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Objective(s): The present work deals with the preparation of nanobioconjugates
based on the immobilization of cytochrome ¢ (cyt ¢) on functionalized multi-
wall carbon nanotubes (f-MWCNTs). The' effect of the nanosupport and the
immobilization procedure on the biochemical and structural characteristics of
the immobilized protein was investigated.

Methods: The MWCNTs were functionalized to provide alkyl chains with different
length and terminal functional groups on their surface. The immobilization of cyt
¢ was achieved through physical adsorption and covalent binding. Cyt-c-based
nanoconjugates were characterized in terms of peroxidase activity and stability
of protein, while UV-visible spectroscopy was used to investigate the structural
characteristics of the immobilized protein.

Results: The loading of cyt:c on -MWCNTs was effectively achieved, with
immobilization yields reaching up to 77%. The peroxidase activity of cyt ¢ was
higher in the case of non covalent immobilization compared to that of covalent
procedure. Immobilized cyt c exhibited higher thermal stability than the native
protein after 24 h incubation at 40°C, while it preserved up to 100% of its initial
activity after incubation in the presence of a denaturing agent such as H,0,. No
significant changes in the heme microenvironment of cyt c were observed in the
presence of -MWCNTs.

Conclusions: This study has demonstrated that -MWCNTs are effective supports
for the immobilization of cyt ¢, providing a universally applicable platform for the
development of bionanoconjugates with potential use in a wide variety of fields
in nanobiocatalysis, biosensing and nanomedicine.
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INTRODUCTION

Nanomedicine, a rapidly growing research field
of medicine that applies tools of nanotechnology,
involves the wuse of nanoscale materials for
diagnosis, delivery and sensing [1]. Carbon-based
nanomaterials have a great potential for biological
and nanomedicine applications due to their surface
characteristics and good biocompatibility [2,3].
Among these nanomaterials, carbon nanotubes
(CNTs) have been widely used in pharmacy and
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medicine due to their high surface area that facilitates
the conjugation with a variety of therapeutic and
diagnostic agents, such as genes, antibodies, drugs
and proteins [4]. CNTs are allotropes of carbon,
synthesized in cylindrical tubes with nanometer
scale in diameter and several millimeters in length.
They exhibit excellent mechanical, structural and
electrical properties which render from their small
size [5]. These characteristics, along with their high
surface area, make them potential vehicles for drug
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delivery into cells directly, as well as excellent supports
for the loading of other biomolecules with biological
function in cells, such as proteins and enzymes [4].

Cytochrome ¢ (cyt ¢) is a small globule heme
protein (~ 12000 Da) found in the inner membrane
of mitochondria. It belongs to the cytochrome family
containing heme ¢ and participates in electron
transport chain, where it carries electrons from
cytochrome ¢ reductase (complex III) to cytochrome
¢ oxidase (complex IV) [6]. Moreover, cyt ¢ is a key
protein to the initialization of cell apoptosis, as well as
a radical scavenger that removes unpaired electrons
from superoxide, and thus regenerating molecular
oxygen [7]. The structure, simplicity and availability
of this redox protein make it an ideal model for
understanding the physical electron transfer of
proteins, as well as the conformational transitions in
an atomic level. Cyt ¢ is among the best characterized
proteins due to its spectroscopic characteristics,
and presents high peroxidase activity in vitro. These
characteristics make cyt ¢ an ideal protein for an
extensive use in nanomedicine and biocatalysis,
providing a better understanding of the molecular
mechanisms in vivo [8]. Many research groups have
investigated the biochemical properties of cyt ¢, as
well as its interactions with various physical and
chemical molecules which could lead to functional
and structural changes of the protein [9,10]. Moreover,
the conjugation of cyt ¢ with biological molecules or
synthesized supports, such as nanomaterials, offers
the possibility to tailor the catalytic characteristics of
the protein [11,12].

In the present study, cyt ¢ from equine heart has
been immobilized on functionalized multi-wall
carbon nanotubes (-MWCNTSs). The aim of this work
has been to investigate the use of these nanomaterials
as supports for the immobilization of a key protein
in living cells. The effect of -MWCNTs on the
biochemical characteristics of cyt ¢, such as activity,
stability and structure was studied. The results have
shown that -MWCNTs exhibit high ability to form
stable conjugations with cyt ¢, protecting the protein
from denaturating conditions, such as temperature
and the presence of H,O,. The presence of these
nanomaterials also maintains the conformational
state of the heme pocket of cyt c.

MATERIALS AND METHODS
Materials

Cytochrome ¢ (cyt c¢) from equine heart was
purchased from Sigma-Aldrich (>98%, St. Louis,
MO) and used without further purification.
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Guaiacol (2-Methoxyphenol) was purchased
from Sigma-Aldrich (St. Louis, MO). Hydrogen
peroxide (30% w/v, H,O,) was obtained from
Fluka. N-Hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylpropyl) carbodiimide (EDC) and HEPES
were obtained from Sigma. Glutaraldehyde solution
25% for electron Microscopy was purchased from
Merck (KGaA Darmstadt, Germany). Multi-wall
carbon nanotubes (95 % pure, MWCNTs) were
purchased from Aldrich. All other solvents and
reagents were of HPLC or analytical grade.

