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Abstract

Nanoconfined synthesized crystalline fullerene mesoporous carbon (C60-FMC) with bimodal pore 
architectures of 4.95 nm and 10-15 nm pore sizes characterized by XRD, TEM, nitrogen adsorption/
desorption isotherm and solid-state NMR, and the material was used for protein immobilization. The 
solid-state 13C NMR spectrum of C60-FMC along with XRD, BET and TEM confirms the formation of 
fullerene mesoporous carbon structure C60-FMC. The immobilization of albumin (from bovine serum, 
BSA) protein biomolecule in a buffer solution at pH 4.7 was used to determine the adsorption properties 
of the C60-FMC material and its structural changes investigated by FT-IR. We demonstrated that the 
C60-FMC with high surface area and pore volumes have excellent adsorption capacity towards BSA 
protein molecule. Protein adsorption experiments clearly showed that the C60-FMC with bimodal pore 
architectures (4.95 nm and 10-15 nm) are suitable material to be used for protein adsorption. 

and biomolecules or drugs adsorption on mesoporous carbons have 
been reported in the literatures [13-20]. It is also observed that 
mesoporous carbon materials exhibited better performance for these 
applications than that of counterpart silica material. Then, instead 
of using a conventional carbon source as mentioned above [1-4,12-
20] it will be necessary to find a new carbon source to create a new 
mesoporous carbon solid framework that will improve the adsorption 
of biomolecules. As such, Fullerenes (C60) as carbon source consists 
of nanoscopic building block with surface tailorable that can give 
unique functionalities to the mesoporous carbon framework [21-23]. 
Previously, fullerene C60 has been partly used along with porous silica 
for extending their surface functionalities [24-32] but C60 has not 
been reported to be used as sole carbon source for preparing fullerene 
mesoporous carbon that can be useful for protein immobilization.

With this concept in mind, this paper, successfully demonstrate 
the use of fullerene C60 as carbon source to prepare a new class 
of fullerene mesoporous carbon (C60-FMC) with bimodal pore 
architectures via pore filling method and its properties for protein 
immobilization.

Experimental Section

Materials 

Tetraethylorthosilicate (TEOS), Pluronic surfactant P123 
(EO20PPO70EO20), Fullerene C60, Trimethylbenzene (TMB) and 
Albumin from Bovine serum (BSA) from Sigma-Aldrich were used as 
received without further purification.

Introduction
The immobilization of biomolecules onto porous solid supports 

has attracted much attention due to its scientific, technological 
importance and application in many areas, such as bio catalysis, 
separation and transport, immobilization, advanced materials 
(electrode materials), adsorption science, and nanobiotechnology 
[1-9]. Meanwhile, different porous solid materials (silica, inorganic 
oxides, carbon etc.) have been considered as support for the adsorption 
of biomolecules [1-3]. For example, much progress on the adsorption 
of biomolecules onto nanoporous silica materials has been reported 
but the use of porous silica supports usually deteriorate the native 
characteristics of a protein molecule and even leads to the loss of its 
coherent structure due to the electrostatic interactions between the –
OH groups of silica and the surface charge on the amino acid residues 
on the surface of the proteins [1-10]. It was also reported that the 
structure of the porous silica adsorbent in aqueous media is not stable 
due to the hydrolysis of their siloxane bridges (≡Si-O-Si≡) although 
the efficiency of biochemical devices largely depends on the stability of 
solid supports/adsorbents and solid support-protein interactions [1-
8,11]. Therefore, new porous adsorbents structures need to be found 
that can be effectively used in the development of nanobiomedical 
devices. In this context, recently thermo-mechanically robust porous 
carbon materials that are very suitable for bio-applications have 
received much attention due to their unique characteristics, namely: 
a large specific surface area and high pore volume with pore sizes 
distribution that can be tuned over a wide pore range of 2 nm to > 50 
nm [12]. At the same time, several examples of enzyme immobilization 
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Synthesis of mesoporous SBA-15 silica nano-hard 
template 

In order to prepare mesoporous SBA-15 template, first 2 g of 
Pluronic surfactant P123 (EO20PPO70EO20) was stirred in 60 ml of 2M 
HCl at 38 oC for 2 h for making a homogenous solution. Then 4.2 
g of TEOS precursor was added to the above surfactant containing 
acidic solution. The mixture was stirred for only 6-8 min and then 
left the solution to stand for 24 h at 38 oC [29,30]. The mixture was 
subsequently transferred into an autoclave for another 24 h at 100 oC. 
The as-synthesized SBA-15 silica was collected by filtration, dried and 
then calcined at 550 oC for 6 h in air to remove surfactant.

