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Research Article

The chemo enzymatic functionalization of
chitosan zeolite particles provides antioxidant
and antimicrobial properties

Silicate-based microporous materials like zeolites are nano enabled particles and
used for various applications including pharmaceutical formulations. This study re-
ports on the chemo-enzymatic functionalization of chitosan-zeolite particles (CTS-
zeolites) with caffeic acid (CA) and glucose oxidase (GOX) to impart combined
antioxidant and antimicrobial properties. CA was grafted on the chitosan moieties
by using laccase generating stable particles (zeta potential –36.7 mV) of high antiox-
idant activity (44% DPPH inhibition). GOX was immobilized both on CTS-zeolites
and on CA modified CTS-zeolites and creating a hydrogen peroxide generation
system continuously and in-situ producing this oxidative and antimicrobial agent.
The system prevented bacterial growth of E. coli and S. aureus over 24 h whereby
a steady-state concentration of around 60 μM hydrogen peroxide in the culture
medium was observed. CA and GOX functionalized CTS-zeolite particles addi-
tionally showed combinatorial antioxidant and antimicrobial properties providing
a powerful bioactive system for medical applications. These particles proved their
suitability for incorporation in bioactive formulations which could be used, inter
alia, for topical wound treatments.
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1 Introduction

Silicate-based microporous materials gained of great interest for
industrial uses, one of the most prevalent being metal-catalyzed
reactions. The most prominent representatives are zeolites, an-
ionic aluminosilicate particles consisting of porous networks of
varying sizes and shapes [1]. Zeolites are obtained via synthesis
in hyperthermal processes but are also available from natural
sources [2]. The porous nature renders them powerful ion ex-
changers and scavengers, one of many properties making their
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use favorable for applications ranging from chemical catalysis to
the immobilization of microorganisms [3]. Processed zeolites are
non-toxic and slight toxicity was only found for natural zeolites
with heterogenous, fibrous shapes [4] which are rarely used in
industry. Various biological properties of zeolites are known in-
cluding long-term biological stability and immunomodulatory
activity. These and other properties rendered zeolites an impor-
tant constituent in formulations for biomedical applications and
for the food and feed industry [5–7]. Pharmaceutical applica-
tions of zeolites are of increasing interest exploiting favorable
properties like their toxin-adsorbing and immunomodulatory
activities. Antimicrobial properties are of special interest con-
sidering zeolites as additives in various bioactive formulations
like cosmetics [8] and several reports proof the inherent growth
inhibitory effect of zeolites. This property forms the basis for
further modifications on zeolites for a target-oriented design of
zeolite materials for biomedical applications.

The physicochemical properties of zeolites are frequently aug-
mented producing composite materials and recently led to the
development of chitosan/zeolite co-polymer systems [9, 10].
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Chitosan is one of the most abundant polysaccharides on
earth consisting of beta-1,4-linked glucosamine units with a mi-
nor content of N-acetyl glucosamine. It is commonly derived via
de-N-acetylation from chitin (poly N-acetyl glucosamine) re-
sulting in primary amine groups which cause the cationic charge
of chitosan in solution [11, 12]. Due to the cationic nature, this
polysaccharide is suitable to form stable composites with anionic
zeolites. To date chitosan/zeolite composites are reported either
in form of chitosan coated zeolites or as composites whereby
chitosan is added during hyperthermal zeolite formation [9–11].
These composites have a zwitterionic character and are thus suit-
able candidates for the incorporation of bioactive compounds
ranging from charged small molecule drugs to macromolecules
like proteins. Despite physical fixation, chitosan also allows a
covalent immobilization of these compounds due to its func-
tional groups, the most prominent anchor for covalent attach-
ment being the amine groups. Various approaches are reported
immobilizing macromolecules on the amines of chitosan via
different cross linking strategies including chemical crosslink-
ing and enzyme supported strategies [13–15]. Recently, natural
phenols were reported as feasible cross linking agents when acti-
vated by enzymes like laccases or tyrosinases. These cross linkers
do not only enable cross linking of multiple compounds but
also show antioxidant properties. The study further proved the
biocompatibility of these materials in cytotoxicity test on mice
fibroblasts [16].

The objective of this study was the immobilization of the an-
timicrobial enzyme glucose oxidase (GOX) on chitosan coated
zeolites using the natural phenol caffeic acid as cross linker.
Antimicrobial properties should thus be combined with the an-
tioxidant effect of caffeic acid, thereby enhancing the biological
activity of the composite material.

