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ABSTRACT: Biofuels are fast advancing as a new research
area to provide alternative sources of sustainable and clean
energy. Recent advances in nanotechnology have sought to
improve the efficiency of biofuel production, enhancing energy
security. In this study, we have incorporated iron oxide
nanoparticles into single-walled carbon nanotubes (SWCNTs)
to produce magnetic single-walled carbon nanotubes
(mSWCNTs). Our objective is to bridge both nanotechnology
and biofuel production by immobilizing the enzyme,
Amyloglucosidase (AMG), onto mSWCNTs using physical
adsorption and covalent immobilization, with the aim of
recycling the immobilized enzyme, toward useful applications
in biofuel production processes. We have demonstrated that the enzyme retains a certain percentage of its catalytic efficiency (up
to 40%) in starch prototype biomass hydrolysis when used repeatedly (up to ten cycles) after immobilization on mSWCNTs,
since the nanotubes can be easily separated from the reaction mixture using a simple magnet. The enzyme loading, activity, and
structural changes after immobilization onto mSWCNTs were also studied. In addition, we have demonstrated that the
immobilized enzyme retains its activity when stored at 4 °C for at least one month. These results, combined with the unique
intrinsic properties of the nanotubes, pave the way for greater efficiency in carbon nanotube−enzyme bioreactors and reduced
capital costs in industrial enzyme systems.

1. INTRODUCTION

In an era of escalating demand for energy and the instability in
oil producing countries,1 biofuels provide one of the several
alternatives over conventional oil-based energy systems.
Coupled with a climate of increasing environmental awareness
and deleterious effects of current energy systems on the
environment, biofuels possess distinct advantages over oil-based
energy systems as they are clean,2 renewable, and sustainable,
especially with the backdrop of increasing global demand.3,4

The use of enzymes in biofuels is an important step in the
overall production process,5 as enzymes have several crucial
properties such as specificity, use of mild reaction conditions,
absence of secondary reactions, as well as reduced energy
consumption compared to chemical processes . However, the
use of free enzymes poses problems of instability, efficiency, as
well as recovery from the substrates. In order to improve the
stability of enzymes in solution, attachment to physical

supports such as carbon nanotubes (CNTs) has been explored,
because immobilized enzymes tend to show greater stability
and hence higher propensity to be reused.6,7

Nanomaterials have been widely studied as a physical support
structure for enzymes, because they possess favorable character-
istics such as high surface area and effective enzyme loading.7,8

From the literature, the nanomaterials studied include nano-
particles, nanofibers, and carbon nanotubes.9

Among these, CNTs have gained a growing interest since
their development in 1991,10,11 mainly due to their favorable
physicochemical properties. These include high surface area,
unique electronic properties, strong adsorptive ability, and
greater affordability over other physical supports.12,13 In fact,
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different from other materials (e.g., polymers) that experience
aging and alteration of their properties over the time, resulting
in increased levels of aldehydes, carboxylates, and peroxides,14

CNTs present high mechanical, chemical, and thermal
stabilities.
Moreover, carbon nanotubes can be functionalized and have

been studied extensively, with many potential applications
proposed such as drug delivery,12 biosensors,15 and biofuel
cells.16 They have also been found to provide excellent support
for the differentiation of stem cells17 and for the immobilization
of proteins,6−8 improving the physical stability of the enzymes,
hence allowing them to be reused.
However, a difficulty faced in the use of enzymes

immobilized on CNTs is the dispersion and the subsequent
recovery from the reaction mixture for repeated use.18 Hence, a
solution is to render the CNTs magnetic by filling them with
magnetic iron oxide nanoparticles,18−20 allowing the easy
recovery and reuse of the mSWCNT-enzyme conjugates by
means of a simple magnet.20

In our study, amyloglucosidase (AMG) was selected as
model of enzyme to effectively hydrolyze starch that
represented our biomass prototype, a precursor step for the
biomass-to-biofuel production process. Amyloglucosidase con-
tains high threonine and serine amino acids (equivalent to
about 10% and 13% of the total amino acid content,
respectively), while it does not contain any sulfur-containing
amino acids. This enzyme is normally combined with other
enzymes (e.g., pectinase) or as enzyme complex, in order to
maximize the amount of ethanol formation from starch.21

Indeed, amyloglucosidase and pectinase have been shown to be
the most effective enzymes in terms of amylase activity and
ethanol production.22 Additional advantages include low cost,
commercial availability, and sufficient purity for their use in the
starch digest method. Moreover, since AMG is commonly used
in studies dealing with ethanol production,23−25 it represented a
good choice for the evaluation of starch hydrolysis either in the
form of free enzyme or as enzyme immobilized onto a substrate
(i.e., carbon nanotubes).
Finally, the ability of the immobilized enzymes to be

recovered and reused is pertinent in industrial biofuel systems,
because it would result in greater efficiency and therefore defray
production costs, thus deriving economic benefits. By
immobilizing AMG onto the mSWCNTs, we could demon-
strate the recovery of the immobilized enzyme on a magnet,
and subsequently reuse the mSWCNT-AMG complex several
times.

