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Abstract

Microbial inhibition of carboxymethyl dextran (CMD) magnetic nanoparticles (MNPs) was investigated on two different
bacterial cultures, Escherichia coli and Staphylococcus aureus, where inhibition properties of CMD-MNPs were con-
firmed, while uncoated MNPs exhibited no inhibition properties. To such CMD-MNPs, enzyme alcohol dehydrogenase
(ADH) from Saccharomyces cerevisiae was immobilized. Later on, CMD-MNPs were functionalized, using an epoxide
cross-linker epiclorohydrin (ECIH) for another option of ADH immobilization. Residual activities of immobilized ADH
onto epoxy functionalized and non-functionalized CMD-MNPs were determined. Effect of cross-linker concentration,
temperature of immobilization and enzyme concentration on residual activities of immobilized ADH were determined,
as well. With optimal process conditions (4% (v/v) ECIH, 4 °C and 0.02 mg/mL of ADH), residual activity of immobi-
lized ADH was 90%. Such immobilized ADH was characterized using FT-IR, SEM and DLS analysis.
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1. Introduction

As versatile and efficient enzyme, alcohol dehydro-
genases (ADH) has always had an important role in mod-
ern green chemistry, especially since it can perform selec-
tive oxidations and reductions.!” ADHs have many
applications in production of various intermediates in
chemical industries, such as production of chiral com-
pounds, regeneration of different cofactors and in biosen-
sors.>® However, poor stability presents a limitation in the
industrial use of ADH and many strategies have been de-
veloped to improve and increase its stability. These meth-
ods include protein engineering, chemical modification
and most commonly used immobilization.”~!!

Iron oxide nanoparticles are often used as nanocarri-
ers for enzyme immobilization and present a promising

tool in various medical fields, which has numerous clinical
applications, such as targeted drug delivery, cell labelling,
tissue repairment and various applications in biosen-
sors.!2716 Magnetic nanoparticles (MNPs) have unique
properties, such as superparamagnetism, large surface area
and low toxicity.!”-!® However, they are inclined to aggre-
gate, because of their strong magnetic dipole.?%! To avoid
such aggregation, modification of nanoparticles is in place.
In our study, we used organic polymer carboxymethyl dex-
tran (CMD) to provide better biocompatibility and biode-
gradability with low toxicity of synthesized MNPs.22-2>
Modified MNPs are usually further functionalized
using different functionalization groups. Epoxy functional
group is a very active group, which can react with proteins,
enzymes and nucleic acids, resulting in beneficial immobi-
lization of biomolecules. Epoxy groups are also very stable
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at neutral pH values, therefore different commercial sup-
ports can be prepared at a far position, where the enzyme
has to be immobilized, which means epoxy-activated sup-
ports are very suitable biological systems to develop easy
enzyme immobilization protocols.?**” ECIH is an epoxide
with bifunctional alkylating activity and is routinely used
in the production of numerous synthetic materials, includ-
ing epoxy, phenoxy and polyamide resins, cross-linked
starch, surfactants and many pharmaceutical products.?®
There are studies describing epoxy-functionalized nano-
particles, modified with silica, as a carrier for immobiliza-
tion of ADH from horse liver to be a suitable support for
immobilization of ADH,?*3? and studies reporting of im-
mobilization of lipase and laccase covalently immobilized
on magnetic microspheres, silica nanoparticles or chitosan
magnetic beads via active epoxy groups.>!~3* All reported
studies show the importance and significance of ep-
oxy-functionalized nanoparticles, suitable for enzyme im-
mobilization.

As there are many research studies investigating im-
mobilization of ADH onto different magnetic supports,
there are none that report about immobilization of ADH
onto functionalized CMD-MNPs, using epichlorohydrin
as an epoxide cross-linker. In our study, effect of process
parameters was investigated, such as cross-linker concen-
tration, temperature of immobilization and enzyme con-
centration to obtain the highest residual activity of immo-
bilized ADH. Additionally, characterization of such
immobilized ADH was performed using FT-IR, SEM and
DLS analysis.

2. Materials and Methods

2. 1. Materials

CMD sodium salt, sodium phosphate, sodium pyro-
phosphate, ECIH (1-Chloro-2,3-epoxypropane), ethanol,
B-nicotinamide adenine dinucleotide (B-NAD) and ADH
from S. cerevisiae were purchased from Sigma-Aldrich.
Iron (III) chloride hexahydrate (FeCl, - 6H,0), iron (II)
chloride tetrahydrate (FeCl, - 4H,0), Coomassie brilliant
blue, Peptone from meat, Meat extract, agar, Yeast extract
and Tryptic soy broth were obtained from Merck. Ammo-
nium hydroxide was purchased from Chem-Lab, Belgium.
All reagents in this work were of analytical purity and used
without further purification. In all experiments, deionized
water was used.