2 Materials and methods

All used chemicals were purchased in analytical grade from
Sigma Aldrich (Steinheim, Germany) except media components
which were purchased from Carl Roth (Karlsruhe, Germany).
The chitosan used within this study had a degree of N-acetylation
(DA) of 10% and a number-average molecular weight (Mn)
of 600 kDa. Chitosan coated natural zeolite was prepared by
IPUS Mineral- und Umwelttechnologie GmbH (Rottenmann,
Austria) by impregnation of natural zeolite clinoptilolite with
deacetylated chitosan in diluted acetic acid. For this, a 0.4%
chitosan solution in 0.5% acetic acid was prepared and mixed
with the two-fold mass of clinoptilolite. After drying at 40°C
for 24 h a chitosan-zeolite composite containing 0.2% (w/w)
chitosan was obtained. Ca,K-Clinoptilolite, a HEU-type zeo-
lite, was used for the preparation and had a particle size of
1–125 μm with 90% less than 58 μm, the average pore diame-
ter was 20 nm and the total pore volume, calculated from BET
measurements, amounted to 0.13 cm3/g. Adsorption of chitosan
on zeolite results from electrostatic attraction of anionic zeo-
lite on cationic chitosan. The laccase from Myceliophthora ther-
mophile (MTL) was purchased from Novozymes A/S (Bagsvaerd,
Denmark).

All measurements were at least performed in triplicate.

2.1 Laccase mediated grafting of caffeic acid onto
chitosan coated zeolites

The chitosan coated zeolite (CTS-zeolite) (2 g) was suspended
in 25 mL of a caffeic acid (CA) solution in 20% ethanol
(2,5 mg/mL). Thereafter, 500μL of a laccase solution (150 U/mL)
was added and the solution was gently stirred for 24 h at
room temperature. The functionalized material was subse-
quently washed with EtOH and water until CA could not be
detected anymore in the washing solution. The zeolite was freeze
dried and stored at 4°C prior to further processing. The laccase
activity was determined using an ABTS based assay like previ-
ously published [17]. The phenol content on the chitosan coated
zeolites was determined using the Folin-Ciocalteu method [18]
and the results were expressed in mg phenols per mg zeolite.

2.2 Immobilization of glucose oxidase on chitosan
coated zeolites

GOX was immobilized using two different approaches, either
directly onto CTS-zeolite or onto the CA-functionalized CTS-
zeolite.

GOX immobilization onto CTS-zeolite: 20 mg of CTS-zeolite
was suspended in sodium phosphate buffer (50 mM, pH 7.4).
Subsequently GOX dissolved in buffer was added to yield a total
concentration of 0.5 mg/mL before glutaraldehyde as crosslinker
(30 μL, 25% solution) was added. The mixture was incubated
for 2 h, afterward washed with buffer and water and freeze dried.

GOX immobilization on CA-CTS-zeolite and CTS-zeolite via
EDC coupling: To do so, 20 mg of zeolite was suspended in
1.5 mL of MES (2-(N-morpholino)ethanesulfonic acid) buffer
(50 mM, pH 6.0) containing 20 mM of EDC and NHS. GOX was
added to achieve a total concentration of 0.5 mg/mL. The mixture
was incubated for 4 h, washed with buffer and water and freeze
dried. The course of immobilization was monitored assessing
the remaining GOX activity in the reaction supernatant over
time and subsequently determining the activity of immobilized
GOX on the CTS-zeolites. GOX activity was determined using
the Amplex Red assay of a previously published approach [19].

2.3 Determination of particle size and zeta potential

The zeta potential was analyzed from the CTS-zeolite particles
in water at 25°C using a Malvern zetasizer NS. The particle
size distribution was determined via dynamic light scattering on
the same device, dispersed in sodium acetate buffer (pH 6.6,
10 mM) [19]. Each sample was measured in triplicates.

2.4 Scanning electron microscopy (SEM),
Energy-dispersive X-ray spectroscopy (EDX) and
Attenuated total reflectance: Fourier transform
Infrared spectroscopy (ATR-FTIR)

The structure and surface morphology of the functionalized
zeolites was visualized using a tabletop SEM TM3030 (Hitachi,
Japan) coupled with an EDX spectrometer. Freeze dried zeolites
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were measured fixing them onto the SEM stub and the pictures
were acquired under vacuum at an acceleration voltage of 15 kV
without prior sample preparation.