Functionalization of MWCNTs

Functionalized MWCNTs were prepared after
the oxidation of the nanomaterials according to
previous works. [13,14]. Aminoundecanoic acid,
hexamethylenediamine and dodecylamine were
used for the addition of terminal carboxyl, amine
and alkyl groups, respectively.

Non covalent immobilization of cyt ¢

In a typical procedure, 3 mg of - MWCNTSs were
added in 5.7 mL of phosphate buffer (50 mM, pH
7.0) and sonicated for 30min. Then 1 mL of cyt ¢
in phosphate buffer solution (containing 3 mg of
cyt ¢) was added and the mixture was incubated
under stirring for 1 h at 30°C. The - MWCNTs-cyt
¢ conjugates were separated by centrifugation at
6,000 rpm and washed three times with phosphate
buffer solution to remove loosely bound protein.
The immobilized cyt ¢ was dried over silica gel and
was stored at 4°C until used.

Covalent immobilization of cyt c using glutaraldehyde
as cross-linker

3 mg of amine-functionalized MWCNTs were
added in 5.7 mL of phosphate buffer (50 mM, pH
7.0) and sonicated for 30 min, in the presence of 110
uL Tween-20. After the dispersion of nanomaterials,
1.76 mL of glutaraldehyde was added and the
mixture was incubated under stirring for 1 h at
30°C. The modified nanomaterials were separated
by centrifugation at 6,000 rpm and washed three
times with phosphate buffer solution to remove
extra glutaraldehyde. Then 6 mL of phosphate bufter
solution containing cyt ¢ (3 mg of cyt ¢) were added
and the mixture was treated as described for non
covalent procedure.

Covalent immobilization of cyt ¢ via diimide-
activated amidation
3 mg of carboxyl-functionalized MWCNTs were
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added in 5 mL HPLC water and sonicated for 30
min. Then 1 mL of HEPES buffer solution (50 mM,
pH 7.0) and 2.3 mL of a 50 mg ml' NHS aqueous
solution were added to the above suspension and
mixed. Under fast stirring, 1.2 mL of a 10 mg mL"
EDC aqueous solution were added quickly and
the mixture was incubated for 30 min at 30°C.
The activated nanomaterials were separated by
centrifugation at 6,000 rpm and washed three times
with HEPES buffer solution to remove extra EDC.
The ester-nanomaterials were re-dispersed in 9 mL
HEPES buffer solution for 30 min. Then, 1 mL of
protein solution in HEPES buffer (containing 3 mg
cyt ¢) was added and the mixture was treated as
described for non covalent procedure.

Determination of immobilization yield

The amount ofimmobilized cyt c was determined
by determining the protein concentration in the
supernatant after the immobilization procedure
according to the Bradford method [15].

FTIR measurements

FTIR spectra were measured with a FTIR-8400
infrared spectrometer (Shimadzu, Tokyo, Japan)
equipped with a deuterated triglycine sulphate
(DTGS) detector. A total of 64 scans were averaged
for each sample with 2 cm™ resolution, using KBr
pellets containing ca. 2 wt% sample:

Determination of free and immobilized cyt.c
peroxidase activity

0.5 mg of free or immobilized cyt ¢ was dispersed
in 0.5 mL phosphate buffer (50 mM; pH 7.0) to give
a final concentration of 1 mg mL . The peroxidase
activity of immobilized cyt ¢ was determined using the
chromogenic substrate guaiacol, as shown in Scheme
1. Hydrogen peroxide was-added to give a final assay
mixture (containing 25 pug mL" free or immobilized
cyt ¢, 25 mM guaiacol and 10 mM hydrogen

OCH3
OH
4 + 2H50;

Cytc

Guaiacol

peroxide). The activity of cyt ¢ was monitored by
measuring the increase of the absorbance at 470 nm,
due to guaiacol oxidation, at 40°C.

The effect of temperature was studied by
measuring the activity of both free and immobilized
cyt c at different temperatures (ranging from 30 to
75°C).

Stability of free and immobilized cyt ¢

The stability of immobilized cyt ¢ was
investigated and compared to that of the native
protein. Phosphate buffer (50 mM, pH 7.0)
was pre-incubated at 40°C in the presence of
guaiacol (25 mM) or HO, (10 mM), and a
predetermined amount of cyt ¢ was added to
give a final concentration of 25 ug mL". Samples
were withdrawn at regular time intervals in order
to measure the remaining activity of cyt c. All
experiments were repeated at least 3 times.

UV-Visible measurements

The conformational changes around the heme
microenvironment of cyt ¢ in the presence of
f-MWCNTs were determined by recording the
protein spectrum at the Soret region. . UV-Vis
spectra (300-700 nm) of cyt ¢ (25 pug mL') in
phosphate buffer solution (50 mM, pH 7.0),
containing various f{-MWCNTs at different
concentrations (5-25 pug mL™') were recorded at
room temperature using a UV-1601 Shimadzu
spectrophotometer (Tokyo, Japan).