2. 2. Methods

2. 2. 1. Synthesis and Toxicity of CMD-MNPs
CMD-MNPs were prepared by protocol developed
in our previous research, published by Vasi¢ et al.** Fur-
ther we wanted to investigate the toxicity of the prepared
CMD-MNPs. This was tested on two different bacterial
cultures, Gram negative E. coli and Gram positive S. au-

Table 1. Growth media for E. coli and S. aureus

E. coli S. aureus

Peptone from meat 5¢g Tryptic Soy Broth ~ 30 g
Meat extract 3g Yeast extract 3g
Agar 15¢g Agar 15g
Distilled H20 1L Distilled H,O 1L

reus. Growth media for both bacterial cultures was pre-
pared according to Table 1, later on sterilized and prepared
as growth medium in a petri dish. E. coli and S. aureus with
concentration of 10° CFU/mL were smeared on a petri
dish, to which 10-30 mg of CMD-MNPs was added. Petri
dishes with culture E. coli and S. aureus, together with
CMD-MNPs, were incubated at 37 °C for 24 hours.

2. 2. 2. Immobilization of ADH Onto CMD-MNPs

To CMD-MNPs, ADH and sodium acetate buffer
(10 mM) were added with a volumetric ratio 1:9. Final
ADH concentration in the reaction mixture was 0.02 mg/
mL. Immobilization was carried out for 2 hours at 4 °C and
22 °C, with 500 rpm.

2. 2. 3. Epoxy Functionalization of CMD-MNPs

CMD-MNPs were functionalized with 4 % (v/v)
ECIH (0.5 M) in 10 mM sodium acetate buffer, pH 7.5.
Functionalization was carried out with continuous mixing
for 1 hour at 300 rpm and 22 °C. After functionalization,
the supernatant was removed and epoxy functionalized
CMD-MNPs were obtained.

2. 2. 4. Immobilization of ADH Onto Epoxy
Functionalized CMD-MNPs

To epoxy functionalized CMD-MNPs, ADH and so-
dium acetate buffer (10 mM) were added with a volumet-
ric ratio 1:9. Final ADH concentration in the reaction mix-
ture was 0.02 mg/mL. Immobilization was carried out for
2 hours at 4 °C and 22 °C, with 500 rpm.

2. 2. 5. Assay for ADH Activity

The activity of soluble and immobilized ADH was
determined spectrophotometrically using ethanol as a
substrate. The standard reaction mixture in a total volume
of 3 mL contained 22 mM sodium pyrophosphate, 3.2%
(v/v) ethanol, 7.5 mM B-NAD, 0.3 mM sodium phosphate
and 0.003 (w/v) % BSA. The reaction was initiated by the
addition of ethanol and f-NAD to soluble or immobilized
ADH, and subsequently the increase in absorbance at 340
nm due to formation of p-NADH was measured.

The activity of soluble and immobilized ADH was
calculated using the following equation:
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Units Slisvine =
mL Y - (1)
_ ((AA 340 nm / min) of SAMPLE — (AA340 nm /min)of BLANK) *3xdf
- 6.22%0.1
where:

3 - total volume (mL) of assay
df - dilution factor
6.22 — millimolar extinction coefficient of -NADH
at 340 nm
0.1 - volume (mL) of enzyme used

Enzymatic activity of ADH was measured in tripli-
cates by enzymatic assay for ADH by Sigma-Aldrich pro-
tocol,?® and the residual activity was calculated from the
following equation:

activity of immobilized ADH

* 2
activity of soluble ADH 100 ( )

Residual activity (%) =

2. 2. 6. Protein amount determination and
immobilization efficiency calculation

The protein amount of non-immobilized and immo-
bilized ADH was determined by measuring the protein
concentration by Bradford method using Bovine serum al-
bumin (BSA) as a standard.?® The amount of ADH immobi-
lized on the surface of CMD-MNPs was determined on the
basis of the protein amount in supernatant fraction (c,) and
later calculated by subtracting the measured amount (c,)
from the amount of non-immobilized ADH (c,).

Immobilization efficiency was calculated using the
following equation:

Immobilization ef ficiency (%) = Cec—_:‘ * 100 (3)
where:
¢, - protein concentration in supernatant fraction
of immobilized ADH
c. - protein concentration of non-immobilized
ADH

All measurements for activity and protein amount
determination were performed in triplicates and exhibited
a standard deviation of less than 2%.