2. EXPERIMENTAL SECTION
2.1. Materials. CNTs with 90% purity (purity of SWCNTs > 50%)

were purchased from Shenzhen Nanotech Port Co. Ltd. (China). As
reported by the manufacturer, they consisted of a mixture of single-
and double/multiple-walled CNTs with diameters between <1 and 5
nm. Aqueous solution of Amyloglucosidase (≥300 U/mL) from
Aspergillus niger was purchased from Sigma Aldrich and used without
further purification. Bicinchoninic acid (BCA) assay reagents were
purchased from Pierce Biotechnology Inc. (Rockford, USA).
Ammonium iron(II) sulfate hexahydrate (99%) was purchased from
Alfa Aesar China. All other reagents were purchased from Sigma
Aldrich and used as received.
UV circular dichroism data were obtained using a Jasco J-810

spectropolarimeter. Absorbance measurements were taken using a
Magellan Tecan plate reader (version 6.6).
2.2. Production of Magnetic SWCNTs (mSWCNTs). SWCNTs

were filled with Fe3O4 using a simple method adapted from Li et al.26

In this method, 5 mg of SWCNTs was oxidized under reflux at 130 °C
for 15 min in 65% nitric acid solution. The oxidized SWCNTs were
filtered, and washed with water till the filtrate was neutral. This
oxidation step was omitted in the production of magnetic non-oxidized
iron oxide filled SWCNTs.

0.15 g of ammonium iron(II) sulfate hexahydrate was dissolved in 5
mL of deionized (DI) water and hydrazine hydrate solution in a
volume ratio of 3:1 to achieve a dark green solution. The oxidized
SWCNTs were then added to the solution. The mixture was then
sonicated and stirred vigorously for 24 h and the pH adjusted to 11−
13 using ammonia solution to facilitate the uptake of the iron solution
into the SWCNTs. The surface of SWCNTs was cleaned from iron
oxide solution by reacting the tubes with diluted hydrochloric acid and
then rinsing them with ethyl acetate.

In order to produce solid Fe3O4 nanoparticles in the SWCNTs, the
above mixture was refluxed at 130 °C for 2 h in chlorobenzene,
following which it was filtered, washed with dimethylformamide,
ethanol, and finally DI water. To clean the surface of the SWCNTs of
any Fe3O4 nanoparticles, the mSWCNTs were washed with dilute
hydrochloric acid and then rinsed with ethyl acetate and DI water
while filtering. Lastly, the SWCNTs were suspended in DI water and
freeze−dried for 24 h to obtain mSWCNTs, as shown in Scheme 1a.
The mSWCNTs were tested to be able to be attracted by a simple
magnet (Figure S2 in Supporting Information).

2.3. Physical Adsorption of AMG. Physical adsorption of the
enzyme AMG was done on pristine SWCNTs, non-oxidized
mSWCNTs, and oxidized mSWCNTs, as shown in Scheme 1b,c and
d. Briefly, 2 mg of SWCNTs of each type were dispersed in 1 mL of
dimethylformamide, filtered, and then resuspended in 950 μL of
acetate buffer (50 mM, pH 5.5) to clean and better disperse them. The
SWCNTs/mSWCNTs were then sonicated for 0.5 h until an even
dispersion was obtained. 50 μL of AMG enzyme was then added to the
samples and kept at 4 °C in an ice bath for 2 h (Scheme 1B,C). The
samples were then centrifuged at 6000 rpm for 10 min for 4 cycles,

Scheme 1. Preparation of mSWCNT-AMG Complexes

(A) Encapsulation of pristine SWCNT with magnetic iron oxide
nanoparticles. (B) Physical adsorption of AMG enzyme onto pristine
SWCNT. (C) Physical adsorption of AMG enzyme onto oxidized
mSWCNT. (D) Physical adsorption of AMG enzyme onto non
oxidized mSWCNT. (E) Covalent immobilization of AMG enzyme
onto mSWCNT via carbodimiide chemistry.
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collecting the supernatant for BCA assay and resuspending the pellet
in fresh acetate buffer each time. In order to ensure maximum enzyme
loading, a slight excess of AMG enzyme was used.
2.4. Covalent Immobilization of AMG on Oxidized

