and azide-modified permethylated β-cyclodextrin
(Me-β-CD) were prepared according to the literature.29 Azido-
propyl DNA was synthesized by coupling amino-modified
DNA with 4-azidobutyrate NHS-ester, according to a literature
procedure previously developed in our groups,30 Azido-TEG
(triethylene glycol)-cholesterol and 27-alkyne cholesterol were
purchased from Sigma Aldrich and Click Chemistry Tools,
respectively. Unless otherwise stated, all chemicals and solvents
were purchased from Sigma-Aldrich or Fisher Scientific
(≥99%) and used without further purification.

Synthesis of β-CD-DNA. A solution of 8 μL (250 μM) of
azide-modified β-CD and 2 μL (250 μM) of hexynyl-modified
DNA were taken in an Eppendorf tube. Then, 3 μL of click
solution containing 1 μL of CuBr solution (0.01 g of CuBr in
700 μL of DMSO/t-BuOH in 3:1) and 2 μL of Tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) ligand solution
were treated in the tube. The reaction mixture was purged with
N2 gas and shaken for 14 h in the dark at room temperature.
To remove unreacted reactants from the click reaction
mixtures, ethanol precipitation was performed, and the
precipitant was dissolved in 15 μL of water. The click product
was analyzed with a 15% denaturing polyacrylamide gel
electrophoresis (PAGE) gel (Figures S1 and S2). Then, 15%
denaturing PAGE gel was used to purify the upper band (see
Figure S3 for the purified product).

Synthesis of Me-β-CD-DNA. A solution of 1 mg (0.8
μmol) of azide-modified Me-β-CD in 100 μL of H2O was
added to an Eppendorf tube containing 0.1 μmol hexynyl-
modified DNA in 100 μL of H2O. In a separate vial, 15 μL of
CuBr solution (100 mM in DMSO/tBuOH 3:1) and 30 μL of
TBTA ligand solution (100 mM in DMSO/tBuOH 3:1) were
vortexed and added to the DNA + Me-β-CD-N3 solution. The
solution was shaken at room temperature for 3 h. A G25
microspin-column was used for desalting. The Me-β-CD -DNA
conjugate was purified by RP-high-performance liquid
chromatography, and the structure was confirmed by matrix-
assisted laser desorption ionization time-of-flight (Figures S1
and S4).

Synthesis of 3′ Cholesterol-Propyl-DNA. A solution of
2 μL (250 μM) of azido-propyl-modified DNA was mixed with
8 μL (250 μM) of 27-alkyne cholesterol. Then, the 3 μL of
click solution containing 1 μL of CuBr solution (0.01 g of
CuBr in 700 μL of DMSO/t-BuOH in 3:1) and 2 μL of TBTA
ligand solution was added in the reaction mixture. The solution
was purged with N2 gas and shaken for 14 h in the dark at
room temperature. To remove unreacted reactants from the
reaction mixture, ethanol precipitation was performed, and the
precipitant was dissolved in 15 μL of water. The click product
was analyzed and purified with the 12% denature PAGE gel
(Figures S5A and S6A).

Synthesis of 3′ Cholesterol-TEG-DNA. A solution of 2
μL (250 μM) of 5-octadiynyl deoxyuridine-modified DNA was
mixed with 8 μL (250 μM) of azido-TEG-cholesterol. Then,
the 3 μL of click solution containing 1 μL of CuBr solution
(0.01 g of CuBr in 700 μL of DMSO/t-BuOH in 3:1) and 2 μL
of TBTA ligand solution was added in the reaction mixture.
The solution was purged with N2 gas and shaken for 14 h in
the dark at room temperature. To remove unreacted reactants
from the reaction mixture, ethanol precipitation was
performed, and the precipitant was dissolved in 15 μL of
water. The click product was analyzed and purified with the
15% denature PAGE gel (Figures S5B and S6B).

