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ABSTRACT: Biocatalyst immobilization onto carbon-based
nanosupports has been implemented in a variety of applications
ranging from biosensing to biotransformation and from decon-
tamination to energy storage. However, retaining enzyme
functionality at carbon-based nanosupports was challenged by
the non-specific attachment of the enzyme as well as by the
enzyme−enzyme interactions at this interface shown to lead to loss
of enzyme activity. Herein, we present a systematic study of the
interplay reactions that take place upon immobilization of three
pure enzymes namely soybean peroxidase, chloroperoxidase, and
glucose oxidase at carbon-based nanosupport interfaces. The
immobilization conditions involved both single and multipoint
single-type enzyme attachment onto single and multi-walled
carbon nanotubes and graphene oxide nanomaterials with properties determined by Fourier transform infrared spectroscopy
(FTIR), energy dispersive X-ray analysis (EDX), scanning electron microscopy (SEM), and atomic force microscopy (AFM).
Our analysis showed that the different surface properties of the enzymes as determined by their molecular mapping and size work
synergistically with the carbon-based nanosupports physico-chemical properties (i.e., surface chemistry, charge and aspect ratios)
to influence enzyme catalytic behavior and activity at nanointerfaces. Knowledge gained from these studies can be used to
optimize enzyme−nanosupport symbiotic reactions to provide robust enzyme-based systems with optimum functionality to be
used for fermentation, biosensors, or biofuel applications.
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■ INTRODUCTION

Enzymes are a naturally occurring class of proteins that possess
unique properties including high catalytic activity, selectivity, and
specificity. Enzymes are environmentally friendly and produce
fewer harsh byproducts than their chemical counterparts.1,2

Because of such properties, enzymes are now key players in
various industrial processes from waste treatment3,4 to food
processing5 and from biodiesel production6 to the petroleum
refining industry.7 More recently, enzyme-based conjugates
obtained by immobilization of enzymes onto nanoscale solid
supports have shown applicability in biosensing,8,9 drug
delivery,10 and decontamination.11,12 In particular, Besteman et
al. reported on the use of single-walled carbon nanotubes as
supports for immobilization of glucose oxidase for biosensing
applications,13 Luckarift et al. examined the use of biomimetic
silica supports for butyrylcholinesteras immobilization for flow
through reactors,14 and Fernandez-Lafuente et al. showed that
coupling immobilization and site-directed mutagenesis can
improve biocatalyst or biosensor performance,15 while Dinu et
al. reported on immobilization of enzyme perhydrolase S54 V
onto carbon nanotubes to be used for generating decontamina-
tion platforms.11

In a favorable nanoenvironment, enzyme immobilization was
shown to lead to increased enzyme stability and improved
specificity1,2,16 and allowed for prolonged enzyme functionality
through chemical (e.g., cross-linking)17 and physical treatment
(e.g., pH enhancement or lyophilization).18 For instance,
immobilization onto carbon-based nanosupports was shown to
increase enzyme turnover and to allow for prolonged enzyme-
based conjugate usage.11,17,19 Nanosupport immobilization
studies have also proved that, while the high aspect ratio of the
nanosupports allows enzyme-based conjugate retention in
solution, multiple usages and ease of conjugate recovery via
filtration, the nonspecific binding of the enzyme at the
nanointerface can result in enzyme active site deformation (i.e.,
change in the active site conformation)19 and thus increased
enzyme−nanosupport interactions with subsequent reduced
enzyme activity.16,19−22 Future developments in enzyme-based
applications of enzyme-based-nano conjugates need to account
for increased enzyme functionality, high operational stability,
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efficiency, yield of recovery and conversion, and reduced enzyme
inhibition. However, while previous examples show that a
significant amount of research has been directed towards
understanding the interactions of known enzymes with nano-
supports, the molecular mechanisms and synergistic reactions
that take place at the nanosupport interface upon enzyme
immobilization have yet to be fully understood.
We hypothesized that fine control of the enzyme−nano-

support interface through the control of the enzyme immobiliza-
tion process as well as nanosupport characteristics can lead to
enhanced enzyme catalytic efficiency. To test our hypothesis, we
used pure glycosylated enzymes with different properties (e.g.,
surface chemistry, molecular weight, isoelectric point, etc.),
nanosupports with different characteristics (both physical and
chemical), and different immobilization techniques (i.e., physical
or chemical). Specifically, soybean peroxidase (SBP), an anionic
monomeric glycoprotein (pI 3.9)23 with a molecular weight of
∼40 kDa24 known for its unusual thermostability and a high
oxidation potential, chloroperoxidase (CPO), a monomeric
enzyme with a molecular weight of ∼42 kDa,25 and glucose
oxidase (GOx), a homodimer flavoenzyme oxidoreductase with a
molecular weight of ∼180 kDa,26 were used as models. The
choice in enzymes was based on their extended applications with
SBP being used for diagnostics27−29 and waste-water treatment
industrial implementation;30−32 CPO for chiral organic syn-
thesis,33−35 decontamination,36 and the petroleum industry,37,38

and GOX for biosensing,
39,40 biofuel cell formation,41 and food

processing applications.42 The selected carbon-based nano-
supports encompassed single-walled carbon nanotubes
(SWCNTs), multi-walled carbon nanotubes (MWCNTs), and
graphene sheets (GON) with different physical and chemical
properties as demonstrated by Fourier transform infrared
spectroscopy (FTIR), energy dispersive X-ray analysis (EDX),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM). The choice of the nanosupports was based
on their extended implementation in a wide variety of
applications from biosensing40,43 to large-scale industrial
processing and waste remediation.44−46 Lastly, the chosen
immobilization techniques were aimed to offer different enzyme
attachment mechanisms at nanointerfaces, namely single or
multipoint attachment.47−49

