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ility analysis of covalent
conjugated lysozyme-single walled carbon
nanotubes: potential biomedical and industrial
applications

Z. Borzooeian,*a M. E. Taslim,a G. Borzooeian,b O. Ghasemi†c and M. Aminlarid

Conjugated protein–carbon nanotubes possess unique physicochemical properties that make them

attractive to a wide range of applications. We explored the effects of covalent conjugation of lysozymes

with single-walled carbon nanotubes (SWCNTs) on its activity and stability. Lysozyme was conjugated

onto carboxyl-functionalized SWCNTs through carbodiimide method. Post conjugation changes of the

enzyme were investigated using fluorescence measurements to generate plots of protein unfolding at

0 and 6 M guanidine hydrochloride (Gn-HCl) concentrations. Free lysozyme showed a remarkable

increase in the fluorescence intensity at 287 nm in addition to a red shift from 343 to 352 nm. The

emission spectrum of conjugated lysozyme showed a significant increase in the fluorescence intensity at

287 nm and a significant decrease in intensity at 348 nm. These results confirmed that both tryptophan

and phenylalanine residues have an important role in the fluorescence bulk of both free and conjugated

lysozymes. Kinetic parameters of free and conjugated lysozyme activities (KM and Vmax), optimum pH,

thermal and pH stability, and stability in the presence of denaturant agents such as urea and salts were

investigated. Changes were observed in KM and Vmax from 4.8 to 5.6 mM and 193 to 197 nmol min�1,

respectively. Conjugated lysozyme showed a remarkable increase in pH stability in a range of 3.0 to 10.0

at 70 �C. The results showed first-order inactivation kinetics for both forms of lysozyme with a rate

constant of about 0.139 min�1 for 10 minutes of incubation at 70 �C in the presence of KCl and KSCN.
Introduction

Nanobiotechnology is revolutionizing many scientic elds by
providing a platform for co-assembly of biology and material
sciences and by exploration of the interface between functional
hybrid nanomaterials involving biomolecule–nanotube
composites.1–3 Little research has been directed to the study of
covalent interaction of nanotubes with macromolecules such as
biocompatible synthetic polymers,4,5 DNA,6–8 and proteins.9–13

During recent decades, the main focus has been on macro-
molecular conformational modications through adsorption
on nanotubes.14–16 In regenerative medicine, specically in
tissue regeneration, hybrid nanomaterials such as conjugated
protein/biomimetic peptide-nanomaterials17,18 have been
l Engineering, College of Engineering,

E-mail: z.borzooeian@northeastern.edu;

rsity of Isfahan, Iran

ge, MA, USA

inary Medicine, Shiraz University, Shiraz,

uticals, but this work was completed
ceuticals Company Ltd.

01
investigated to provide scaffold-based delivery systems for sig-
nalling molecules. Molecules such as low-molecular-weight
drugs, oligonucleotides, and proteins stimulate cell migration,
growth and differentiation.19 The resulted scaffolds of conju-
gated proteins with nanomaterials can be used in cell encap-
sulation in order to control and track where the enzymes and
signalling proteins go and exactly what they do when they get
there. Therefore, a wide range of research have focused on
immobilizing proteins/biopeptides such as collagen,20–22

gelatin,23 laminin,24–26 chitosan,27–29 and Arg–Gly–Asp (RGD)-
containing peptides30,31 onto the surfaces of polymeric scaf-
folds to enhance the biocompatibility of the surface and
improve their cytocompatibility.32 In addition, drug delivery,
diagnostic imaging and bio-sensing are promising new tech-
nologies that are resulted from creating protein–nanomaterials
conjugates. For design and fabrication of biocompatible poly-
mers such as high-performance coronary artery stents, nano-
material–protein conjugates have been evaluated and
optimized.33

In biotechnology, protein and especially enzyme immobili-
zation provides technical and economic advantages since the
molecules can be used multiple times for the same reaction.
Immobilized enzymes, in comparison with their soluble
This journal is © The Royal Society of Chemistry 2017
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counterparts, demonstrate enhanced stability under extreme
conditions of temperature, pH, salts, and denaturing solvents.
Therefore, they have longer half-lives since they degrade less and
recover better and they are suitable for continuous processes.34