RESULTS AND DISCUSSION
Immobilization of cyt c on f-MWCNTs

In the present work we have investigated the
immobilization of cyt c on various f-MWCNTs. The
immobilization procedure was carried out under
constant experimental conditions (pH 7.0, 30 °C).
At this pH, cyt ¢ exhibits high peroxidase activity,
while the net charge of the protein is positive, since

OCH3 OCHjs

OCH;3 OCH;

Tetraguaiacol

Scheme 1. Oxidation of guaiacol by cyt c in the presence of H,O,
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its isoelectric point (pI) is 10.5 [13].

The immobilization of cyt c onto f-MWCNTs was
accomplished via two different methods: physical
adsorption and covalent binding. The physical
adsorption of proteins on f-MWCNTs is governed
by weak forces such as van der Waals forces, n-nt
stacking interactions, hydrophobic and electrostatic
interactions [2,3,16]. Covalent immobilization was
achieved on two different kinds of functionalized
carbon nanotubes; those with terminal carboxyl
groups and those with terminal amine groups. In
the first case, during the immobilization procedure,
the carboxyl-functionalized CNTs firstly reacted
with EDC to form an amine-reactive O-acilysouria
intermediate which subsequently reacted with
an amine group on the surface of the protein
to produce a stable amine bond [16]. NHS was
added for the stabilization of the O-acilysouria
intermediate by converting it to a semi-stable
amine-reactive NHS ester, thus enhancing a more
efficient coupling with the protein [17]. Finally, the
activated CNTs reacted with the protein. In the case
of immobilization on amino-functionalized CNTs,
the nanomaterials were firstly activated with the
cross-linker glutaraldehyde. In a following step, the
free terminal aldehyde groups were cross-linked to
amine groups on the enzyme surface through the
formation of a Shiff’s base [2].

The immobilization efficiency for both covalent
and non covalent procedure is presented in Table
1. In all cases, a protein to.nanomaterial weight
ratio 1:1 was used. The immobilization yield
was calculated from the difference in the protein
concentration in the aqueous phase before and
after the immobilization procedure. As it can
be seen, cyt ¢ was successfully immobilized
on f-MWCNTSs regardless the immobilization
procedure, with immobilization yields reaching
up to 77%. The successful immobilization of
cyt ¢ was also confirmed by FTIR spectroscopy
(Supplementary Material, Fig. S1). Efficient
immobilization of cyt ¢ on other multi-wall CNTs

and semi-conductive single-wall CNTs has been
previously reported [18,19]. Immobilization yields
were higher in the case of physical adsorption than
in covalent binding, which could be attributed
to the limited number of free functional groups
on the surface of f-MWCNTs that are available
for covalent attachment with protein molecules
[20]. The m-m stacking interactions between the
sidewalls of CNTs and the aromatic amino acids
of cyt ¢ in physical adsorption could also explain
the high immobilization yields observed. In the
case of physical adsorption, higher immobilization
yields were observed when more hydrophobic
nanomaterials, such as CNT-C, -COOH and CNT-
C,,-CH,, were used as supports. The increase of
the hydrophobicity of the nanomaterial (due to
the increase of the alkyl chain length) resulted in
a more efficient immobilization, suggesting that
the main forces during physical adsorption are
the hydrophobic interactions developed between
the protein molecule and the nanomaterials. In
the case of covalent immobilization, cyt ¢ seemed
to-be more effectively immobilized on carboxyl-
functionalized CNTs, indicating that the terminal
functional group of nanomaterials also affects the
immobilization procedure.

The peroxidase activity of immobilized cyt
¢ was determined by the oxidation of guaiacol
in the presence of H,O,. As seen from Table 1,
the immobilization procedure followed, as well
as the chemical characteristics of f-MWCNTs,
affected the activity of immobilized cyt c. The
peroxidase activity of cyt ¢ was higher in the case
of non covalent immobilization compared to that
in covalent procedure, indicating that covalent
binding may cause conformational changes during
the protein grafting, leading to lower catalytic
activity [21]. Both in non covalent and covalent
immobilization, the activity of cyt c increased with
the addition of an alkyl chain on the nanomaterial’s
surface. The presence of longer alkyl chains could
increase the distance between the nanomaterial’s

Table 1. Peroxidase activity and immobilization yield (%) of cyt ¢ on f-MWCNTS, calculated as the ratio of protein
immobilized on nanomaterials to the initial protein quantity used (standard deviation was less than 2% in all cases).

Immobilization yield (%) Activity (uM/min mg)
Nanomaterial Non covalent Covalent Non covalent Covalent
immobilization  immobilization immobilization immobilization
CNT-COOH 30 6.80 5.90
CNT-C10-COOH 71 13.5 9.80
CNT-Cs-NH2 59 154 14.3
CNT-C11-CH3 77 15.0 -
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surface and the protein, especially in covalent
immobilization, avoiding any substrate diffusion
limitations, and thus enhancing the catalytic
activity of the protein. Similar results have been
reported by our group, when cyt ¢ was immobilized
on graphene oxide derivatives functionalized with
different alkyl chains and terminal groups [11].
It is interesting to note that, although CNT-C.-
NH, exhibited the lowest efficiency as a support
for covalent immobilization, the immobilized cyt
¢ on this nanomaterial demonstrated the highest
catalytic activity among the other f-MWCNTs
studied, indicating that the specific binding of cyt
c on CNT-C\NH, may result in conformational
changes in the protein molecule that lead to an
enhanced peroxidase activity.

