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A novel amino-cyclodextrin was synthesized, and it was covalently attached to multi-
walled carbon nanotubes (MWNTs). The functionalized MWNTs (f-MWNTs) have very
good aqueous dispersibility. Bovine serum albumin (BSA) was adsorbed onto f-MWNTs
through noncovalent interactions, including the hydrophobic interaction of the residues
of BSA with the wall of MWNT and the guest—host interaction of the residues with the
cyclodextrin (CD) moieties of f-MWNTs. The ultraviolet—visible (UV—vis) absorption of
the f-MWNT-BSA hybrid was measured with UV—vis spectrometer, and the absorbance
can be described well with the Beer—Lambert law. The X-ray diffraction patterns have
indicated that the crystalline form of BSA has been changed after the adsorption of
BSA on f-MWNTs. The circular dichroism spectra have shown that a high percentage
of a-helical content can be retained for BSA adsorbed on f-MWNTs. The results also
indicate that the change of secondary structure of BSA is mainly due to the hydropho-
bic interaction of the residues of BSA with the wall of [-MWNT, whereas the secondary
structure is much less affected by the interaction of the CD moieties with BSA. © 2011
American Institute of Chemical Engineers AIChE J, 57: 3507-3513, 2011
Keywords: amino-cyclodextrin, multiwalled carbon nanotubes, bovine serum albumin,

secondary structure

Introduction

Carbon nanotubes (CNTs) have been paid great attention
because of their extraordinary mechanical, electrical, and
thermal properties as well as biocompatible property.l_5 The
sidewall surface of a pristine CNTs is highly hydrophobic,
and bundles are formed mainly because of van der Waals
interactions between the sidewalls of the individual tubes.®
Surface functionality of CNTs’ and individually dispersed
CNTs in biocompatible media are very important for biologi-
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cal applications.g Proteins and enzymes are able to adsorb
onto carbon nanotubes.””’ Streptavidin could form a highly
ordered helical structure'®'" covering the surface of multi-
walled carbon nanotubes (MWNTS). f-Glucosidase, chymo-
trypsin, and soybean peroxidase were adsorbed at large
qu21ntitie:s.12’13 Bovine serum albumin (BSA) was adsorbed
well and has been reported as an effective agent in dispers-
ing CNTs.'*!* Such functionalized CNTs can have good
aqueous dispersibility. However, upon coating onto CNTs,
the proteins had structural change.'*'” The circular dichro-
ism and Fourier transform infrared (FTIR) spectra reveal that
the proteins undergo structural changes upon adsorption, and
some proteins have significant loss of a-helical content.'*™"”
As a result, the enzyme activity has been lost, for example,
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Figure 1. Synthesis of AmoBeno-/-CD.
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soybean peroxidase retains up to 30% of its native activity
upon adsorption, the adsorbed R-chymotrypsin retains 1% of
its native activity,'* and the enzymes'’ remain catalytically
active upon adsorption onto CNTs with specific activities
ranging from 40 to 70% relative to that of the native pro-
teins. These results suggest that the proteins in the hybrids
are partially unfolded. On the other hand, the protein adsorp-
tion on CNTs is generally carried out under sonication
because of the formation of carbon nanotube bundles.'® Son-
ication can create large pressure gradients,'” while structural
modifications of protein, such as loss of secondary structure,
may be induced by the large pressure gradients.20 During
sonication, heat from the tip of the apparatus raises the tem-
perature of the dispersion to ~60-70°C,'® whereas the sec-
ondary structure and conformation of proteins are coopera-
tively denatured on heating.' Under sonication, water-solu-
ble proteins become partially unfolded."® The non-native
hydrophobic domain of proteins exposed to the solvent inter-
acts with the wall of CNTs, and the surface of the hybrid is
covered with the hydrophilic groups of the protein. The pro-
tein—-CNT hybrid contains the non-native hydrophobic
domains of the protein and CNTs.'®

The aim of this study is to functionalize MWNTs and
make MWNTs have good aqueous dispersibility and be com-
patible with proteins. A novel cyclodextrin derivative is syn-
thesized, which is utilized to covalently attach onto MWNTs.
BSA was adsorbed onto functionalized MWNTs (f-MWNTs)
through noncovalent interaction. Ultraviolet—visible (UV—-vis)
absorption of f-MWNT-BSA was described by the Beer—
Lambert law. The interaction of BSA with f-MWNTs was
investigated through XRD patterns and circular dichroism
spectra. The secondary structure change of BSA adsorbed on
f-MWNTs was monitored by circular dichroism and FTIR
spectra.