With physical or covalent immobilization,35 enzyme catalytic
stability is achieved without contaminating the nal product with
enzymes thus saving cost and reducing process steps for puri-
cation.36 Over the last decade, enzyme immobilization on nano-
materials has becomemore important in order to develop a better
understanding of enzyme–nanomaterial interactions, and to
design functional protein–nanomaterial engraments.5 Immobi-
lization of biomolecules on nanomaterials, which is achieved
either by glutaraldehyde or carbodiimide is the most common
methods for covalent conjugation.6,7 Several researchers have
investigated immobilization of lipase on carbon nanotubes
through adsorption in non-aqueous medium,8–11 lysozyme
adsorption on mica,37 polyethylene surfaces,38 and silica surface,39

horseradish peroxidase adsorption on silica surfaces,40

polysaccharide-decorated particles,41 and onto titanate
nanowires.42

Single-walled carbon nanotubes (SWCNTs) are promising for
robust supports for enzyme immobilization and stabilization
since they possess unique structural, mechanical and thermal
properties, chemical reactivity and ease of surface modica-
tion.12 They are remarkable candidates because of their high
aspect ratio which leads to high enzyme loading. They have
potential biotechnological applications in biosensors and nano-
scaffolds development.13–15 A number of papers have appeared
with regard to the particular aspect of stabilization and protein–
nanotubes interactions with the effect of non-adsorbed
protein.16 However, there is a need to further improve our
knowledge on the effect of nanotubes on activity and stability of
covalent immobilized proteins.

In our previous study, we evaluated the conjugation of
chicken egg white lysozyme (EWL) with single-walled carbon
nanotubes (SWCNTs) structurally.44 Lysozymes are a family of
enzymes with antimicrobial activity. They are present in saliva,
tears, egg white, andmany animal uids. They are characterized
by their ability to damage the cell wall of bacteria. In the present
contribution, enzyme-induced post immobilization changes of
activity and stability were analysed using various spectroscopy
techniques. Conjugated EWL-SWCNTs were chemically and
biochemically compared with free enzyme using scanning
electron microscopy (SEM) and uorescence spectroscopy. The
uorescence changes of free lysozyme and conjugated EWL-
SWCNTs were characterized by tryptophan, tyrosine, and
phenylalanine uorescence measurements. The catalytic effi-
ciency of the immobilized lysozyme, in terms of thermal and pH
stability, and stability in the presence of denaturing agents such
as guanidine hydrochloride, urea and salts were also studied.

Materials and methods
Materials

Lyophilized chicken egg white lysozyme (EC 3.2.1.17), EWL, were
purchased from Inovatech Inc., (Abbotsford, BC, Canada).
Micrococcus lysodeikticus cells (as salt-free, dry powders), MES [2-
This journal is © The Royal Society of Chemistry 2017
(N-morpholino)ethanesulfonic acid] buffer, N-ethyl-N0-(3-(dime-
thylamino)propyl)carbodiimide hydrochloride (EDC) and all
other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Highly puried activated SWCNTs were synthesized by
the plasma-enhanced chemical vapour deposition (PECVD)
process.44 The SWCNTs' outer diameters were 1–3 nm.

Enzyme attachment onto SWCNTs

Conjugated lysozyme–SWCNTs solution was prepared using
a modied carbodiimide method.13,43 Activated SWCNTs
(1.0 mg) were dispersed in 1.0 ml of 50 mM of MES [2-(N-mor-
pholino)ethanesulfonic acid] buffer solution at pH 6.2 and then
added to equal volume of 400mM N-hydroxy succinimide (NHS)
in MES [2-(N-morpholino)ethane sulfonic acid] buffer. Aer
sonication of the mixture (MSE Ultrasonic Disintegrators,
150W, England) for 30 minutes, 20 mM N-ethyl-N0-(3-(dimethyl
amino)propyl)carbodiimide hydrochloride (EDC) was added to
promote the coupling of NHS to the carboxylic functional
groups of SWCNTs. The resulting mixture was centrifuged at
7000 rpm for 15 minutes aer stirring at 200 rpm for 30
minutes. Then MES buffer was added to the remaining
precipitate followed by removing supernatant. The enzyme
solution (10 mg ml�1 in 10 mM phosphate buffer, pH 8) was
mixed in the nanotubes solution and sonicated for ca. 1 minute
to re-disperse the SWCNTs. The solution was then shaken
overnight on an orbital shaker at 200 rpm at room temperature
to conjugate enzyme to the SWCNTs. The enzyme–SWCNTs
suspension was then centrifuged. To remove all non-specically
adsorbed enzymes, washing was achieved three times with
triply distilled water and once with 1% (v/v) Tween-20. Control
solution of nanotube–enzyme conjugates was prepared using
the identical procedure in the absence of EDC and NHS.
Conjugation was tracked by scanning of supernatant of EWL-
SWCNTs solution using a spectrophotometer (ULTEROSPEC
PLUS, Pharmacia LKB Biotechnology, Sweden) for wavelength
range 200–500 nm. The chemical stability of conjugation was
characterized using Fourier transform infrared spectroscopy
(FTIR), (Shimadzu FTIR 8300 spectrophotometer). In our
previous work, we have shown the related results.44 The size and
diameter of the conjugated EWL-SWCNTs was prepared using
a scanning electron microscope (SEM, Oxford, S360).