mSWCNTs by Carbodiimide Chemistry. Two milligrams of
mSWCNTs were oxidized as described earlier. The oxidized
mSWCNTs were then dispersed and sonicated in 1 mL of 2-(N-
morpholino)ethanesulflonic acid (MES) buffer (50 mM, pH 6.2) and
1 mL of N-hydroxysuccinimde (NHS) (400 mM) for 30 min. After
which, N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochlor-
ide (EDC) was added to initiate the coupling of NHS to the carboxylic
groups on the oxidized mSWCNTs. The mixture was allowed to mix
for 30 min, then filtered and washed with MES buffer and DI water to
remove any unreacted reagent. The mSWCNT film was then
transferred to a solution containing 950 μL of acetate buffer and 50
μL of AMG. The mSWCNT film was sonicated to dislodge the
nanofilm and mix it uniformly. The AMG was allowed to bind by
covalent immobilization for 1 h at 4 °C in an ice bath as shown in
Scheme 1e. The mixture was then centrifuged four times at 6000 rpm
for 10 min each, collecting the supernatant and resuspending the pellet
in fresh acetate buffer each time to remove any unbound enzyme.
Similarly, a slight excess of AMG enzyme was used in order to ensure
maximum enzyme loading.
2.5. Quantification of Enzyme Loading by BCA Assay. The

supernatants from each immobilization method were collected and
used in the BCA assay to determine the mass of enzyme on 1 mg of
SWCNTs/mSWCNTs. This was done by subtracting the amount of
enzyme determined by the BCA assay in the supernatant from the
total amount of enzyme added to the CNTs.
2.6. Enzyme Activity by Starch Assay. The activity of AMG was

determined by using starch as the substrate, since AMG hydrolyses
starch to glucose through an adaptation of the Fuwa method.27,28 In
the starch assay, starch solutions of known increasing concentrations
diluted in acetate buffer (50 mM, pH 5.5) were prepared in a total
volume of 500 μL. Fixed concentrations of 30 μL of AMG or AMG
immobilized by the different immobilization methods were added to
each starch dilution. After reacting for 5 min, the reaction was stopped
by addition of 50 μL of 50% trichloroacetic acid, followed by 100 μL of
iodine reagent (0.2% iodine and 2% potassium iodine). Iodine reacted
with any remaining starch to give a starch−iodine complex and the
absorbance was measured at 590 nm.
2.7. Transmission Electron Microscopy (TEM). SWCNT

samples were examined by transmission electron microscopy (TEM)
using a JEOL JEM 2010F microscope. The samples were prepared on
200 mesh copper grids coated with Formvar. Length and diameter
measurement calculations, based on microscopic scale, were performed
using Image J software (U.S. National Institute of Health).
2.8. FTIR, ICP-OES, and Raman Analysis. FTIR experiments

(0.2 mg on KBr disc) were performed using a Perkin-Elmer
Spectrum100 FT-IR Spectrometer (data not shown).
Thermogravimetric analysis (TGA) and determination of Fe levels

using ICP-OES Optima 5300 DV (Perkin-Elmer) were performed by
CMMAC (NUS) (Supporting Information). The samples were heated
in air at a rate of 10 °C/min until a final temperature 1000 °C was
reached. After that, they were digested with HNO3/HCl and top up to
10 mL with H2O.
MicroRaman spectroscopy was carried out using a Renishaw inVia

confocal Raman microscope with an excitation wavelength of 532 nm
and a low laser intensity of 0.5 W focused onto the nanotubes using a
50× lens.
2.9. Lennard-Jones Potential. This calculation was performed to

identify the diameter of the nanotubes that were able to suck a Fe3O4

nanoparticle approaching the tip of the tube. In this experiments,
Fe3O4 nanoparticles were assumed of 2−3 nm in radius (as observed
from the TEM images), with a surface atomic density of 0.081 72 per
square angstrom. The C−Fe constants were calculated from previously
reported data.29 Carbon nanotubes were modeled as an averaged
atomic mass distributed over the surface of an open semi-infinite
cylinder.

2.10. Gel Electrophoresis (SDS-PAGE). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed in
order to further elucidate the presence of enzyme conjugates on the
carbon nanotubes using the various immobilization methods. The gel
was then stained with Coomassie Brilliant Blue stain for 24 h and
destained using acetic acid to visualize the separated enzymes
(Supporting Information).

2.11. Circular Dichroism Spectroscopy (CD). Circular dichro-
ism spectroscopy was used to determine the change in α and β
conformation from the various enzyme immobilization methods. All
samples were diluted to 20 μg/mL using acetate buffer (10 mM, pH
5.5). The AMG enzyme was diluted 1:500 with 10 mM acetate buffer.

2.12. Repeated Use of AMG Enzyme on mSWCNTs Using
Different Immobilization Methods. 100 μL of 2 mg/mL
mSWCNTs with AMG immobilized by the various methods (as
described previously) were added to 200 μL of 100 μg/mL starch
substrate and allowed to react for 5 min. The mSWCNT−AMG
conjugates were then removed by a simple magnet and 50 μL of 50%
trichloroacetic acid was added to stop the reaction. 50 μL of iodine
reagent (0.2% iodine and 2% potassium iodine) was then added to
form a starch−iodine complex, and the absorbance was measured at
590 nm. The mSWCNT−AMG conjugates were then added to 200
μL of fresh starch substrate for a total of 10 cycles. For the negative
control, only mSWCNTs were used. Results were presented from
triplicates.

