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Abstract

Because of their unique properties, carbon nanotubes and in particular multi-walled carbon

nanotubes (MWNTs) have been used for the development of advanced composite and catalyst

materials. Despite their growing commercial applications and increased production, the potential

environmental and toxicological impacts of MWNTs are not fully understood; however, many

reports suggest that they may be toxic. Therefore, a need exists to develop protocols for effective

and safe degradation of MWNTs. In this article, we investigated the effect of chemical

functionalization of MWNTs on their enzymatic degradation with horseradish peroxidase (HRP)

and hydrogen peroxide (H2O2). We investigated HRP/H2O2 degradation of purified, oxidized, and

nitrogen-doped MWNTs and proposed a layer-by-layer degradation mechanism of nanotubes

facilitated by side wall defects. These results provide a better understanding of the interaction

between HRP and carbon nanotubes and suggest an eco-friendly way of mitigating the

environmental impact of nanotubes.

After almost 20 years since their discovery,1 carbon nanotubes (CNTs) still spawn broad

research interest in numerous disciplines and are a primary focus of nanoscience research.

Their unique tubular graphitic structure and outstanding mechanical, electronic and chemical

properties2–4 lead to a wide range of applications such as in composite materials,5,6

chemical sensing,7–9 and drug delivery.10,11 There are two main types of CNTs: single-

walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). MWNTs

consist of several to dozens of concentric graphitic walls. Due to their low cost and large

availability,12 MWNTs are advantageous over SWNTs for high volume applications such as

composite materials. Their metallic nature also put forward the potential applications in fuel

cells as electrode catalyst support.13 In addition, their multi-walled structure enhances their

resistance to chemical treatment, which allows grafting of chemical functionalities at the

surface of nanotubes while retaining their intrinsic mechanical and electrical properties.14

Acid oxidation is a common scheme of functionalizing MWNTs, which can introduce

oxygen-containing defective sites within their outer graphitic walls,12,15 forming

carboxylated MWNTs (o-MWNTs). Additionally, MWNTs can also be doped with

heteroatoms such as nitrogen into the graphitic structures during the synthesis process,16

forming nitrogen-doped MWNTs (n-MWNTs) which were reported to have excellent

catalytic activity in oxygen-reduction reaction (ORR).17,18 The promising applications of
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MWNTs and their low cost of synthesis have spurred a global production about 40 times

higher than SWNTs,19 which highly stressed the importance of investigating the enzymatic

degradation of MWNTs as their potential disposal in the environment increases.

In addition to the potential environmental impact, there are reports that carbon nanomaterials

may possess cytotoxicity, and pathogenicity.20–23 By functionalizing CNTs with various

bioconjugates such as DNA,24 peptides25 or phospholipid components,26 the

biocompatibility of carbon nanotubes is largely increased; still, CNTs remain resistant to

physiological or environmental degradation under mild conditions in the long term, even

after such functionalization.20,27 We have recently demonstrated that carboxylated SWNTs

can be enzymatically degraded in the presence of low concentrations of H2O2 and

peroxidases, such as horseradish peroxidase (HRP)28,29 and human myeloperoxidase

(hMPO).30 As a result of their multi-walled morphology, MWNTs are considered more

difficult to be degraded than SWNTs by enzymatic catalysis, which was shown in a recently

published work.31 However, the detailed mechanism of MWNTs’ enzymatic degradation is

still ambiguous. In this study, we explored the enzymatic degradation of o-MWNTs with

different degrees of carboxylation and n-MWNTs. A variety of characterization methods

were implemented to monitor possible degradation including dynamic light scattering

(DLS), transmission electron microscopy (TEM), Raman spectroscopy, and gas

chromatography–mass spectrometry (GC-MS). For up to 80 days of degradation with daily

additions of H2O2, o-MWNTs appeared to decrease in both diameter and length, although a

complete disappearance of o-MWNTs was not observed. In contrast, when incubated under

the same HRP/H2O2 conditions, n-MWNTs showed a complete degradation behavior within

80 days. In essence, these findings suggest that the presence of defects in MWNT sidewalls

play a critical role in the enzymatic degradation process.