Fluorescence measurements of free and conjugated lysozyme

The excitation wavelength of the uorescence was set at a wide
range around 225–282 nm for free lysozyme and conjugated
form of enzyme at room temperature with resolution 0.5 nm,
and scan rate 500 nm min�1 with an incident angle of 90�. The
emitted uorescence was measured from 225 to 500 nm for all
forms of enzyme at different concentrations of Gn-HCl using
a uorescence spectrometer (PerkinElmer (Waltham, MA) LS 50
Luminescence Spectrometer). The protein concentration in all
measurements was 36 mM using Bradford protein assay.

Determination of free and conjugated enzyme activity

The activities of free and conjugated enzymes were measured
using Imoto and Yagishita method.43 Nine milligrams of dried
RSC Adv., 2017, 7, 48692–48701 | 48693
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Fig. 1 Scanning electron micrographs of conjugated lysozyme-
SWCNTs (a) diameter of a bundle of lysozyme-SWCNTs z 2.5 mm, (b)
average diameter of each conjugated lysozyme-SWCNTs ¼ 95 nm.
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M. lysodeikticus cell walls was dissolved in 30 ml potassium
phosphate buffer (0.1 M, pH 7.0) solution. The cell wall
suspension (2.9 ml) was poured into a cuvette and incubated at
25 �C for 5 min. Free lysozyme and conjugated form of the
enzyme, at a concentration of 1 mg protein, were dissolved in
one ml phosphate buffer (pH 7) and added to the cuvette.
Absorbance at 450 nm was then recorded. One unit of activity of
lysozyme is dened as the decrease in the absorbance at 450 nm
of 0.001 min�1 at pH 7.0 and 25 �C usingM. lysodeikticus cells as
a substrate.

Kinetic characterization of conjugated and free enzyme

Kinetic parameters of free and conjugated lysozymes were
determined using 0, 0.04, 0.06, 0.08, 0.15, 0.25 and 0.6 mg ml�1

ofM. lysodeikticus cell wall in 0.1 M potassium phosphate buffer
(pH 7.0) at room temperature, respectively. The Michaelis
constants, KM and Vmax for the free and conjugated lysozyme
preparations were determined using Lineweaver–Burk plot.
Then the turnover number (Kcat) was determined.

Optimum pH and thermal stability of free and conjugated
lysozyme

The optimum pH for lysozyme activity was studied over a pH
range of 3 to 8.5 to determine the activity of free as well as
conjugated enzyme. Citrate buffer (pH 3–6), phosphate buffer (pH
7–8), and bis–Tris propane buffer (pH 6.3–9.5) were used to
determine enzyme activity. The stability of the enzyme was
determined by preincubating the enzyme for 30 min at 37 �C with
various buffers. Aer incubation, the residual enzyme activity (%)
was measured using phosphate buffer (0.1 M, pH 7.0). The
thermal stability of the enzyme was studied by preincubating the
enzyme at 70 �C for 0–20 minutes range at optimum pH.

Effect of KCl and KSCN on thermostability of free and
conjugated lysozymes

Heat-induced aggregation and inactivation of free and conju-
gated lysozyme in the presence of KCl and KSCN (as a strong
chaotropic salt) was evaluated by heating stock solution con-
taining 1.0 mg ml�1 of lysozymes in 0.1 M phosphate, pH 7.0
and 1.0 M salts at 70 �C for various time intervals.

Effect of urea on stability of free lysozyme and EWL-SWCNTs

400 ml from lysozyme and EWL-SWCNTs solutions (1 mg ml�1)
were incubated in the presence of 2, 4, 6 or 8 M urea in 0.1 M
phosphate buffer, pH 7.0. Enzymes were assayed aer 0, 30, 60,
90 and 120 minutes. Solutions containing urea were prepared
fresh each time.