Synthesis of DNA Constructs for Single-Molecule
Investigations. An oligo containing polythymine (T40) was
annealed with two oligos conjugated with a host molecule at
the 5′ end and a guest molecule at the 3′ end. The annealed
construct was phosphorylated and then ligated to the biotin-
labeled 2028 bp and digoxigenin-labeled 2391 bp dsDNA
handles (Figure S7). The 2028 bp DNA handle was
synthesized from the polymerase chain reaction (PCR) of a
pBR322 plasmid template by using two primers, 5′-biotin-
TEG-GCA TTA GGA AGC AGC CCA GTA GTA GG 3′ and
5′ AAA ATC TAG AGG CTA CAC TAG AAG GAC AGT
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ATT TG 3′. A sticky end compatible with the polyT
containing fragments was generated by digesting the PCR-
purified product using an XbaI enzyme. Similarly, PCR was
performed to prepare the 2391 bp handle by using the λ-DNA
template with two primers, 5′ AAA AAA AAG AGC TCC
TGA CGC TGG CAT TCG CAT CAA AG 3′ and 5′ AAA
AAA AAG GTC TCG CCT GGT TGC GAG GCT TTG
TGC TTC TC 3′. Then, the PCR product was digested by the
SacI enzyme, which was followed by the labeling with
digoxigenin-dUTP at the 3′-end SacI digested overhang by
using terminal transferase for 8 h at 37 °C. By using the BsaI-
HFv2 enzyme, the digoxigenin-labeled product was digested
and purified, which generated an overhang that was compatible
with the polyT-containing fragment.
Finally, using the T4 DNA ligase enzyme, the two dsDNA

handles and the annealed polyT-containing fragment were
ligated and stored in the −20 °C in 1 mM Tris−HCl buffer
(pH 7.4) after the agarose gel purification.
Single-Molecule Force Ramping Experiments. A dual-

beam laser-tweezer instrument was utilized to carry out single-
molecule experiments. All the experiments were performed in a
buffer containing 10 mM Tris and100 mM KCl (pH 7.4) at 23
°C. Two types of polystyrene beads were used to capture the
DNA construct. The DNA construct prepared above was
incubated with streptavidin-coated polystyrene beads (diame-
ter 1.87 μm). The DNA-immobilized bead and the digoxigenin
antibody-coated bead (diameter 2.1 μm) were separately
captured by two laser traps. By using affinity linkages of

streptavidin/biotin and digoxigenin/antibody-digoxigenin, the
DNA construct was tethered between the two beads by
bringing two beads in contact with each other. One of the laser
foci was movable, while the other was fixed by controlling the
laser beam’s direction. The tethered DNA was stretched by
moving the two beads away from each other. During the
movement, the tension was produced on the host−guest
complex, which was recorded as force−extension (F−X)
curves via the LabView program (National Instruments,
Austin, TX) at 1 kHz with a loading rate of 5.5 pN/s (in
the 10−30 pN range) based on the displacement of the bead
from the center of the trap (measured by position-sensitive
photodetectors) and the spring constant of each trap
(calibrated by the thermal motion of the bead in the trap).
A single-molecule presence was confirmed by looking at the
∼65 pN plateau at the F−X curve due to the phase transition
of duplex DNA to a DNA form with unknown structures.31

The collected F−X curves were filtered through a Savitzky−
Golay function with a time constant of 10 ms in the Matlab
program (The MathWorks, Natick, MA), and the observed
dissociation events in the F−X curves were used to determine
the mechanical stability (rupture forces) of the host−guest
interaction.

Change in Contour Length (ΔL). During the dissociation
of a host−guest complex, the expected ΔL was calculated by
the general eq 1

Δ = −L L x (1)

Figure 1. High-throughput single-molecule mechanical unfoldings for cholesterol and cyclodextrin host−guest complexes. (A) Experimental setup
for the optical-tweezer experiment in which a β-cyclodextrin-cholesterol complex pulled from the alkyl end is shown. Right inset shows click-
chemistry preparations for the cholesterol−DNA conjugates. The middle inset depicts the pulling of the complex from the hydroxyl end of
cholesterol. Note cholesterol and cyclodextrin are located in different ssDNA strands. (B) Top: a typical force-extension curve, rupture force, and
change-in-contour-length (ΔL) histogram for the β-CD-cholesterol complex pulled from the alkyl end of cholesterol. Bottom: a typical force-
extension curve, rupture force, and change-in-contour-length (ΔL) histogram for the β-CD-cholesterol complex pulled from the hydroxy end of
cholesterol. Note: the green barrel depicts methylated-β-CD (Me-β-CD) or β-CD. N and n represent total number of unfolding features and
number of molecules, respectively.
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where L is the total contour length of 40T which can be
determined as, L = Lnt × 40 nt = ∼18 nm, where Lnt is the
contour length of a single nucleotide, 0.40−0.45 nm/nt,32−34