The effect of temperature on the peroxidase
activity of free and immobilized cyt ¢ was further
investigated at various temperatures ranging from
30 to 75°C (Fig. 1). As seen from Fig. 1, even though
no shift of the optimum temperature was observed
(70°C for both protein forms), the immobilized cyt ¢
exhibited higher relative activity in the temperature
range investigated. This is in accordance to the
results previously reported for iso-cytochrome ¢
immobilized on silica nanostructured supports
[22]. The optimum temperature was not modified
by the enzyme adsorption into the nanomaterials,
but the relative activity of the’ immobilized
protein was higher compared to that of the native
form. Similar results have been also reported

for immobilized lipase on amino-functionalized
multi-wall CN'Ts [23].

Stability of cyt ¢

The thermal stability of free and immobilized cyt
cwas investigated after incubation in buffer solution
at 40°C, in the presence of guaiacol. The remaining
peroxidase activity was estimated by monitoring
the guaiacol oxidation after H,O, addition. As seen
in Fig. 2a and 2b, in most cases studied, the stability
of the immobilized cyt ¢ was significantly higher
than that of the free protein, which is in accordance
to the result reported by our group concerning the
stabilizing effect of various f-MWCNTs on free cyt
¢ [13]. A similar stabilization effect was observed
when functionalized CNTs were used as supports for
the immobilization of lipase and chloroperoxidase
[14,22]. The covalently immobilized cyt ¢ (Fig.
2b) was in most cases more stable than the non-
covalently immobilized protein (Fig. 2a), which
is in agreement to the common aspect that the
covalent immobilization procedure leads to more
stable enzyme-nanomaterial conjugations than the
physical absorption [25].

To further investigate the stabilizing effect
of fMWCNTs as immobilization supports, the
stability of immobilized cyt ¢ against H,O,, an
oxidizing agent that deactivates peroxidases,
was investigated. The immobilized protein was
incubated at 40°C for 30 min and the remaining
peroxidase activity was monitored using guaiacol

—a— fiee cyt ¢

1007 <« cyt ¢/ONT-COOH

80 -

60 [

40

Relative activity (%)

30 40

60 70 80

Temperature ('C)

Fig. 1. Effect of temperature on the catalytic activity of free and non covalently
immobilized cyt c. As 100% indicated the highest activity exhibited each time,
either by free or immobilized cyt c.
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as a substrate. As seen in Fig. 3, the remaining
activity of immobilized cyt ¢ reached up to 100%
after 30 min incubation with H,O,, while the free
protein retained only 19% of its initial activity,
indicating that the immobilization procedure
increases the stability of the protein. Recent
reports underline the use of functionalized
carbon-based nanomaterials as immobilization
supports, offering a more suitable environment for
cyt ¢ to maintain its functionality [11]. Comparing
the two immobilization methods, the covalently
immobilized cyt ¢ appeared more stable than the
non-covalently, an effect that could render from the

e~
=]

formation of a stronger bond between the protein
and the nanomaterial, leading to a reduction in
the protein structure mobility [26]. This trend
is in agreement with the findings reported for
immobilized lipase on amino-functionalized
CNTs [23]. It is interesting to note that in the
case of non covalent immobilization, the stability
of cyt ¢ increased as the hydrophobicity of the
nanomaterial increased. As seen in Fig. 3, when
CNT-C -COOH and CNT-C -CH, were used as
immobilization supports, cyt ¢ retained up to 93%
of its initial activity, while in the case of CNT-C,-
NH, and CNT-COOH, it retained up to 46%. The

140

(b) —a— freecytc
130 | o ¢yt o/CNT-COOH
o —&— eyt o/CNT-C -COOH
—v— ¢yt o/CNT-C -NH,
110

(a) —a— free cyt ¢
130 —e— ¢yt /CNT-COOH
—&— eyt ¢/CNT-C,_-COCH
= —¥— eyt JONT-C,-NH,
110 —%*— eyt ¢/CNT-C_-CH,
\Q
E 100 fe +
£ w0
o
2 |
2 a0
E 7
g 70
5 |
)
50
0 |
1 1 1 1 1 1 1 1 1 1 1 1

w0 o
o =]

(]
(=]

70

Remaining activity (%)

60

50

0}

Incubation time (h)

Incubation time (h)

Fig. 2. Stability of free and (a) non covalently and (b) covalently immobilized cyt ¢ on f-MWCNTs, after incubation at 40°C with
guaiacol. As 100% is indicated the peroxidase activity of cyt c at t = 0 min.
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30l M cvt ¢/CNT-COOH
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100 |-
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60 [
50|
a0 |
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a0 |
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Remaining activity (%)

Non covalent

[ cyt ¢/CNT-C- -COOH

Covalent

Fig. 3. Stability of free and immobilized cyt ¢ on f-MWCNTs in buffer, after
incubation for 30 min with H,0,. As 100% is indicated the peroxidase activity
of cyt c at t = 0 min. The line refers to the residual activity of free cyt c.
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Fig. 4. Absorption spectra of cyt c in the presence of different concentrations of f-MWCNTs.

increase of the alkyl chain of the functionalized
CNTs seems to create ‘/a more hydrophobic
environment around the protein, leading to the
limited diffusion of the hydrophilic H,O,, and
thus resulting to a lower denaturation effect [11].