2. 3. Characterization
2.3.1. FT-IR

FT-IR spectra were recorded to study chemical
bonds formed between ADH immobilized CMD-MNPs.
FT-IR analysis of the samples was performed by pressing
the samples to form a tablet using KBr as the matrix. The
spectra were detected over a range of 4000-500 cm™! and
recorded by a FI-IR spectrophotometer (Perkin Elmer
1600 Fourier transform infrared spectroscopy spectropho-
tometer).

2.3.2. SEM

The morphology and size of CMD-MNPs and ADH-
CMD-MNPs was investigated by SEM analysis using a
scanning electron microscope (FE, SEM SIRION, 400 NC,
FEI). The samples were measured on a gold (Au) substrate.

2.3.3.DLS

The particle size distribution, hydrodynamic size
and (-potentials of the samples were measured using DLS
(Zetasizer Nano ZS). Each diameter value was the average
of three consecutive measurements. Higher values indicate
a very broad size distribution, whereas lower values corre-
spond to more or less monodisperse particle size distribu-
tions. Measurements were carried out under equilibrium
conditions. Measured samples were dispersed in water
with neutral pH at room temperature. Concentration of all
CMD-MNPs and ADH-CMD-MNPs were 2 mg/mL.

3. Results and Discussion

3. 1. Toxicity of CMD-MNPs

Inhibition properties of synthesized CMD-MNPs on
the growth of bacterial cultures E. coli and S. aureus were
investigated, compared to uncoated magnetic nanoparti-
cles. Qualitative assessment of inhibition properties was
determined after incubation for 24 hours at 37 °C. If the

Figure 1. Uncoated MNPs on bacterial culture E. coli after incuba-
tion at 37 °C for 24 hours (a), CMD-MNPs on bacterial culture E.
coli after incubation at 37 °C for 24 hours, where inhibition zone can
be seen (b), uncoated MNPs on bacterial culture S. aureus after in-
cubation at 37 °C for 24 hours (¢) and CMD-MNPs on bacterial
culture S. aureus after incubation at 37 °C for 24 hours, where inhi-
bition zone can be seen (d).
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inhibition zone was present, additional quantitative as-
sessment was performed. Figure 1 shows that inhibition
occurs when CMD-MNPs were incubated with both bac-
terial cultures, while uncoated MNPs exhibited no inhibi-
tion properties. Additional quantitative assessment re-
vealed that the average inhibition zone was 19.7 mm when
incubated with E. coli and 19 mm, when incubated with §.
aureus. CMD-MNPs exhibit antibacterial properties, since
they are modified with organic polymer CMD. The modi-
fication of MNPs with organic polymers makes MNPs bio-
compatible, biodegradable and mostly non-toxic, which is
a favourable advantage with using suitable support for im-
mobilization of enzymes.!”1837

3. 2. ADH Immobilization

ADH was immobilized onto CMD-MNPs, which
were not epoxy functionalized and onto epoxy functional-
lized CMD-MNPs at two different immobilization tem-
peratures, 4 °C and 22 °C. As seen from Figure 2a, residu-
al activities increased drasticall, when ADH was
immobilized onto epoxy functionalized CMD-MNPs. Re-
sidual activity at 22 °C increased from 15% to 39%, while
at 4 °C it increased even more, from 26% to 87%. Results
suggest that epoxy functionalized CMD-MNPs ensure
more successful immobilization of ADH onto the surface
of the carrier, since the functionalization of CMD-MNPs
provides additional epoxy functional groups, to which the
amino groups of the enzyme can bind.

Further, we the influence of cross-linker concentra-
tion on the residual ADH activity was studied. The con-
centration of ECIH was optimized by performing immobi-
lization of ADH onto CMD-MNPs with different
volumetric ratios of 0.5 M ECIH as a cross-linking reagent.
Enzyme residual activity was determined with the help of
enzymatic assay for ADH determination, using ethanol as
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a substrate and immobilization efficiency was determined
with the help of estimating the protein concentration with
Bradford method in supernatants after immobilization
and 2 times washing of the immobilized ADH-CMD-
MNPs. As shown in Figure 2b, when applying 2% (v/v) of
ECIH, the residual activity was very low, only 19%, which
could suggest that low cross-linker concentration gives
poor mechanism strength, easily leading to leaching of the
enzyme from carrier support. By doubling the concentra-
tion of cross-linker ECIH to 4% (v/v), the residual activity
started to increase and was found to be optimal volumetric
concentration, since it retained 88% of the original en-
zyme activity. With increasing cross-linker concentration,
the amount of free active groups on the surface of the car-
rier resulted in higher ADH loading, causing higher resid-
ual activity of immobilized ADH. Also, immobilization
efficiency was very high, resulting in 100%. In this case,
immobilization efficiency goes hand-in-hand with the re-
sidual activity of ADH. With doubling the concentration
of cross-linker ECIH again, to 8% (v/v), residual activity
and enzyme immobilization efficiency started to decrease.
The significant residual activity decrease to 21% at 8%
(v/v) of ECIH suggests that the limit of cross-linking was
reached. Too high concentration of cross-linker can result
in enzyme deactivation on one hand and on the other
hand the loss of activity happens because access concen-