Nano-confined synthesis of fullerene mesoporous 
carbon (C60-FMC)

A pore fill nanocasting method was used for the synthesis of 
high surface area fullerene mesoporous carbon (C60-FMC) by using 
mesoporous SBA15 silica as a hard template [12,30]. A targeted 
amount of fullerene C60 was added into trimethylbenzene in the 
appropriate proportion and then sonicated for few hours. Afterwards, 
the sonicated solution was thoroughly mixed with mesoporous SBA-
15 silica template. Then the fullerene impregnated SBA-15 composite 
was heated at 100 oC for 6 h and later temperature was increased to 160 
oC holding for another 6 h for polymerization. Then the polymerized 
fullerene C60/silica nanocomposite material was transferred into an 
aluminum quartz boat that was placed at the middle of a tube furnace 
and carbonized at 850 oC under nitrogen atmosphere for 6 h. After 
heat-treatment, the mesoporous fullerene/silica nanocomposite was 
washed thoroughly with 5 wt% HF to remove silica template. As a 
result of this step a highly porous fullerene mesoporous carbon was 
created. Mesoporous SBA-15 silica template-free C60-FMC samples 
were used for all subsequent characterization and application.

Adsorption study of BSA to fullerene mesoporous 
carbon (C60-FMC)

Prior to the adsorption studies, the fullerene mesoporous carbon 
materials were dried overnight at 120 oC. Then BSA was dissolved in 
10 mM acetate buffer, pH 4.7 to prepare stock solution. 10 mg of the 
support samples were suspended in BSA solution and mixture was 
continuously shaken at 500 rpm at room temperature. The adsorption 
kinetics of BSA was recorded at various pre-determined time periods. 
Suspensions were separated by centrifugation at 10000 g for 3 min 
at room temperature and then 20 µL of supernatant were taken out 
for measurement of the protein concentration using NanoDrop® 
ND-1000 spectrophotometer at 280 nm. The amount of immobilized 
BSA protein was calculated by subtracting the amount of BSA in 
the supernatant liquid after adsorption from the amount of protein 
present before adding the samples. Finally, the BSA-immobilized 
C60-FMC supports were washed three times with acetate buffer 
solution then separated by centrifugation and characterized using 
attenuated total reflection IR. A leaching test was carried out using 
BSA immobilized mesoporous materials suspended in 10 mM acetate 
buffer, pH 4.7 which was continuously shaken at 500 rpm at room 
temperature for 24 h. After centrifuging at 10000 g for 3 min, the 

amount of protein leakage was investigated using NanoDrop® ND-
1000 spectrophotometer at 280 nm. The isoelectric point for BSA is 
at pH 4.7. Therefore, the protein stock solution for BSA was prepared 
in acetate buffer solution with a pH equal to its isoelecric point since 
proteins tended to bind well at or around their isoelectric point. In 
addition, at the isoelectric point, protein involved in hydrophobic 
interactions with the three-dimensional mesopore structure.

Characterization techniques
Mesoporous SBA15 silica nano-hard template and fullerene 

mesoporous carbon (C60-FMC) materials were comprehensively 
characterized by using X-ray diffraction (XRD, Bruker D8 Advanced 
X-ray diffractometer with Ni-filtered CuKa radiation at a voltage of 
40 mV and a current of 30 mA) to confirm the formation of fullerene 
mesoporous carbon (C60-FMC) structure, whereas transmission 
electron microscope (TEM) was used to determine the pore structure 
of C60-FMC. TEM (TEM, FEI Tecnai 20, 200kV) imaging was carried 
out on a F20 microscope with an accelerating voltage 200 kV. The 
dispersed particles in ethanol were undergone for Ultra sonication for 
10 min for ensuring good dispersion and homogeneity of particles in 
ethanol. The solution was then settled on carbon coated Cu grids for 
TEM imaging. X-ray diffraction (XRD) patterns were also recorded 
on a Rigaku Miniflex diffractometer (Japan) with Cu Kα radiation 
(λ=0.154 nm) at a scanning rate of 2 degree/min in the 2θ range 
from 10 to 80°. The BET surface areas and textural properties were 
obtained using an automated adsorption analyzer (Quadrasorb SI, 
Quantachrome, USA). The N2-adsorption–desorption isotherms 
were measured at 77 K on a nitrogen-adsorption apparatus after 
degassing the samples at 180 OC for 6 h. The Brunauer–Emmett–
Teller (BET) surface areas were determined at a relative pressure 
(P/Po) of 0.3005. The pore-size distribution (PSD) was obtained by 
using the Barrett-Joyner-Halenda (BJH) model from the desorption 
branch (31,32). Then the attenuated total reflection FT-IR spectra 
of BSA-immobilized mesoporous supports were obtained using a 
Thermo Nicolet 5700 spectrometer. The measurement was based on 
32 scans with a resolution of 4 cm-1. The samples were scanned in the 
spectral range of 1800–1200 cm-1. Solid-state NMR was performed 
on the Avance III spectrometer (Bruker), operating at 75.468 MHz 
for 13C. The samples were placed in the 4 mm zirconium rotor and 
rotated at magic angle with 5 kHz frequency. The spectra were 
recorded using SP-hpdec technique (single pulse with high power 
proton decoupling). The parameters included 42ms acquisition time 
with sweep width of 50 kHz; 2K data points were collected. High-
power decoupling utilized tppm15 scheme at 65.7 kHz proton power. 
Between 200 and 7000 scans were collected. The recycle times were 
from 10s to 60s, according to the sample’s T1.