Our systematic studies on the underlying mechanisms that
control enzyme activity and catalytic behavior at nanointerfaces
seek to reveal whether there is an optimum support to be used for
a specific enzyme immobilization in order to lead to maximum
catalytic efficiency of that enzyme. Discovering an optimum
strategy that could be used in the future when the formation of
bio−nano conjugate systems with increased enzyme function-
ality is considered can fill the gap in developing robust enzyme-
based systems with applications in fermentation, biosensoring, or
biofuel production.

■ MATERIALS AND METHODS
Graphene Oxide Nanosheet Synthesis. Graphene oxide nano-

sheets (GON) were produced from graphite powder (Alfa Aesar, 99.8%
purity). First, 10 g of the graphite powder and 5 g of sodium nitrate
(NaNO3, Sigma Aldrich, 99.0%) were added to 230 mL of concentrated
sulfuric acid (H2SO4, Fisher Scientific, 96.4%) in a 2000 mL flask; the
flask was subsequently placed in an ice bath and the mixture was stirred
slowly. A 30 mg portion of potassium permanganate (KMnO4, Sigma
Aldrich, 99.0%) was added slowly to the flask to ensure that the
temperature of the mixture remained below 20 °C. Next, the solution
was heated to 35 °C for 30 min, diluted in 460 mL of deionized (DI)
water, and again quickly heated to 98 °C for 15 min. The mixture was

subsequently rediluted in 710 mL of DI water, preheated to 35 °C, and
incubated with 30 mL of 30% hydrogen peroxide (H2O2, Sigma
Aldrich). Finally, the solution was filtered and washed using DI water at
35 °C until the effluent was clear and the pH was kept constant at 6. The
resulting product was dried in a vacuum oven; the obtained brown
powder was stored at room temperature for future use.

Carbon-Based Material Acids Treatment. Functionalized
carbon-based materials (CMATs; SWCNTs, 85% purity, Unidym
Inc.; MWCNTs, 95% purity, NanoLab Inc.; or GON) were prepared via
acids treatment as previously described.50 Briefly, 100 mg of pristine
CMATs were added to a 60 mL mixture of 3:1 (V:V) H2SO4 and nitric
acid (HNO3, Fisher Scientific, 69.6%). The mixture was ultrasonicated
for 6 h (Branson 2510, Fisher Scientific) at a constant temperature of
approximately 23 °C. Next, the solution was diluted in DI water and
filtered through a GTTP 0.2 μm polycarbonate membrane (Fisher
Scientific). Several cycles of redispersion and filtration in DI water were
performed to remove acidic residues or catalysts and impurities. The
CMATs isolated on the filter membrane were dried in a vacuum
desiccator and stored at room temperature until use.

CMATs Characterization. Chemical structure, morphology, and
elemental composition of CMATs were investigated using Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), and energy-dispersive x-ray spectroscopy (EDX), respectively.
For FTIR, 2mg pellets of samples were collected and analyzed under the
transmission mode by using KBr pellet on a Thermo Nicolet
Instrument. For SEM and EDX characterizations, samples (1 mg/mL
in DI water) were deposited on silica wafers and dried under vacuum.
Experiments were performed on a Hitachi S-4700 field emission
scanning electron microscope with a S-4700 detector combining
secondary (SE) and backscattered (BSE) electron detection (in a single
unit).

The length of pristine and acids treated SWCNTs and MWCNTs
were quantified using atomic force microscopy (AFM) and a silicon tip
(AsylumResearch, 50-90 kHz AC240TS) operating in air tappingmode.
Briefly, nanotube samples in DI water (0.1 mg/mL) were deposited
onto mica surfaces (9.5 mm diameter, 0.15−0.21 mm thickness,
Electron Microscopy Sciences) and dried overnight under vacuum.
Scans of 10 μm × 10 μm and 1 μm × 1 μm areas were acquired.

To evaluate the CMATs’ degree of hydrophilicity/hydrophobicity,
dispersity tests were performed in DI water (pH 6.25), phosphate
buffered saline (PBS, 100 mM, pH 7, Sigma Aldrich), and citric acid
buffer (CAB 50 mM, pH 4.8, Sigma Aldrich). Briefly, CMATs were first
dispersed in each of the different solvents at a concentration of 3 mg/
mL. The suspension was subsequently centrifuged at 3000 rpm for 5min
and 0.8 mL of the generated supernatant was removed and filtered
through the GTTP 0.2 μm polycarbonate filter membrane. The filter
was subsequently dried under vacuum, and the amount of CMATs on
the filter was weighed. Dispersity was calculated based on the volume
suspended, the initial amount used in the dispersion test, and the final
amount isolated on the filter paper.