Table 1. Residual activities and immobilization efficiency of ADH
immobilized onto epoxy functionalized CMD-MNPs, while investi-
gating time of immobilization.

Time of Residual Immobilization
immobilization [h] activity [%] efficiency [%]
2 87 100
12 37 96
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Figure 2. Residual activities of ADH immobilized onto CMD-MNPs, while investigating temperature of immobilization with and without epoxy

functionalization (a) and cross-linker concentration (b).
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trations of cross-linker result in blocking of enzyme active
groups.*® Immobilization efficiency was 89% for 8% (v/v)
and 94% for 2% (v/v) of used ECIH.

The influence of immobilization time is presented in
Table 1. At first, immobilization time was investigated at 2
hours, and later on prolonged to 12 hours. When perform-
ing immobilization for 2 hours, residual activity of immo-
bilized ADH-CMD-MNPs of 87% with 100% immobiliza-
tion efficiency was achieved. When the immobilization
time was prolonged to 12 hours, the residual activity of
immobilized ADH-CMD-MNPs decreased drastically, to
37% with 96% immobilization efficiency. The results indi-
cate that the immobilization time has an important effect
on residual activity of immobilized ADH-CMD-MNPs
and that the optimal immobilization lasts for 2 hours,
which is sufficient time to bind enzyme ADH eftectively to
CMD-MNPS surface with its highest possible activity.

Table 2. Residual activities and immobilization efficiency of ADH
immobilized onto epoxy functionalized CMD-MNPs, while investi-
gating enzyme concentration.

Enzyme concentration Residual Immobilization
[mg/mL] activity [%] efficiency [%]
0.02 87 100
0.04 42 31

An increase in ADH concentration is suggested to
yield in a more active product. However, with increase of
enzyme concentration to 0.04 mg/mL the residual activity
of immobilized ADH-CMD-MNPs decreased. When the
ADH concentration was increased from 0.02 mg/mL to
0.04 mg/mL the residual activity decreased to 42% and im-
mobilization efficiency decreased slightly more, to 31%. Re-
sults can be observed in Table 2. The decrease in residual
activity with increasing enzyme concentration can be at-
tributed to the oversaturation of the enzyme over the sup-
port surface. As enzyme has an active site, it is available for

substrate binding to form a product. When enzyme mole-
cules crowd on the support surface, due to high enzyme
concentration, enzyme molecules tend to overlap each oth-
er. That overlapping leads to inaccessibility of enzyme mol-
ecules’ active sites, therefore can not be bind with the sub-
strate. As a consequence of this inaccessibility, the product
can not be formed, which is expressed as reduced enzyme
activity or denaturation of immobilized enzyme.*~42

3. 3. Characterization

3.3. 1. FTIR, SEM, DLS

Present peaks from FT-IR spectra of CMD-MNPs,
ADH-CMD-MNPs and free ADH are presented in Table 3.
ADH enzyme complex in ADH-CMD-MNPs shows char-
acteristic absorption peaks at 1330 cm™, 1640 cm™ and
1450 cm™ which can also be observed in the free ADH
spectra, exhibiting characteristic frequencies of ADH com-
plex at 1640 cm™! and 1390 cm™!. The symmetric ring
stretching frequency of the epoxy ring around 813, 921, and
1269 cm™! were presented, indicating the existence of epoxy
group on epoxy functionalized CMD-MNPs. The absorp-
tion peaks at 569 cm™! and 682 cm™! belong to the stretch-
ing vibration modes of Fe-O bond of synthesized MNPs.
Characteristic adsorption peaks are shown at 1010 cm™,
which corresponds to CMD vC-O vibrations, while the
broad absorption peak at 3408 cm™! corresponds to the
characteristic vVO-H stretching and 6O-H deformation
modes of CMD hydroxyl groups, also CMD carboxyl
groups are represented in absorption peak at 1642 cm™!. FT-
IR spectra is available in Supplementary Material 1.

