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Introduction

Multifunctional nanocontainers for imaging, targeting, and
drug release are nowadays a main research area in bio-nano-
medicine.[1] A nanocontainer should act as a carrier for ther-
apeutics and imaging agents, deliver its payload to the spe-
cific target, and release its content at the desired moment
with preserved activity. Such a nanostructure should be care-
fully designed with suitable functionalities useful for detec-
tion, recognition, and treatment. Inorganic porous materials
such as colloidal silica and various aluminosilicates are at-
tractive owing to their high loading efficiency and shielding
capability of bioactive molecules.[2]

Zeolites are transparent, robust aluminosilicates synthe-
sized in the micro/nano size range, based on a framework of
SiO4 and AlO4 tetrahedrons resulting in pores and channels
capable of encapsulating small molecules. Besides the use of
zeolites in industrial, environmental, and biotechnological
applications, they have emerged as potential candidates for
medical applications such as skin wound healing, bone for-
mation, and hemodialysis.[3] Several types of zeolites have
been studied for drug release such as zeolite Y as a carrier
of anthelmintic drugs,[4] zeolite X for the absorption and re-
lease of ketoprofen,[5] and a CuX zeolite as a support for cy-
clophosphamide in antitumor therapy.[6] Recently, zeolite/
polymer composite hollow microspheres with a prolonged
antibiotic release were demonstrated.[7] In all of these cases,
the drugs are enclosed in the pores of the zeolite crystals to
be released at a desired moment in a suitable environment.

Zeolite L is an aluminosilicate composed of unidirectional
channels possessing entrance diameters of 0.71 nm. Depend-
ing on the synthesis conditions, the length of the crystals can
be varied from 30 nm up to about 10 mm.[8] The form and
aspect ratio can also be tuned allowing the production of
materials with nanosized, disc, or cylindrical shape. Owing
to the presence of Al, the framework is negatively charged,
which endows the zeolites with cation-exchange capabilities,
thus allowing the uptake and release of charged molecules.[9]

Some studies concern the surface modification of zeolite L
for the attachment of GdIII- and EuIII-DOTA (1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic acid) complexes for
MRI imaging,[10] an arginylglycylaspartic (RGD) peptide for
cell adhesion,[11] or spiropyran for biosensing.[12] However, to
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address the suitability of zeolite L as a potential drug carri-
er, functionalization of its outer surface needs to be studied
congruently with its uptake and release properties as the
former may influence the latter.

In this study, we present the use of cyclodextrin (CD)
host–guest chemistry as a model system for covalent and
noncovalent functionalization of the zeolite surface. We
study the release properties as a function of the covalent
monolayer structure and show that the noncovalent host–
guest chemistry can be used to bind molecules and proteins
to the covalent receptor-functionalized outer surface of the
zeolite.

Results and Discussion

Surface functionalization of zeolite L and its influence on
uptake and release : The procedure for the preparation of
the CD-functionalized zeolite L is shown in Scheme 1. The
first step of the reaction involves employing alkoxysilanes
that are known to react with free Si-OH groups on the zeo-
lite surface (Z). Multifunctional alkoxysilanes (for example,
trichloro or trialkoxy derivatives) bind to the surface but si-
multaneously form covalent bonds between adjacent mole-
cules, a fact that can lead to polymerization and may limit
the permeability of the formed layer.[13] Therefore, two dif-
ferent aminosilanes, APDMES (1 a) with one ethoxy group
and APTES (1 b) with three ethoxy groups, were studied.
Amino-terminated zeolite L (Z-1 a or Z-1 b) was reacted in
the next step with p-phenylene diisothiocyanate (DITC, 2)
to transform the amino surface to free isothiocyanate
groups.[14] In the next step, CD heptamine (3) was bound to
the isothiocyanate groups, yielding CD-terminated zeolite L
(Z-1 a-CD or Z-1 b-CD).