Experimental Section

Materials

MWNTs were received from Columbian Chemical Company (Marietta, GA). Lyophilized

HRP type VI and 3% H2O2 were purchased from Sigma Aldrich. Amplex Red (10-

acetyl-3,7-dihydroxyphenoxazine) was procured from Molecular Probes, Invitrogen.

Carboxylation of MWNTs

As-received MWNTs were pretreated by sonication in concentrated HNO3 at room

temperature for 4 hr in order to eliminate impurities such as amorphous carbon and metal

catalysts. MWNTs were then filtered through a 0.22 µm Teflon membrane and washed with

H2O until a neutral pH was measured. Carboxylation of MWNTs was performed by

sonicating approximately 10 mg of pretreated MWNTs in 5 mL of 3:1 H2SO4/HNO3

mixture at 40 °C. (This solution is highly oxidizing. Caution must be taken when handling

this system.) After 5 and 8 hours respectively, 2.5 mL of the suspension was taken out,

diluted with 10 mL of double-distilled water, filtered through a 0.22 µm Teflon membrane,

and washed with copious amounts of water until the pH was approximately 6 to 7. The

pretreated MWNT samples are noted as “p-MWNT” and the 5 hr and 8 hr carboxylated

samples are respectively noted as “o-MWNT (5hr)” and “o-MWNT (8hr)” herein and after.

Synthesis and purification of n-MWNTs

Nitrogen-doped MWNTs were synthesized using chemical vapor deposition (CVD)

technique in a Lindberg/Blue tube furnace.16 The quartz substrate was placed in a three-foot

long sealed quartz tube under 950 °C in the furnace. A liquid precursor containing 5.0 wt. %

of MeCN, 1.25 wt. % of ferrocene, and 93.75 wt. % of EtOH was injected at a rate of 5 mL/
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min in H2 and Ar atmosphere. After 1 hr growth, the sample on the substrate was taken out

and collected using a razor blade.

Purification of as-synthesized n-MWNTs was performed using the method adopted from

Smalley et al.32 A sample of 4.4 mg as-synthesized n-MWNTs was suspended in a mixture

of 2 mL HCl (1 M) and 2 mL H2O2 (30%) and stirred at 60 °C for 4.5 hr with the same

amount of HCl and H2O2 supplemented every 1 hr. After filtration of the slurry and washing

with copious amount of water, purified n-MWNT samples were collected and re-suspended

in water.

Incubation with HRP and H2O2

Around 1 mg of p-MWNTs, o-MWNTs (5hr and 8hr), and n-MWNTs were transferred into

four vials and sonicated in 4 mL of water for 1 hr to afford a stable suspension. HRP type VI

aqueous solution (4 mL of 0.385 mg/mL) was then added into each vial followed by

incubation for 24 hr. To start the degradation process, 8 mL of 800 µM H2O2 was added,

and all vials were sealed with septum stoppers and wrapped with parafilm to keep them

gastight. Additions of 250 µL of 800 µM H2O2 were performed on a daily basis to

compensate for H2O2 consumption. All vials were placed on a rotary shaker with constant

shaking (220 rpm) at room temperature in the dark to prevent photolysis of H2O2.33

Transmission Electron Microscopy (TEM)

TEM samples were prepared by centrifuging 250 µL the MWNT suspension at 3400 rpm for

2 hr. After removal of the supernatant, the precipitate was resuspended in 1 mL of EtOH

through sonication, and around 10 µL of this suspension was dropped on a lacey carbon grid

and dried in ambient conditions overnight for TEM imaging (FEI Morgagni, 80 keV, or

JEOL 2100F, 200 keV). Alternatively, TEM sampling was done by directly drop-casting

sample solution on to grids.

Raman Spectroscopy

Approximately 50 µL of sample suspension before and during degradation was drop-casted

onto a quartz slide and dried under ambient conditions. Raman spectra were taken on a

Renishaw inVia Raman microscope with an excitation wavelength of 633 nm. Spectra were

scanned from 1000–1800 cm−1 for 5 times at 15 s exposure time. For each sample 5 Raman

spectra from different sample spots were collected and averaged.