The morphology of epoxy functionalized CMD-
MNPs with immobilized ADH was investigated by SEM.
Figure 3 shows SEM images of CMD-MNPs and epoxy
functionalized ADH-CMD-MNPs. It is evident that
CMD-MNPs and ADH-CMD-MNPs are spherical in
shape and monodispersed. However, before immobiliza-
tion of ADH, CMD-MNPs had more uniform size, which
was in average 28 nm, as can be observed in our previous

Table 3. Peaks from FT-IR spectra, present in soluble ADH, CMD-MNPs and ADH-CMD-MNPs.

Wavenumber Functional

Soluble

CMD-MNP: ADH-CMD-MNP:

[em™] group ADH s s
569 Fe-O X X
682 Fe-O X X
813 epoxy X X
921 epoxy X X
1010 vC-O X X
1269 epoxy X X
1330 ADH complex X X
1390 ADH complex X X
1450 ADH complex X X
1640 ADH complex X X
3408 vO-H, §O-H X X
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Figure 3. SEM images of CMD-MNPs (left) and ADH-CMD-MNPs (right).

research.>* After immobilization CMD-MNPs are covered
with a layer of enzyme due to epoxy functionalization,
which allows ADH to covalently bind to CMD-MNPs. The
sizes are slightly uneven and increased in diameter, rang-
ing from 57 nm to 84 nm. Therefore, SEM images give ad-
ditional evidence that ADH has been successfully bound
to the surface of CMD-MNPs by covalent attachment re-
sulting in the nano-sized product.

Zeta potential of CMD-MNPs and ADH-CMD-
MNPs was measured to indicate the stability of colloidal
dispersion. Both prepared CMD-MNPs and immobilized
ADH-CMD-MNPs exhibit negative zeta potentials, -31.9
mV and -26.8 mV, respectively, which indicate negatively
charged hydroxyl and carboxyl groups of CMD present on
the surface of nanoparticles. Zeta potentials indicate that
CMD-MNPs and ADH-CMD-MNPs show good disper-
sion in the aqueous phase. The size distribution of
nanoparticles is expressed in polydispersity index (PdI).
The PdI of ADH-CMD-MNPs is slightly higher, which is
due to the layer of ADH, immobilized on the surface of
CMD-MNPs, which can also be observed from SEM imag-
es. Because ADH-CMD-MNPs are slightly uniform in
size, the PdI index increases, as well. PdI values are pre-
sented in Table 4.

Table 4. Zeta-potential and PdI obtained by DLS analysis of CMD-
MNPs and ADH-CMD-MNPs. Sample

Sample Zeta-potential (mV) PdI
CMD-MNPs -31.9 0.31
ADH-CMD-MNPs -26.8 0.53

4. Conclusions

To conclude, CMD-MNPs were successfully func-
tionalized with cross-linking of epoxide ECIH for covalent
attachment of ADH. Cross-linker concentration, tempera-
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ture of immobilization and enzyme concentration were
successfully optimized, resulting in 90% of residual activity
of immobilized ADH. Characterization of immobilized
ADH onto functionalized CMD-MNPs revealed successful
covalent attachment and confirmed immobilization of
ADH. The resulting CMD-MNPs with immobilized ADH
were spherical in shape and measured from 57 nm to 84 nm
in diameter. The results indicated that epoxy functionalized
CMD-MNPs are favourable for ADH immobilization.
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Povzetek

Mikrobno inhibicijo magnetnih nanodelcev (MNP) prekritih z karboksimetil dekstranom (CMD) smo preu¢ili na dveh
bakterijskih kulturah, Escherichia coli in Staphylococcus aureus. Dokazali smo inhibicijske lastnosti CMD-MNP-jev,
medtem ko neprekriti MNP-ji niso imeli te lastnosti. Na CMD-MNP smo imobilizirali alkohol dehidrogenazo (ADH) iz
Saccharomyces cerevisiae. Poleg tega smo CMD-MNP-je funkcionalizirali z zamreZevalcem epiklorhidrinom (ECIH) kot
alternativa za ADH imobilizacijo. Primerjali smo aktivnost ADH imobilizirane na epoksi funkcionalizirane CMD-MNP-
je in nefunkcionalizirane. Pod optimalnimi pogoji priprave (4% (v/v) ECIH, 4 °C in 0.02 mg/mL ADH) je imobilizirana
ADH ohranila 90% aktivnosti. Tako imobilizirano ADH smo okarakterizirali z FT-IR, SEM in DLS.
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