X-ray photoelectron spectroscopy (XPS) was used to de-
termine the surface composition after modification of the
zeolite. The high-resolution N1s scans for the crystals func-
tionalized with APDMES (1 a), APTES (1 b), and the result-
ing Z-CD products are given in Figure 1 a. Apart from the
unmodified zeolite (Z), all elemental scans showed a N1s

peak at approximately 398 eV. Moreover, in the spectra of
Z-CD, we observed a sulfur peak (S2p at approximately
161 eV, Figure 1 b), which arose upon activation with 2. The

carbon-to-nitrogen (C/N) atomic ratio increased from 4.2
and 5.5 in Z-NH2 to 8.5 and 8.05 for Z-CD when using 1 a
and 1 b, respectively. The increase of the C/N ratio after the
last step of functionalization provides further evidence for
the attachment of CD heptamine. The similar C/N values
for zeolites modified with 1 a and 1 b indicate that the densi-
ty of amino groups in both cases is comparable.

Zeta-potential measurements of native and CD-modified
zeolites showed an increase from �59.5 mV for Z to + 31.4
and +42.2 mV for Z-1 a-CD and Z-1 b-CD, respectively. As
shown before on flat substrates,[15] not all amino groups of
CD heptamine are involved in the formation of covalent
bonds upon attachment to NCS-covered surfaces, thus the
presence of free and charged (protonated) amino groups on
the CD units results in a positive zeta-potential value.

To mimic the encapsulation of small drug molecules, we
selected the fluorescent dye thionine (Figure 2 a). Thionine
is a fluorescent molecule that can be incorporated into the
channels of zeolite L by cation exchange, replacing the ac-
cessible counterions of the zeolite framework. The loading
of native zeolite L with thionine fluorescent molecules has
been reported before.[10, 16] Here, we studied the effect of
zeolite surface functionalization on the uptake and release
of thionine.

First, we compared the uptake of thionine by native,
amino- and CD-functionalized zeolites. For the amino func-
tionalization, we have also investigated the role played by
the anchoring silane groups by comparing the derivatives 1 a
and 1 b. Suspensions of individual zeolite samples in thio-
nine solutions (10 mm) were stirred for 4 h. The thionine cat-

ions exposed to zeolite L can
also be physisorbed on the ex-
ternal surface of the crystal. To
remove the physisorbed mate-
rial, the samples were washed
with large amounts of EtOH
and an aqueous solution of tet-
rabutylammonium chloride
(TBACl). The tetrabutylammo-
nium cation is a large bulky
cation that can remove electro-
statically attached ions only
from the surface, as it cannot
penetrate the zeolite channels.

Scheme 1. Schematic representation of zeolite L functionalization: native (Z), amino-functionalized (Z-1a or
Z-1b), NCS-functionalized (Z-1 a-NCS or Z-1 b-NCS), and b-cyclodextrin (CD)-modified (Z-1a-CD or Z-1b-
CD) zeolite L.

Figure 1. High-resolution XPS spectra: a) N1s spectra of Z, Z-1a, Z-1b,
Z-1a-CD, and Z-1b-CD; b) S2p spectra of Z, Z-1 a-CD, and Z-1 b-CD.
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To be sure that all thionine molecules were removed from
the crystal surface, the supernatant was analyzed using UV/
Vis spectroscopy and rinsing was continued until the super-
natant was free of thionine. The fluorescence images of the
zeolites are shown in Figure 2. We observed the presence of
the thionine dye inside of Z, Z-1 a, and Z-1 a-CD (Fig-
ure 2 b–d). The fluorescence intensity was found to be stron-
ger for the native zeolite, whereas it was somewhat weaker
in the functionalized crystals. Surprisingly, no fluorescence
was detected in Z-1 b when APTES was used for modifica-
tion (Figure 2 e).