The coupling of CA to chitosan was further confirmed by
ATR-FTIR, recorded on a Perkin Elmer Spectrum 100 spec-
trophotometer (Perkin Elmer Inc, Germany) equipped with an
attenuated total reflection (ATR) sam- pling accessory. The ab-
sorbance measurements were performed from 650 to 4000 cm−1,
10 scans and a resolution of 4 cm−1.

2.5 Antioxidant activity

The antioxidant activity of the CA-functionalized CTS-
zeolite was determined using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay with slight modifications [20]. DPPH, a stable, free
radical is reduced in the presence of an antioxidant molecule and
the product can be detected at an absorbance of 517 nm. The
freeze dried zeolite material (30 mg) was mixed with 1 mL of a
100 μM DPPH stock in methanol. The sample mixture was left
to stand in the dark for 30 min. After incubation the sample was
centrifuged for 2 min at 11 000 rpm and 200 μL of the sample
was taken to perform the absorbance measurements at 517 nm
with a spectrophotometer (Tecan Infinite 200Pro, Switzerland).
Blanks were performed where only the CTS-zeolite without im-
mobilized CA was used. The results of the radical scavenging
activity were expressed as a percentage of DPPH inhibition. All
experiments were carried out in triplicates.

2.6 Antimicrobial activity

The antimicrobial activity of the different CTS-zeolites was as-
sessed against S. aureus and E. coli. 10 mg of the respective zeolite
material was dispersed into 5 mL of Mueller Hinton (MH) broth
and a glucose solution was added to add a final concentration
of 30 mM. Microbial growth was started by adding a defined
amount of overnight culture of the respective bacterium with
starting OD600 of 0.1 (equal to 105 CFU/mL). Bacterial growth
was monitored for 24 h by regularly removing 250 μL of the
culture supernatant. The positive control depicts the common
bacterial growth curve without addition of zeolite material to
the inoculum. The OD 600 was determined and the amount
of viable cells was quantified using the plate drop method as
previously published [19]. All experiments were performed in
triplicates.

3 Results and discussion

3.1 Laccase mediated grafting of caffeic acid onto
chitosan coated zeolites (CTS-zeolites)

The antioxidant activities of various phenols are well-studied and
were recently also confirmed for natural, lignin-based phenols
like caffeic acid (CA) [21, 22], which was thus used as natu-
ral antioxidant model compound in this study. CA is efficiently
grafted on the primary amines of chitosan via laccase mediated
oxidation of CA resulting in a covalent cross-linkage to chitosan

Figure 1. Enzymatic binding of caffeic acid (CA) onto chitosan
functionalized zeolites (CTS-zeolites) Decrease of phenol content
in the reaction supernatant (grey circles) and total phenol content
grafted on CTS-zeolites (gray bar) after 24 h of incubation.

via Michael addition or radical coupling [23]. The CA graft-
ing to CTS-zeolite was performed for 24 h and the decrease of
the phenol content in the supernatant was analyzed as well as
the total phenol content on the zeolites (Fig. 1). A steady pro-
gression of CA immobilization was observed whereby almost
all available phenol was consumed after 5 h of incubation and
resulted in a total CA concentration of 7 μg immobilized CA
per mg CTS-zeolite. A strong decrease of the CA concentration
measured as phenol content in the supernatant indicated an un-
realistically high binding to the CTS-zeolite. However, the CA
concentration was most likely concomitantly reduced in the su-
pernatant due laccase catalyzed polymerization. Thus, the exact
quantification of the CA-immobilization yield on CTS-zeolites
was only derived from direct measurements of modified zeo-
lites. The modified material was thoroughly washed with water
and ethanol ensuring only covalently bound CA being present
on the particles. The coupling success was confirmed via EDX
showing an increased carbon content after the reaction (from 11
to 23%). ATR-FTIR measurements of CA functionalized CTS-
zeolites using different CA concentrations further confirmed
the coupling whereby increased absorption was observed in the
of 3200–3500 cm−1 (phenolic ring OH stretching) and 1550–
1700 cm−1 (stretching vibration of the aromatic C=C bond)
(Fig. 2) [24].

The particle size and zeta potential (ZP) of the modified zeo-
lites was investigated since a significant alteration of these values
was supposed after CA grafting. CA grafting did not show an
effect on the particles size which remained between 1 and 2 μm
with a poly dispersity index (PDI) of 0.5. The zeta potential
of the CTS-zeolite was found to be –28.4 ± 1.3 mV indicat-
ing that the zeolite was not heavily covered by chitosan, oth-
erwise a positive ZP would be expected [25, 26]. CA grafting
(CA-CTS-zeolite) dropped the ZP down to –36.7.4 ± 0.5 mV
which was expected because of the exhibition of anionic car-
boxy groups (pKa 4.62). This decrease of the ZP may lead to
improved stability of CA-CTS-zeolite containing formulations
which was a favorable attribute of the CA functionalization of
CTS-zeolites.
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Figure 2. ATR-FTIR measurement of CA-CTS-zeolites. CA solution
of different concentration (given in mg/mL) were applied in the
laccase mediated functionalization of CTS-zeolites.