2.13. Stability Study. The stability of the AMG enzyme
immobilized onto various surfaces and different immobilization
strategies was evaluated with respect to two temperatures, 4 °C and
room temperature, over a period of one month. Thirty microliter
aliquots of each sample at various time points were added to 100 μL of
100 μg/mL starch solution. The reaction was stopped and the
percentage of starch hydrolyzed was determined by measuring the
absorbance at 590 nm. All immobilized enzymes were kept suspended
in 50 mM acetate buffer.

3. RESULTS AND DISCUSSION

The immobilization of enzymes on physical supports has been
studied extensively in previous works.28,30,31 In this aspect,
immobilized enzymes pose several advantages over their free,
soluble counterparts, including greater physical stability, easy
separation from the reaction mixture (thus reducing impurities
in the final product), and ability to be reused, thereby reaching
higher productivity. Among these immobilization methods,
incorporation of enzymes onto a magnetic support is a
particularly attractive option as it allows the immobilized
enzymes to be separated easily from the reaction mixture by use
of a simple magnet with minimum loss of the product, unlike
other separation techniques such as filtration and centrifuga-
tion. The immobilized enzymes may also be directed by an
external magnetic field to achieve greater mixing efficiencies in
the reaction mixture.
In this study, physical adsorption and covalent immobiliza-

tion of the AMG enzyme were performed to examine the effect
of different immobilization methods on magnetic carbon
nanotubes. The interacting force in the physical adsorption of
AMG onto the SWCNTs is primarily via hydrophobic
interactions between the hydrophobic regions of the enzyme
with the SWCNTs’ exterior side walls that are made up of
aromatic rings.7 As the SWCNTs can be filled with iron oxide
nanoparticles with or without an oxidation step, physical
adsorption of AMG enzyme was done on both oxidized and
nonoxidized SWCNTs. This method consists of simple
deposition of the enzyme onto the tubes and it does not
involve additional reagents, sequential steps, or enzyme
modifications that could affect its activity. Immobilization
through adsorption is attractive through its simplicity and its
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potential for reversibility, without previous chemical modifica-
tion of the enzyme. On the other hand, in the covalent
approach, the enzyme is irreversibly conjugated through the
functional groups present on the tube walls; in this other
method, carbodiimide chemistry was used to link the enzyme
onto the magnetic CNTs.7,32

The immobilization of the AMG enzyme using various
immobilization strategies onto the following CNTs was
studied: pristine single-walled carbon nanotubes (SWCNTs),
magnetic oxidized carbon nanotubes filled with iron oxide
nanoparticles (mSWCNT-AMG oxidized) and magnetic non-
oxidized carbon nanotubes filled with iron oxide nanoparticles
(mSWCNT-AMG nonoxidized).
3.1. Enzyme Loading by BCA Assay. As observed from

Table 1, various immobilization methods of the AMG enzyme
(also confirmed by gel electrophoresis (SDS-Page), Figure S1)
on different types of CNTs showed that the enzyme loading via
physical adsorption yielded approximately similar enzyme
loading of 1.7 mg of AMG enzyme per 1 mg of CNTs,
whether or not the surface had been modified by oxidation
(sample C versus sample B) or if the interior was filled with
iron oxide nanoparticles (sample A versus sample B). In
contrast, the covalent approach using carbodiimide chemistry
(sample D) yielded a much higher enzyme loading of 2.4 mg of
AMG enzyme per 1 mg of CNTs. These findings coincide with
the expected results as the covalent approach is more specific
than physical adsorption, providing extra sites for attachment in
addition to physical adsorption, thereby leading to higher AMG
enzyme loading.
3.2. Enzyme Kinetics. A more accurate assessment of the

changes in the AMG enzyme after immobilization would be to
examine the differences in enzyme kinetics. This is done by
adding a predetermined concentration of the enzyme AMG
conjugates to known concentrations of starch solution. The
AMG enzyme hydrolyzes starch to glucose, and iodine can be
added to form a starch−iodine complex after a preset time of 5
min to determine the amount of starch left by measuring its
absorbance at 590 nm. By using the Michaelis−Menten
equation shown in eq 1, we are able to determine the enzyme
kinetics of the AMG enzyme conjugated onto the various
carbon nanotubes.

= × +V V[S] /([S] Km)0 max (1)

where V0 is the initial rate of reaction and [S] is starch
concentration. Vmax represents the maximum rate of reaction
reached, and Km is the concentration term corresponding to
half Vmax.
As the starch concentration used in the study is relatively

small, we can rearrange the Michaelis−Menten equation into a

simple linear form as shown in eq 2, where the gradient would
represent the ratio of Vmax/Km. Since the enzyme activity may
be expressed as a ratio of Vmax/Km, we are able to directly
compare the enzyme activity of the immobilized AMG enzyme
when different immobilization strategies are employed, with a
greater magnitude of Vmax/Km indicating greater enzyme
activity (Table 1).