Enzyme Immobilization. Soybean peroxidase (pure SBP, Bio-
research, Rz = 2), glucose oxidase (pure GOX, Type VII, Sigma,Rz = 1.3),
and chloroperoxidase (pure CPO, Bioresearch, Rz = 1.3) were
immobilized onto CMATs using either physical or covalent binding.

For physical binding 2 mg of CMATs were first dispersed in 2 mL of
enzyme solution (1mg/mL in PBS for SBP, 0.5 mg/mL in PBS for GOX,
or 0.5 mg/mL in CAB for CPO) via brief sonication. The solution was
then incubated at room temperature for 2 h with shaking at 200 rpm.
Next, the enzyme−CMAT conjugates were recovered by filtration
through the GTTP 0.2 μm polycarbonate filter membrane. The
supernatant was isolated and its volume recorded. The conjugates
isolated on the filter were washed at least 6 times using the
corresponding buffer (2 mL for each wash) to remove loosely bound
enzyme, with the first two washes being isolated and their volumes
recorded. Finally, the conjugates were redispersed in 2 mL of their
corresponding buffer and stored at 4 °C.

For covalent binding, 2 mg of CMATs were first activated using 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC, Acros Organics)
and N-hydroxysuccinimide (NHS, Pierce) chemistry. Specifically,
CMATs were dispersed via sonication in 160 mM EDC and 80 mM
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NHS in 2-(N-morpholino)ethanesulfonic acid sodium salt buffer (MES,
50 mM, pH 4.7) with a final volume of 2 mL and incubated at room
temperature for 15 min with shaking at 200 rpm. Subsequently, the
mixture was filtered through a GTTP 0.2 μm polycarbonate filter
membrane and washed thoroughly with MES buffer to remove any ester
residues. Next, the activated CMATs were immediately dispersed in 2
mL of the selected enzyme solution (consistent with physical binding)
and incubated at room temperature for 3 h with shaking at 200 rpm.
Enzyme−CMAT conjugates were then recovered and washed, with the
supernatant, and the two washes were recovered (consistent with
physical binding). Finally, the conjugates were redispersed in 2 mL of
the corresponding buffer and stored at 4 °C.
For covalent binding through a spacer, 2 mg of the selected CMATs

were first activated using EDC/NHS chemistry as previously described
(see covalent binding), subsequently dispersed in 5 mL of 1 mg/mL
Amino-dPEG8-COOH (PEG, 32.2 Å, Quanta Biodesign) in the
designated buffer, and incubated at room temperature for 3 h with
shaking at 200 rpm. The resulting conjugates were then filtered and

washed with their corresponding buffer. Finally, the selected enzyme
was attached to the PEG linker as previously described. After the time
elapsed, enzyme−PEG−CMAT conjugates were recovered and washed,
and the supernatant and the two washes were recovered to quantify the
enzyme loading (consistent with physical and covalent binding).
Conjugates were redispersed in 2 mL of their corresponding buffer and
stored at 4 °C.

Covalent binding was confirmed by incubating the enzyme-carbon-
based conjugates in 1 M NaCl solution for 10 min at 200 rpm; upon
incubation, the conjugates were filtered using the GTTP 0.2 μm
polycarbonate filter membrane and washing thoroughly with their
corresponding buffers. The resulting supernatant and washes were
recovered to evaluate any enzyme removal.

Enzyme Loading onto CMATs. The amount of the immobilized
enzyme relative to the amount of CMATs being used (i.e., the enzyme
loading) was estimated using standard BCA Assay (Pierce) and
subtracting the amount of enzyme washed out in the supernatant and
the first two washes (see above) from the initial amount of enzyme

Figure 1. Characterization of carbon-based materials (CMATs). FTIR and EDX spectra analysis of (a) pristine and acid-functionalized SWCNTs, (b)
pristine and acid-functionalized MWCNTs, and (c) pristine and acid-functionalized graphene oxide nanosheets (GON). FTIR and EDX spectra
confirmed the presence of carboxyl (COOH) functionalizations upon acid mixture incubation of CMATs.
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added during the immobilization process. Briefly, 1 mL of working
reagent containing 50 parts reagent A with 1 part reagent B (reagents
were provided stock with the BCA Assay kit) was mixed with 50 μL of
enzyme solution (either from the supernatant or the washes) and
incubated at 37 °C for 30 min. Absorbance at 562 nm was recorded for
each sample using a UV−vis spectrophotometer (Thermo Scientific
EVO300) and compared to a calibration curve of known concentrations
of the respective enzyme (free in solution) in the working reagent.
Loadings were estimated as the difference between the amount of
enzyme washed out from the initial amount of enzyme added during the
incubation relative to the amount of CMATs being used.
Determine the Specific Retained Activity of the Enzyme