Gas Chromatography–Mass Spectrometry (GC-MS)

The CO2 content in the headspace of the sample vials was measured with GC-MS. During

the degradation process around 25 µL of headspace gases were injected using a gastight

syringe into a Shimadzu QP5050A GC-MS unit through an XTI-F capillary column (150

°C).

Dynamic Light Scattering (DLS)

DLS was performed using a quasi-elastic light scattering spectrometer (Brookhaven 90 Plus

Particle Size Analyzer) under 678 nm wavelength laser irradiation. MWNT samples before

and after 60 days of the enzymatic degradation were dispersed in 3 mL double-distilled

water by sonication for 2 hr forming a translucent suspension, and DLS data were taken by

averaging results from 5 runs with each run lasting for 1 min.
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Results and Discussion

Carboxylation of MWNTs through acid treatment

It was previously shown that the exposure of either SWNTs or MWNTs to oxidative

conditions (such as concentrated oxidative acids) could cause shortening in the length and

introduction of defects on both the ends and side walls of carbon nanotubes.11,34,35 The

defects are functionalized by oxygen-containing groups including mainly carboxylic groups,

but also lactonic and phenolic groups.36 In this experiment, MWNTs were first purified

with nitric acid pretreatment, after that, there was almost no catalytic iron content left in the

sample as shown by thermogravimetric analysis (TGA) and elemental analysis (Supporting

Information (SI), Figure S1). Then MWNTs were carboxylated by sonication in H2SO4/

HNO3 mixture for 5 hr and 8 hr respectively.

Figure 1 shows the Raman spectra of pretreated, 5 hr, and 8 hr carboxylated MWNTs before

the enzymatic degradation process. The spectra were normalized to the G band at around

1570 cm−1 in order to compare the change in the D band at around 1323 cm−1. The D to G

band intensity ratio was observed to be increasing proportionally to carboxylation time.

Since the D band characterizes the disorder-induced mode due to symmetry-lowering effects

such as defects in sp2 hybridized carbon systems,37,38 the increase in D to G band intensity

suggests an increase of defect sites introduced on MWNTs. In order to quantify the

functional group loadings on CNTs’ surfaces, we performed an acid–base titration39

following a modified procedure.36,40 As expected, the titration results showed an

increasing acidic group loading along with increasing carboxylation time (SI, Figure S2),

indicating that the surface functional group loadings are positively correlated with the

amount of defect sites on MWNTs as quantified by TGA (SI, Figure S3). It should be

mentioned that it is possible that small amounts of defects were also introduced on p-

MWNTs’ surface during the pretreatment process. Fourier transform infrared spectroscopy

(FTIR) further revealed the existence of oxygen-containing functionalities on MWNT

samples (SI, Figure S4).

Enzymatic degradation of carboxylated MWNTs

Our previous study suggested that oxygen-functionalized defects play an important role in

facilitating the enzymatic degradation process of SWNTs by providing hydrophilic binding

sites for HRP molecules.29 Since MWNTs are essentially multiple layers of concentric

SWNTs, similar degradation behaviors on carboxylated MWNTs were expected. To

compare the degradation kinetics of differently carboxylated MWNTs, samples of p-

MWNT, o-MWNT (5hr) and o-MWNT (8hr) were investigated. MWNTs were first

incubated with HRP for 24 hr to allow sufficient interaction between the enzyme and the

substrate, and the reaction was initiated by adding 8 mL of 800 µM H2O2 into the

suspension. In comparison to our previous work,28,29 800 µM H2O2 (as opposed to 80 µM)

was used in the presence of HRP. We speculated that by raising H2O2 concentration an

order of magnitude, the degradation kinetics would be greatly accelerated, without

denaturing HRP.29 Upon daily additions of 250 µL H2O2 for over 60 days, visual evidence

of degradation was observed as shown in Figure 2. The photographs of sample vials taken

on Day 0 (Figure 2a) and Day 60 (Figure 2b) show an apparent decrease in light scattering

and absorbance from the solutions of o-MWNT (5hr) and o-MWNT (8hr). This observation

might indicate a decrease in MWNT concentration after the degradation process, and it

appeared that the p-MWNT samples were less degraded compared to the others.