= ×V V[S] ( /Km)0 max (2)

Also, we noted the Vmax/Km ratio for physical adsorption of
enzyme onto nonoxidized and oxidized mSWCNTs was similar
(sample B versus sample C). However, the enzyme activity of
the nonoxidized mSWCNTs was slightly higher than the one in
oxidized mSWCNTs. This may be due to the surface of the
nonoxidized mSWCNTs sharing a closer resemblance to the
pristine SWCNTs; hence, the degree of conformational change
in the enzyme structure after physical adsorption would be
expected to be similar to the immobilized enzymes on pristine
SWCNTs (sample A), thus resulting in higher enzyme activity
compared to the physically adsorbed enzymes on the oxidized
mSWCNTs (sample C).
Another parameter of enzyme kinetics is the catalytic

efficiency of the immobilized enzyme with respect to the
native free AMG enzyme. This would indicate the extent of
enzyme activity retained by the AMG enzyme after different
enzyme immobilization methods. As seen in Table 1, the
catalytic efficiency, as given by the Vmax/Km ratio, has
decreased after immobilization onto both pristine SWCNTs
and mSWCNTs. This is expected, as immobilization of the
AMG enzyme would induce changes in the enzyme
conformation, thus reducing the enzyme activity. Notably, the
enzyme activity after covalent immobilization is much lower
than the other immobilization methods, as seen from its low
Vmax/Km ratio. Hence, we deduce that the increased enzyme
loading in covalent immobilization (as described earlier) is
offset by a greater change in the enzyme conformation,
therefore resulting in reduced catalytic activity.
Moreover, it seems that the catalytic activity of the enzyme

decreased in the case of all the magnetic samples. It could be
that the pretreatment of the tubes with a 70% solution of nitric
acid, aimed to minimize the iron oxide adsorbed on the external
walls of the SWCNTs, interfered also with the ability of the
enzyme to wrap around the tubes and thus with its activity. An
alternative explanation could be derived from previous
studies33,34 demonstrating that the enzyme activity using
magnetic particles showed a proportional increase with
increasing magnetic properties. The authors concluded that
the presence of these magnetic particles affected the catalytic
cycle of the enzyme, changing the overall reaction rate.

Table 1. Enzyme Loading, Kinetics, and Structural Changes of Various AMG Enzyme Immobilization Methods

enzyme kinetics circular dichroism

sample name
immobilization

method
enzyme loading (mg of AMG enzyme/mg

of SWCNTs)
Vmax/Km
(mg−1 s−1)

catalytic
efficiency (%)

α helices
(%)

β sheets
(%)

Amyloglucosidase - - 1.7323 - 83.7 1.3
A SWCNT-AMG

(nonoxidized)
physical adsorption 1.699 0.9944 57.4 4.4 44.2

B mSWCNT-AMG
(nonoxidized)

physical adsorption 1.677 0.7272 42.0 4.4 44.2

C mSWCNT-AMG
(oxidized)

physical adsorption 1.692 0.6340 36.6 11.5 28.4

D mSWCNT-AMG
(oxidized)

covalent
immobilization

2.419 0.3673 21.2 11.5 28.4
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Therefore, it could be that the magnetization of our nanotubes
affected the efficiency of the enzyme. Future studies will be
aimed at assessing how the extent of magnetization influences
the activity of immobilized enzymes. We could also observe
that the Vmax/Km ratio decreased after immobilization in
comparison to the free native AMG enzyme, resulting in a
reduction of the enzyme activity (Figure 1). Therefore, we

postulated that the immobilization of the enzyme onto carbon
nanotubes resulted in alterations to the conformation and also
to the active site of the AMG enzyme, accounting for its
reduced activity after immobilization.31,35

3.3. Characterization of SWCNT Samples through
Microscopy, FTIR, ICP-OES and Raman Analysis. Oxidized
and nonoxidized magnetic SWCNTs were observed under
TEM to check the eventual presence of Fe3O4 nanoparticles on
the surface of mSWCNTs (Figure 2). As can be seen from

Figure 2a,b, pristine SWCNTs appeared as bundles of about
20−50 nm, and there was no obvious difference between tubes
that underwent magnetic treatment and those without Fe3O4.
We noticed the presence of a few sporadic nanoparticles both
inside and outside the nanotube bundles (Figure 2b,c): they
most likely consisted of bigger Fe3O4 nanoparticles that were
not able to enter the small-diameter CNTs and escaped from
the washing steps. Interestingly, an enlarged image of a double-
walled CNTs (diameter of about 5 nm) found in this sample
clearly showed the presence of Fe3O4 inside their inner cavity
(Figure 2d) in the form of black nanoparticles. More conclusive
images were obtained in the case of oxidized mSWCNTs,
which clearly showed black Fe3O4 dots only inside the tube
bundles, while extensive washings were able to remove those
unspecifically adsorbed on the external walls of the CNTs
(Figure 2e). This result might be a consequence of the shorter
length of oxidized mSWCNTs (image not shown), which were
more efficient at incorporating Fe3O4 nanoparticles in
comparison to their pristine longer counterparts.
This was also in agreement with the images proposed by Li