and x is the end-to-end distance. Given by the sum of the
length of the 5′ end linker (∼1.7 nm), the length of the 3′-end
linker (∼4.7 nm), the length of cholesterol (∼1.7 nm),35 and
the outer barrel diameter of the β-CD (∼1.5 nm), this results
in a total x of ∼10 nm.
Therefore, the expected change-in-contour-length (ΔL) for

a β-CD-cholesterol complex is ∼(18−10) = 8 nm, which falls
into the observations (see the rightmost histograms of Figures
1B and 4B).
Data Analysis. The extension difference between the

stretching and the relaxing traces at a force (F) gives the
change in extension (Δx) at that force. Then, the resulting Δx
value at this force was converted to the change-in-contour-
length (ΔL) by using a worm-like chain model (eq 2),36,37 as
follows

Δ Δ = − +x L k T FP F S/ 1 1/2( / )1/2 ( / )B (2)

where Δx is the change in the end-to-end distance (or
extension) between the two optically trapped beads, ΔL is the
change in contour length, kB is the Boltzmann constant, T is
the absolute temperature, P is the persistent length of dsDNA
(50.8 nm), and S is the stretching modulus (1243 pN).38

Molecular Simulation Methods. Nonequilibrium SMD
simulations and umbrella sampling technique39,40 for free
energy calculations were performed using the LAMMPS
computational package.41 Detailed computational procedures
are given in Supporting Information, Section S1. In single-
molecule SMD simulations, the center of mass of the
cyclodextrin molecule was fixed. The cholesterol molecule
was connected to a driving spring to mimic the IMMF
dissociation force measurement in the experiment. The spring
was connected to the C3 atom of cholesterol (Figure 3A) to
mimic the pulling from the hydroxyl head or to the C25 atom
of cholesterol to mimic the pulling from the alkyl tail (Figure
3A). The pulling speed was 0.002 Å/ps.
The umbrella sampling technique40 was used for free energy

calculations of the cyclodextrin−cholesterol complex in
aqueous solution (Supporting Information, Section 2). The
distance, d, between the center of mass of cyclodextrin and the
C3/C25 of the cholesterol molecule (Figure 3A) was used as a
single collective variable during the sampling. The free energy
profile was calculated by G(d) = −kBT ln[P(d)], where kB is
the Boltzmann’s constant, T is the temperature, and P(d) is the
probability distribution.

■ RESULTS
Interaction between Cholesterol and β-CD is De-

pendent on Directions. To measure IMMFs in cholester-
olβ-CD interactions, we used a single-molecule DNA
platform in optical tweezers to mechanically disassemble
cyclodextrin−cholesterol host−guest complexes (Figure 1A).
We first conjugated the azide-modified β-CD with an alkyne-
modified ssDNA fragment (Figures S1−S4) and alkyne/azide-
modified cholesterol with an azide/alkyne modified ssDNA
fragment (Figures 1A (inset), S5, and S6) by copper-catalyzed
cycloaddition reactions.30 Each host- or guest-conjugated
oligonucleotide fragment was then hybridized with a poly-
thymine (T40) containing DNA. The hybridized DNA was
ligated with biotinylated 2028 bp and digoxigenin-labeled 2391
bp dsDNA handles (Figure S7). The DNA construct was

finally tethered between two optically trapped beads by using
affinity linkages of streptavidin/biotin and digoxigenin/anti-
body (Figure 1A). The T40 linker was employed in the

Figure 2. (A) Deconvoluted rupture force (R−F) histograms based
on the Figure 1B (top) data (left: lower force population (i); right:
higher force population (ii)). (B) Corresponding change-in-contour-
length (ΔL) histograms (i and ii). The middle panels show possible
interaction models for the β-CD and cholesterol complex pulled from
the alkyl end of cholesterol. N represents total number of unfolding
features.