Immobilized Onto CMATs. Immobilized enzyme retained specific
activity was determined using colorimetric reactions monitored on a
UV−vis spectrophotometer (Thermo Scientific EVO300). The specific
activity was calculated by comparing the activity of immobilized enzyme
to the activity of free enzyme in solution at the same amount.
Specifically, the specific activity of SBP was determined by monitoring
the oxidation of 2,2′-azinobis[3-ethylbenzothiazoline-6-sulfonic acid]
(ABTS, Sigma Aldrich) by SBP in the presence of H2O2 (Sigma Aldrich)
at 412 nm. Briefly, 20 μL of the SBP solution to be tested (free or
immobilized) was added to 650 μL of 0.25 mg/mL ABTS andmixed in a
plastic cuvette. Next, 20 μL of 6.5 mMH2O2 was added to the mixture to
initiate the reaction, and the cuvette was immediately placed on the
spectrophotometer; the rate of absorbance change was monitored for 2
min. The initial reaction rate was calculated from the time-course slope
and reported in micromolar per microgram second.
For the specific activity of GOX, 400 μL of PBS, 250 μL of 0.25 mM

glucose (Across), 250 μL of 0.25 mg/mL ABTS, and 50 μL of 0.5 mg/
mL SBP were first mixed in a plastic cuvette. Then, 50 μL of the GOX
solution to be tested was added to initiate the reaction and the cuvette
was immediately placed in the spectrophotometer; the rate of
absorbance change was monitored for 2 min. The initial reaction rate
was calculated from the time-course slope and reported in micromolar
per microgram second.
The specific activity of CPO was determined by monitoring the

conversion of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione (mono-
chlorodimedon, Alfa Aesar) to dichlorodimedon by CPO in the
presence of Cl− and H2O2 at 278 nm. Briefly, 500 μL of CAB, 440 μL of
227.27 mMNaCl (ACROS), 20 μL of 5 mMmonochlorodimedon, and
20 μL of the CPO sample to be tested were first mixed in a quartz
cuvette. Then, 20 μL of 50 mM H2O2 was added to initiate the reaction
and the cuvette was immediately placed in the spectrophotometer; the
rate of absorbance change was monitored for 2 min. The initial reaction
rate was calculated from the time-course slope and reported in
micromolar per microgram second.
Enzyme Kinetic Parameters Determination. The kinetic

parameter, Km (where Km is the Michaelis−Menten constant in
micromolar), Vmax (where Vmax represents the maximum rate of reaction
in micromolar per microgram second), and kcat (enzyme turnover, 1/s),
values of the free and immobilized enzyme were determined by
measuring the initial rates of reaction in the respective activity assays (as
described above), with varying substrate concentrations and using
nonlinear regression. Specifically, for SBP the concentration of H2O2
was varied from 0 to 0.04 mM, for GOX the concentration of glucose was
varied from 0 to 100 mM, and for CPO the concentration of H2O2 was
varied from 0 to 4 mM.
Statistical Analysis. All results are presented as mean ± standard

deviation with at least six trials for each conjugate.

■ RESULTS AND DISCUSSION
Morphology and Structure Characterization of Car-

bon-Based Materials (CMATs). Pristine SWCNTS (diameter
= 0.8−1.2 nm, length = 760 ± 276 nm), pristine MWCNTs
(diameter = 10−20 nm, length = 6049 ± 2954 nm), and pristine
GON (sheets of 500−5000 nm) were acids treated by incubation
in a nitric and sulfuric acids mixture for 6 h50 to generate
nanosupports with different characteristics. To investigate
whether acids treatment changed the physical and chemical

properties of the pristine carbon-based materials (CMATs), we
used Fourier transform infrared spectroscopy (FTIR), energy
dispersive X-ray analysis (EDX), scanning electron microscopy
(SEM), and atomic force microscopy (AFM).
Our FTIR analysis showed that acids treatment led to grafting

of carboxyl (COOH) functionalities onto all the CMATs being
tested. Specifically, the analysis of the chemical structure of both
SWCNTs andMWCNTs (Figure 1a and b, respectively) showed
a peak at 3450 cm−1 corresponding to the hydroxyl moiety and a
∼2900 cm−1 peak corresponding to the stretching mode of C
H groups. The 1750 cm−1 band corresponded to the CObond
in the carbonyl and carboxylic moiety while the bands at 1550−
1660 cm−1 were associated with the CC bonds formation.51

The bands in the 1300−950 cm−1 range were characteristic of
CO bond formation and, thus, confirmed the presence of large
amounts of hydrated surface oxides and CMATs-COOH
functionalization. The FTIR spectrum of the GON is shown in
Figure 1c. The large peak in the 3400−3200 cm−1 range is
indicative of formation of hydroxyl groups at the surface of the
GON.52 The peak at ∼1740 cm−1 is a result of the CO bonds
in the COOH groups as well as in carbonyl moieties, while the
∼1620 cm−1 peak confirmed the presence of CC bonds
resulted from unoxidized regions of the graphene. Finally, the
large band at 1400−1060 cm−1 confirmed the presence of
COOH groups in epoxy or alkoxy groups formed at the surface of
the CMATs.52