To confirm this observation, Dynamic Light Scattering (DLS) measurements were

implemented for all three samples before and after degradation (Figure 2c). It should be

noted that DLS calculates the effective hydrodynamic radii of the particles which are
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presumably considered as spherical and monodisperse, thus the DLS data do not reflect the

actual sizes of MWNTs. The data showed a significant decrease in size distribution after 60

days of degradation process. This decrease could be attributed to two effects: a decrease in

the actual sizes (i.e. diameters and lengths) and (or) a decrease in the bundling effect of

carbon nanotubes. While the bundling effect is primarily due to the π-π interaction between

the sidewalls of nanotubes,41 a decreased bundling effect could point to disturbance in the

surface sp2 carbon system. Thus for both reasons, the DLS data suggested the fact that

MWNTs were being degraded. It is seen that the pretreated MWNTs were also degraded,

albeit to a lesser degree; this was possibly because of the small amount of defects introduced

on to the nanotubes during the pretreatment process.

Transmission electron microscopy (TEM) was used to track the morphological changes of

MWNTs as a result of enzymatic degradation (Figure 3). Before incubation with HRP and

H2O2 (Day 0), all the carbon nanotube samples appeared to be intact with lengths of

approximately 1 µm. After 4 days of incubation, it was seen that the boundary of nanotubes

began to be distorted, forming carbonaceous sheets that spread among nanotubes. This

phenomenon became more significant as the carboxylation time increased. For o-MWNT

(8hr) samples, the carbonaceous sheets became prevalent in the visual field surrounding

most of the tubular structures. After 30 days, the continuous sheet structures were broken

down into nebulous “flakes”. For the 8 hr carboxylated samples, most of the tubular

structures became more undefined, and there appeared to be holes forming on these

carbonaceous materials. The nanotubes and the residual flakes continued to undergo

degradation in following days. At Day 60, it was shown that the sizes of both nanotubes and

flakes significantly decreased for o-MWNT (5hr) and o-MWNT (8hr) samples. The length

of 8 hr carboxylated MWNTs was shortened from an initial 1 µm to around 100 – 400 nm,

and significant bundling effects were not seen over 60 days as each nanotube was

surrounded by a layer of carbonaceous sheets. The TEM images showed that MWNT

samples with a higher degree of carboxylation have a faster degradation rate. It was

observed that the pretreated MWNTs were also undergoing a degradation process, but at a

much slower rate. The degradation experiment was continued for another 20 days (Day 80).

From TEM images (SI, Figure S5) it was seen that there were no apparent changes to

remaining nanotubes, while the carbonaceous flakes (SI, Figure S6) oxidized into

progressively smaller pieces. This observation suggested that the degradation of nanotubes

was inhibited in the later stage of degradation. It should be mentioned that the decrease in

degradation rate is not because of denaturing of the HRP enzyme, because after the

degradation process, an Amplex Red assay29 was carried out for each sample and showed

no decrease in the enzymatic activity (SI, Figure S7).

Since the degradation process is a further oxidation of carboxylated nanotubes, a final

degradation product of carbon dioxide (CO2) is expected. The CO2 content in the headspace

was monitored by GC-MS. Figure 4 shows the CO2 (m/z: 44) content relative to N2 (m/z:

28) in the headspace measured at Days 0, 9 and 35 of incubation. Compared to the control

sample (HRP and H2O2, no CNTs), CO2 was evolved progressively for all three MWNT

samples. The CO2 concentration increased 4 – 5 times the initial level at Day 35 for MWNT

samples while remaining relatively stable for the control. Furthermore, the trend that more

carboxylated MWNTs had a faster CO2 evolution was observed as expected.

