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Controllable porosity conversion of metal-organic
frameworks composed of natural ingredients for
drug delivery†

Jiang Liu,‡ab Tian-Yi Bao,‡c Xi-Ya Yang,a Pei-Pei Zhu,a Lian-He Wu,d

Jing-Quan Sha, *ad Lei Zhang,b Long-Zhang Dong, b Xue-Li Caob and
Ya-Qian Lan *b

Two extremely rare b-cyclodextrin (b-CD) supported metal-organic

frameworks (MOFs), CD-MOF-1 and CD-MOF-2, were induced to

crystallize for the first time through a template-induced approach.

The targeted CD-MOFs were employed to perform controlled drug

delivery and cytotoxicity assays that confirmed their favourable

biological potential of being used as drug carriers.

Metal-organic frameworks (MOFs) constructed with mono-/
polymetallic centres and organic linkers in the past few decades
have been developed as a most conspicuous area due to their
controllable structures and porosities that can be used in gas
storage, separation, sensing and catalysis.1–3 Another prominent trait
is that the crystalline nature of MOFs is conducive to monitoring the
reaction processes of solid-state chemistry, and then offers a valuable
insight into the structure–property relationship.4 Therefore, it is
hoped that these noteworthy advantages can be further extended
to significant domains which are tightly related to living systems,
such as biological and pharmacological investigations.5–9 Starting
from the security criterion of an organism, however, the existing
MOFs seem to be ill suited to be an ideal object, since the fabricated
organic struts are commonly derived from non-renewable and toxic
petrochemical sources.10 In this sense, exploring desirable MOFs
composed of naturally innoxious components to overcome the issue
of toxicity will be a promising strategy.

Being one kind of semi-natural product, the nontoxic cyclo-
dextrins (CDs) obtained from starch via a simple enzymatic

conversion are extremely appropriate for extensive applica-
tions and large-scale industrial production.11–13 These cyclic
oligosaccharides commonly consist of six, seven or eight
D-glucopyranoside units linked together by a-1,4-glycosidic
bonds (termed as a-, b- or g-CDs) and display the omnipresent
–OCCO– binding motifs on both their primary and secondary
faces (Scheme S1, ESI†), suggesting the formation of extended
architectures with metal cations.10,14–19 Such kinds of renew-
able and wholesome ingredients with an amphiphilic cavity
serve as building blocks to construct porous MOFs that may
hold promise for biological and therapeutic applications.20,21

Nevertheless, it is an undeniable fact that so far the CD supported
MOFs (CD-MOFs) are still reported scarcely, since the inherent
asymmetry of the building blocks is not amenable to crystal-
lization in the form of highly porous frameworks. Although some
significant advances toward carbon dioxide (CO2) capture,
multicomponent separation and photocatalysis have recently
been achieved using ‘‘green’’ porous CD-MOFs reliant on
C8-symmetric g-CDs,14,17,22 the exploration of b-CDs remains
a nascent field (Scheme S1, ESI†), as their C7-asymmetric
arrangement means a lower crystallinity.15 Fortunately, the
in-depth quantitative studies in the past few decades into the
inclusion complexation and host–guest chemistry of CDs can
offer us more theoretical foundations23–40 to establish possible
porous CD-MOFs through a reasonable choice of guest molecules/
template agents to exert an influence on the spatial arrangement
of CDs during the reaction process.41,42

Herein, we report two helical microporous Cs-CD-MOFs,
CD-MOF-1 and CD-MOF-2 (Table S1, ESI†), constructed by
b-CD as building blocks as well as cesium metal salts, with
the help of 1,2,3-triazole-4,5-dicarboxylic acid (H3tzdc), methyl
benzene sulfonic acid (TsOH) or an ibuprofen molecule (IBU)
as selective template agents. To the best of our knowledge, this
kind of template-induced approach was employed for the first
time for the synthesis of b-CD based MOFs, and this novel
synthetic strategy indicated that the size effect of the selected
template agents has implications on the porosity and crystal-
lization of the resulting CD-MOFs. Additionally, these two
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CD-MOFs have been confirmed as biocompatible drug carriers
by cytotoxicity assays that exhibit a high delivery capacity for
anti-cancer drug molecules, and the size and shape of their
pores have significant effects on the loading capacity and the
release speed of the drugs, which may be useful for some specific
requirements of pharmaceuticals.