Owing to the very long channels in the 4 mm zeolite L, the
loading with thionine cannot be completely uniform.
Indeed, a higher concentration of the dye molecules is ob-
served at the channel entrances and a lower concentration is
expected in the middle of the crystal. Ions penetrate the cy-
lindrical pores from both sides along the direction of the cyl-
inder axis.[17] In Z-1 a and Z-1 a-CD, entrapping of the dyes
was approximately 20 or 50 % less, respectively, estimated
from a single zeolite emission intensity, compared with the
native zeolite. The absence of fluorescence in Z-1 b indicates
a lack of uptake of dye in this case. Closing of the pores has
probably occurred, an observation that is attributed to
APTES (1 b) forming a mono- or multilayer film with many
interconnecting bonds owing to the presence of the three re-
active silane groups.[13] In contrast, APDMES (1 a), with two
inert methyl and only one reactive ethoxy group, is attached
to the surface of the zeolite by one silanol bond only and
does not allow additional bond formation with adjacent mol-
ecules. Apparently, this leaves the pores of Z-1 a and Z-1 a-
CD accessible for cation exchange.

To study the release of thionine from the modified zeo-
lites, the dye was first loaded in the native zeolite L by ion
exchange, followed by functionalization of the crystals with
amino and CD groups according to Scheme 1, and finally by
dispersion of the crystals in 0.15 m NaCl, in which thionine
should be liberated by exchange with Na+ . The concentra-
tion of released dye was monitored by UV/Vis spectroscopy
(Figure 3). Figure 3 demonstrates that thionine can be re-

leased from the channels of amino- and CD-surface-func-
tionalized zeolites when APDMES (1 a) was used for func-
tionalization. The amounts of thionine released from the Z-
1 a and Z-1 a-CD crystals during the first 2 h, or after all re-
lease steps, were about 30 % and 70 % lower than from the
native zeolite, respectively. After four to five redispersions
in fresh aqueous NaCl, the amount of additionally released
thionine became very small. A similar experiment per-
formed on amino-zeolite L modified with APTES (1 b)
showed an insignificant amount (7-fold lower than when
modified with APDMES) of released thionine during the
first 2 h (data not shown). The differences in release rates
are comparable to the differences observed during uptake
(see above), and reflect the same effect of monolayer prop-
erties on the cation exchange process. These results indicate
that a rather large molecule can be trapped inside the zeo-
lite particle indefinitely when using APTES, which could be
useful, for example, for imaging purposes, whereas function-
alization with APDMES allows reversible uptake and re-
lease, which is suited for drug carrier purposes. In all subse-
quent experiments, only 1 a was used as the amino linker.

Functionalization of zeolites by surface host–guest chemis-
try : Adamantyl-modified fluorescent dyes were selected to
study host–guest interactions with the CD-functionalized
zeolites. The water-soluble fluorescein-Ad2 molecule (Fig-
ure 4 a) is known to interact with CD cavities immobilized
onto a surface by using its Ad moieties to form a strong
noncovalent complex (with a binding constant of
~1010

m
�1).[18]

Z-1 a-CD crystals were suspended in a 1 mm aqueous solu-
tion of fluorescein-Ad2 (in phosphate buffered saline, PBS,
pH 7.4) and sonicated for 1 min. Removal of excess and
physisorbed dye was performed by centrifugation as well as
redispersion of the zeolite crystals in PBS buffer (three
times). As a reference experiment, adsorption of the diva-

Figure 2. a) Structure of thionine. b–e) Fluorescence microscopy images
of thionine-loaded zeolites: Z (b), Z-1a (c), Z-1 a-CD (d), Z-1b (e).
f) Corresponding fluorescence intensity profiles along the zeolite crystals.

Figure 3. Cumulative amounts of thionine dye released from native Z
(squares), Z-1 a (circles), and Z-1 a-CD (triangles) as a function of the
step number in the exchange process. Each step was performed by using
a fresh portion of 0.15 m NaCl for 2 h .
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lent dye onto Z-1 a was performed under the same condi-
tions. An intense fluorescence was observed (Figure 4 c ) for
Z-1 a-CD. In contrast, negligible emission was observed for
Z-1 a (Figure 4 b ). These results confirm that the dye mole-
cules are bound selectively by the CD cavities by specific
host–guest interactions.