EDX analysis (Figure 1, table format) further confirmed
COOH functionalization of CMATs; specifically, the O content
increased in the acids-treated CMATs while the C and other
elements content decreased.53 The decrease in other elements
was a result of metal catalyst residues and other impurities being
removed upon acid treatment as well as nanosupports being
shortened thus leading to the formation of amorphous carbon.50

To confirm the shortening of the nanotubes we compared
COOH-functionalized SWCNTs and MWCNTs with their
pristine counterparts using tapping mode AFM. Our analysis
showed that acid treatment reduced the length of SWCNTs from
760 ± 276 to 516 ± 277 nm and the length of MWCNTs from
6049 ± 2954 to 452 ± 213 nm. The diameters of the nanotubes
were however unaffected by the treatment; similarly, the
dimensions of the GON were maintained constant. Further,
SEM showed no significant morphological changes for the acid-
treated samples when compared to their pristine counterparts
(Supporting Information Figure S1). Our results are in
agreement with previous studies, which showed that liquid
phase oxidation with a strong acid mixture introduces structural
changes and adds free COOH groups to nanomaterials.50,51,53

Carboxyl functionalization upon acids treatment improved
CMAT dispersity in several solvents (Supporting Information
Table S1). Specifically, in DI water (pH 6.25), the dispersity of
SWCNTs, MWCNTs, and GON improved by 9.3-, 6.8-, and 6.5-
fold, respectively. Similarly, in PBS (pH 7) the dispersity of
SWCNTs, MWCNTs, and GON improved by 4.8-, 3.8-, and 1.4-
fold. Further, in CAB (pH 4.8) the dispersity of SWCNTs,
MWCNTs, and GON improved by 8.3-, 9.3-, and 13.5-fold
relative to their pristine counterparts. The increase in dispersity
upon acids treatment is attributed to the increase in the number
of COOH groups and thus increased carboxylate anion
formation through deprotonation of these groups in water-
based environments.54 The poor dispersion observed at lower
pH values (i.e., in CAB) can be attributed to the aggregation of
CMATs through H bonding in these conditions.55 The acids-
treated MWCNTs and GON had the lowest dispersity in PBS
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presumably due to the higher ionic strength of this buffer that
could have induced aggregation of their carboxylated anions.55

This effect was not observed for SWCNTs since these nanotubes
have a reduced number of defects and thus a lower rate of COOH
functionalization relative to both MWCNTs and GON.
Influence of the Bio−Nano Interface on Enzyme

Catalytic Behavior. Previously characterized CMATs were
used as nanosupports for model enzyme soybean peroxidase
(SBP) immobilization (SBP, Figure 2a); the high dispersity of
the CMATs was required to ensure uniform loading of the
nanosupports. The different radii of curvature of the CMATs
were required to determine the geometrical congruence and thus
the degree of enzyme−nanosupport interactions.11,19,48
Three independent immobilization techniques, i.e., physical

adsorption, covalent binding, and covalent binding through a
PEG linker, were used. The different immobilization techniques
aimed to provide a variety of enzyme−nanosupport interactions.
In particular, physical binding provides a multipoint attach-
ment;48,56 however, such a process was previously shown to lead
to deformation of the enzyme (e.g., change in active’s site
conformation or change in the enzyme’s footprint) at the
nanointerface.11 Covalent binding might reduce such deforma-
tion while theoretically serving as a zero-length single point
attachment technique.19,47,49,57 Lastly, covalent binding through
an arm spacer could serve as a single-point immobilization
method that brings the enzyme away from the nanosupport while
increasing its substrate binding capability.11,12 Figure 2b shows
the concept of SBP immobilization onto the COOH-function-
alized CMATs.
The amounts of SBP attached to the different CMATs relative

to the amount of CMATs being used (i.e., the enzyme loadings)
are shown in Supporting Information Table S2, while the specific
retained activities of the enzyme-based conjugates relative to the

enzyme loading is given in Figure 3a. Our data showed that the
specific retained activity of the immobilized SBP varied
significantly with the nanosupport being tested. In particular,
SBP retained the highest specific activity when immobilized onto
MWCNTs using covalent binding (about 28% retained specific
activity relative to the free enzyme) while the lowest specific
activity was displayed by the enzyme immobilized onto GON
using covalent binding with PEG linker (about 1.6 % of the
specific activity of the free enzyme). The highest specific activity
for the physically bound SBP was observed for the enzyme
immobilized onto MWCNTs (about 25 % of the specific activity
of the free enzyme); however, the same immobilization method
allowed retention of only about 15% and 1.7% specific activity
onto SWCNTs andGON, respectively. Covalent immobilization
also yielded to only about 4% of the specific activity of the free
enzyme activity both onto SWCNTs and GON nanosupports,
while covalent binding through the PEG linker led to the highest
specific retained activity for the enzyme immobilized onto
MWCNTs (about 20% of the specific activity of the free enzyme)
and only about 8% and 1.6% onto SWCNTs and GON,
respectively. Control experiments have been also performed to
validate the feasibility of the covalent binding. Specifically, the
enzyme-carbon-based nanosupports have been incubated in high
salt concentrations known to remove the enzymes bound
through nonspecific electrostatic interactions; subsequent
evaluation of the enzyme loading showed that such high salt
incubation removed <3% of the immobilized enzyme. However,
upon such incubation, the remaining immobilized enzyme lost
about 70% of its initial activity possibly due to the accelerated
covalent multipoint attachment.58