The CD-MOFs involved in this work were solvothermally
obtained as single crystals by using the same protocol (see the
ESI† for details) except for the addition of different template
agents (H3tzdc, TsOH or IBU). When the appointed templates
with different sizes, H3tzdc (o5 Å), TsOH and ibuprofen
(46 Å), were used they directly resulted in different channel
arrays of CDs during the reaction process (Scheme 1). A large
number of parallel experiments (Table S2, ESI†) suggest that
the existence and unit length of the selected template agents
overall play important roles in the isolation and crystallization
of CD-MOF-1 and CD-MOF-2 (Fig. S1, ESI†), which will be
described in detail later. As for other factors, such as the
solvent, temperature and the ratio of the metal salt to b-CD,
compared with the impact of the template agents, they do not
seem to be as essential for the preparation of the target CD-MOFs.
The purity of both CD-MOFs was confirmed by powder X-ray
diffraction patterns (Fig. S2, ESI†).

Single crystal X-ray diffraction analysis reveals that CD-MOF-1
crystallizes in the monoclinic P21 space group and the asym-
metric unit contains only one Cs+ ion and one b-CD molecule.
The six coordination sites of a strongly distorted pentagonal
pyramid geometry (Table S3, ESI†) of the individual Cs+ ion are
shared by four contiguous b-CD molecules (Fig. 1a), wherein the
five O atoms on the bottom surface originate from one primary
hydroxyl (O15), two secondary hydroxyls (O8 and O9) and two
glycosidic ring O (O1 and O11) atoms of three b-CD molecules
located on the same plane, while the apical position is occupied
by one primary hydroxyl (O30) from the residual b-CD molecule
(Fig. 1b). Conversely, each crystallographically independent b-CD
molecule is connected to four Cs+ ions by donating its secondary
hydroxyl, primary hydroxyl and the ring oxygen atom of (a, d,
e and f) a-1,4-linked glucopyranosyl (Fig. 1c). In the presence of
a 21 screw axis, the waveform distribution of the Cs+ ion accom-
panied by three neighbouring b-CD molecules along the b direc-
tion results in a one-dimensional (1D) chain, as shown in Fig. 1d.
The communication between the adjacent chains realized by the
opposite Cs–O (O30) bonds of the metal sites situated at the
crest and the trough of waves further results in a ladder-shaped

two-dimensional (2D) layer, which ultimately determines an
asymmetric stacking between the layers triggered by supra-
molecular interaction. It should be noted that the inherent
cavities of b-CD molecules within CD-MOF-1 were changed into
atypical channels as a result of the occurrence of the ‘‘malposition’’
stacking effect (Fig. S3, ESI† and Fig. 1e). Furthermore, the guest-
accessible volume of CD-MOF-1 accounted for 19.5% (589.2 Å3)
of the unit-cell volume (3027 Å3), estimated using the PLATON
program. We believe that the aperture characteristic of such
edible CD-MOFs can be considered as a reliable carrier for
loading specific small molecules.

The framework of CD-MOF-2 crystallizes in the monoclinic
C2 space group, and the asymmetric unit contains one and a
half crystallographically independent Cs+ ions and one b-CD
molecule. The ten coordination sites of the staggered dodeca-
hedron geometry of the individual Cs1 ion tightly immobilize
three pairs of b-CD molecules (Table S3 and Fig. S4a, ESI†),
each of which stacks in a primary face to primary face/secondary
face to secondary face (PTP/STS) manner, horizontally along the
diagonals of the triangle, resulting in a maximum bareness of
the intrinsic cavity of the b-CD molecule (Fig. 2a). The Cs2 ion, in
contrast, exhibits a similar staggered dodecahedron geometry
(Table S3 and Fig. S4b, ESI†) and identical high coordination
numbers to link with two pairs of such b-CD molecules, with
exactly the reverse packing arrangement (PTP and STS), as shown
in Fig. 2b. The two adjacent Cs2 sites encompassing the C2
rotation axis link with each other through double secondary
hydroxyl (m-OH) bridges. It is worth mentioning that the versatile
essence of the b-CD molecule in CD-MOF-2 allows it to concur-
rently bind seven metal ions, including three Cs1 and four Cs2
sites, by employing its glycosidic ring O (O1, O11 and O21) atoms,
primary hydroxyl (O5, O10, O15, O25, and O35) and secondary
hydroxyl (O3, O13, O23, O24, O28, and O34) groups (Fig. 2c).
Moreover, the positional distribution of metal ions around
each b-CD molecule is roughly a triangular prism in shape,

Scheme 1 Schematic view of the structural formation of CD-MOF-1 (left)
and CD-MOF-2 (right) by using different templates in the reaction process.

