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Abstract: -Cyclodextrin is well known in cellular biology for its ability to moderate 

cholesterol levels in lipid bilayer membranes. Its use in extended network solids remains elusive 

due to the low symmetry of this macrocyclic system. Self-assembly of two different -cyclodextrin 

MOFs with extended nanotube structures is achieved by crystallization with excess potassium 

hydroxide, one in the presence of cholesterol. We then further demonstrate the proclivity of one 

of these MOFs to absorb cholesterol and two other sterols from solution using NMR and confocal 

microscopy techniques. This work demonstrates that these network solids show great potential in 

both substrate delivery and/or extraction. 

 

Cyclodextrins (CDs) are a unique class of material with uses spanning the biological, chemical 

and materials sciences. The three most common forms of CD are comprised of six (-), seven (-

), and eight (-) 1,4-linked pyranose units giving rise to cylindrical-shaped structures with 

hydrophilic exterior and a hydrophobic core. Their unique three-dimensional shape offer materials 

scientists several chemical handles for functionalization, and predictable behaviour with the 

primary and secondary faces of the toroid pointed with equatorially disposed glycosidic 1,3- and 

1,2-diols, respectively (Figure 1).1–4 Ideally positioned for metal-ligand chelation, the development 

of coordination networks that incorporate the toroidal motif in a manner that gives rise to extended 

ordered porosity has received notable interest in recent years.5 While there is still substantial 

untapped promise in the use of these sugar-centric network solids (also referred to as metal-organic 

frameworks; in this case CD-MOFs), to date they have demonstrated limited success beyond 

carbon dioxide uptake,6,7 gold ion extraction,8,9 separating small chiral / aromatic compounds,10,11 

and mediated drug release.12,13 This is in contrast to myriad of other applications that now employ 

multi-topic carboxylate-linked MOFs including but not limited to gas-sorption/separation,14,15 
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water sorption,16 catalysis,17 sensing,18,19 and drug delivery.20,21 Few of these systems, however, 

are derived entirely from renewable or naturally available components,22–27 making the pursuit of 

CD-based MOFs with demonstrable utility particularly important. While the components of CD-

based MOFs would be considered naturally occurring and/or derived from renewable resources, 

very few have demonstrated usefulness within -or interacting with components of- the biological 

arena.12,28 We found this particularly intriguing considering the important role that -CD plays in 

biochemical research. It has been well documented that -CD and by extension, methyl--CD 

(MBCD) have become quintessential tools in the manipulation of lipid bilayer cholesterol levels 

from outside the membrane environment in order to influence cholesterol-dependent cellular 

processes.29 For example, MBCD has been used to treat tissue culture cells to control cholesterol-

dependent morphogenesis of influenza viruses,30,31 and was separately demonstrated to modulate 

cholesterol interaction with the in-membrane oxytocin receptor protein.32 In parallel and of 

particular importance in medical research, is the study of -CDs as potential lipoprotein mimics 

by moderating in vivo cholesterol metabolism for combating atherosclerosis.33–35 Through the 

formation of a [n]pseudorotaxane-style host-guest (HG) inclusion complex, hydrophilic -CD 

solubilizes the highly hydrophobic sterol (and others) in aqueous environments with a remarkable 

association constant of Ka = 1.7 x 104 M-1, as determined by the spectral displacement method.36 

In fact, this is such an effective solubilizing system that a -CD-cholesterol HG-complex is 

commercially available from a number of suppliers as ‘Cholesterol Water Soluble’.  
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Figure 1. General structure of the three most common commercially available cyclodextrins. 

 

In this account, we report the self-assembly of two new -cyclodextrin-centered MOFs with 

apertures that align to form extended nanotubular arrays; one of which includes full 

characterization due to its broader HG applications (-CDMOF-1) comprised of -CD and K+. 

Separately, crystalline -CDMOF-2Chol was grown in the presence of cholesterol and structure 

confirmed by single crystal XRD, a first for this particular HG complex as an extended network 

and only the second time as a discrete HG complex.37 This is surprising considering the ubiquitous 

use of the -CD-cholesterol complex in biology and across multiple divisions of chemistry.38,39 

Second, we demonstrate that (-CDMOF-1 is capable of extracting cholesterol (along with other 

sterols) from solution into the extended network pores of the sugar-based nanotube structures, and 

further examine the crystal sponge behaviour by BODIPY-labelled cholesterol and separately 

resorufin uptake by fluorescence microscopy. 