Conformational studies of cyt

The effect of f-MWCNTs on the conformational
state of cyt ¢ was investigated by monitoring the
absorbance in the Soret region (300-700 nm).
Optical absorption spectroscopy is used to monitor
changes in the ligation and spin state of the heme
iron and hence in the tertiary structure around the
heme iron [27]. As seen in Fig. 4, cyt ¢ showed two
intense absorption peaks in the visible region: the
Soret band at 409 nm and a weaker, broad band at
527 nm, which arise from electronic transitions of
the porphyrin chromophore and are characteristic
of the low-spin six-coordinated ferric heme [28].

The presence of -MWCNTs did not remarkably
affect the spectrum of cyt ¢, as indicated in Fig.

Nanomed Res J 3(1): 10-18, Winter 2018
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4 (B-D). The increased concentrations of the
nanomaterials resulted in slight decrease in the
absorbance of the Soret band, in most cases, while
no shift of the maximum absorbance was observed,
indicating that CNTs help cyt ¢ to preserve its
tertiary structure, as previously reported after
its immobilization on single-wall CNTs and
fullerene-TiO, gels [29,30]. In the case of CNT-
COOH, the changes in cyt ¢ spectrum were
more pronounced (Fig. 4A). The presence of this
nanomaterial resulted to a sharp reduction in the
absorption peak of the Soret band of the protein,
which was dependent on the concentration of the
nanomaterial. When CNT-COOH was added to a
concentration of 25 ug mL", a significant decrease
of the absorbance in the Soret peak was observed,
which could be correlated to the changes in the
microenvironment of the heme of cyt ¢, that lead
to the leach of the Fe(III) ions, as already observed
with mesoporous silica nanoparticles [31]. It seems
that the non-functionalized CNT-COOH develops
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strong interactions with the protein, altering its
conformational state, while the presence of longer
alkyl chains on the CNTs protects cyt ¢ from
structural disruption around the heme moiety.

CONCLUSIONS

Functionalized multi-wall carbon nanotubes
were effectively used as supports for the
immobilization of cyt c. The immobilization yield
and the peroxidase activity of immobilized cyt
¢ were found to depend on the immobilization
procedure, as well as on the structural
characteristics of the nanomaterials. The increase of
the alkyl chain length of the nanomaterials resulted
in higher peroxidase activity of the immobilized
protein. Furthermore, immobilized cyt ¢ exhibited
higher thermal stability than native protein, while
it preserved up to 100% of its initial activity after
incubation in the presence of H,O,, indicating that
these nanomaterials offer a protective environment
for the protein against denaturating conditions.
UV-Vis spectroscopic studies showed that the use
of -MWCNTS preserves the conformational state
of the heme prosthetic group of cyt ¢, which is
responsible for the peroxidase activity of the protein.
The results indicate that these functionalized
CNTs can be promising candidates for their use
as immobilization platforms for many biological
molecules and their further application in a variety
of fields, from biosensing to nanomedicine.

ACKNOWLEDGMENTS

We acknowledge support of this work by
the project “Synthetic Biology: From omics
technologies to genomic engineering (OMIC-
ENGINE)” (MIS 5002636) which is implemented
under the Action “Reinforcement of the Research
and Innovation Infrastructure’, funded by the
Operational ~ Programme  “Competitiveness,
Entrepreneurship and Innovation” (NSRF 2014-
2020) and co-financed by Greece and the European
Union (European Regional Development Fund).

Michaela Patila gratefully acknowledges
the IKY Foundation for the financial support.
The post-doc research was implemented with
an IKY fellowship, financed by the Action of
Enhancement of post-doc researchers from
the funds of the Operational Program Human
Resources Development, Education, and Life-
Long Learning with priority axis 6,8,9 and co-
funded by the European Social Fund and the
Greek National Fund (MIS 5001552).

17

CONFLICTS OF INTEREST
The authors declare that there are no conflicts
of interest.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be
found online at: http://www.nanomedicine-rj.com

REFERENCES

1. Pengo P, ologan M, Pasquato L, Guida F, Pacor S, Tossi A, et
al. Gold nanoparticles with patterned surface monolayers
for nanomedicine: current perspectives. European
Biophysics Journal. 2017;46(8):749-71.