Fig. 1 (a) Stick view of four neighboring b-CD molecules coordinated to
the Cs+ ion. (b) Coordination sphere of individual Cs+ ion. (c) View of four
Cs+ ions directly linked with each independent b-CD molecule. (d) Top
view of the one-dimensional (1D) chain constructed by the alternating
arrangement of Cs+ ions along the b direction. (e) Representation of
accessible voids of CD-MOF-1 viewed down the crystallographic b axis.
Color code: Cs, yellow; O, red; and C, grey. Hydrogen atoms have been
eliminated for clarity.
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using Cs1/Cs2/Cs2–Cs2 as a vertex (Fig. 2c), by coordinating to
different combinations (a–g, b–c and e–f) of a-1,4-linked gluco-
pyranosyl units. As such, b-CD molecules counted on these
metal ion vertexes further assemble into a three-dimensional
(3D) framework configured with uniform 1D channels (Fig. 2d)
which consist of innumerable ‘‘cages’’. This kind of ‘‘cage’’ was
defined by two b-CD molecules connected to two Cs1 and two
Cs2 ions and performs secondary face to secondary face stacking.
These 1D channels filled with ‘‘cages’’ along the c axis endow the
eventual CD-MOF-2 with large ‘‘gourd-shaped’’ cavities (1613.4 Å3,
which accounted for 25.3% of the unit cell volume, calculated
using PLATON). We believe that such a cavity peculiarity of
CD-MOF-2 could probably be propitious to selectively accom-
modate a lot of relatively long organic molecules behaving as
experimental models/carriers applied in biological systems.

In order to verify if these two compounds configured with
accessible porosity and window size can be treated as carriers
for drug delivery, experiments concerning the loading and
release of drug molecules were separately conducted in ethanol
and phosphate buffer solution (pH = 7.4) under the monitoring
of UV-vis spectrophotometry (see the ESI†). The porosity and
structural integrity of these two CD-MOFs in ethanol were explored
by solvent sorption analyses and PXRD profiles (Fig. S7 and S8,
ESI†). Fluorouracil (5-FU, 3 � 6 Å) and methotrexate (MTX,
6 � 10 Å) were finally employed as model drug molecules
according to the accessible void sizes of the targeted CD-MOFs.
The short biological lifetimes and anti-cancer chemotherapy
effects of these two kinds of drugs have made them widely used
for sustained or controlled drug delivery.8,15 Typically, in order
to load the model drugs completely, the desolvated CD-MOFs

were immersed, respectively, in 5-FU and MTX ethanol solu-
tions for 6 days and then washed. The corresponding loading
and release capacities of the targeted drugs for the CD-MOFs
were evaluated by UV-vis spectrophotometry using calibration
curves (Fig. S9–S14, ESI†). Because of the encapsulation of
different concentrations of drugs within their pores at the
indicated time intervals, the UV-vis absorption curves of the
inclusion complexes show an apparent downtrend in contrast
to the beginning of the measurement. As shown in Fig. S15a
(ESI†), CD-MOF-1 and CD-MOF-2 showed a remarkable 5-FU
adsorption compared with the b-CD matrix, and the loading
contents were measured to be 1.379 g g�1, 1.510 g g�1 and
0.448 g g�1, respectively. The drug-loading capacities of the
targeted CD-MOFs are higher than the adsorption achieved with
mesoporous silica materials43 and some MOF drug carriers,5 but
for MTX, CD-MOF-1 showed an inferior adsorption compared to
CD-MOF-2 and a single b-CD matrix, and the loading contents
were separately measured to be 0.689 g g�1, 1.217 g g�1 and
0.791 g g�1 (Fig. S15b, ESI†). This scenario can be attributed to
the following reasons: on the one hand, compared with pure
b-CD molecules, CD-MOF-2 exhibits a uniform 1D channel con-
figured with innumerable ‘‘cages’’, which potentially results in a
higher drug loading capacity, due to the complete bareness of
the cavity of the b-CD molecule. On the other hand, the primary
face and secondary face of each b-CD molecule in CD-MOF-1 are
enclosed by the glucopyranosyl residue of other adjacent b-CD
molecules, so that the relatively larger MTX molecules are not
conducive to being loaded into CD-MOF-1. Finally, at the
fourth/fifth day (Fig. S15a and b, ESI†), the loading capacities
of the targeted drug molecules reached saturation, that is, the
drug loading content reached the maximum, which indicates
that the adsorption and desorption of the drug reached equili-
brium. As the experiment continues, the loading content began
to decrease, which probably means the shedding of drugs
adsorbed from the surfaces of the CD-MOFs.