Next, the Z-1 a-CD crystals with adsorbed fluorescein-Ad2

were sonicated in CD and PBS (as a control) solutions.
After 30 min, we observed a negligible loss of dye in PBS
while almost full desorption occurred in the CD solution
(Figure 4 d). When bound fluorescein-Ad2 is exposed to a so-
lution of CD, competition is induced between binding of the
dye�s guest groups to the surface CD sites and the CD in so-
lution, resulting in desorption of the fluorescent guest, simi-
lar to previous observations on planar substrates.[15]

When Z-1 a-CD was exposed to a solution of dye mole-
cules equipped with only one adamantyl moiety, the fluores-
cence intensity after triple rinsing with PBS was much lower
than for the divalent lissamine-Ad2 (see the Supporting In-
formation, Figures S1 and S2 ). The binding constant of
a single adamantyl unit to a surface with immobilized CD is
only 4.6 � 104

m
�1, which is much lower than the binding

strength of a molecule bearing two adamantyl groups
(approx. 1010

m
�1),[19] causing facile desorption from the CD

cavities in the monovalent case. These results show that
a multivalent guest binds significantly stronger to the CD-
functionalized zeolite surface. This indicates that the CD
coverage on the zeolite surface must be relatively high as
two Ad groups grafted on one dye molecule can interact

with two CD moieties on the zeolite surface only if the two
cavities are close enough.

As a proof of concept that the zeolites can be loaded and
surface-functionalized in an orthogonal manner (that is,
without mutual interference), CD-functionalized zeolite L
(Z-1 a-CD) internally loaded with thionine was exposed to
a solution of fluorescein-Ad2. A fluorescence microscopy
image of the resulting zeolites is presented in Figure 5 c. The

zeolites hosting two dyes were excited at l=450–480 nm
and observed at l>515 nm. These settings allow both the si-
multaneous excitation and observation of both dyes (Fig-
ure 5 a). As thionine is concentrated at the channel entran-
ces whereas fluorescein covers the whole external surface of
the zeolites (Figure 5 b), the terminal parts of the crystals
show a mixture of both colors while the central parts of the
zeolites exhibit only the green fluorescein emission. The in-
ternal absorption of (drug) molecules and outer functionali-
zation of Z-1 a-CD with targeting vectors could make this
orthogonal strategy, using CD-functionalized zeolite L, at-
tractive for application as a controlled drug delivery system.

To demonstrate the possibility of functionalization with
target-specific agents, ligands, or nanoparticles, we investi-

Figure 4. a) Structure of fluorescein-Ad2. b–d) Fluorescence (top) and op-
tical (bottom) microscopy images of Z-1a (b) and Z-1a-CD (c) after ad-
sorption of fluorescein-Ad2 and triple rinsing with PBS, and Z-1 a-CD (d)
after subsequent desorption of dye in 10 mm aqueous CD.

Figure 5. a) Excitation (solid) and emission (dashed) spectra for fluores-
cein-Ad2 (green) and thionine (red). b) Cartoon of Z-1a-CD with thio-
nine in the interior and fluorescein-Ad2 noncovalently bound to the out-
side. c) Fluorescence image of Z-1a-CD (lexc =450–480 nm, lem>

515 nm).
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gated the attachment of a His-tagged protein as a model
system. We used the visible teal fluorescent protein (TFP),
which acts directly as an indicator of the bound protein on
the surface without the need of any additional labeling steps
for visualization. We employed the His6 tag for binding the
protein to the zeolite surface; the His6 tag was designed into
TFP for purification purposes by using its well-known affini-
ty for Ni-nitrilotriacetate (NiNTA) complexes. To attach the
His6-TFP to the Z-1 a-CD, adamantyl-modified NTA (Ad-
NTA) was used as an intermediate linker (Scheme 2).[20]

Crystals of Z-1 a-CD were incubated in three different solu-
tions: (i) His6-TFP only; (ii) His6-TFP and Ad-NTA; (iii)
His6-TFP, Ni2+ , and Ad-NTA. Optical and fluorescence

images and fluorescence intensity profiles, obtained after
20 min of adsorption followed by rinsing five times, are
shown in Figure 6. By far the highest intensity was observed
when both the Ad-NTA linker and Ni2+ were present in the
solution. This confirms the specific binding of the protein
through combined host–guest (CD-Ad) and metal–ligand
(His6-NiNTA) coordination interactions. The same experi-
ment repeated with much lower concentrations of protein
(1.3 mm) showed a similarly high fluorescence intensity (data
not shown) indicating that specific interactions promote
easy attachment onto the surface.