3.2 Immobilization of glucose oxidase on modified
zeolites

The covalent immobilization of enzymes is by many means the
most efficient strategy for industrial applications considering
stability, reutilization and many other aspects [27]. Another is-
sue applying enzyme-based systems in biomedical applications
is uncontrolled leaching of biological material from bioactive
formulations which is not intended to diffuse into tissue com-
partments, thereby causing adverse host reactions. Covalent fix-
ation of antimicrobial acting enzymes like GOX is thus the only
method efficiently preventing diffusion processes into host tis-
sue. Glutaraldehyde and EDC mediated coupling of oxidases on
chitosan-based scaffolds turned out to be an efficient strategy for
this purpose [19, 28].

These two approaches were hence investigated in this
study and the activity recovery of GOX on the CTS-zeolites
compared. Glutaraldehyde coupling was performed using
the CTS-zeolites, linking primary amines of chitosan with amine
carrying amino acids of GOX. EDC coupling is based on the
activation of a carboxy groups to form an amide bond with
primary amines. Within a mixture of GOX with modified CTS-
zeolites the carboxy groups of both, GOX and CA grafted on
chitosan could be activated for subsequent crosslinking. Figure
3 compares the GOX activities found on CTS-zeolites and CA-
CTS-zeolites, respectively, after immobilization of GOX using
the different strategies. Glutaraldehyde coupling of GOX onto
CTS-zeolites resulted in the highest GOX activity found on the
particles (12.3 μM/min H2O2 per mg zeolites). The EDC ap-
proach on the same zeolite material resulted in 50% lower GOX
activity which may be a result of the restricted cross-linking
sites available on the surface of GOX (carboxy groups). The
suspected low amount of chitosan (and thus primary amines)
coating the zeolites is also supposed to impede crosslinking
since the small spacer arm length of the acylisourea interme-
diate results in a decreased degree of freedom during bond
formation.

EDC coupling was subsequently performed using the CA-
CTS-zeolite, thereby exploiting additional carboxy groups from

Figure 3. Immobilization of GOX onto CTS-zeolites and CA
grafted CTS-zeolites using different coupling methods. GOX ac-
tivity is given as μM H2O2 generated from 1 mg CTS-zeolite per
minute.

CA. Applying the same reactions conditions, 2.9 μM/min H2O2

per mg zeolite were measured which was again a 50% lower in
GOX activity when compared to EDC coupling on CTS-zeolites
(6.3 μM/min H2O2 per mg zeolites). Since the residual GOX
activity in the reaction supernatant was the same for both EDC
immobilizations, multiple enzyme coupling to the zeolites was
supposed which often decreases the enzyme´s flexibility (de-
gree of freedom) und thus impedes its activity. However, all
GOX functionalized particles generated considerable amounts
of H2O2 to ensure an accumulation of the oxidative reagent in
solution and thus prevent microbial growth.

The impact of GOX immobilization on the ZP of the CA-CTS-
zeolites was investigated while no significant effect was found
(−37.2.4 ± 0.5 mV). Thus GOX immobilization does not alter
the stability of the zeolite suspensions. The maintenance of the ZP
may be an indicator that GOX immobilization mainly occurred
at the amines of chitosan leaving residual carboxy groups of CA
unaltered.

In general, the influence of CA on the GOX mediated oxida-
tion of glucose must be considered, which could further lower
the H2O2 production rate. Whether an eventual influence of an-
tioxidative compounds impedes GOX activity or not, is subject
to further studies.

3.3 Antioxidant and antimicrobial properties

The readily synthesized chitosan/zeolite materials were investi-
gated and compared towards their bioactivities. The concept of
this study was a combined antioxidant and antimicrobial effect,
the former resulting from CA and the latter as function of H2O2

generation by the immobilized GOX. The antioxidant activity
was analyzed using the DPPH assay which is based on the re-
duction of DPPH by an antioxidant compound. The starting
material CTS-zeolite did not show antioxidant activity (data not
shown) thus CA grafting was originally chosen to provide the
material the desired properties. CA modification resulted in 44%
DPPH inhibition as function of the antioxidant effect. Chitosan
coated zeolite which was only functionalized with GOX did not
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Figure 4. Incubation of 10 mg of
the respective CTS-zeolite parti-
cles with E. coli (A) and S. aureus
(B) assessing the count of viable
cells over time. Complete inhibi-
tion of bacterial growth was ob-
tained for the particles function-
alized with GOX.