Results and Discussion
Preparation and structural features of mesoporous 
SBA15 nano-hard template 

In order to prepare fullerene mesoporous carbon, meosoporous 
SBA-15 silica template needs to show a very ordered structure with 
large pore size that allows the impregnation of fullerene C60 inside the 
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SBA-15 silica pores. As shown in Figure 1, the silica based SBA-15 has 
three well-resolved peaks at 2° values between 0.75 and 5°, indicating 
the formation of hexagonal mesoporous SBA15 silica material, which 
is also supported by the TEM images in Figure 2. The fact that the 
type IV N2 adsorption-desorption isotherms confirm the mesoporous 
structure of the SBA-15 silica with capillary condensation step at 
relative pressure of 0.618 to 0.81, corresponding to the existence of 
mesopores with narrow pore size distribution as shown in Figure 3 

(inset) [11,33-36]. The specific surface area (SBET), total pore volume, 
and BJH pore size of the highly ordered mesoporous SBA15 silicate 
were 719 m2/g, 1.12 cm3/g and 9.15 nm, respectively. The textural 
properties are in good consistency with previous results on the highly 
ordered mesoporous SBA-15 silicate. 

Nano-confined synthesis and properties of fullerene 
mesoporous carbon (C60-FMC) from Fullerene C60 
carbon source and meosporous SBA15 as nano-
hard template

As discussed before well-ordered fullerene mesoporous carbon 
were prepared by homogenous pore filling of the mesoporous 
SBA15 silica template with the fullerene carbon source solution. 
Figure 4 schematically shows the preparation steps of the fullerene 
mesoporous carbon (C60-FMC) materials. Small and high angle XRD 
measurements were carried out on fullerene mesoporous carbon after 
removal of SBA-15 silica template. XRD patterns of the resultant C60-
FMC are shown in Figure 5. It can easily be seen that synthesized 
C60-FMC appears to be well-ordered showing periodicity in the 
mesoscale range as evidenced by the sharp and intense peaks in the 
region around 0.96 2Ɵ and another broad peak at about 1.60-1.65 2Ɵ. 
This finding is consisting with the case of a well-ordered mesoporous 
material with uniform framework mesopores distribution [12,16-
19,34-39]. Small angle XRD for pure Fullerene C60 carbon source 
sample was also carried out and no peak was observed suggesting that 
the fullerene mesoporous carbon framework was formed as a result 
of the nano-hard templating step. The C60-FMC shows few peaks in 
the high angle XRD pattern (Figure 5b), indicating the presence of 
graphitic carbon in fullerene mesoporous carbon framework. 

To confirm the mesoporous structure, the C60-FMC sample was 
analyzed by TEM. The highly organized pore channels are results 
when hard-templating impregnation method that can be seen in 
Figure 6. In addition, TEM inset image in Figure 6 shows the presence 
of disordered interconnected large mesopores in the C60-FMC 
sample. By combining the XRD pattern and the TEM observation, 
it could be concluded that C60-FMC is stable after removal of silica 
template. N2 adsorption-desorption experiments shows that the 
specific surface area (SBET), total pore volume, and BJH pore size of 
the fullerene mesoporous carbon materials were 643 m2/g, 0.67 cm3/g 
and 4.95 nm, respectively [15-17]. As shown in Figure 7a, N2 sorption 
isotherm of C60-FMC displays different adsorption-desorption 
behavior with the presence of two hysteresis loops that indicate the 
presence of two different pore systems in one material. Figure 7a 
shows type-IV curves with a sharp capillary condensation step in the 
relative pressure range of 0.45–0.75 and a H1-type hysteresis loop, 
indicative of uniform cylindrical organized mesopores in the final 
framework [34-39]. 