Enzyme catalytic behavior at the different CMAT nano-
interfaces was assessed under varying concentrations of hydro-
gen peroxide (Figure 3b−d); the kinetic parametersVmax (i.e., the

Figure 2. Concept schematic of soybean peroxidase (SPB) immobilization onto CMATs. (a) SBP catalyzes the oxidation of ABTS to ABTS+. (b) SPB
immobilization onto CMATs with different surface curvatures and aspect ratios led to enzyme-based conjugates.
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maximum rate of reaction), Km (i.e., Michaelis−Menten
constant), and kcat (i.e., enzyme turnover) were calculated
using nonlinear regression36,59 and compared with the kinetic
parameters of the free enzyme in solution (Table 1). The Vmax of
SBP physically immobilized onto MWCNTs decreased by 87%,
while the Vmax of the SBP immobilized onto GON decreased by
about 98% relative to Vmax of free enzyme in solution. Km values
of the immobilized SBP also showed an overall decrease however
within the same order of magnitude with theKm values of the free
enzyme. The catalytic efficiency (kcat/Km) of the immobilized
enzyme (generally used as a comparator for the rate at which the
immobilized enzyme catalytically transforms its substrate)36,60

was much lower than that of the free SBP and varied both with
the nanosupport and immobilization technique being used. For
example, the catalytic efficiencies of SBP covalently bound onto
SWCNTs, MWCNTs and GON were about 10%, 11%, and 3%
of that of the free enzyme in solution. Further, the lowest activity
of immobilized SBP was obtained at the flat surface of GON.
The observed changes in the kinetic parameters indicate that

the different characteristics of the nanosupports influenced
directly the catalytic behavior of the immobilized enzyme. Even
though no significant changes in the enzyme active site
conformation occurred (i.e., the Km of the immobilized enzymes
were in the same order of magnitude with the ones of the
corresponding free enzymes), the multipoint attachment
resulted from the enzyme physical binding could explain both
the decrease in the rate of reaction and the reduced catalytic
efficiency. In particular, the multipoint attachment led to
decreased substrate-binding ability for the immobilized enzyme
relative to free enzyme in solution.11,47−49,61

These results are in agreement with previous reports that
showed that enzymes immobilized onto nanosupports with
smaller diameters and thus higher radii of curvature (i.e.
SWCNTs (0.8−1.2 nm) or MWCNTs (10−20 nm) relative to
GON (500−5000 nm)) tend to retain higher levels of
activity.11,62,63 Higher radius of curvature of the nanosupports
ensures an increased center-to-center distance between two
adjacent immobilized enzymes (Figure 2b), which could
potentially reduce the unwanted interactions between neighbor-
ing proteins and also reduce their multi-attachment points to the
nanosupports. Contrary to that, increased protein−protein
interactions caused by a less curved surface could result in a
more dramatic activity loss over time and in a harsh
environment.11,12,36,63

The nanosupport’s curvature trend was not confirmed for the
enzyme immobilized onto SWCNTs relative to the enzyme
immobilized onto MWCNTs; in particular, SBP showed the
highest enzyme activity at the MWCNTs interface which has a
larger radius of curvature than that of the SWCNTs. The
apparent discrepancy in the reported results is due to the bio−
nano interface being also influenced by the enzyme structure and
its surface energy.24 Specifically, at the working pH (PBS pH 7),
SBP carries a negative charge (pI 3.9).64 The presence of a larger
density of COOH groups onto the MWCNTs surface effectively
lowers their pI more so than that of the SWCNTs.65 Thus, the
SWCNTs will carry a weaker negative charge compared to that of
the MWCNTs leading to less repulsion of the enzyme at their
nanointerface. This effect coupled with the relatively large
dimensions of the SBP (6.1 nm × 3.5 nm × 4.0 nm)66 when
compared to the diameter of the SWCNTs (0.8−1.2 nm) could
also lead to an increase in protein−protein interactions and thus
account for the lower activity and reduced catalytic efficiency as
observed at this nanointerface.