Experiment
Materials

Multiwalled carbon nanotubes (MWNTSs) (purity >95%,
diameter within 5-10 nm) were purchased from Nacen
Nanotechnologies. Bovine serum albumin (BSA), N-ethyl-N-
(3-(dimethylamino)propyl)carbodiimide hydrochloride
(EDC), 2-(N-morpholino) ethanesulfonic acid (MES), N-
hydroxysuccinimide (NHS), f-cyclodextrin, 4-aminobenzoic
acid sodium salt (AmBenoNa), and p-toluenesulfonyl chlo-

ride (TsCl) were purchased from Sigma-Aldrich Chemical,
China, and the chemicals were used without further purifica-
tion. Deionized double-distilled water was used for making
the solutions.

Purification and oxidation of MWNTs

MWNTs were purified and oxidized as reported by Liu
et al.?? As-received MWNTSs were purified by refluxing in
an aqueous HNO; of 2.6 M at 70°C for 45 h. The nanotube
suspension was diluted and washed with double-distilled
water by filtering through a 0.8-um polycarbonate mem-
brane. The samples were dried at 80°C under vacuum. The
purified MWNTs (p-MWNTs) were further oxidized in the
3:1 concentrated H,SO4:HNO3 mixture for 3 h. The nano-
tube suspension was diluted and washed with double-dis-
tilled water by filtering through a 0.45-um polycarbonate
membrane. The samples were dried at 80°C under vacuum.

Preparation of the cyclodextrin derivative of
AmoBeno-B-CD

The cyclodextrin derivative mono-6-deoxy-6-(4-aminoben-
zoyl)-f-CD (AmoBeno--CD) (Figure 1) was prepared as
follows. The 6-O-monotosyi-6-deoxy-f-cyclodextrin (6-TsO-
CD) was synthesized by the reaction of p-toluenesulfonic an-
hydride with f-cyclodextrin as described in literatue.*® 6-
TsO-CD (3g) and AmBenoNa (1 g) dissolved in DMSO (60
ml) were incubated at 80°C for 3 days. After being cooled
to room temperature, the solution was poured into acetone.
The precipitate was washed by filtering through a 0.2-um
polycarbonate membrane and dried under vacuum at 60°C.
Then, DIAION HP-20 column chromatogyaphy®* was used
to purify the precipitate. The fraction eluted with the eluent
of water/methanol (80/20) was concentrated and dried under
vacuum to get AmBeno-f-CD. The H NMR (DMSO-dg, 600
MHz) confirmed the synthesis of 6-AmBeno-f-CD: 6 7.56
(d, 2H, 2H of phenyl), 6 6.43 (d, 2H, 3H of phenyl), 6.11
(m, 14H, O2)H and O(3)H of CD), ¢ 5.13 (s, 2H, NH,),
4.82 (m, 7H, C(1)H of CD), 4.44-4.35 (m, 6H, O(6)H),
3.66-3.56 (m, 21H, C(6)H and C(3)H), 3.45-3.29 (m, 14H,
C(2)H and C(5)H).

Preparation of AmoBeno-B-CD-MWNT (f-MWNT)

Figure 2 shows the functionalization of MWNTs with
AmoBeno-f-CD. Oxidized MWNTs (50 mg) and NHS (2.3
g) were added to 100-ml MES buffer (pH 6.2, 50 mM). A
homogeneous suspension was obtained by bath sonicaton for
30 min. To this suspension, EDC-HCI (0.38 g) was added,
and then the mixture was stirred at 150 rpm for 30 min. The
activated nanotubes were rinsed thoroughly with MES buffer
to remove excess EDC and NHS by filtering through a

Figure 2. Functionalization of MWNTs with AmoBeno-/-CD.
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Figure 3. UV-vis spectra of f-MWNTs (blue), oxidized
MWNTs (black), and AmoBeno-CD (red) in
aqueous solution.