Results and discussion

The main objective of this study was to investigate the inuence
of covalent conjugation of lysozyme onto SWCNTs on the
enzyme structure, function, and stability in order to evaluate the
efficiency of functionalized nanotubes as a support for enzyme
immobilization.
48694 | RSC Adv., 2017, 7, 48692–48701
Enzyme loading onto nanotubes (covalently or non-
covalently) was conrmed by the disappearance of the absorp-
tion peak at 280 nm in the supernatant of conjugated enzyme
solution aer precipitation of conjugated EWL-SWCNTs in the
cuvette. In addition, the efficient conjugation have been evalu-
ated using analytical techniques such as TEM, agarose gel
electrophoresis, XRD and FTIR spectroscopy which we reported
in our previous work.44 We determined that lysozyme would
covalently bind to the surface of the SWCNTs through amino
groups of lysozyme side chains. Fig. 1 shows the SEM micro-
graphs and the size of conjugated EWL-SWCNTs.

Increase in the thickness of the sidewalls of the functional-
ized SWCNTs, aer covalently conjugated enzyme, conrmed
the presence of enzyme. Similar observations of adsorption of
lysozyme molecules onto the hydrophilic silica surface have
been reported.45

Fluorescence measurements

To complete the characterization of enzyme conjugation, we
compared uorescence measurements using tryptophan, tyro-
sine and phenylalanine as important intrinsic uorescent
probes, which can be used to estimate the nature of microen-
vironment of these amino acids and probe for protein folding.46

The main purpose was to study the effect of guanidine hydro-
chloride (Gn-HCl) on the orescent intensity of lysozyme in its
free lysozyme and conjugated form. The uorescence intensity
and maximum emission wavelength (lmax) are affected by the
polarity and charge densities surrounding tryptophan, tyrosine
and phenylalanine residues.46 Imoto et al. showed two buried
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Emission spectra of lysozyme unfolding. (b) Emission spectra
of free and conjugated lysozymes in 0 and 6 M concentrations of Gn-
HCl. (c) Spectral shift of conjugated EWL-SWCNTs unfolding.
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tryptophan residues at positions 62 and 108 which interpret
uorescence changes in the protein. Because of these aromatic
residues, uorescence changes have more direct correlation
with major tertiary structural changes in the protein.47 For
lysozyme, however, presence of multiple tryptophan, tyrosine
and phenylalanine complicates the interpretation of uores-
cence changes. Therefore, there is not a direct correlation
between uorescence changes and bulk tertiary changes of the
protein. This egg white protein has six tryptophan residues,
several of which are known to be near the active site, and two
tyrosines and two phenylalanines.48

Surfactants, denaturants, or other amphiphilic molecules
can change the microenvironment of the aromatic residues.
Microenvironment alteration of tryptophan and phenylalanine
residues in free and conjugated lysozymes has been monitored
by studying the changes (lmax) in 0 and 6 M Gn-HCl concen-
trations (Fig. 2a–c). Emission efficiency was reached in the
wavelength range of 225–282 nm excitation for both free and
conjugated enzymes. By selecting a range of excitation, the
possibility of missing the optimum emission peaks for both
forms of proteins is reduced. For free lysozyme, to our surprise,
we found that the uorescence intensity at 286 nm, which is the
maximum emission wavelength (lmax) of phenylalanine,49

signicantly increased at 6 M of Gn-HCl, Fig. 2a. Indeed, there
are no existing investigations to gure out the exact reason for
the intensity change at 286 nm. This subject should be the focus
of future research to determine uorescence of lysozyme using
emission spectra of tryptophan, tyrosine, and phenylalanine
residues and from energy migration.

In Fig. 2b, the emission spectrum of EWL-SWCNTs showed
signicantly increased uorescence intensity at 286 nm and
a decreased intensity at 340 nm in comparison with the free
lysozyme.

The rst observation is related to the peak at around 350 nm
associated with tryptophan, in which the conjugated lysozyme
has much lower emission distribution than the free protein. We
speculate that SWCNTs change the structure of the protein,
specically at tryptophan sites, such that the emission intensity
decreases by over 5 folds. Moreover, the emission maximum
wavelength (lmax) is red shied for both form of enzymes as the
protein encounters high Gn-HCI concentration. This effect can
be due to more exposure of the tryptophan residues to an
aqueous environment in the presence of high concentration of
denaturant that leads to the higher polarity of the tryptophans'
microenvironment.