Conclusion

In conclusion, we have shown the successful functionaliza-
tion of zeolite L with cyclodextrins. Two different aminosi-
lanes, APDMES and APTES, were used for surface modifi-
cation. However, they showed a pronouncedly different
effect on the accessibility of the channels of the zeolites for
cation exchange. APTES formed an impermeable layer and
blocked the diffusion of thionine dye molecules inside the
crystals practically completely, whereas APDMES allowed
exchange of the K+ ions with the charged dye molecules,
albeit to a lower extent than unmodified zeolite. By using
this approach, ions can be trapped inside the channels per-

manently by using APTES
(potentially useful for imaging)
or can be released from
amino- and CD-modified zeo-
lites if the monovalent
APDMES is used (potentially
useful for drug delivery).

We have demonstrated that
CD-modified zeolite L can
play the role of a “double
host” for drug molecules
inside the pores and other
molecules (for example, for

targeting) attached to its surface. The CD-functionalized
zeolites showed the reversible attachment of adamantyl-
modified dyes and the specific immobilization of His-tagged
proteins through combined His-tag-NiNTA and CD-Ad in-
teractions. Our multifunctional system provides perspectives
for the attachment of peptides or antibodies for specific tar-
geting.

In conclusion, the supramolecular functionalization of the
zeolite surface allows the immobilization of different mole-
cules and biomolecules required for the construction of
a multifunctional drug delivery system.

Experimental Section

b-Cyclodextrin (CD) heptamine and
fluorescent dyes modified with ada-
mantyl (Ad) groups, such as fluores-
cein-Ad2, lissamine-Ad2, lissamine-
Ad, and Ad-NTA, were synthesized
according to previously published
procedures.[15, 18, 20, 21] Thionine was
purchased from Sigma–Aldrich, 3-
aminopropyl triethoxysilane
(APTES), (3-aminopropyl) dimethy-
lethoxysilane (APDMES), and p-
phenylene diisothiocyanate (DITC)
were obtained from Acros. The se-
quence encoding for the His6-TFP
protein was purchased from Allele
Biotechnology & Pharmaceuticals.
The His6-TFP is an engineered var-
iant of Clavularia sp. fluorescent pro-
tein cFP484. The sequence was

Scheme 2. Binding of His6-TFP through Ni2+/Ad-NTA to CD immobilized on the zeolite surface.

Figure 6. Simultaneous optical (right) and fluorescence (left) images, and the corresponding intensity profiles
(bottom), of Z-1 a-CD after incubation in solutions of a) His6-TFP (20 mm) only, b) His6-TFP (20 mm) and Ad-
NTA (100 mm), and c) His6-TFP (20 mm) and Ni2+-Ad-NTA (100 mm).
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cloned into a pET15 vector and expressed in E. Coli BL (DE3) pLysS
(Novagen) and purified by using the standard Novagen His-bind proto-
col. Mili-Q water with a resistivity higher than 18 MW cm was used in all
experiments.

Preparation of zeolite L : Zeolite L (4 mm, Z) was synthesized according
to a procedure described before.[8] In short, potassium hydroxide, sodium
hydroxide, and aluminum hydroxide were diluted in distilled water, fol-
lowed by the addition of a silica suspension and vigorous stirring of the
mixture. The obtained gel was kept in an oven for 144 h at 160 8C. The
obtained white solid underwent ion exchange with 0.1m KNO3, washed
with water, and dried.