Insert: photos of aqueous solutions with oxidized MWNTs (left)
and f-MWNTs (right). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

polycarbonate membrane (0.2 pm). The nanotube film was
transferred to the aqueous solution of AmoBeno-$-CD (2.8
g) and sonicated for 15 min to redisperse the nanotubes. The
mixture was shaken (150 rpm) at room temperature for 4 h.
The suspension of AmoBeno-S-CD-MWNTs (f-MWNTs)
was washed by filtering through a polycarbonate membrane
(0.2 pum) and dried under vacuum.

Determination of the saturation adsorption of protein
onto f-MWNTs

BSA with different concentrations (0.0075-0.025 mg/ml)
was added into the aqueous solution of -MWNT (0.025 mg/
ml), and the mixture was then shaken at 20°C in a incubator
shaker at 150 rpm for 4 h. The nanotube-BSA suspension
was then washed with double-distilled water by filtering
through a polycarbonate membrane (0.2 pm). The amount of
BSA in the filtrate was determined by UV—vis spectra, which
were measured using a Shimadzu spectrophotometer (model
UV 2550) operated at a resolution of 1 nm. The saturation
adsorption of protein onto f-MWNTs was determined
through the BSA detection in the filtrate.

Description of UV—-vis absorption of f-MWNT-BSA
based on the Beer—Lambert law

The Beer—Lambert law> was applied to describe the UV—
vis absorption of -MWNT-BSA. As the f-MWNTs have very
good aqueous dispersibility, a spectrum of f-MWNTSs alone at
a known concentration can be obtained. A spectrum of the two
constituents together in a known composition was obtained by
mixing a known quantity of -MWNTs with a known quantity
of BSA. Thirty samples were prepared, and the concentration
range was 0-1.5 mg/ml and 0-0.05 mg/ml for BSA and f-
MWNTs, respectively. The spectra were measured in the 250-
to 750-nm range with 2-nm intervals for analysis, using dou-
ble-distilled water as the blank measurement.

Calculations of UV-vis absorbance were based on Beer—
Lambert law: when the spectra of a mixture of two constitu-
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ents overlap, the absorbance of the constituents at the same
wavelength, /, is additive, and the Beer-Lambert law takes
the following form??

Ay=¢,-1-Catep-1-Cy (D

where A is the absorbance, C is the concentration, ¢ is the
extinction coefficient, and / is the length traveled by light
through the specimen. As / is constant through the experi-
ments, a k parameter is defined as: k,; = ¢, - [. Then, Eq. 1
can be expressed as

A =k;aCa + k;pCo (@)

At each wavelength, 4, two parameters, &, , and k;p,, must be
determined to calculate the absorbance A,. The two parameters
are obtained by fitting to the experimental data of UV-vis
absorbance. Following objective function is adopted for the
regression

30

Func = Z

i=1

Al (cal) — A (exp)

Al (exp) )

For each wavelength, 30 data of absorbance were used for
the regression to determine the two parameters. The
program used for the regression is developed based on the
regression subroutine (Levenberg—Marquadt nonlinear least
squares).?

Secondary structure detected with circular
dichroism spectroscopy

Circular dichroism spectroscopy was used to monitor the
secondary structure of BSA adsorbed on f-MWNTSs. The cir-
cular dichroism spectra (190-260 nm) were recorded on a
JASCO J-810 CD instrument (JASCO) with a bandwidth of
0.5 nm and a scan speed of 50 nm/min, and the cell length
was 10 mm. The main parameters of circular dichroism
including band width, sensitivity, and scanning speed were
set at 1 nm, 100 mdeg, and 1000 nm/min, respectively. The
concentrations were 0.0075-0.05 mg/ml for BSA and 0.025
and 0.05 mg/ml for -MWNTs, respectively. Circular dichro-
ism spectra of the f-MWNTs were recorded similarly as a
control. The circular dichroism spectrum of BSA adsorbed
on -MWNTs was corrected by subtracting the spectrum of
f-MWNTs. Each scan was repeated five times, and the spec-
tra were then averaged. CDPro software (http://lamar.colos-
tate.edu) was used for analyzing the circular dichroism spec-
tra of BSA.