Figure 3. Catalytic behavior of model enzyme SBP immobilized onto
different CMATs. (a) Comparison of the specific retained activity of
SBP upon immobilization onto SWCNTs, MWCNTs, and GON.
Physical adsorption, covalent binding, and covalent binding with a PEG
linker were used. The nanosupport diameter increases from left to right.
Michaelis−Menten kinetics data of SBP immobilized using physical
adsorption (filled square), covalent binding (filled circle), and covalent
binding via PEG linker (filled triangle) onto (b) SWCNTs, (c)
MWCNTs, and (d) GON. Enzyme retained specific activity and kinetics
depend on the nanosupport characteristics, both physical and chemical.
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Specificity of the Bio−Nano-Interface Reaction. To
assess whether there is a symbiotic relationship between the
immobilized enzyme and nanomaterial characteristics that
influence such catalytic behavior at nanointerfaces and whether
there is an optimal nanosupport that can be used when aiming to
preserve enzyme catalytic behavior, we extended our initial study
of the SBP to two additional biocatalysts, namely chloroperox-
idase (CPO) and glucose oxidase (GOX). The additional studies
however excluded GON as a nanosupport because of the low
activity and increased protein−protein interactions observed
when SBP was used as an example.
Our complementary studies confirmed that MWCNTs

nanosupports provided once again the optimum nanointerfaces
to preserve the additionally selected two-enzyme catalytic
behavior and activities. In particular, CPO bound onto
MWCNTs retained about 29%, 49%, and 30% specific activities
after physical adsorption, covalent binding, and covalent binding
through the PEG linker, respectively, when compared to free
enzyme in solution (Supporting Information Table S3). These
specific activities were ∼27%, 46%, and 27% higher for each
respective immobilization method when compared to the
specific activity of the enzyme immobilized onto SWCNTs.
Further, covalent binding onto MWCNTs seemed to have
benefited CPOmore than it benefited SBP. This was presumably
due to the higher ability of CPO to bind away from its active site
when compared to SBP. Specifically, even though both enzymes
have similar sizes and molecular weights,24,25,67 the different
mapping of their amino acid sequences as well as their different
number of lysine groups (five lysine for CPO and only three for
SBP) influenced their different binding ability at nanointerfaces.
Furthermore, at the working pH values, i.e., CAB (pH 4.8) for
CPO (pI 4.0) and PBS (pH 7) for SBP (pH 3.9), each enzyme is
negatively charged, but SBP is more so.64,68 Lastly, the decrease
in activity observed upon utilization of the PEG linker was
attributed to the nonspecific interactions of the PEG linker with
the active site of both CPO and SBP containing histidine groups.
Specifically, studies have shown that histidine group interactions
with PEG could potentially lead to substrate inhibition and
decreased enzyme activity.69,70 The greater impact seen for CPO
is presumably due to the inherent rigidity of its active site when
compared to the more flexible one of SBP.69,71

The kinetic behavior of the immobilized CPO (Supporting
Information Table S4) was also assessed using varying
concentrations of hydrogen peroxide (Figure 4a−c). The Vmax
of CPO covalently immobilized onto MWCNTs was larger than
that of the enzyme immobilized through both physical and
covalent through the PEG linker techniques. Km values for the
immobilized CPO were on the same order of magnitude as for
the free enzyme, indicating that no significant enzyme active site

conformational change occurred upon immobilization. Further,
kcat/Km catalytic efficiency of the CPO physically immobilized
onto SWCNTs andMWCNTs decreased to about 99% and 78%
relative to the catalytic efficiency of the free enzyme.
The more complex and larger GOX (6.0 nm × 5.2 nm × 7.7

nm)72 showed however an increase in the retained specific
activity upon immobilization using covalent binding, with a
further increase upon the utilization of the PEG linker
(Supporting Information Table S5). Namely, GOX bound to
MWCNTs physically, covalently, and covalently with the PEG
linker resulted in retained specific activities of around 20%, 44%,
and 63%, respectively, relative to the activity of the free enzyme
in solution. The active site inhibition was less likely to occur in
the GOX trials due to its extended numbers of lysine residues (i.e.,
60 lysine groups present on the enzyme structure compared to
only five or three for CPO and SBP, respectively)73 that would
thus offer multiple binding sites for the specific covalent
immobilization. Further, the benefit of the PEG linker was
obvious for this large enzyme, presumably due to the reduced
interactions of the GOX or reduced enzyme−enzyme inter-
actions at the nanosupports.11,74,75

The catalytic behavior of the immobilized GOX (Supporting
Information Table S6) was also evaluated using varying
concentrations of glucose (Figure 4d−f). Specifically, GOX
bound to MWCNTs physically, covalently, and covalently
through a PEG linker yielded Vmax values of around 0.098,
0.218, and 0.234, respectively. These trends correspond to those
resulting from specific retained activity determination. Km values
for GOX were on the same order of magnitude as for the free
enzyme, confirming that there was no significant enzyme active
site conformational change upon immobilization.

Optimum Nanosupport for Optimum Catalytic Behav-
ior. Our studies showed that the impact on enzyme binding at
nanosupport interfaces is a function of both the enzyme and the
nanosupport characteristics. Thus, in order to ensure maximum
catalytic efficiency of bio−nano conjugates for selected
applications, there is an optimum nanosupport and an optimum
immobilization method to be used. For instance, our results have
shown that nanosupports of MWCNTs 10−20 nm in diameter
functionalized with COOH groups are the most suitable for
being used for immobilization of enzymes with a footprint of half
of this diameter or as large as the nanosupport itself (Table 2).
Further, our results have shown that the catalytic behavior of the
enzymes upon immobilization is a function of the overall enzyme
isoelectric properties and changes in the surrounding environ-
ment. While our studies have used three selected enzymes and
three selected nanosupports, they can further be extended to
identify the best parameters and thus conditions to be considered
for synthetic applications of such biocatalyst-based conjugates.