Figure 3. (A) Chemical structure of cholesterol. (B) Variations of the
free energy versus the distance, d, between β-CD and cholesterol with
different pulling directions. The distance, d, is defined as the length
between the center of mass of β-CD and the 3rd (blue trace) or 25th
carbon atom (red trace) on the cholesterol molecule, as shown in
Figure 3A. (C i−iii), typical structures of the host−guest complexes
near the free energy minima, corresponding to point i-iii in Figure 3B.
Colors: red, O; white, H; light blue, C. Water molecules are not
shown for clarity. (D i−iii), dissociation force histograms for the β-
CD-cholesterol complex starting from the initial conformations
corresponding to the free energy minima i, ii, and iii shown in Figure
3B, respectively. For each (meta)stable state, 25 independent SMD
simulations are performed.
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molecular platform to facilitate repetitive assembly and
disassembly of the cyclodextrin−cholesterol complex. After
the complex was disassembled mechanically, the T40 linker
would keep the host and guest molecules in proximity,
enabling the facile reformation of the host−guest pair for the
next round of experiments.
We started to evaluate mechanical association and

dissociation of the β-CD-cholesterol complex at a loading
rate of 5.5 pN/s by grabbing the cholesterol from its alkyl tail.
After the β-CD-cholesterol complex was formed in the DNA
tether between the two optically trapped beads, we moved one
bead away from the other using a steerable mirror. This
increased the tensile force in the DNA tether, which eventually
breaks the β-CD-cholesterol complex, manifested as a rupture
event in F−X curves (Figure 1B, top left). The tension inside
the DNA construct did not relax to zero because of the T40
linker connecting two dsDNA handles, which was a strong
indication that the rupture occurred at the β-CD-cholesterol
complex. After breakage events, we relaxed the tension in the
DNA tether by moving the two optically trapped beads closer,
during which the host−guest pair reformed for the next round
of the mechanical unfolding procedure. From these repetitive
rupture events, we plotted the unfolding force (i.e., IMMF:
intermolecular mechanical force) histogram of the host−guest
complex pulled from the alkyl end of the cholesterol. The
histogram gave a minor population centered at 21 pN and a
major population with an average force of 41 pN (Figure 1B,
top middle). Such a result suggests that multiple binding
complexes may exist due to the partial or complete insertion of
cholesterol in the β-CD cavity. Next, we repeated the
mechanical unfolding of the β-CD-cholesterol complex by
pulling the hydroxyl head group of the cholesterol (Figure 1B,
bottom) at the same loading rate of 5.5 pN/s in order to
compare the complexation of the cholesterol with different
cyclodextrin hosts, as well as the orientation effect under the
same kinetic regime. We observed a single rupture force
(IMMF) population at 32 pN.
From these two experiments, it is clear that the mechanical

stability of the β-CD and cholesterol complex depends on the
pulling orientation of the complex. At the time when
cholesterol was pulled from the alkyl tail, the majority of the
fused hydrophobic rings is buried inside the hydrophobic
cavity of the β-CD. The relatively strong hydrophobic
interaction therefore led to high mechanical stability (41
pN).13,42 When the β-CD-cholesterol complex was pulled from
the hydroxy head of the cholesterol, parts of the alkyl and fused
rings were contained inside hydrophobic cavity. Because the
alkyl chain has reduced hydrophobic interaction with the
cyclodextrin cavity with respect to the fused rings due to its
reduced interfacial area43 and increased flexibility, the
mechanical stability was reduced (32 pN). In both cases, we
assume that the cholesterol molecule enters the β-CD
hydrophobic cavity through its wide opening side (Figure
1A).17,44−46 This will be further elaborated below.
To understand the low force population of the β-CD-

cholesterol complex pulled from the alkyl tail (21 pN), we
deconvoluted the force histogram into two populations
centered at 22 pN and 42 pN using a randomized
deconvolution method47 (Figure 2A). Because each unfolding
event yielded a value of change-in-contour-length (ΔL), we
constructed two ΔL histograms corresponding to the two
unfolding forces (Figure 2B). These ΔL values (8.7 nm and 9.2
nm) fell within the expected range with respect to the contour