and collaborators,26 who suggested that the treatment of CNTs
with nitric acid before the encapsulation with Fe3O4 nano-
particles rendered their surfaces slippery and thus unwilling to
adsorb the nanoparticles on the tubes’ sidewalls.
The interaction energy between our SWCNTs and Fe3O4

nanoparticles was investigated using the Lennard-Jones
potential. This is based on the work done by Baowan et al.36

on TiO2 nanospheres that uses the formalism of Cox et al.37

where they studied the mechanism of an atom or fullerene
molecule being accepted into a CNT by virtue of only the van
der Waal interactions. Using the parameters from Mayo et al.,29

we calculated how the suction energy37 for a 30 Å Fe3O4

nanosphere varies with the radius of the CNTs. The radius of
30 Å was chosen as a representative radius for the 2−4 nm radii
distribution of the nanospheres estimated from the TEM
images in Figure 2. In our case, we found that the most
favorable suction energy occurs when the nanotube radius is
equal to 33.35 Å (Figure 3). Hence, it is at this radius that the
Fe3O4 nanosphere is imparted the greatest inward, axial velocity

Figure 1. Michaelis−Menten plot of increasing starch concentrations
against the rate of reaction.

Figure 2. TEM images of SWCNTs: (a) pristine SWCNTs as bundles of 20−50 nm; pristine mSWCNTs with a few Fe3O4 nanoparticles outside (b)
or inside (c) the bundles; (d) enlarged image of a double/multiwalled CNT showing Fe3O4 nanoparticles in the inner cavity; (e) oxidized
mSWCNTs showing several Fe3O4 nanoparticles.
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Figure 3. Suction energy for a Fe3O4 nanoparticle (radius a = 30 Å) inside a SWCNT.

Figure 4. SEM images of (a) pristine carbon nanotubes, (b) AMG adsorbed mSWCNT (oxidized) by physical adsorption, (c) AMG adsorbed
mSWCNT (nonoxidized) by physical adsorption, and (d) AMG immobilized mSWCNT (oxidized) by covalent bonding. The globular structures
(arrows) are suggestive of AMG enzyme loading.
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upon being admitted into the CNT and therefore most
successfully encapsulated within the potential well of the CNT.
Consequently, our SWCNTs of 2−5 nm represent suitable
dimensions for the Fe3O4 encapsulation to occur (Figure 3).
Moreover, the uptake of the iron solution into the SWCNTs
was further facilitated through a vigorous sonication and stirring
step for at least 24 h to keep the Fe3O4 nanoparticles as small as
possible.
Moreover, in order to elucidate the presence of the AMG

enzyme on the CNTs, SEM was also performed. The samples
consisted of single-walled carbon nanotubes (SWCNTs) and a
few double/multiwalled carbon nanotubes with size distribution
between <1 and 5 nm. Under SEM, it was observed that some
of these tubes were larger than 2 nm (as it might appear from
Figure 4) while some others were smaller. This could be due to
the fact that the tubes existed as bundles of 20−50 nm in
diameter (as confirmed by TEM), which might justify the wider
dimension in SEM images.
From Figure 4, the globular structures on the mSWCNTs are

suggestive of AMG immobilization onto SWCNTs in the form
of sphere-like particles on uniform tubes. The fact that AMG
appears as aggregates is in full agreement with previously
reported SEM images,38 showing analogous structure of
enzymes wrapped onto the nanotubes. Nevertheless, the
immobilization of the enzyme onto our magnetic nanotubes
was never associated with precipitation of the samples:
mSWCNT-AMG conjugates remained stable throughout the
duration of the experiments, including those assessing the
enzyme stability over a period of one month. This might be
explained by the AMG presenting a carbohydrate content of
around 13% that, if sufficiently exposed, might have imparted a
hydrophilic solubilizing effect to our samples.
Also, from the FTIR analysis performed before and after

enzyme loading (figure not shown) and in agreement with data
available from literature,39 the spectrum showed a broadening
of the bands at 3470 cm−1 due to H-bonding between NH2 of
AMG and COOH of oxidized CNTs (this was not visible in the
case of pristine SWCNTs). In addition, a shift of the carbonyl
peak at around 1630−1690 cm−1 was observed. Finally, some
changes were visible between 1300 and 950 cm−1, thus
confirming the successful incorporation of the enzyme in
SWCNT−AMG conjugates. However, due to the fact that
carbon nanotubes display a strong optical density in the whole
range from 400 cm−1 to 4000 cm−1, very diluted samples were

used, thus affecting the quality of the signals in the infrared
spectrum.
In addition, TGA followed by ICP-OES analysis was

performed to determine the whole iron content. The results
indicated that iron in our mSWCNT sample was 330.1 ppm
(0.03%) in comparison with 0.30 ppm in the case of pristine
SWCNTs (Supporting Information). This confirmed that
mSWCNTs did differ from the pristine ones in terms of iron
content, and they were magnetic.
In order to further characterize our samples, we conducted a