Inspired by the works of Stoddart and coworkers,26 we began the studies by attempting to 

assemble the networks with potassium hydroxide. The challenge with crystallizing any extended 

arrays of -CD would be the decreased symmetry due to the C7-rotational symmetry of -CD. 

Self-assembly of -CDMOF-1 and -2Chol were achieved by slow solvent diffusion (either vapour 

α-CD  n = 1

β-CD  n = 2

γ-CD  n = 3
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or layering as noted) of methanol into combined aqueous solutions of -CD (1.0 eq.) and potassium 

hydroxide (KOH; 20 eq.) in the presence or absence of desired the guest species. Crystal growth 

of described topologies was highly reproducible, and achieved within a 5-day timeframe.  

-CDMOF-1 crystallized in Triclinic P1 space group as colorless plates that grow from a central 

point, resulting in starburst-shaped crystal clusters in an 83% yield. The asymmetric unit is 

comprised of four crystallographically distinct -CD toroids, which form cylindrical nanotubes 

through head-to-head / tail-to-tail complimentary H-bonding interactions between primary and 

secondary alcohol moieties on each rim of the molecules. The nanotubes are linked together into 

2-dimensional sheets of parallel nanotubes, and adjacent sheets are aligned at 95 to one another 

through coordination of nine crystallographically unique potassium ions. The porosity of this 

structure thus extends infinitely along the a- and b-axes in discrete channels through the interior 

of the -CD channels, as shown in Figure 2. 

   

Figure 2. Two separate visualisations of -CDMOF-1. Left: expanded view of network lattice; 

Right: condensed view of network lattice with colored -CD rings to demonstrate topological 

alignment. In both images, hydrogen atoms and water molecules are removed for clarity. 

Potassium, purple; carbon, grey; oxygen, red. 
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Volatility of the methanol supernatant resulted in rapid solvent loss of the crystals and 

disintegration of the crystal lattice. Removal of the supernatant and soaking in ethanol for 24 hours 

followed by two 24-hour dichloromethane soaks afforded starburst crystals stable enough to be 

easily handled for TGA, elemental analysis, and X-ray powder diffraction (see supporting 

information). In fact, the DCM soaking protocol was demonstrated by TGA to slightly increase 

the thermal stability of the coordination assembly (See SI, Fig. S3), though any solvent loss 

adversely affected the extended crystallinity of the material as seen in the X-ray powder 

diffraction. Porosimetry experiments were unsuccessful, as the material was not stable enough to 

withstand the activating conditions required. Nonetheless, surface area was estimated using low 

level Connolly Surface calculation to be 1250 m2g-1, using the single crystal diffraction data. When 

the material remained solvated, however, the crystals remained intact and could be easily handled 

and transferred between vessels. 

-CDMOF-2Chol crystallized as colorless cuboid crystals in a Monoclinic P21 space group 

with -CD units aligned to form parallel one-dimensional nanotubes, with primary and secondary 

faces of the CD toroids again assembled in a head-to-head / tail-to-tail arrangement, stabilized by 

several complimentary H-bonds at each interfacial junction. Three potassium ions (one of which 

is partially occupied) participate in inter-nanotube coordination, forming a network of parallel 

nanotubes along the unit cell’s a-axis. The pores of these tubes contain guest cholesterol molecules 

(1/3 occupancy for each pair of CD host molecules; thus 1:6 cholesterol/-CD ratio), which have 

been crystallographically characterized in-situ, as shown in Figure 3. The observation of 

cholesterol within the pores suggests that these networks may be capable of cholesterol uptake in 

the form of a crystal sponge.40 Considering that the conditions for assembly of -CDMOF-2Chol 

mirrored that of -CDMOF-1, we posit that the presence of cholesterol contributed in the 
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templating of the parallel one-dimensional porous network,27 an attribute we are currently 

exploring. Investigation of the structure reveals no significant intermolecular interactions between 

any cholesterol functionality and the interior walls of the CD channels. Specifically, to this 

structure, we see no hydrogen bond contacts to the free secondary alcohol of cholesterol by any -

CD oxygen. As this is a coordination network and not a solvated intermolecular HG system, the 

two environments are not comparable but this observation supports conclusions that a driving force 

for the solvated HG assembly is predominantly by solvophobic Van der Waals’ attraction.  