The kinetic process of the 5-FU/MTX delivery in simulated
body fluid at 37 1C is shown in Fig. S15c and d (ESI†). As we can
see, 5-FU exhibits faster metabolism and the cumulative release
degree reaches 96.4% within 40 min. By comparison, 5-FU-loaded
CD-MOF-1 (89%) and CD-MOF-2 (92%) were released within 5 h. It
is clear that the CD-MOFs show a slower release rate of 5-FU. At the
same time, the cumulative release rates of MTX were 41.5% for
CD-MOF-1 and 82.4% for CD-MOF-2. Compared with CD-MOF-2,
CD-MOF-1 with a smaller pore size performed as a more favour-
able drug-delivery carrier due to its specific channel features,
which reveals that the drug delivery in CD-MOFs is directly related
to the pore size and the geometry.

In order to evaluate the likelihood and anti-cancer activities
of the targeted CD-MOFs as biocompatible drug carriers, we
performed in vitro cytotoxicity assays whose experimental details
are provided in the ESI.† The nontoxic nature of title CD-MOFs
was clearly confirmed by the corresponding cytotoxicity results
of HepG2 (human hepatoblastoma) cells (Fig. S16, ESI†), and
5-FU/MTX-loaded CD-MOFs with the increased concentration
dosages (6.25, 12.5, 25, 50, and 100 mg ml�1) used in this assay
showed overall higher HepG2 cell survival rates than those of

Fig. 2 (a) View of three pairs of b-CD molecules tightly immobilized to
the individual Cs1 ion, and each pair stacks in a primary face to primary
face/secondary face to secondary face (PTP/STS) manner. (b) View of two
pairs of b-CD molecules combined with the individual Cs2 ion; they have
the reverse packing arrangement (PTP and STS). (c) The seven metal ions
concurrently coordinated to every b-CD molecule are roughly in the shape
of a triangular prism, using Cs1/Cs2/Cs2–Cs2 as vertices, by coordination
to different combinations (a–g, b–c and e–f) of a-1,4-linked gluco-
pyranosyl units. (d) View of the porosity of the three-dimensional (3D)
framework configured with a uniform 1D channel for CD-MOF-2. Color
code: Cs, yellow; O, red; and C, grey. Hydrogen atoms have been eliminated
for clarity.
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5-FU/MTX drug molecules, which can be seen from the optical
density (OD) values, as shown in Tables S5 and S6 (ESI†). Within
the cytotoxicity tests, 5-FU-CD-MOF-1 exhibits a lower inhibitory
effect on HepG2 cells compared with 5-FU-CD-MOF-2, while
this order is opposite in the case of MTX-loaded CD-MOFs. The
reason for these results is probably due to the discrepant
releasing processes, which, respectively, are related to different
drug molecules (5-FU/MTX) accommodated into the targeted
CD-MOFs. In addition, the combined 50% lethal concentration
(IC50) values against HepG2 cells within these cytotoxicity
assays also confirmed this trend (Table S7, ESI†), suggesting
the biological potential of both of the title CD-MOFs being used
as drug carriers.

In summary, for the first time, we have constructed two
extremely rare b-CD based MOFs with different porosity char-
acters via a template-induced approach. The corresponding
investigation of the quantities of control experiments con-
firmed that the selected template agent plays an important
role in changing the crystallinity and porosity of the resulting
CD-MOF. We believe that this strategy can be further extended
to the development of more CD-MOFs, which may be used in
pharmaceutical applications in the future. Moreover, this work
also represents the rare use of b-CD based MOFs in controlled
drug delivery, which indicates their favourable potential of
being used as effective drug carriers.
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