Raman analysis. Besides the D and G bands, associated with the
sp3-hybridized carbon atoms in the CNTs, SWCNTs show the
characteristic radial breathing mode (RBM, below 350 cm−1),
which has been demonstrated to be in a strong relationship
with the diameter of the nanotubes.40,41 As anticipated, the
Raman spectrum of mSWCNTs with the incorporation of
Fe3O4 nanoparticles (Figure 5a) clearly indicated that the peaks
of the D and G bands were almost not affected. In other words,
there was no peak shift when the SWCNTs underwent Fe3O4
encapsulation, indicating that the encapsulation process did not
disrupt the C−C bonding arrangement on the SWCNT
surfaces. However, the relative peak height of the D band
increased from pristine to oxidized CNTs. Indeed, the
oxidation step causes the conversion of sp2-hybridized carbons
into sp3-hybridized carbons by introducing carboxylated
functions and defects in the honeycomb lattice.
On the contrary, the RBM fine scan spectra indicated that

the magnetization process of both nonoxidized and oxidized
SWCNTs induced a peak shift in comparison with pristine
CNTs. In detail, the peak in the RBM region of pristine
SWCNTs at 267.5 cm−1 (Figure 5b), which was supposed to be
correlated with CNTs showing diameters of 0.909 nm, shifted
to 266 cm−1 in nonoxidized samples and to 270 cm−1 in
oxidized CNTs after loading of Fe3O4 nanoparticles. Once
again, these results confirmed the presence of Fe3O4 nano-
particles inside mSWCNTs (rather than on the external walls).

3.4. Circular Dichroism Spectroscopy (CD). CD analysis
was conducted to demonstrate the structural changes in the
AMG enzyme after immobilization. CD analysis is considered
more accurate, as the protein remains in its aqueous
environment during the analysis, and thus can be used to
correlate to its activity. From Table 1, we were able to observe
that the changes in the α helices (%) and β sheets (%) were
similar for physical adsorption of the AMG enzyme on pristine
carbon nanotubes and magnetic iron oxide filled nonoxidized

Figure 5. (a) Full-range survey spectra of SWCNTs and variants (blue graph, mSWCNTs Oxidized; red graph, mSWCNTs Nonoxidized; green
graph, pristine, nonmagnetic SWCNTs), showing the characteristic G band, D band, and RBM mode. (b) Fine spectra of RBM mode of SWCNTs
and variants.
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carbon nanotubes. This was not surprising as the surfaces for
these two types of CNTs are similar, resulting in the same
structural changes of the adsorbed enzyme. The structural
changes for the AMG immobilized onto the mSWCNTs by
physical adsorption and covalent approach are also similar,
probably because both surfaces involve carboxylic groups in the
enzyme immobilization, thus resulting in similar structural
changes.
The relative structure change (%) of all samples, calculated

based on the mean residue ellipticity at 218 nm (θ218), gave a
reading of 37.2−37.5%. In general, immobilization of the AMG
enzyme resulted in a decrease in α helix structure and an
increase in β sheet structure, as shown in Figure 6. The

decrease in α helix structure was more upon immobilization
onto pristine SWCNTs surfaces than oxidized SWCNTs
surfaces, and the increase in β sheet structure was observed
to be greater in pristine SWCNTs than in the oxidized
SWCNTs. It has been proposed that the β-sheet formation
leads to a partial destabilization of the secondary and tertiary
structures of the protein and an additional exposure of the
hydrophobic tryptophan residues to the surface of the enzyme-
support complexes.42 The enzyme’s activity has shown to be
highly correlated with tryptophan residues that, upon oxidation,
gradually decrease the enzyme’s ability to hydrolyze starch. In
that case, we would have expected lower enzyme activity in
nonoxidized samples due to their higher β-sheet formation
(Table 1). Conversely, enzyme kinetics showed a better profile
of nonoxidized CNTs in comparison with oxidized samples,
thus disproving that particular amino acids were involved in the
enzyme’s decreased activity. Moreover, it should be noted that
amyloglucosidases purified from different sources sometimes
differ in terms of their mode of actions on starch.43 This means
that the exact amino acids involved in the enzyme activity
might be different for amyloglucosidase extracted from
Aspergillus niger versus Termitomyces clypeatus. For that reason,
we could not discuss the effect of amino acid content on the
activity of AMG enzyme and we could only infer that the
surface chemistry of the carbon nanotubes plays an important
role in the subsequent immobilized enzyme activity, as it affects
how the enzyme would change in its conformation when it is
immobilized onto the carbon nanotubes surface.