Second, the aforementioned structural change does not
affect the emission spectrum of phenylalanine. As shown in the
gure and described in the previous section, by adding Gn-HCI,
the intensity of the peak at 286 nm for both free and conjugated
form of lysozyme increases by around 5 and 6 folds, respec-
tively. The results indicate that conjugation with SWCNTs
completely converted microenvironments of phenylalanine
residues (an increased intensity in 283 nm) and tryptophan
residues (a decreased intensity) in conjugated form, which leads
to more exposure of these amino acids to a more polar envi-
ronment. This fact indicates that the protein conformation is
getting altered in both forms. To gure out the reasons for
This journal is © The Royal Society of Chemistry 2017
uorescence intensity changes of EWL-SWCNTs, more extensive
research are needed to determine the locations of lysozyme
uorescence bulks.

Since the emission peaks of SWCNTs are higher than
900 nm,50 we believe that this remarkable increase of intensity
at 286 nm is attributed to the uorescence change of
RSC Adv., 2017, 7, 48692–48701 | 48695
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phenylalanine 20 and 53. Phenylalanine is one of the three
uorescent amino acids in proteins. Its use, however, is limited
in protein structural studies because of its low uorescence
quantum yield (about 0.02).48 Birch et al.49 showed the decays of
excite measurable uorescence for this weakly uorescent
amino acid using a 265 nm AlGaN light-emitting diode (LED)
from 343 to 352 nm at 6 M of Gn-HCl. Fig. 2c shows the spectra
of EWL-SWCNT at 6 M of Gn-HCl.

The emission spectra of EWL-SWCNTs resulting from
282 nm of excitation wavelength used to measure transient
uorescence spectra at 0 and 6 M concentrations of Gn-HCl.
The results shows that decrease in the intensity at 340 nm
due to increased concentration of Gn-HCl indicates quantum
yield change of those buried phenylalanine residues in the
hydrophobic cores in the structure of conjugated enzyme.
Therefore, there is a change in enzyme folding under these
conditions. In our work, the reading of red (340 nm) increased
and shied from 340 for free lysozyme to 347 nm at 6 M
concentration of Gn-HCI. This reduced shi of wavelength is
probably due to protein unfolding or/and absorption of the
emitted red uorescence by the SWCNTs. One possible reason
is that the tryptophan residues 62 and 108 in conjugated lyso-
zyme were less accessible to the solvent.

Fig. 3 representsmaximum uorescence intensitymonitored in
excitation at 286 nm (peak 1) and 340 nm (peak 2) for free and
conjugated enzymes in 0 and 6 M Gn-HCl concentrations. The
gure shows that by adding Gn-HCI, there is not a signicant
change in the maximum uorescence intensity of any forms of
lysozyme at peak 2 due to the hydrophobic environment experi-
enced by tryptophan. On the other hand, the maximum intensity
increased dramatically at peak 1 by adding Gn-HCI to the
compound. Adding Gn-HCI increases the intensity of peak 1 for
both free and conjugated form of lysozyme by around 5 and 6
folds, respectively. It is also observed that peak 1 in the conjugated
Fig. 3 Maximum intensity of free and conjugated form of lysozyme at
peak 1 and 2.

48696 | RSC Adv., 2017, 7, 48692–48701
form of lysozyme at 6 M Gn-HCI is almost 4 folds higher than that
of free lysozyme.

Determination of enzyme activity

Lysozyme activity assay was performed with the M. lysodeikticus
cell walls as substrate. For EWL-SWCNTs, the activities were
lower than that of free enzyme, probably due to the partially
unfolded 3D structure. Covalent interaction between lysozyme
and SWCNTs could signicantly affect the active site situation,
structure, and function of lysozyme.51 The ionizable groups in
active site consist of the side chain of glutamic acid and aspartic
acid at positions 35 and 52, respectively,52 and aspartic acid
groups at position 66 and 101.53 Steric hindrance and change in
the position of carboxylic groups of active site might be
responsible for the decrease in lytic activity of conjugated
lysozyme. Basically, it is well documented that the surface
properties of molecules change due to the attachment of groups
to proteins leading to changes in protein conformation,
unfolding, molecular reorientation and aggregation.54,55