2. Pavlidis IV, Patila M, Polydera A; Gournis D, Stamatis H.
Immobilization of enzymes and other biomolecules,
In: Functionalization ©f Graphene. Editor: Vasilios
Georgakilas, Wiley-VCH Verlag & Co. 2014;5:139-171.

3. Patila M, Orfanakis G, Polydera AC, Pavlidis IV, Stamatis H.
Graphene-based nanobiocatalytic systems. In: Biocatalysis
and Nanotechnology. Editor: Peter Grunwald, Pan
Stanford Pte. Ltd. 2017;3(6):243-277.

4. He H, Pham-Huy LA, Dramou P, Xiao D, Zuo P, Pham-Huy
C: Carbon Nanotubes: Applications in Pharmacy and
Medicine. BioMed Research International. 2013;2013:1-
12.

5.1i ], Pandey GP. Advanced Physical Chemistry of Carbon
Nanotubes. Annual Review of Physical Chemistry.
2015;66(1):331-56.

6. Hiittemann M, Pecina P, Rainbolt M, Sanderson TH,
Kagan VE, Samavati L, et al. The multiple functions
of cytochrome c¢ and their regulation in life and death
decisions of the mammalian cell: From respiration to
apoptosis. Mitochondrion. 2011;11(3):369-81.

7. Ma X, Zhang L-H, Wang L-R, Xue X, Sun J-H, Wu Y, et al.
Single-Walled Carbon Nanotubes Alter Cytochrome c
Electron Transfer and Modulate Mitochondrial Function.
ACS Nano. 2012;6(12):10486-96.

8. Alvarez-Paggi D, Hannibal L, Castro MA, Oviedo-Rouco S,
Demicheli V, Tértora V, et al. Addition and Correction to
Multifunctional Cytochrome c: Learning New Tricks from
an Old Dog. Chemical Reviews. 2017;117(23):14014-.

9. Hanske J, Toffey JR, Morenz AM, Bonilla AJ, Schiavoni KH,
Pletneva EV. Conformational properties of cardiolipin-
bound cytochrome c. PNAS. 2012;109(1):125-130.

10. Xu Z, Wang S-L, Gao H-W. Effects of nano-sized silicon
dioxide on the structures and activities of three functional
proteins. Journal of Hazardous Materials. 2010;180(1-
3):375-83.

11. Patila M, Pavlidis IV, Kouloumpis A, Dimos K, Spyrou
K, Katapodis P, et al. Graphene oxide derivatives with
variable alkyl chain length and terminal functional groups
as supports for stabilization of cytochrome c. International
Journal of Biological Macromolecules. 2016;84:227-35.

12. Pattammattel A, Puglia M, Chakraborty S, Deshapriya IK,
Dutta PK, Kumar CV. Tuning the Activities and Structures
of Enzymes Bound to Graphene Oxide with a Protein
Glue. Langmuir. 2013;29(50):15643-54.

13. Patila M, Pavlidis IV, Diamanti EK, Katapodis P, Gournis
D, Stamatis H. Enhancement of cytochrome c catalytic
behaviour by affecting the heme environment using
functionalized carbon-based nanomaterials. Process

Nanomed Res J 3(1): 10-18, Winter 2018
D)oy |


http://www.antagonistikotita.gr/epanek_en/proskliseis.asp?id=28&cs=
http://www.antagonistikotita.gr/epanek_en/proskliseis.asp?id=28&cs=
http://www.nanomedicine-rj.com/
http://dx.doi.org/10.1007/s00249-017-1250-6
http://dx.doi.org/10.1007/s00249-017-1250-6
http://dx.doi.org/10.1007/s00249-017-1250-6
http://dx.doi.org/10.1007/s00249-017-1250-6
http://dx.doi.org/10.1155/2013/578290
http://dx.doi.org/10.1155/2013/578290
http://dx.doi.org/10.1155/2013/578290
http://dx.doi.org/10.1155/2013/578290
http://dx.doi.org/10.1146/annurev-physchem-040214-121535
http://dx.doi.org/10.1146/annurev-physchem-040214-121535
http://dx.doi.org/10.1146/annurev-physchem-040214-121535
http://dx.doi.org/10.1016/j.mito.2011.01.010
http://dx.doi.org/10.1016/j.mito.2011.01.010
http://dx.doi.org/10.1016/j.mito.2011.01.010
http://dx.doi.org/10.1016/j.mito.2011.01.010
http://dx.doi.org/10.1016/j.mito.2011.01.010
http://dx.doi.org/10.1021/nn302457v
http://dx.doi.org/10.1021/nn302457v
http://dx.doi.org/10.1021/nn302457v
http://dx.doi.org/10.1021/nn302457v
http://dx.doi.org/10.1021/acs.chemrev.7b00706
http://dx.doi.org/10.1021/acs.chemrev.7b00706
http://dx.doi.org/10.1021/acs.chemrev.7b00706
http://dx.doi.org/10.1021/acs.chemrev.7b00706
http://dx.doi.org/10.1016/j.jhazmat.2010.04.042
http://dx.doi.org/10.1016/j.jhazmat.2010.04.042
http://dx.doi.org/10.1016/j.jhazmat.2010.04.042
http://dx.doi.org/10.1016/j.jhazmat.2010.04.042
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.023
http://dx.doi.org/10.1021/la404051c
http://dx.doi.org/10.1021/la404051c
http://dx.doi.org/10.1021/la404051c
http://dx.doi.org/10.1021/la404051c
http://dx.doi.org/10.1016/j.procbio.2013.04.021
http://dx.doi.org/10.1016/j.procbio.2013.04.021
http://dx.doi.org/10.1016/j.procbio.2013.04.021
http://dx.doi.org/10.1016/j.procbio.2013.04.021

14.