length of the T40 linkage (see Figure S8 and Materials and
Methods section for detailed calculation). We hypothesized
that there were two configurations of the β-CD-cholesterol
complex pulled from the alkyl tail of the cholesterol. While the
lower ΔL value was likely due to the larger end-to-end distance
(x1) by the partial complexation of the cholesterol in the β-CD
cavity (Figure 2B left), the higher ΔL value can be due to the
complete insertion of the cholesterol in the β-CD cavity, which
resulted in smaller end-to-end distance (x2) (Figure 2B right).
To test this two-configuration hypothesis in the β-CD-

cholesterol complex pulled from the alkyl end, we performed
nonequilibrium SMD simulation in conjunction with the
umbrella sampling technique to obtain molecular insights into
the structure−force relationship during this single-molecule
IMMF spectroscopy measurement. Here, we assume that the
cholesterol molecule always enters and then is pulled out of the
cyclodextrin through its wide opening (Figures 1A and 3C).
The umbrella sampling indeed showed a free energy profile
with two energy minima [Figure 3B, d = 0.80 nm (state i) and
d = 1.34 nm (state ii)] portraying two different (meta)stable
configurations [Figure 3C(i,ii)], as revealed by other
simulation studies.25 A comparison of the end-to-end distance
for these two configurations revealed a ∼0.54 nm difference,
which matched very well with the mechanical unfolding
measurements of 0.5 nm (Figure 2B). However, for the β-CD-
cholesterol complex pulled from the hydroxyl end, the
simulation showed a single energy valley at d ∼ 0.95 nm
(state iii). The second valley at d ∼ 1.1 nm has an energy
barrier less than 1kBT, indicating a single stable configuration
of the host−guest complex. This result is in full agreement with
the IMMF mechanical unfolding experiments.
We further performed extensive SMD simulations to

measure the dissociation force of the β-CD and cholesterol
complex pulled either from the alkyl tail or from the hydroxyl
head passing through the wide opening of β-CD. Pulling from
the alkyl tail showed two force spectroscopy populations
[Figure 3D(i,ii)]. The snapshots of the molecular structures
indicated that the higher force population corresponded to the
fused rings of the cholesterol fully interacted with the
hydrophobic cavity of the cyclodextrin. On the other hand,
pulling from the hydroxyl head revealed only one rupture force
population [Figure 3D(iii)]. In addition, the trend of the
rupture forces retrieved from SMD simulations in all
configurations/orientations of the host−guest complex gave a
striking agreement with the mechanical unfolding experiments,
though overall, the magnitudes of the simulated rupture forces
were larger than the experimental values due to the very high
pulling rate in SMD simulations, a well-known timescale issue
in the field.21,22,48

An interesting question concerning whether the cholesterol
molecule should always enter and then be pulled out of the
hydrophobic cavity of the cyclodextrin through its wide
opening (the secondary hydroxyl rim of the β-CD exposing the
−OH side) or the same procedure could also happen on the
narrow opening side (the primary hydroxyl rim of the β-CD
exposing the −CH2OH side). Our extended free energy
calculations of the cholesterol molecule passing through both
openings (Figure S9), either by pulling from the alkyl end or
from the hydroxyl end of the cholesterol, clearly show that a
large free energy penalty (∼30 kJ/mol) will be encountered
when passing through the narrow opening, compared to a
relatively low free energy barrier (∼15 kJ/mol) when passing
through the wide opening. This could be further illustrated by
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analyzing conformation changes in the β-CDcholesterol
complex when pulling from the hydroxyl end of cholesterol, as
shown in Figure S10. As the cholesterol molecule passes
through the narrow opening [Figure S10(A1,A2)], it is seen
that the −CH2OH rim of the β-CD undergoes a significant
expansion, resulting in enthalpy increase of the complex. At the
same time, majority of the seven hydroxyl groups on the
narrow opening side of the β-CD are forced to rotate toward
outside, resulting in the entropy decrease of the β-CD. Both
effects lead to a significant increase of the free energy of the β-
CDcholesterol complex. In contrast, as the cholesterol
molecule passes through the wide opening [Figure S10-
(B1,B2)], the size of the secondary hydroxyl rim of the β-CD
has almost no change, with all the 14 hydroxyl groups on the
wide opening side fluctuating randomly. Therefore, we
conclude that it is more energetically favorable for the
cholesterol molecule to enter the cavity of the β-CD through
the wide opening in actual mechanical unfolding experiments.
Molecular Mechanism of the Interaction between