   

Figure 3. Visualization of -CDMOF-2Chol containing one-third cholesterol occupancy. Left: 

asymmetric unit exhibiting guest binding of cholesterol within the -CDMOF pores, looking 

down c-axis; Right: expanded view of the lattice network looking down the b-axis. Hydrogen 

atoms, water molecules, and the disordered cholesterol alkyl-chain are removed for clarity. 

Potassium, purple; carbon, grey; oxygen, red; cholesterol, green. 

 

To examine the uptake of molecular cholesterol from solution, we first chose to established the 

stability of the crystal morphology during the cholesterol soaking process compared to ‘free’ 

crystalline -CD. Soaking of -CD crystals in an ethanolic solution of cholesterol resulted in the 

visible crystallization of cholesterol on the surface of the non-porous close-packed -CD solid 
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(See SI, Fig. S5). Single crystal diffraction analysis of these hybrid crystals revealed a single 

crystal pattern indistinguishable from that of -CD, superimposed with a powder diffraction 

pattern of cholesterol originating in the crystallites that had grown on the surface. This indicates 

that cholesterol does not penetrate into -CD crystals, rather interacting with the surface only. 

However, soaking of -CDMOF-1 under the same conditions resulted in unchanged crystal 

morphology, presumably because the network solid is being loaded with cholesterol instead of 

nucleating on the surface.  

1H NMR analysis of the digested solids followed to assess this behaviour. Again, crystals of -

CDMOF-1 were soaked in an ethanolic solution of cholesterol for 24 hours, the supernatant 

removed, and crystals rinsed twice to dissolve away any surface adsorbed cholesterol with 

remaining solvent being removed in-vacuo. The -CDMOF-1 solids were then digested in the 

chosen NMR solvents to assess host-guest ratios in identifying degree of cholesterol uptake. This 

analysis revealed an approximate ratio of 2:1 -CD to cholesterol (Figure 4a) by integration of the 

respective 1H NMR signals. We surmise that this ratio is too large to be merely surface adsorption 

of cholesterol to the crystal surface (particularly after a rinsing protocol), nor do we feel any 

accessible crystal fracture planes would accommodate cholesterol due to the highly ionic nature 

of the adjoining space between the nanotubular arrays. This study was also extended to include 

deoxycholic acid, -estradiol, and a size-comparable dye molecule named resorufin (Figure 4b). 

The two related sterols showed similar uptake capacities (3:1 -CD to deoxycholic acid and 2:1 -

CD to -estradiol; see SI, Section 6) establishing that -CDMOF-1 does indeed demonstrate 

crystal sponge behaviour. The root cause of this host-guest interaction is largely driven by 

solvophobic effects due to high polarity of the ethanol solvent and low polarity of the -CD 

nanotubes. This is comparable to the complexation of free -CD or MBCD with cholesterol in 
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water (a well-documented system).36 In contrast, we see no uptake of resorufin by NMR analysis, 

for which we attribute this to its smaller size (fewer Van der Waal’s interactions) and much higher 

localized polarity.  

 

Figure 4. (a) Selected peaks from the 1H NMR spectra of cholesterol (methanol-d4, 400 MHz, 

top) cholesterol-soaked -CDMOF-1 (digested in methanol-d4/ DMSO-d6, 400 MHz, middle) 

and -CD (methanol-d4/ DMSO-d6, 400 MHz, bottom). Full spectra shown in Fig. S6 (see SI). 

(b) Molecular structures of β-CD and sterol guest molecules in this study. Proton environments 

that give rise to the peaks in Fig. 4a are highlighted for β-CD (purple) and cholesterol (orange). 