Table 1. Characterization of the produced zeolite derivatives

CTS-zeolite
modification

Phenol content
[μg per mg zeolite]

Antioxidant
activity [%]

GOX activity
[μM/min per mg zeolite]

Antimicrobial
activity

CA 5.0 ± 1 44 ± 1 – No
GOx – – 5.48 ± 1.73 Yes
GOx-CA 7.0 ± 0.3 15 ± 0.2 0.95 ± 0.15 Yes

show any inhibitory effect on DPPH. A decreased antioxidant
effect was observed with both GOX and CA were coupled to
CTS-zeolites (15% inhibition) which may be a reason of GOX
immobilization partially on the free carboxy groups of CA. Al-
though the phenol moiety of CA is considered the radical scav-
enging component, GOX coupling seemed to alter this effect.
It is supposed that steric hindrance by the enzyme caused this
retarding effect. However, 15% of radical scavenging remains a
viable value for a dual bioactive material.

The antimicrobial activity of the zeolite materials is a core
parameter and was assessed against E. coli and S. aureus as repre-
sentatives of Gram-negative and Gram-positive bacteria, respec-
tively (Fig. 4). Immobilized GOX oxidizes glucose which results
in the generation of H2O2. The culture medium used in this assay
contained glucose available for GOX. However, the medium was
additionally spiked with glucose preventing substrate limiting
effects for the catalytic reaction. Both GOX-functionalized zeo-
lite materials showed complete growth inhibition of E. coli and
S. aureus after 4–6 h incubation. The unmodified chitosan coated
zeolites showed a slight inhibitory effect against S. aureus (2 mag-
nitudes) which may be a combinatory effect of the zeolite and
chitosan. Existing studies on the inhibitory effects of chitosan
against E. coli and S. aureus do not reveal a significant difference
in the susceptibility of these two bacteria towards chitosan [29].
The H2O2 concentration generated by GOX in the culture media
was measured to be between 55 and 68 μM within 8 h incubation
whereby a steady state of this concentration range was obtained
after 2 h. This concentrations are in agreement with previous
studies of immobilized H2O2 producing enzymes [19, 30, 31]
and lie above the desired values of 10 μM which are known to be
the minimum inhibitory concentration [32]. The culture media
were incubated with the particles for 24 h and the complete in-
hibition of bacterial growth could be set upright long this time,

proofing a high stability of immobilized GOX in this complex
medium.

The CA / GOX modified CTS-zeolite particles proved com-
bined antioxidant and antimicrobial activity which is a concept
of great interest for future biomedical applications (Table 1).
CA could enzymatically be grafted onto the chitosan moieties
of the particles resulting in phenolic spacers with a terminal
carboxy group which enabled EDC coupling of GOX on both,
the amines of chitosan and on CA. Enzyme immobilization on
biomaterials is an important aspect supporting the applicability
of various enzymes for different means. The use of cross-link
spacers with bioactivity like CA constitutes a new concept which
helps installing further functionality to a bioactive material.

4 Concluding remarks

A new approach for the functionalization of chitosan coated
zeolites for biomedical applications was developed within this
study. Caffeic acid (CA) was successfully grafted on chitosan by
the aid of laccase providing the material antioxidant proper-
ties. Immobilization of glucose oxidase rendered these particles
a hydrogen peroxide generation machinery in-situ producing
the oxidative agent and thus showing antimicrobial activity. In a
combined approach, CA grafted chitosan zeolites were function-
alized with GOX resulting in modified zeolites that revealed both
antioxidant and antimicrobial properties. The modification led
to a change of the zeta potential from –28.3 to –37.2 mV which
consequently increases the stability of the particles dispersion,
a favorable property for future applications. The combined an-
tioxidant and antimicrobial activity in combination with high
stability renders these particles a functional material for incor-
poration in bioactive formulations.
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Practical application

Natural zeolites are aluminosilicate-based materials nowa-
days frequently used in cosmetics and dermatology due
to the known biological activities like UV protection and
wound healing promoting activities.

The use of zeolites is thus divers and enzyme modified
zeolites systems, like the presented, offer a great opportu-
nity expanding and refining current application strategies.
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