Methylated β-CD and Cholesterol. It has been found that
methylated β-CD is more effective to solubilize cholester-
ol.8,49−51 To understand the molecular mechanism of this
phenomenon, we repeated the unfolding experiments by using
permethylated beta-cyclodextrin (Me-β-CD) as a host
molecule. For this purpose, we incorporated the Me-β-CD-
and alkyl tail-modified cholesterol at the 5′ and 3′ end of
ssDNA, respectively, by using the construct preparing
procedure as described above. After the mechanical unfolding
of the Me-β-CD and the cholesterol complex pulled from the
alkyl end of the cholesterol, we observed two IMMF
populations (Figure 4A) similar to the β-CD case. We found

that the minor and the major force populations were centered
at 29 and 50 pN, respectively, both of which were significantly
higher than the corresponding populations in the β-CD case
(22 and 42 pN, respectively, see Figure 1B, top middle panel).
Free energy calculations based on umbrella sampling for the

pulling from the alkyl end of the cholesterol further confirmed
the two different (meta)stable configurations separated by a
much higher energy barrier, that is, ∼20 kJ/mol in Figure
4C(i,ii) versus ∼15 kJ/mol in Figure 3C(i,ii). In addition, our
extensive SMD simulations revealed the third stable unfolding
conformation, in which the cholesterol molecule adopted a
direct parallel contact on the rim of the Me-β-CD. Pulling from
the alkyl tail resulted in a continuous sliding of the molecule
along the rim of the Me-β-CD (Figure S11A), which was not
observed in the β-CD case. We anticipated this parallel pulling
will give roughly the same rupture force comparable to the
partially buried conformation, but the ΔL value is expected to
be 2 nm greater than the partially buried conformation.
Therefore, we did not count its contribution to the overall
force. Interestingly, pulling from the hydroxyl head failed to
give the parallel contact conformation. Instead, the flexible
alkyl tail was readily trapped into the cavity of the Me-β-CD,
resulting in a typical buried binding configuration [Figure
4C(iii)] that corresponds to the pulling of the hydroxyl head of
the cholesterol. Compared to the β-CD case, we observed an
overall increase of the rupture forces by ∼ 25%. We attributed
this force spectra increase to the larger hydrophobic cavity
associated with the Me-β-CD than β-CD. The randomized
deconvolution47 of the IMMF unfolding force histogram in
Figure 4A (middle panel) yielded two populations (Figure
S12). The ΔL difference between these two species showed a

Figure 4. (A) Typical force-extension curve, rupture force, and change-in-contour-length (ΔL) histogram for the Me-β-CD-cholesterol complex
pulled from the alkyl end of cholesterol. N and n represent total number of unfolding features and number of molecules, respectively. (B) Typical
force-extension curve, rupture force, and change-in-contour-length (ΔL) histogram for the Me-β-CD-cholesterol complex pulled from the hydroxy
end of cholesterol. (C) Variations of the free energy vs the distance, d, between Me-β-CD and cholesterol with different pulling directions.
Molecular conformations i−iii show the host−guest complexes near the free energy minima, corresponding to points i−iii in Figure 4C. (D)
Dissociation force histograms for the Me-β-CD-cholesterol complex starting from the initial configurations corresponding to the free energy
minima i, ii, and iii, as shown in Figure 4C, respectively.
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value of 0.8 nm, which was largely consistent with SMD force
spectroscopy simulations for the buried binding conformation
(0.64 nm, between i and ii in Figure 4C).
We also investigated mechanical unfolding of the Me-β-CD

and cholesterol complex pulled from the hydroxy head (−OH)
of the cholesterol. Again, both single-molecule IMMF
measurements (Figure 4B) and SMD force spectroscopy
simulations [Figure 4C,D(iii)] showed a single population
with increased mechanical stabilities compared to the β-CD
[Figures 1B and 3C,D(iii)]. The striking agreement between
the single-molecule unfolding and SMD simulation corrobo-
rated that both β-CD and Me-β-CD can interact with the
cholesterol molecule in a direction-dependent manner. With
respect to the β-CD, Me-β-CD has a cavity with increased
hydrophobicity, which may explain their different interactions
with the hydrophobic cholesterol guests.
To further explore the hydrophobic interaction between