Functionalization of zeolite L : Amino-modified zeolite L crystals were
prepared according to the slightly modified procedure of Tsotsalas
et al.[10] Zeolite L crystals (100 mg) were dispersed in toluene (10 mL)
followed by the addition of 100 mL of APDMES (1a) or APTES (1b)
and sonication for 2 h. The excess unreacted alkoxysilane was removed
by centrifugation with toluene (two times) and EtOH (three times). In
the next step, amino-terminated zeolite L crystals (Z-1 a or Z-1b) were
redispersed in DITC (0.05 m) in EtOH for 2 h at 40 8C. The washed
(EtOH, three times, centrifugation) DITC-functionalized crystals (Z-1 a-
NCS or Z-1b-NCS) were subsequently redispersed in an aqueous solu-
tion of the CD heptamine (0.4 m) and the reaction took place over 2 h
(40 8C). Finally, the CD-modified zeolite L (Z-1a-CD or Z-1 b-CD) crys-
tals were washed with water (five times).

Binding of Ad-modified dyes to the surface of CD-functionalized zeoli-
te L : Z-1a-CD or Z-1 b-CD (0.5 mg) was dispersed in 1 mL of a solution
of the mono- or divalent Ad-modified dye (1 mm of Ad moieties) in PBS
buffer (pH 7.4) and subjected to sonication for 1 min. The excess of dye
was removed by centrifugation. Any physisorbed dye was removed subse-
quently by washing with PBS buffer (three times). Fluorescence values
were calculated from measurements of 7–10 zeolites.

Protein attachment to CD-functionalized zeolite L : Three solutions of
protein His6-TFP in PBS buffer were prepared (in the presence of 1 mm

Tween 20 to avoid nonspecific adsorption of protein): i) His6-TFP
(20 mm) ; ii) His6-TFP (20 mm) mixed with Ad-NTA (100 mm); iii) His6-TFP
(20 mm) mixed with Ad-NTA (100 mm) and NiCl2 (100 mm). Samples con-
taining 1 mg of zeolite crystals (Z-1a-CD or Z-1b-CD) were agitated in
i), ii), or iii) for 20 min. Nonspecifically adsorbed material was removed
by washing with PBS buffer with surfactant (five times) and the crystals
were observed by using a fluorescence microscope.

Loading and release : A weighed amount of dried zeolite L was added to
an aqueous solution of thionine (10 mm). Cation exchange was achieved
upon heating to 70 8C overnight, under vigorous stirring. To remove free
dye adsorbed on the crystal surface, the zeolite crystals were dispersed in
EtOH, sonicated for 10 s, and centrifuged. The supernatant was removed
and a new portion (15 mL) of EtOH was added. The washing step with
EtOH was repeated ten times, followed by washing with an aqueous solu-
tion of TBACl (0.1 m, five times).

For the release study, thionine-loaded zeolites (native or functionalized)
were dispersed in an aqueous solution of NaCl (0.15 m) and sonicated at
25 8C. The amount of released thionine was measured from the superna-
tant taken from the sample after separation by centrifugation (5 min,
7000 rpm). After 2 h of sonication and supernatant removal, a new por-
tion of NaCl was added and the process was repeated. The amount of re-
leased dye was determined by UV/Vis absorption spectroscopy using ex-
tinction an coefficient of 0.53 � 105

m
�1 cm�1.[16]

Fluorescence microscopy : Fluorescence microscopy images were taken
using an Olympus inverted research microscope iX71 equipped with
a mercury burner U-RFL-T as light source and an Olympus DP70 digital
camera for image acquisition. Blue excitation light (450�l�480 nm)
and green emission light (l�515 nm) was filtered by using a U-MWB
Olympus filter cube. Green excitation (510�l�550 nm) and red emis-
sion light (l�590 nm) was filtered using a U-MWG Olympus filter cube.

XPS measurements : These were performed on a Quantera Scanning X-
ray Multiprobe instrument from Physical Electronics, equipped with
a monochromatic AlKa X-ray source producing approximately 25 W of X-
ray power.

Zeta-potential measurements : Zeta potentials of native and modified
zeolites were measured by using a MalvernZetasizer NanoZS. All mea-ACHTUNGTRENNUNGsurements were performed at 25 8C, in a solution of 0.01 m NaCl, pH 7.
The zeta potential was calculated from the electrophoretic mobility (m)
by using the Smoluchowski function &=mh/e, where h and e are the vis-
cosity and permittivity of the solvent, respectively.
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