15.

16.

17.

18.

19.

20.

21.

22.

M. Patila / Nanoconjugates with cytochrome ¢

Biochemistry. 2013;48(7):1010-7.

Pavlidis IV, Tsoufis T, Enotiadis A, Gournis D, Stamatis
H. Functionalized Multi-Wall Carbon Nanotubes for
Lipase Immobilization. Advanced Engineering Materials.
2010;12(5):B179-B83.

Bradford M. A Rapid and Sensitive Method for the
Quantitation of Microgram Quantities of Protein
Utilizing the Principle of Protein-Dye Binding. Analytical
Biochemistry. 1976;72(1-2):248-54.

Gao Y, Kyratzis I. Covalent Immobilization of Proteins
on Carbon Nanotubes Using the Cross-Linker 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide—a Critical
Assessment. Bioconjugate Chemistry. 2008;19(10):1945-50.
Sehgal D, Vijay IK. A Method for the High Efficiency
of Water-Soluble Carbodiimide-Mediated Amidation.
Analytical Biochemistry. 1994;218(1):87-91.

Eguilaz M, Venegas CJ, Gutiérrez A, Rivas GA, Bollo
S. Carbon nanotubes non-covalently functionalized
with cytochrome c¢: A new bioanalytical platform for
building bienzymatic biosensors. Microchemical Journal.
2016;128:161-5.

Gong Y, Liu Q, Wilt JS, Gong M, Ren S, Wu J. Wrapping
cytochrome ¢ around single-wall carbon nanotube:
engineered nanohybrid building blocks for infrared
detection at high quantum efficiency. Scientific Reports.
2015;5(1).

Cang-Rong JT, Pastorin G. The influence of carbon
nanotubes on enzyme activity and structure: investigation
of different immobilization procedures through enzyme
kinetics and circular dichroism studies. Nanotechnology.
2009;20(25):255102.

Orfanakis G, Patila M, Catzikonstantinou AV, Lyra K-M,
Kouloumpis A, Spyrou K, et al. Hybrid Nanomaterials
of Magnetic Iron Nanoparticles and Graphene Oxide
as Matrices for the Immobilization of B-Glucosidase:
Synthesis, Characterization, and Biocatalytic Properties.
Frontiers in Materials. 2018;5.

Aguila S, Vazquez-Duhalt R, Covarrubias C, Pecchi
G, Alderete JB. Enhancing oxidation activity and
stability of iso-1-cytochrome ¢ and chloroperoxidase by

Nanomed Res J 3(1): 10-18, Winter 2018

23.

24.

25.

26.

27.

28.

29.

immobilization in nanostructured supports. Journal of
Molecular Catalysis B: Enzymatic. 2011;70(3-4):81-7.

Verma ML, Naebe M, Barrow CJ, Puri M. Enzyme
Immobilisation on  Amino-Functionalised — Multi-
Walled Carbon Nanotubes: Structural and Biocatalytic
Characterisation. PLoS ONE. 2013;8(9):e73642.

Othman Abdelmageed M, Gonzalez-Dominguez E,
Sanromén A, Correa-Duarte M, Moldes D. Immobilization
of laccase on functionalized multiwalled carbon nanotube
membranes and application for dye decolorization. RSC
Advances. 2016;6(115):114690-7.

Allertz P, Berger S, Sellenk G, Dittmer C, Dietze M,
Stahmann K-P, et al. Approaching Immobilization
of Enzymes onto Open Porous Basotect®. Catalysts.
2017;7(12):359.

Taqieddin E, Amiji M. Enzyme immobilization in novel
alginate—chitosan core-shell microcapsules. Biomaterials.
2004;25(10):1937-45.

Konermann L, Douglas DJ. Acid-Induced Unfolding of
Cytochromecat Different Methanol Concentrations:
Electrospray Jonization Mass Spectrometry Specifically
Monitors (Changes— in  the Tertiary Structuret.
Biochemistry: 1997;36(40):12296-302.

Ray M, Chatterjee S, Das T, Bhattacharyya S, Ayyub
P, Mazumdar S. Conjugation of cytochrome c with
hydrogen titanate nanotubes: novel conformational
state with implications for apoptosis. Nanotechnology.
2011;22(41):415705.

Jiang X, Shang L, Wang Y, Dong S. Cytochromec-
Superstructure  Biocomposite Nucleated by Gold
Nanoparticle: ~ Thermal Stability and Voltammetric
Behavior. Biomacromolecules. 2005;6(6):3030-6.