FTIR spectrum

A Varian FTIR Spectrometer with an attenuated total re-
flectance attachment was used for the measurement of FTIR
spectra.

XRD measurement

The XRD patterns were obtained with a powder diffrac-
tometer of Rigaku D/Max 2500 VBZ+/PC using a Gu target
at 35 kV, 30 mA. The powder diffractograms were operated
at a scan rate of 20 = 1°/min from 20 = 5° to 20 = 90°.

DOI 10.1002/aic 3509
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Figure 4. Raman spectra of f-MWNTs (a) and oxidized
MWNTs (b).

Results and Discussion
Functionalization of MWNTs

MWNTs were functionalized by the reactions of carboxylic
acid groups of oxidized MWNTs with AmoBeno-CD. Figure 3
presents the UV—vis absorption. As can be seen, the absorbance
of AmoBeno-CD (red) and oxidized MWNTs (black) is reflected
in the absorbance of f-MWNTs (blue). Compared to the absorb-
ance peak of oxidized MWNTs at 252 nm, the absorbance peak
of f-MWNTs is shifted to 258 nm. The functionalized MWNTs
have a good aqueous dispersibility as shown in the insert of Fig-
ure 3, and the suspension was stable after 3 months. The func-
tionalization was also confirmed by the Raman spectra as shown
in Figure 4. Because of the covalent attachment of the amino-
cyclodextrins, the peak intensity ratio of the main peak (G-band)
to the broad peak (D-band) is increased from 1.35 of the oxi-
dized MWNTS to 1.60 of f-MWNTs.””**

Calculation of the UV—-vis absorbance of f-MWNT-BSA

Figure 5 presents the results of the comparison between
the calculation (dashed lines) and measurement (solid lines);
the lines in blue are for f-MWNT-BSA, red for f-MWNT,
and black for BSA. The absorbance data of the sample of f-

dashed line: calculated

04 | -/ solid line: measured
blue: -MWNT/BSA
red: F-MWNT

b-. black: BSA

Absorbance

Sl LTI YT L T T T T PR TRy PR | i L !
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Wavelength (nm)

Figure 5. UV-vis absorbance.

f-MWNT-BSA (blue), f-MWNTs (red), and BSA (black).
Concentrations: BSA 0.185 mg/ml and f-MWNTs 0.004
mg/ml. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6. XRD patterns.

f-MWNT (black), BSA (red), and f-MWNT-BSA (blue).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

MWNT-BSA were used to determine the two parameters
required by the Beer—Lambert law. For {-MWNT-BSA, the
recalculated line fits the data very well with a relative devia-
tion of 0.67%, as presented by lines in blue. Using the
obtained two parameters, the spectra of -MWNTs and BSA
were predicated. The calculated lines have a good agreement
with the data, with relative deviations 2.33 and 1.17% for f-
MWNTs and BSA, respectively. The result of Figure 5 indi-
cates that the Beer—Lambert law can be applied to describe
f-MWNT-protein hybrids. Through UV-vis measurement,
the saturation adsorption of BSA onto f-MWNTs is about
0.6 mg of BSA/mg of -MWNTs.

X-ray diffraction

Figure 6 shows XRD patterns for BSA, f-MWNTs, and f-
MWNT-BSA. The XRD pattern of the f-MWNT-BSA sample
(in blue) presents a prominent peak at 20 = 25.6° and a
smaller peak at 20 = 42.8°, which are the typical peaks for
carbon nanotubes. The XRD pattern also indicates that the CD
moieties on f-MWNTs are not in crystalline form. BSA alone
(in red) presents sharp peaks at 20 = 9.1°and 20 = 19.5°. In
the XRD pattern of f-MWNT-BSA, the two peaks of BSA are
shifted to 20 = 9.4° and 20 = 21.0°, respectively. Compared
to the sharp peak of native BSA at 19.5°, the peak for the BSA
adsorbed on -MWNT at 20 = 21.0° becomes broader. The
results indicate that the interaction of BSA with f-MWNTs has
changed the crystalline form of BSA. Some crystalline forma-
tion of the BSA adsorbed on f-MWNT may be due to the
uneven distribution of the BSA on the wall of -MWNT, as
shown in Figure 7 of the high-resolution TEM.