Kinetic characterization of immobilized and free enzyme

Kinetic parameters of free and conjugated lysozyme were
determined by measuring initial reaction rates for each form by
varying the amount of substrates (M. lysodeikticus cell walls).
Conjugated and free lysozymes exhibited Michaelis–Menten
kinetic behavior (Fig. 4a and b). The maximum velocity (Vmax)
and KM were calculated from the y-intercept and x-intercept
from Lineweaver–Burke graph. KM value of the EWL-SWCNTs
was 5.6 mM, and for free enzyme was 4.8 mM. Indeed, conju-
gated enzyme showed a higher KM value (P < 0.05) with respect
to the free enzyme, indicating lower affinity of enzyme for its
substrate. Maximum velocity of the free and conjugated
enzymes were 193 and 197 nmol min�1, respectively. These
changes in the kinetic parameters indicate that covalent
binding of lysozyme onto SWCNTs resulted in change of affinity
for the substrate. This may be due to moderately decreased
substrate access to the active site of the conjugated enzyme.
Conformational changes in the protein, which can result in
changes in enzyme activity and affinity for the substrate occur
because of covalent binding of lysozyme during
immobilization.57

Thermal stability of free and conjugated lysozyme

Relative activities of free and conjugated lysozymes before and
aer thermal treatment at 70 �C for 20 minutes are shown in
Fig. 5. The results showed that the thermal stability of the
lysozyme was improved through conjugation onto SWCNTs.
Residual activity of the free enzyme was approximately 20%
aer 20 minutes of incubation at 70 �C whereas the conjugated
lysozyme retained 60% of its initial activity aer 20 minutes of
incubation. Predominantly, immobilization enhances the
enzyme thermal stability due to a decrease in the protein
structure mobility and an increase in rigidity protects enzyme
from stability, specically thermal stability of enzymes.56 The
increased thermal stability for the conjugated enzyme can be
due to the effects of the environment.57,58 Limited structural
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Effect of substrate concentration on the specific activity of
free lysozyme and EWL-SWCNTs. (b) Double reciprocal plot of velocity
and substrate concentration for determination of KM and Vmax values
of lysozyme in both free and conjugated enzymes.

Fig. 5 Thermostability of free lysozyme and conjugated EWL-
SWCNTs. The enzymes solutions were incubated at 70 �C. Residual
activities were measured using Imoto and Yagishita method. The initial
activity is denoted as 100%.

Fig. 6 The optimal pH for free and conjugated lysozymes.
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mobility due to covalent bonds and anchorage to the nanotubes
increases thermal stability of immobilized lysozyme. In this
case, a study showed that the thermal stability and catalytic
activity of enzymes were signicantly improved by enzyme–
This journal is © The Royal Society of Chemistry 2017
carbon nanotube interactions.7 We previously reported44 that
the effect of amid bonds in conjugation with coupling agent
(carbodiimide) to SWCNTs played an important role in
improving the catalytic property of immobilized enzyme. The
results obtained in this study suggest that covalent conjugation
of lysozyme to SWCNTs can sterically prevent enzyme from
heat-induced unfolding.

Optimum pH of free and conjugated lysozyme

The pH activity prole of free and conjugated lysozymes are
shown in Fig. 6. The optimum pH of these forms of enzymes
was studied at a pH range of 5.5–8.5. The results showed that
the optimum pH values of free and conjugated lysozymes were
7.0 and 6.5, respectively. The pH shi towards the acidic value
upon conjugation is speculated to be due to amide bonds
between the amino groups of enzyme and the carboxylic groups
of SWCNTs. Amphoteric properties of the enzyme depends on
the ionizable groups in its active site. The charges on these
groups depend on their accessibilities to the environment in
different pH ranges. Variations in the pH lead to the changes in
the ionic form of the active site and, consequently, changes in
the activity of the enzyme. It seems that conjugation with
SWCNTs affects the total net charge of the enzymes, distribu-
tion of charge on their exterior surfaces, and reactivity of the
active groups. These effects are especially important in the
vicinity of the active sites. The changes in lysozyme activity due
to conjugation in different pH ranges can be explained by the
change of charges of the four ionizable groups in the active site
which are involved during catalysis. The ionizable groups
consist of the side chain of glutamic acid at positions 35 and 66,
and aspartic acid at positions 52 and 101, respectively.53