In addition there is one more hysteresis loop at higher pressure 
range of 0.82 to 1. As shown in Figure 7b, the maxima of the pore size 
distributions calculated from desorption step by the BJH method are 
4.95 nm and 12.5 nm respectively. The secondary mesopore framework 
is in the broad range of 10-15 nm. This behavior could be resulting 

Figure 1: Small angle XRD pattern of mesoporous SBA15 silicate..

Figure 2: TEM image of mesoporous SBA15 silicate: (a) low magnification 
and (b) high magnification.
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Figure 3: N2 adsorption–desorption isotherms and pore size distribution 
(inset) of calcined mesoporous SBA15 silica.
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Figure 5: Fullerene mesoporous carbon (a) small angle XRD and (b) higher 
angle XRD patterns.

Figure 6: TEM image of fullerene mesoporous carbon and inset show the 
circular area for clear visualization.

Figure 4: Synthesis of fullerene mesoporous carbon from hard template mesoporous SBA15 silicate.

from the carbon source loading that blocks some nanopores of the 
SBA-15 silica template. However, according to the isotherm shape 
of C60-FMC (Figure 7a), a pore restriction caused by in-bottle pores, 
seems to be the more likely explanation. The narrower pore mouths 
may be caused by enhanced carbon deposition at the entrance and/or 
by more narrow voids between blocked adjacent tube channels. This 
could be the results of presence of large mesopores and/or also the 
formation of some disordered like-pores in the framework [40,41]. 
These results clearly demonstrate the possibility of synthesizing 
uniform FMC with bimodal pore architectures.

NMR characterization 
The solid-state 13C NMR spectroscopy spectra of pure C60 and 

C60-FMC (fullerene mesoporous carbon after removing silica from 
carbonized silica/fullerene composite at 850 OC) are shown in Figure 
8. The spectrum of pure C60 in Figure 8a shows sharp signal at 143 
ppm that corresponds to the C60 itself. The result is consistent with 
previously reported NMR spectrum of pure fullerene C60. For the 
fullerene mesoporous carbon after removing silica template, the 13C 
NMR spectrum of C60-FMC becomes broad and shifted to the right 
side as shown in Figure 8b. The large width peak may be due to (i) 
confinement of the C60 molecule inside nanopores of SBA15 template 
and removal of SBA15 template by HF washing for creating C60-FMC 
via present nano-template synthesis procedure. Recently similar 
broad peak for synthesis of a periodic mesoporous organosilica 
(PMO) that contains a multiply bonded C60 moiety integrated into 
the silica channel walls of the mesoporous material and our results 
are consistent with previous NMR data in which fullerene C60 was 
confined into nanochannel of MCM-51 or MCM-48 via post-addition 
methods [23-28]. 

The adsorption performance of fullerene mesoporous 
carbon materials and leaching out experiment 

The adsorption performance of fullerene mesoporous carbon 
materials as support materials for protein immobilization was carried 
out using a buffer solution at pH 4.7 at room temperature on a 
NanoDrop® ND-1000 spectrophotometer at 280 nm. Previously it 
has been reported that adsorption behavior of biomolecules depends 
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Figure 7: Fullerene mesoporous carbon : (a) nitrogen adsorption –desorption isotherms and (b) pore size distribution.
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Figure 8: Solid-state 13C NMR spectroscopy spectra of (a) pure C60 and 
(b) C60-FMC (fullerene mesoporous carbon after removing silica from 
carbonized silica/fullerene composite at 850OC).

Figure 9: Adsorption kinetics of Bovine serum albumin (BSA) on fullerene 
mesoporous carbon C60-FMC and pure fullerene (F).