Secondary structure analysis by circular dichroism

Carbon nanotubes have a natural affinity for diverse pro-
teins mainly through hydrophobic interaction.'® Ring struc-
tures in aromatic amino acids (e.g., phenylalanine and tryp-
tophan) are important for the interaction between the protein
and CNTs through n-stacking.”® Cyclodextrins can be visual-
ized as toroidal, hollow, truncated cones with hydrophilic
rims, the internal cavity is hydrophobic.6 The unique
molecular structure makes cyclodextrins have the ability to
sequester hydrophobic moieties on protein surfaces.’® The

December 2011 Vol. 57, No. 12 AIChE Journal



Figure 7. HRTEM image of f-MWNTs attached by BSA.

adsorption is spontaneous when BSA comes in contact with
f-MWNTs in water and follows a pseudosaturation behav-
ior.” The CD moieties are distributed at the defect sites of
the wall and the tips of f-MWNTs. Upon the adsorption of
BSA on f-MWNT, there are two types of interactions: the
interaction of the aromatic amino acids of BSA with the
walls of f-MWNTs, and the CD moieties have a guest—host
interaction with BSA through forming weak inclusion com-
plexes with aromatic residues.

Circular dichroism spectra were analyzed for the change of
secondary structure of the BSA adsorbed on f-MWNTs. Fig-
ure 8a illustrates the circular dichroism spectra for the BSA
adsorbed on the purified MWNTs (p-MWNTs) under sonica-
tion for 10 min (red) and under shaking (olive) for 2 h as
well as for the BSA adsorbed on f-MWNT under shaking
(blue) for 2 h. Compared to the line (black) for the native
BSA, the w«-helix retained, corresponding to the red, olive,
and blue lines, are 69.8, 74.9, and 82.4%, respectively. These
results show the advantage of -MWNTs over p-MWNTS in
preserving the secondary structure of BSA upon adsorption.
This is due to two reasons: -MWNTs have very good aque-
ous dispersibility, and the adsorption of BSA onto f-MWNTs
is facilitated and can be carried out under shaking instead of
sonication; on the other hand, the origin of the results has
been suggested to be a specific interaction between CD moi-
eties and hydrophobic amino acids of BSA. This interaction
is favorable to prevent the unfolding of proteins.>' To eluci-
date the function of CD moieties in preserving the protein
structure, the spectrum of f-CD-BSA at the weight ratio of
BSA to -CD of 0.56 was measured. The ratio of f-CD to
BSA (1/0.56) is much larger than the ratio of the CD moi-
eties to BSA, as the CD moieties are only at the defect sites
and tips of f-MWNTSs. The measured spectrum is presented
in Figure 8b, and the o-helix retained is about 92%. From the
spectra in Figures 8a, b, it can be concluded that the change
of secondary structure induced by the hydrophobic interaction
between BSA and f-MWNTs is larger than that induced by
the guest—host interaction between CD moieties and BSA.
The role of the CD moiety in preserving the secondary struc-
ture of BSA is consistent with the work published.*”>* The
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interaction of cyclodextrins with proteins has shown that**—*

cyclodextrins have the ability to refold protiens from dena-
tured states or to inhibit the aggregation of proteins.

In Figure 8c, the spectra were measured at different
weight ratio of BSA to f-MWNTs at 25°C. It can be seen
that the change of the secondary structure decreases with the
increasing of the weight ratio of BSA to f-MWNTs. After
the saturation adsorption, the presence of excess unadsorbed
protein contributes to the enhancement of o-helix retained.
The spectra before the saturation adsorption further confirm
that the hydrophobic interaction between the residues and
the wall of f-MWNT is the main reason leading to the partial
unfolding of BSA upon adsorption. This conclusion can be
supported by the published results of adsorption of proteins
on carbon nanotubes, the proteins undergoing structural
changes upon adsorption.m’15 The losses in the o-helical con-
tent due to the adsorption onto CNTs for soybean peroxidase
and R-chymotrypsin (CT) are 22 and 43%, respectively.'*