3.5. Recycling of Immobilized AMG Enzyme. Recycling
of immobilized enzymes is a highly relevant application to the
biofuel production industry, as enzymes incur fixed costs in
production lines. In Figure 7, ten cycles illustrating the

enzymatic activity of immobilized AMG enzymes after recovery
by a simple magnet and its subsequent reuse in fresh starch
substrate are shown. The fact that our SWCNTs were magnetic
and could be collected from the starch solution after repeated
usage suggests that the adopted protocol, previously proposed
by Li et al. for bigger multiwalled carbon nanotubes, was
appropriate even for our smaller tubes.
In each cycle, the percentage of starch hydrolyzed in each

cycle for the immobilized AMG onto mSWCNTs remained
relatively constant, in the range of 30−40%.
Since immobilized enzymes possess greater physical stability,

the decrease in enzymatic activity compared to the native free
AMG enzyme is compensated by the ability of the immobilized
enzymes on mSWCNTs to be reused. Therefore, the amount of
enzyme required to process the starch solution could be
decreased: it was estimated that 7.56 mg/mL of free AMG or
3.4 mg of immobilized (not covalently) AMG/mL were
necessary to process 50 mM starch, in comparison with a 10-
fold lower concentration in the case of recycled enzyme.
Indeed, since the percentage of starch hydrolyzed by the
immobilized AMG on mSWCNTs remained relatively constant
(∼35%), the total starch processed by 3.4 mg of immobilized
AMG after 10 cycles was about 60 g. The same amount of
starch would have required 26.46 g of free AMG, which is
almost 8 times higher.
Alternatively, in order to reach the same catalytic end point

as the native free AMG enzymes, the amount of immobilized
enzymes can be increased, or simply allowed to act on the
starch substrate for a longer period of time. Therefore, the
ability of the immobilized AMG enzymes to be reused can
offset the decrease in activity in the long term, and could result

Figure 6. Circular dichroism spectroscopy indicating % of α helices
and β sheets: (1) AMG, (2) SWCNT-AMG (physical adsorption), (3)
nonoxidized mSWCNT-AMG (physical adsorption), (4) oxidized
mSWCNT-AMG (physical adsorption), and (5) oxidized mSWCNT-
AMG (covalent immobilization).

Figure 7. Ten cycles of enzyme recycling using a simple magnet and
subsequent reuse of immobilized AMG enzyme onto nonoxidized
mSWCNTs and oxidized mSWCNTs by physical adsorption and on
oxidized mSWCNT by covalent immobilization. A negative control
using only mSWCNTs with no immobilized enzymes was used.
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in potentially substantial cost savings in the biofuel production
industry.
3.7. Stability Studies. Stability of a product is an important

consideration in the estimation of its shelf life, and can affect its
feasibility for use in the biofuel industry. The activity of the
immobilized AMG enzymes should be stable for a reasonable
period of time, sufficient for transportation and brief storage
before use in the bioreactor. Hence, the stability of the AMG
enzyme immobilized by the different immobilization methods
was assessed over a period of one month (Figure 8).

From Figure 8, it is evident that the activity of the enzyme
was more stable when stored at 4 °C than at room temperature,
with the enzyme stored at 4 °C maintaining approximately 30%
of its activity for 2 weeks before decreasing to near 20% at the
end of one month. In contrast, the activity of the immobilized
enzymes stored at room temperature decreased to less than
20% after 2 weeks and showed very little activity by the end of
one month. Hence, we conclude that storage of the
immobilized enzymes at 4 °C in acetate buffer is sufficient to
retain the enzymatic activity for at least one month.

4. CONCLUSIONS
Although it is too early to say whether our nanotubes will wean
the biofuel industry from its current limitations, or
monumentally backfire, the results presented in this manuscript
provide a good platform not only toward a better under-
standing of enzyme behavior once immobilized onto carbon
nanotubes, but they might also promote further developments
due to their ability to be reused several times by means of a
simple magnet. Overall, it is not easy to compare the outcomes
from our investigation with other pieces of work, since (1)
materials, (2) enzyme immobilization strategies, and (3) assays
are quite different. At the moment, we can rely only on limited
sets of experiments, which include structure morphology,
enzyme activity, recyclability, and storage stability, but more
studies are required to fully appreciate the advantage of using
this type of nanomaterial over the others.
In our study, we have proven, by using different character-

ization techniques (e.g., TEM, Raman analysis, ICP-OES,
FTIR) and by measuring the immobilized AMG enzymatic

activity in starch substrate, that the AMG enzymes are
successfully immobilized and still retain their enzymatic activity,
though lower compared to the native free AMG enzyme. The
reduced activity is in good relation with the circular dichroism
data, as the various immobilization methods result in changes
to the structural conformation of the AMG enzyme. However,
the reduced enzyme activity is compensated by the ability to
recycle these immobilized AMG enzymes, thereby defraying
biofuel production costs in the long term. The immobilized
enzymes were also shown to be able to retain their activity
when stored in acetate buffer at 4 °C for at least one month.
Future studies will include a higher iron oxide content in the
nanotubes to favor a better hydrolytic performance of
amyloglucosidase, the concurrent immobilization of AMG
with other enzymes (e.g., pectinase or enzyme complexes)
onto CNTs to increase biofuel production and long-term
stability studies of CNT−enzyme conjugates, which will
demonstrate the advantage of using CNTs for catalytic
purposes in comparison with other, less durable nanomaterials.
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