30. Yang D-H, Shin MJ, Choi SM, Lee C-S, Shin JS. Cytochrome

31.

c assembly on fullerene nanohybrid metal oxide ultrathin
films. RSC Advances. 2016;6(23):19173-81.

Cheng S-H, Kao K-C, Liao W-N, Chen L-M, Mou C-Y,
Lee C-H. Site-specific immobilization of cytochrome ¢
on mesoporous silica through metal affinity adsorption to
enhance activity and stability. New Journal of Chemistry.
2011;35(9):1809.

18


http://dx.doi.org/10.1016/j.procbio.2013.04.021
http://dx.doi.org/10.1002/adem.200980021
http://dx.doi.org/10.1002/adem.200980021
http://dx.doi.org/10.1002/adem.200980021
http://dx.doi.org/10.1002/adem.200980021
http://dx.doi.org/10.1006/abio.1976.9999
http://dx.doi.org/10.1006/abio.1976.9999
http://dx.doi.org/10.1006/abio.1976.9999
http://dx.doi.org/10.1006/abio.1976.9999
http://dx.doi.org/10.1021/bc800051c
http://dx.doi.org/10.1021/bc800051c
http://dx.doi.org/10.1021/bc800051c
http://dx.doi.org/10.1021/bc800051c
http://dx.doi.org/10.1006/abio.1994.1144
http://dx.doi.org/10.1006/abio.1994.1144
http://dx.doi.org/10.1006/abio.1994.1144
http://dx.doi.org/10.1016/j.microc.2016.04.018
http://dx.doi.org/10.1016/j.microc.2016.04.018
http://dx.doi.org/10.1016/j.microc.2016.04.018
http://dx.doi.org/10.1016/j.microc.2016.04.018
http://dx.doi.org/10.1016/j.microc.2016.04.018
http://dx.doi.org/10.1038/srep11328
http://dx.doi.org/10.1038/srep11328
http://dx.doi.org/10.1038/srep11328
http://dx.doi.org/10.1038/srep11328
http://dx.doi.org/10.1038/srep11328
http://dx.doi.org/10.1088/0957-4484/20/25/255102
http://dx.doi.org/10.1088/0957-4484/20/25/255102
http://dx.doi.org/10.1088/0957-4484/20/25/255102
http://dx.doi.org/10.1088/0957-4484/20/25/255102
http://dx.doi.org/10.1088/0957-4484/20/25/255102
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.3389/fmats.2018.00025
http://dx.doi.org/10.1016/j.molcatb.2011.02.008
http://dx.doi.org/10.1016/j.molcatb.2011.02.008
http://dx.doi.org/10.1016/j.molcatb.2011.02.008
http://dx.doi.org/10.1016/j.molcatb.2011.02.008
http://dx.doi.org/10.1016/j.molcatb.2011.02.008
http://dx.doi.org/10.1371/journal.pone.0073642
http://dx.doi.org/10.1371/journal.pone.0073642
http://dx.doi.org/10.1371/journal.pone.0073642
http://dx.doi.org/10.1371/journal.pone.0073642
http://dx.doi.org/10.1039/c6ra18283f
http://dx.doi.org/10.1039/c6ra18283f
http://dx.doi.org/10.1039/c6ra18283f
http://dx.doi.org/10.1039/c6ra18283f
http://dx.doi.org/10.1039/c6ra18283f
http://dx.doi.org/10.3390/catal7120359
http://dx.doi.org/10.3390/catal7120359
http://dx.doi.org/10.3390/catal7120359
http://dx.doi.org/10.3390/catal7120359
http://dx.doi.org/10.1016/j.biomaterials.2003.08.034
http://dx.doi.org/10.1016/j.biomaterials.2003.08.034
http://dx.doi.org/10.1016/j.biomaterials.2003.08.034
http://dx.doi.org/10.1021/bi971266u
http://dx.doi.org/10.1021/bi971266u
http://dx.doi.org/10.1021/bi971266u
http://dx.doi.org/10.1021/bi971266u
http://dx.doi.org/10.1021/bi971266u
http://dx.doi.org/10.1088/0957-4484/22/41/415705
http://dx.doi.org/10.1088/0957-4484/22/41/415705
http://dx.doi.org/10.1088/0957-4484/22/41/415705
http://dx.doi.org/10.1088/0957-4484/22/41/415705
http://dx.doi.org/10.1088/0957-4484/22/41/415705
http://dx.doi.org/10.1021/bm050345f
http://dx.doi.org/10.1021/bm050345f
http://dx.doi.org/10.1021/bm050345f
http://dx.doi.org/10.1021/bm050345f
http://dx.doi.org/10.1039/c5ra21928k
http://dx.doi.org/10.1039/c5ra21928k
http://dx.doi.org/10.1039/c5ra21928k
http://dx.doi.org/10.1039/c1nj20255c
http://dx.doi.org/10.1039/c1nj20255c
http://dx.doi.org/10.1039/c1nj20255c
http://dx.doi.org/10.1039/c1nj20255c
http://dx.doi.org/10.1039/c1nj20255c