a
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Figure 8. Circular dichroism spectra: (a) BSA adsorbed
on p-MWNTs under sonication (red) and
under shaking (olive); BSA adsorbed on f-
MWNTs under shaking (blue); native BSA
(black).
The weight ratio of BSA to CNTs is 0.6. (b) BSA interact-
ing with f-cyclodextrins. Concentrations: f-cyclodextrins
(0.036 mg/ml) and BSA (0.02 mg/ml). (c) At different
weight ratios of BSA to f-MWNTs. Insert: percentage of o-

helix retained. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Horseradish peroxidase endures a loss of about 35% in the
a-helical content of its secondary structure.'”

Secondary structure by Fourier transform
infrared spectra

The amide I (1600-1700 cm™") region of the FTIR spec-
trum of a protein has been widely used to quantify the indi-
vidual elements of the secondary structure.”>* In this study,
the percentage of o-helix determined from the amide I spec-
tral region was used to look at the structural perturbations of
BSA when adsorbed on f-MWNTs. In the measurement of
the FTIR spectrum of the BSA adsorbed on f-MWNTs,
FTIR spectrum of f-MWNTs was recorded as a control. Fig-
ure 9 shows FTIR spectra of BSA and -MWNT-BSA in the
amide I region. Using the second-derivative method, Peakfit
software was applied to analyze the secondary structural fea-
tures. a-Helical and f-sheet structures were assigned follow-
ing the reports in literature,® and their relative amounts
were determined by computing the areas under the assigned
bands. Gaussian deconvolution of the spectrum revealed an
o-helical content of 34.7% for f-MWNT-BSA compared to
an o-helical content of 50.1% for the native BSA, as listed
in Table 1. The BSA adsorbed on f-MWNTs retains 81.3%
+ 0.4% of the o-helical content of the native BSA. This
result is comparable to the change of secondary structure

~
Py i S I i i A

1600 1620 1640 1660 1680 1700
Wavenumbericm)

1600 1620 1640 1660 1680 1700

Wavenumber(cm™)

Figure 9. Fourier self-deconvoluted FTIR spectra and
Gaussian curve fitting.

(a) Native BSA and (b) f-MWNT-BSA. The weight ratio of
BSA to -MWNTs is 0.6.
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Table 1. Band Position and Assignments for the Native and
Adsorbed BSA

Second-Derivative

Sample Band Position Assignment Area (%)

Native BSA 1627.6 Other 21.4
1636.7 p-Sheet 8.68
1651.1 o-Helix 50.1
1669.1 p-Sheet 17.1
1683.6 Other 2.72

Adsorbed BSA 1610.2 Other 1.79
1623.3 Other 22.4
1636.5 p-Sheet 13.6
1650.7 o-Helix 34.7
1669.7 p-Sheet 21.4
1683.8 Other 6.11

monitored by the circular dichroism spectrum (blue) as pre-
sented in Figure 8a.

Conclusions

MWNTs were functionalized with a novel amino-cyclo-
dextrin synthesized. The protein BSA was adsorbed on f-
MWNTs through noncovalent interactions. The Beer—Lam-
bert law was able to describe the UV absorbance of the f-
MWNT-BSA hybrid with good accuracy. The XRD patterns
have shown that the BSA adsorbed on f-MWNTs has
changed its crystalline form. The circular dichroism spectra
have shown that a high percentage of o-helical content can
be retained when BSA is adsorbed on f-MWNTs. The results
also indicate that the change of secondary structure of BSA
is mainly caused by the hydrophobic interaction of the resi-
dues of BSA with the walls of f-MWNTSs, whereas the sec-
ondary structure is less affected by the interaction of the CD
moieties with BSA. This work demonstrates that, with the
amino-cyclodextrain to functionalize carbon nanotube, the
f-MWNTs can have very good aqueous dispersibility; this
facilitates the adsorption of BSA onto f-MWNTs. On the
other hand, the CD moieties can contribute to the preserva-
tion of protein structure in the process of adsorption.
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