In addition, Raman spectroscopy (Figure 5) was performed to characterize the degradation

process. It is known that the tangential G band and disorder-induced D band are

characteristic for graphitic carbon materials,42 thus their intensities can reflect the

abundance of graphitic material present in degraded samples. The Raman samples were

prepared by drop-casting and drying the residual suspension on quartz slide in ambient (SI,

Figure S8). All Raman spectra were baseline-corrected in order to compare the D and G
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band changes. For o-MWNT (5hr) and o-MWNT (8hr) samples, the intensities of both D

and G bands were seen to decrease progressively, suggesting a gradual diminishing of

graphitic material so that only a small portion was left in the sample after 60 days of

degradation. For p-MWNT samples, however, the G band intensity remained the same at

Day 30 to Day 60, while D band intensity continued to decrease as the enzymatic

degradation progressed. The decrease in D to G band intensity ratio (ID/IG) was also

observed in o-MWNT (5hr) and o-MWNT (8hr) samples (Figure 5). It should be reminded

here that in the case of SWNT enzymatic degradation,30 the D to G band ratio increased

monotonically until both bands were completely suppressed, indicating an increasing

defective site abundance created during degradation. However, for p-MWNT and o-MWNT

(5hr) samples, it was seen that the D to G band ratio increases during the first 30 days of

incubation, but decreases in the next 30 days. Such an observation alludes to a more

complex degradation mechanism for MWNTs (Scheme 1).

Unlike SWNTs, MWNTs have multiple graphitic layers. During the carboxylation process,

the oxidative acid can create defects within the first several layers of sidewalls12 and also to

both ends.10 These defects (oxygen functionalities) presumably provide preferable binding

sites for the enzyme,29 thus the degradation will start from both ends as well as the

defective sites on the outer layers of sidewalls. When the outer layers undergo enzymatic

degradation, the graphitic structures are further oxidized and thus the D to G band ratio

increases. However, following this further oxidation, the graphitic lattice becomes more

distorted and is exfoliated from the nanotubes, forming carbonaceous residues which

presumably do not have characteristic Raman bands. Thus, as the outer layers are peeled off,

further Raman spectra were essentially collected on exposed inner layers. It may be that

oxidative acids cannot effectively oxidize the inner layers, which would result in their more

pristine structure compared to outer layers. Therefore, the D to G band ratio would decrease

when the outer graphitic layers were degraded and the inner layers were exposed. In this

sense, the degradation rate of all three samples would greatly slow as pristine inner layers

are more resistant to enzymatic degradation. Comparing the D to G band ratios for all three

samples at Day 60, we found that p-MWNTs were the most pristine (with little influence

from inner wall oxidation). This may be why the pretreated sample had the slowest

degradation kinetics. Conversely, the degradation rate of o-MWNT (8hr) was comparatively

accelerated, showing an effect that degradation may have penetrated through additional

walls, as the D to G band ratios progressively decreased during 60 days.

While the enzymatic degradation from both ends of MWNTs would shorten the nanotube

length, as clearly shown in TEM images, the degradation from the sidewalls would cause

decrease in the nanotube diameters. To verify the degradation mechanism, the diameter

distributions of MWNT samples were measured from low-resolution TEM images. For each

sample before and after 60 days of degradation, 100 measurements of nanotube diameters

were obtained and shown in Figure 6, with the corresponding average values listed above.

Nanotube diameters from all three samples significantly decreased after 60 days of

incubation from approximately 14 nm to 8 – 11 nm. This diameter decline can only be

attributed to the fact that the outer layers of MWNTs were etched away by the enzyme.

Since the interlayer spacing of MWNTs was reported to approach 0.344 nm when the

diameters are over 7 nm,43 the statistical data can roughly tell the number of layers that

have been oxidized. Based on the assumption of 0.688 nm in diameter reduction per layer

oxidized, on average, there were approximately 3 layers degraded for the p-MWNT samples,

and 7 to 8 layers for o-MWNT (5hr) and o-MWNT (8hr) samples.

To better reveal structural morphology, high-resolution TEM imaging was performed on o-

MWNT (8hr) samples before and after 60 days of degradation (Figure 7a, b). The initial

MWNTs were observed with diameters around 16 nm and 13 – 14 graphitic walls; while the
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diameters of degraded MWNTs reduced to around 8 nm with 5 – 6 graphitic walls. The

high-resolution TEM (SI, Figure S9a) also shows that there are defective sites on o-MWNT

(8hr) samples where the lattice structures within 5 – 8 outer graphitic layers were broken by

the effect of oxidative acids.