 

Since 1H NMR is not direct evidence of cholesterol uptake, and SCXRD on cholesterol-soaked 

crystals afforded pore contents of intractable disorder, further evidence of this phenomenon was 

collected using fluorescence confocal microscopy, by employing guest molecules containing 

strongly emitting fluorophores (Figure 5). To accomplish this, we chose to employ commercial 

Bodipy-cholesterol (BO-C), which is as the name suggests, a BODIPY-conjugated cholesterol (see 

Fig. S10) commonly used in cell imaging,41 and separately, the aforementioned resorufin dye. The 

distinction between the two emitters is wavelength of emission maximum (507 nm and 586 nm, 

respectively) and molecular size (BODIPY is a large pendant group, while resorufin is small and 
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initially thought to permeate through the pores). Samples of -CDMOF-1 were loaded with each 

respective substrate in accordance with the above NMR analysis procedures, followed by crystal 

selection for microscopy. The samples were thoroughly rinsed to limit background fluorescence 

of free substrate and analyzed under a blanket of ethanol to prevent desolvation.  

Quantitative analysis of -CDMOF-1BO-C reveals that emission properties of BO-C are more 

prominent on the crystal edges (a-axis) due to cumulative intensity of the higher fluorescence 

signal along the crystal edges (Figure 5a). Here, BO-C can bind on the surface by inclusion of the 

cholesterol portion, but not totally enter caused by the restrictive size of the BODIPY moiety. 

Intensity mapping illustrates this phenomenon with some emission intensity along the b-axis 

(crystal face), but with lower intensity, indication of a single layer (or lower cumulative 

concentration) of fluorophore. This image visually illustrates the surface inclusion of BO-C. 

Analysis of -CDMOF-1resorufin revealed quite different behaviour (Figure 5b). As noted in the 

NMR analysis, it was initially posited that the resorufin dye was of sufficient size to be included 

in the extended -CD pores, however, this was not observed upon digestion of the MOF material. 

Confocal analysis revealed that that resorufin appears to permeate into the crystal fracture planes, 

which would presume to be areas of high polarity (opposite of what would be found inside the -

CD pores. Fluorescence intensity mapping revealed quite regular peak intensities across the crystal 

surface, indicative of dye being situated within the orthogonal crystal grain dislocations where the 

sugar oxides and potassium ions reside, rather than being restricted to the surface. This result nicely 

contrasts that of the inclusion of BO-C and further demonstrates the proclivity of cholesterol 

uptake in this unique system. 
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Figure 5. Single Z-section of a 3D confocal micrograph of -CDMOF-1 crystals loaded with a) 

BODIPY-cholesterol (exc = 488 nm, emission filters: BP 420-480 nm and BP 495-620 nm and 

b) resorufin dyes (exc = 561 nm, emission filters: BP 570-620 nm and LP 645 nm). Inset: 

fluorescence intensity profiles illustrating dye dispersion. Scale bars indicate 50 m. 

 

In conclusion, we have presented two new cyclodextrin-based MOFs employing -CD as the 

structural building unit, one of which containing cholesterol within its pores. We also demonstrate 

that -CDMOF-1 is capable of sterol uptake within its non-polar pores. Cholesterol, -estradiol 

and deoxycholic acid were all demonstrated to penetrate the crystal pores (ratios of -CD to sterols 

reaching 2:1, 2:1 and 3:1, respectively) by digestion of the loaded MOF material, followed by 

solution 1H NMR analyses. We were also able to confirm this be behaviour in the solid-state by 

employing a similarly-sized dye molecule (BODIPY-cholesterol). Loading of this luminophore 

was limited to the crystal surface because the BODIPY moiety is too large to penetrate the pores 

giving rise to higher emission intensity on the crystal edges than in the crystal interior. This work 

lays the foundation for our group to develop new MOF technologies related to extraction 

therapeutics, in this case, towards the combating of atherosclerosis, and the potential for delivery 

of steroidal drugs.  
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-Cyclodextrin is well known in cellular biology for its ability to moderate cholesterol levels in 

lipid bilayer membranes. Its use in extended network solids remains elusive due to the low 

symmetry of this macrocyclic system. Here, assembly of two different -cyclodextrin MOFs 

with extended nanotube structures is achieved. We further demonstrate that these unique MOFs 

can absorb cholesterol, estradiol, and deoxycholic acid.  