Evaluation of pH stability of the free and conjugated enzymes

The pH stability of free and conjugated lysozymes were
compared at different pH values (2.0, 3.0, 5.0, 7.0, and 10.0)
aer incubation for 1, 2, and 3 hours. Enzyme activity was
measured at the pH 7 (Fig. 7a–c). The results indicated that
RSC Adv., 2017, 7, 48692–48701 | 48697
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Fig. 7 Evaluation of pH stability of free and conjugated lysozymes. The
solutions in mix buffer (Tris-base, MES, and acetate) were incubated at
pH 2, 3, 5, 7, and 10 in 70 �C for (a) one, (b) two, and (c) three hours.
Enzyme activity was measured at pH 7.
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conjugated enzyme had the highest stability at pH 2.0, 7.0, and
10.0 aer 1 hour of incubation. At pH 2.0, however, the highest
stability retained aer 2 and 3 hours of incubation. The free
lysozyme, however, had the highest stability around pH 5 to 7
aer 1, 2, and 3 incubation hours. Signicant increase in
48698 | RSC Adv., 2017, 7, 48692–48701
stabilization of the conjugated enzyme in the wide pH range of 2
to 10, aer 3 hours shows the role of the SWCNTs in stabilizing
the enzyme. The increased stability confers some level of
protection to the enzyme during the reaction either in acidic or
alkaline environment. Different factors affect pH stability,
including temperature, ionic strength, enzyme concentration,
chemical nature of the buffer, concentration of various preser-
vatives (e.g. glycerol and sulydryl compounds), concentration
of substrates and cofactors. In addition, pH stability of proteins
is altered by multiple mechanisms including salt-bridge
forming/breaking, hydrogen bond interactions, and like-
charge repulsion effects.59 Salt bridges are pH-dependent and
non-covalent bonds between oppositely charged residues that
are adequately close to each other to create electrostatic bonds.
In tertiary structure of proteins, salt bridges are constituted
from negative charges from aspartic acid, glutamic acid, tyro-
sine, cysteine and the C-terminal carboxylate group, and of
positive charges from lysine, arginine and the N-terminal amino
groups.60 We believe that increased stability of EWL-SWCNTs
can occur due to the formation of more interior salt bridges
and also change of charge distribution on the exterior surfaces
of the protein. Cannon et al.61 showed a statistically signicant
clustering of charged residues as ion-pairs and salt-bridge
networks. Thermophilic proteins have more salt bridges than
their mesophilic counterparts.62,63 In their study, pKa shis
showed that in buried salt bridges, stability decreased by 3–
5 kcal mol�1 by removing a charge from one residue.64,65 It
indicates that immobilization impact on stability was caused by
charge change in the structure of proteins. Our results
demonstrate that conjugation with SWCNTs have impact on
residue charges, electrostatic bonds, the number of salt bridges
and ion-pairs, geometrical orientation of the charged side chain
in the salt bridges, and, consequently, on the folding and 3D
structure of lysozyme.
Effect of KCl and KSCN on the thermostability of free and
conjugated lysozymes

Fig. 8a and b show representative data for the thermostability of
lysozyme (1.0 mg ml�1 phosphate buffer, 0.1 M and pH 7) in the
presence of KCl and KSCN (1.0 M) at 70 �C.

Aer heat treatment for 10 minutes, both free lysozyme and
conjugated EWL-SWCNTs retained 20% and 10% activities in
the presence of KCl and KSCN, respectively. Both free and
conjugated forms of enzyme were inactivated with rst-order
kinetics at a rate constants of about 0.139 min�1 for 10
minutes. There are a number of research studies focusing on
the role of salts during the heat induced proteins unfold-
ing.56,60–64 However, the role of salts on heat-induced unfolding
of conjugated enzyme with SWCNTs has not been studied to the
same extent. To study the role of anions on thermal stability of
proteins in free and SWCNT-conjugated forms, unfolding
reaction should be investigated. These reactions consist of
breaking noncovalent bonds between polypeptide chains
(which include a combination of hydrogen bonds, van der
Waals forces, and salt bridges), hydrating the newly exposed
hydrophobic core of the protein and nally denaturing the
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Effect of (a) KCl (1 M) and (b) KSCN (1 M) on thermostability of
free lysozyme and EWL-SWCNTs at 70 �C.

Fig. 9 Effect of urea on the activity of (a) free lysozyme and (b)
conjugated lysozyme.
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secondary structure sections – alpha helices and beta pleated
sheets, held together by hydrogen bonds.65 At pH 7, free lyso-
zyme has a positive net charge of around +8.66 Positively charged
amino acid side chains of lysine, arginine and histidine may
electrostatically be covered by the anions (Cl� and SCN�) if they
are accessible and not sterically hindered. The effect of these
interactions on the structural stability of the protein depends
on local conditions of the protein surface. Bye et al.67 suggest
three mechanisms – electrostatic interaction at low concentra-
tions, weak interaction with polar residues, and competition for
water of hydration, by which anions regulate lysozyme stability.
At high concentration of salts, anions compete for water with
the enzyme molecules. Ionic dispersion potential is an impor-
tant source of ion specicity which acts between each ion and
protein.62 Boström et al. showed that this attractive potential is
much stronger for SCN� than it is for Cl�. Our results also
conrmed more ionic dispersion potential for KSCN (Fig. 8b).