Enzymatic degradation of nitrogen-doped MWNTs

The post-synthesis functionalization methods such as carboxylation with strong oxidizing

agents can introduce defective sites only in outer walls, which retain the pristine inner layers

that are resistant to enzymatic degradation. However, MWNTs can also be intrinsically

functionalized by doping with nitrogen atoms during the synthesis process. By introduction

of nitrogen source (MeCN) into the liquid precursor, the CVD synthesis produces a tubular

structure compartmented by stacked cup-shaped sections as a result of nitrogen doping.

Previous research16,44 showed that the graphitic walls between two adjacent cups are not

connected but extend outward unparallel to the tubular axis. As nitrogen has one more

electron than carbon, the doped nitrogen atoms are not compatible to the graphitic structure

and energetically prefer to stay at the open edge of the discontinuous graphitic walls forming

dangling bonds.45 In this case, there are nitrogen-functionalized defective sites throughout

all graphitic walls in n-MWNTs.

Figure 8a shows an n-MWNT after purification process. Unlike MWNTs with continuous

and hollow tubular structures, the nitrogen doping causes compartmentalization in the

nanotube forming small stacked cups about 40 nm in length. For enzymatic degradation, the

n-MWNT samples were incubated under the same HRP conditions as o-MWNTs with daily

addition of 800 µM H2O2. TEM images tracked the morphological changes of n-MWNTs.

On Day 15 (Figure 8b), the distinctive edge of the nanotubes became unidentified; the

tubular structure started to be distorted, and there appeared to be carbonaceous sheets

surrounding each nanotube. These results were consistent to the observations of o-MWNTs

at the initial stage of degradation. After 50 days (Figure 8c), these carbonaceous sheets were

observed to spread all over the sample, with holes appearing on top of them, which indicated

further degradation of the carbonaceous sheets. However, the tubular structure was hardly

observed at this stage, and they appeared to be merging into the sheets. Eventually, at Day

80, there were no tubular structures observed, and the only materials left over were some

amorphous flakes. The absence of tubular structures showed a complete degradation

behavior of n-MWNTs by HRP/H2O2. Photograph images (Figure 8e) taken before and after

90 days of degradation process showed a significant disappearance of the grey color in the

solution. This complete degradation of n-MWNTs was further confirmed by Raman

spectroscopy (Figure 8f), which shows almost complete absence of D and G bands after

enzymatic degradation.

This observation showed a significant contrast to the incomplete enzymatic degradation of

o-MWNTs, further supporting the “layer-by-layer” degradation mechanism proposed above.

In essence, the nitrogen doping introduces much more defects into the graphitic structure,

which can be reflected from the Raman spectra (Figure 8f) because the D/G band ratio of n-

MWNTs are much higher than that of o-MWNTs. Since nitrogen was doped in situ during

the synthesis process, these defective sites not only exist in the outer graphitic layers, but are

present in all graphitic walls. These nitrogen functionalized defects are then assumed to

provide binding sites for HRP enzyme throughout the whole process leading to complete

degradation.

It should be noted here that the as-synthesized n-MWNTs were subject to a purification

process with HCl and H2O2 in order to reduce the content of iron impurities.

Thermogravimetric analysis (TGA) taken on the samples before and after purification

showed that there was a considerable decrease in the iron content after purification, although
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the left-over iron content was still significant (SI, Figure S10a). It is possible that the

residual iron impurities may cause a Fenton catalytic oxidation29 of n-MWNTs and

influence the result of enzymatic degradation. In a control experiment, we replaced the HRP

by 1×10−4 M FeCl3 aqueous solution with daily addition of the same amount of H2O2, in

order to study Fenton oxidation of n-MWNTs. However, after 80 days of incubation, there

were still a considerable amount of nanotubes were observed in TEM images (SI, Figure

S10b), which showed that the Fenton oxidation may have much slower degradation kinetics

on n-MWNTs than HRP/H2O2. Thus, the effect of iron impurities on HRP/H2O2 enzymatic

degradation was minor.