Table 1. Soybean Peroxidase (SBP) Michaelis−Menten Kinetics

nanosupport and immobilization method Vmax (μM/μg s) Km (μM) kcat (1/s) kcat/Km

SWCNTs (physical) 0.005 ± 0.001 3.7 ± 1.0 0.14 ± 0.04 0.04 ± 0.02
SWCNTs (covalent) 0.012 ± 0.003 1.9 ±0.7 0.33 ± 0.12 0.20 ± 0.07
SWCNTs (covalent with PEG) 0.022 ± 0.011 1.9 ± 0.8 0.61 ± 0.43 0.33 ± 0.09
MWCNTs (physical) 0.017 ± 0.007 7.2 ± 2.3 0.47 ± 0.27 0.07 ± 0.02
MWCNTs (covalent) 0.011 ± 0.004 1.6 ± 0.4 0.30 ± 0.16 0.22 ± 0.13
MWCNTs (covalent with PEG) 0.008 ± 0.003 2.9 ± 0.4 0.22 ± 0.12 0.08 ± 0.03
GON (physical) 0.003 ± 0.001 1.4 ± 1.0 0.08 ± 0.04 0.12 ± 0.13
GON (covalent) 0.005 ± 0.001 2.6 ± 0.3 0.14 ± 0.04 0.06 ± 0.01
GON (covalent with PEG) 0.002 ± 0.001 2.8 ± 2.7 0.03 ± 0.04 0.02 ± 0.02
free SBP 0.128 ± 0.042 1.9 ± 0.8 3.53 ± 1.64 2.01 ± 0.63
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For instance, one can envision comparing even lower surface
curvatures (i.e., spheres or gold nanorods) in order to understand
how nanomaterial characteristics and physico-chemical proper-
ties and the interplay at the enzyme−nanosupport interface, as

well as the symbiotic reactions that take place at this interface,
can be tailored to lead to maximum retained enzyme activity
while augmenting recovery of active enzyme−nanomaterial
conjugates. Providing user-directed feedback for individual

Figure 4. Catalytic behavior of chloroperoxidase (CPO) and glucose oxidase (GOX) immobilized onto different nanosupports. (a) Specific retained
activity comparison of the CPO immobilized onto SWCNTs and MWCNTs via physical adsorption, covalent binding, and covalent binding via PEG
linker. Michaelis−Menten kinetics of CPO immobilized using physical adsorption (filled square), covalent binding (filled circle), and covalent binding
via PEG linker (filled triangle) onto (b) SWCNTs and (c) MWCNTs. (d) Specific retained activity comparison of GOX immobilized onto SWCNTs
and MWCNTs via physical adsorption, covalent binding, and covalent binding via PEG linker. Michaelis−Menten kinetics data of GOX immobilized
using physical adsorption (filled square), covalent binding (filled circle), and covalent binding via PEG linker (filled triangle) onto (e) SWCNTs and (f)
MWCNTs.

Table 2. MWCNT-Based Conjugates as Optimum Nanosupports to Provide High Catalytic Behavior

enzyme (immobilization method) Vmax (μM/μg s) Km (μM) kcat (1/s) kcat/Km

SBP (covalent) 0.011 ± 0.004 1.6 ± 0.4 0.30 ± 0.16 0.22 ± 0.13
CPO (covalent) 12.42 ± 2.43 120 ± 8 521.77 ± 102.14 4.48 ± 0.86
GOX (covalent with PEG) 0.234 ± 0.032 2600 ± 700 42.12 ± 8.15 0.018 ± 0.008
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application, and accounting for biochemical data relaying on the
characteristics of both the nanosupport and the biocatalyst being
tested, is empirically necessary for enzymes immobilized onto
carbon-based nanosupports to reach their full operational
potential.

■ CONCLUSIONS
We showed that controlling the interplay as well as the symbiotic
reactions that take place at the enzyme−carbon-based nano-
interfaces lead to enzyme-based conjugates with higher catalytic
behavior. In particular, we showed that activity of the enzyme−
carbon-based conjugates can be tuned by the user by controlling
the immobilization conditions, the local curvature of the
nanosupport, and its physico-chemical properties. Further, our
studies showed that user manipulation of the immobilization
conditions as well as careful nanosupport and enzyme selection
are required for the optimum catalytic efficiency of these
conjugates. The detailed characterization and optimization of the
enzyme−nanointerface reactions will potentially result in
improved interfacial interactions, stable catalytic behaviors, and
thus a greater understanding of the molecular requirements and
symbiotic reactions at such interfaces for integrated techno-
logical applications of bio−nano conjugates in pharmacological
industry, biosensors, biofuel cells and bioactive coatings
formation.
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