Effect of urea on stability of free and conjugated lysozymes

The activity measurements of free and conjugated lysozyme in
aqueous solutions in the presence of urea are reported in Fig. 9a
and b. The comparison of these gures indicates that free
lysozyme retained 30% activity, whereas the conjugated enzyme
This journal is © The Royal Society of Chemistry 2017
retained 10% activity in the presence of 2, 4, 6 and 8 molar urea.
Both free and conjugated forms of the enzyme were inactivated
with rst-order kinetics at a rate constants of about 0.069 min�1

for 20 min. A second important observation from Fig. 9 is that,
in comparison with free lysozyme, the EWL-SWCNTs showed
a higher loss of activity (about 90%) for all urea concentrations.
Hédoux et al.68 showed a lysozyme tertiary structure trans-
formation into a soer structure without unfolding of the
secondary structure because of binding urea molecules to
hydrophilic residues. The signicant decrease in conjugated
lysozyme activity in all urea concentrations is due the changes
in both positions and charges of hydrophilic residues which
results in a signicant conformational structure change of
conjugated lysozyme. A number of researchers have proposed
two mechanisms, “direct” and “indirect” models, to explain
how urea induces the unfolding of the protein and changes the
protein–water/protein–protein interaction balance.68–71 Urea
molecules are absorbed by the charged hydrophilic residues on
the surface, which causes the protein swelling. In addition, urea
RSC Adv., 2017, 7, 48692–48701 | 48699
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intrudes the protein followed by water entering the hydro-
phobic core. Therefore, it causes exposure of hydrophobic
residues to the polar environment72 thus unfolding of the
protein. Tirado-Rives et al.73 showed that a model in which urea
directly binds to the amide units via hydrogen bonds and
consequently denatures proteins by decreasing the hydro-
phobic effect. Our results suggest that conjugation with
SWCNTs leads to more accessibility of charged hydrophilic
residues on the surface through conjugation and consequently
more interaction with urea molecules. This idea is conrmed by
molecular dynamics simulations72 as well as Raman spectros-
copy by Bennion et al.74 who detected the strong enhancement
of isotopic exchanges in the presence of a high urea content (>4
M) in the amide I region. These results can be considered as
evidences of direct interaction of urea with polar residues and
the lysozyme backbone. Consequently, there will be high
density of urea molecules on the surface of the protein, which
results in more intense unfolding. The conformational changes
in the conjugated lysozyme structure needs more studies using
Raman spectroscopy.

Conclusions

Conjugated protein–carbon nanotubes are extensively used as
biophysical and biochemical tools in the area of biomedicine and
biotechnology. Covalent conjugation of proteins on carbon
nanotube surfaces, while retaining their structure, function and
stability is a signicant process in bionanofabrication technology.
High chemical stability of conjugated lysozyme was conrmed by
FTIR, SEM, and agarose gel electrophoresis.44 The results of this
study conrmed the excellent potential of the SWCNTs as
a support for enzyme immobilization. The uorescence spectra
conrmed, rather surprisingly, the role of both phenylalanine and
tryptophan residues in the uorescence bulk of the conjugated
lysozyme. Compared with the free lysozyme, the emission spec-
trum of conjugated EWL-SWCNTs showed a signicant increase
in the uorescence intensity at 286 nm (emission wavelength
(lmax) of phenylalanine75) and a signicant decrease in intensity at
340 nm (emission wavelength (lmax) of tryptophan47). All kinetic
parameters of the conjugated form of lysozyme changed, probably
due to the structural modications in the tertiary structure,
particularly in the active site. Successful conjugation of lysozyme
on SWCNT's improves its thermostability and pH stability thus
making this nanobiocatalyst system an excellent candidate for
biotechnology and biomedical applications. More interactions of
urea with hydrophilic residues in conjugated lysozyme resulted in
disrupting more intramolecular hydrogen bonds and protein
denaturation. Our results showedmore ionic dispersion potential
for a chaotropic salt, KSCN, in comparison with KCl. At 70 �C and
for a given rate constant, inactivation of both forms of lysozyme
were under a rst order kinetic. It should be noted that there is
a great need for research in the area of SWCNT support for
enzyme conjugation.
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