Conclusion

In this study, the enzymatic degradation of carboxylated MWNTs and nitrogen-doped

MWNTs was investigated in the presence of HRP and H2O2. Different degrees of

carboxylation were achieved by controlling the time of oxidative acid treatment, and the

resultant degradation rate was associated with the degree of carboxylation on MWNTs,

which further supported the fact that it is the hydrophilic interaction between HRP’s heme

active site and the oxygen-containing defective sites on nanotubes that causes the nanotubes

to be oxidized and degraded, as we concluded in our previous work.29 The degradation was

confirmed by monitoring the evolution of CO2 gas as a final oxidation product by GC-MS.

Furthermore, because of their multi-layer graphitic structures, the MWNTs are more

resistant to HRP degradation and it takes a significantly longer time to degrade MWNTs

than SWNTs in the same experimental conditions. The fact that MWNTs with reduced

diameters and lengths remained over 80 days of degradation leads to a layer-by-layer

mechanism of degradation revealed by TEM and Raman spectroscopy. The degradation of

MWNTs is taking place on the defective sites of outer graphitic walls which are exfoliated

layer-by-layer leaving the pristine inner walls more resistant to HRP oxidation. In contrast to

carboxylated MWNTs, nitrogen-doped MWNTs, having intrinsic nitrogen-functionalized

defective sites in all graphitic walls, showed complete enzymatic degradation within 80

days, which well supported the proposed mechanism.
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Figure 1.

Normalized Raman spectra of MWNTs with 0 hr (black), 5 hr (red) and 8 hr (blue)

carboxylation before degradation. Inset: D to G band ratio vs. carboxylation time.
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Figure 2.

Photograph showing enzymatic degradation process of MWNTs after carboxylation for

different durations on (a) Day 0 and (b) Day 60. (c) Dynamic light scattering (DLS)

measurements showing decrease in size distribution of different MWNTs before (dash lines)

and after (solid lines) incubation with HRP and H2O2 for 60 days.

Zhao et al. Page 12

J Phys Chem A. Author manuscript; available in PMC 2012 September 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.

TEM images of carboxylated MWNTs incubated with HRP and H2O2. Each row

corresponds to different carboxylation times (0, 5 and 8 hours) and each column corresponds

to different enzymatic incubation times (0, 4, 30 and 60 days). All scale bars are 200 nm.
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Figure 4.

Evolution of CO2 in the sample headspace as a final product of MWNT enzymatic

degradation measured by GC-MS on Day 0, 9 and 35 of incubating MWNTs with HRP and

H2O2. The control sample was made by mixing HRP and H2O2 only.
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Figure 5.

Raman spectra of (a) p-MWNT, (b) o-MWNT (5hr), and (c) o-MWNT (8hr) showing decay

of the D and G band intensity during the enzymatic degradation process (asterisk indicates

contribution from quartz substrate). Insets: The changes of D to G band ratio of each sample

versus degradation time.
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Figure 6.

Comparison of the diameter distributions of MWNTs before and after 60 days of incubation

with HRP and H2O2. For each sample 100 measurements of nanotube diameters were

obtained via TEM imaging. The numbers above each histogram are the corresponding

average values.
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Figure 7.

High-resolution TEM images of o-MWNT (8hr) samples. All scale bars correspond to 5 nm.

(a) o-MWNTs (8hr) before enzymatic degradation. (b) o-MWNTs (8hr) after 60 days of

enzymatic degradation.
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Figure 8.

(a–d) TEM images of nitrogen-doped MWNT (n-MWNT) samples during enzymatic

degradation: (a) As synthesized and purified n-MWNT at Day 0. The inset shows the

schematic illustration of its stacked-cup structure. (b) Day 15, (c) Day 50, and (d) Day 80.

(e) Photographs comparing n-MWNT samples before (left) and after (right) enzymatic

degradation. (f) Raman spectra for n-MWNT samples before (black) and after (red)

enzymatic degradation.
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Scheme 1.

Proposed mechanism of MWNT enzymatic degradation. Different carboxylation times result

in different amounts of surface defects, which proportionally influence the rate of enzymatic

degradation. The degradation of the outer layers produces more defects; while as the outer

layers are exfoliated, the more pristine inner core that is resistant to HRP/H2O2 degradation

is gradually exposed.
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