cholesterol guests and cyclodextrin hosts, we used equilibrium
MD simulation to determine the number of high energy water
molecules19,52,53 displaced after the formation of the
cholesterol−cyclodextrin complex. A geometry-based ap-
proach54 was applied to count the number of water molecules
inside the cavity. We found that 5−9 and 9−12 entrapped
high-energy water molecules, with an average of 1.8 hydrogen
bonds per water molecule, were released to the bulk from β-
CD and Me-β-CD cavities, respectively (Figure 5A,B). The
fact that Me-β-CD contains more high-energy water molecules
was due to its larger cavity volume compared to the β-CD
(Figure 5A, β-CD: upper rim diameter, 1.30 nm; lower rim
diameter, 1.20 nm; and height of the cavity, 0.54 nm; Me-β-
CD: upper rim diameter, 1.32 nm; lower rim diameter, 1.28
nm; and height of the cavity, 0.72 nm). These numbers are

consistent with other studies.54−56 Detailed water hydration
structures within β-CD and Me-β-CD are shown in Figure S13.
The radius distribution functions for water molecules around
the center of mass of β-CD/Me-β-CD are shown in Figure
S14, in which the first peaks inside the cavities clearly show
that Me-β-CD has a higher local density of water than β-CD.
From these observations, it was evident that releasing the high-
energy water molecules from the cyclodextrin cavity, together
with “shearing off” the water molecules in the first hydration
shell of the cholesterol molecule (15 ± 4 H2O molecules), is
the driving force for the solubilization of cholesterols in
cyclodextrins.

■ DISCUSSION
By using single-molecule force spectroscopy in optical
tweezers, in combination with steered molecular dynamics
simulations and umbrella sampling, we found that the IMMFs
between cholesterols and cyclodextrins are orientation-depend-
ent. The driving force for the solubilization of cholesterol
molecules in cyclodextrins is the hydrophobic force which
stemmed from the displacement of high-energy water
molecules from cyclodextrin cavities.53 From molecular
simulations, we found that the cyclodextrin interacted with
cholesterol better when the cholesterol molecule enters the
wider opening of the cyclodextrin with the head-on (hydroxyl
−OH group as the leading group) orientation. Such an
orientation explains the facile removal of cholesterol guests in
the phospholipid membrane by cyclodextrin hosts. It has been
found that IMMF is 12−22 pN57 when cholesterol molecules
are pulled out of lipid membranes with a loading rate similar to
that used in the optical-tweezer experiments here. This IMMF
is lower than the IMMF (>30 pN) between the cyclodextrins

Figure 5. (A) Snapshots showing the structure of β-CDs (side view, upper left; top view, lower left) and Me-β-CD (right panels) with the average
number of water molecules occupying their cavities. The upper/lower rim diameters and height of the cavity for each structure are also shown. The
upper and lower rim diameters are evaluated using the C2 and C6 atoms in cyclodextrins, respectively. The height of the cavity is defined as the
distance between the center of mass of O2 atoms and the center of mass of O6 atoms for β-CD and between the center of mass of carbon atoms in
the upper CH3 groups and the lower CH3 groups for Me-β-CD. (B) Schematic diagram for the release of high energy water molecules upon β-CD-
cholesterol complex formation.
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and cholesterols measured in this work. Such an IMMF
difference is in full agreement with the findings that β-CD is an
excellent agent to extract cholesterol from cell membranes,
which demonstrates that the IMMF can serve as a unique
indicator for solubilities not only for cholesterols but also for
other molecules.
The combined experimental/computational force spectros-

copy studies described here also provide guidelines to facilitate
the removal of cholesterol from the artery plaques, for example,
by modification some of the hydroxyl groups in cyclodextrins
with hydrophobic moieties. In addition, the measurement of
IMMF can be used to evaluate and understand the solubility of
guest molecules in host cavities, which have been exploited in
host−guest systems for applications such as drug delivery and
biosensing.
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