on the type of protein molecules and nature of solid supports [1-
16,13-20,48-52]. In our case dimensions of BSA are 4.7 nm × 4.7 
nm × 11 nm, whereas C60-FMC adsorbent shows characteristics of 
bimodal pore size of 4.95 nm and 10-15 nm. The results in Figure 9 
compare the adsorption of BSA on pure fullerene (F) and fullerene 
mesoporous carbon (C60-FMC). Highly porous C60-FMC with surface 
area 643 m2/g bimodal pore sizes (4.95 nm and large pore about 10-
15 nm), and pore volume 0.57 cm3/g showed excellent adsorption 
capacity towards BSA protein molecules than that of pure non-

porous fullerene. The differences in results as seen in Figure 9 could 
be attributed to the functional textural properties of C60-FMC. For 
example, when adsorption time reaches 3 h, C60-FMC sample shows 
about 70% adsorption capacity compared with only 24% adsorption 
capacity on pure non-porous fullerene structure. This remarkable 
adsorption capacity of C60-FMC increases to 92% for C60-FMC vs 35% 
for pure Fullerene when time reaches 20 h, clearly indicating that the 
textural properties such as pore architectures, high surface area and 
pore volume in C60-FMC play an important role for the adsorption 
of BSA molecules [10,19,47,48]. An important consideration is to 
investigate whether the immobilized protein is leaching from the 
C60-FMC support. The leaching tests were carried out with the BSA-
immobilized C60-FMC suspended in 10 mM acetate buffer at pH 4.7 
which was continuously shaken at 500 rpm at room temperature for 
24 h. It was confirmed that there is no or negligible leaching of protein 
from the C60-FMC support to the buffered medium. Furthermore, 
the relative small pore size (4.95 nm) of C60-FMC easily allows 
accommodating smaller size (4.7 nm) of BSA molecules inside pores 
of C60-FMC under tested conditions. In addition, C60-FMC shows 
large interconnected mesopores (10-15 nm) which allow in adsorbing 
more BSA in the framework of C60-FMC. 
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FT-IR spectra of pure BSA and C60-FMC-loaded with 
BSA

FT-IR spectra were widely used to investigate the structural 
stability of protein loaded on porous host in comparison to pure 
protein by observing their structural bands (amide I and amide II) 
after adsorption. In this study, IR spectra of pure BSA and C60-FMC 
loaded with BSA are shown in Figure 10 at room temperature. The 
pure BSA sample in Figure 10a clearly shows the amide band I at 
near 1652 cm-1 (C=O stretching mode) and the amide band II at near 
1543 cm-1, (stretching mode of N-H) whereas the disappearance of 
the amide II N-H stretching mode is used to consider for unfolding 
of the protein (10,43-46). Figure 10b shows the IR spectrum of C60-
FMC loaded with BSA. The presence of two major bands centered 
at 1649 and 1537 cm-1 for C60-FMC loaded BSA sample indicates 
successful adsorption of BSA onto C60-FMC [10,43-47]. In this study, 
IR adsorption bands of pure BSA as stated in Figure 8a become 
broadened when BSA is loaded into C60-FMC sample. This behavior 
could be interpreted by the fact that adsorption of BSA on the C60-
FMC adsorbent might be accompanied by the partial transformation 
of the CONH peptide group arrangement from typical α-helices to 
β-sheets, which could also be indicative of the broadened frequency 
parts of the absorption bands in the amide I and amide II ranges. 
The change in the peptide group arrangement can also be seen from 
the change in the relative intensities of the absorption bands at 1652 
cm–1 and 1547 cm–1. Similar IR spectra of porous materials loaded 
biomolecules have been previously reported [10,43-44]. 

Conclusions 
Novel fullerene mesoporous carbon molecular sieves (C60-FMC) 

with bimodal pore distribution consisting of mesopores in the 
range of 4.95 nm and 10-15 nm where mesoporous SBA-15 silica 
was used nano-hard template. The solid-state 13C NMR spectrum 
of C60-FMC along with XRD, BET and TEM clearly confirms the 
formation of fullerene mesoporous carbon structure C60-FMC. The 
C60-FMC showed excellent properties for protein immobilization. 
The adsorption of BSA protein on C60-FMC carbon showed that the 
textural properties of the adsorbent affect the shape of the relative 

uptake and the maximum adsorption of the protein. For example, 
C60-FMC has provided excellent adsorption capacity than pure 
non-porous fullerene. It has been found that the amount of BSA 
adsorption was related to the pore volume, surface area and pore 
size of C60-FMC. The presence of amide band I and the amide band 
II of BSA protein molecule, due to the C=O stretching mode, and 
stretching mode of N-H vibrations respectively has been confirmed 
by FT-IR spectroscopy. This study also suggested that CONH peptide 
group arrangement of the protein typical of α-helices partially 
transforms into that of β-sheets when BSA is adsorbed by porous 
C60-FMC. Thus, the outcomes from this study on the immobilization 
of BSA on C60-FMC adsorbent nanocarriers with different textural 
properties and nature of the surface of carriers enable to differentiate 
adsorption behaviors of the protein–adsorbent system. In summary, 
this protein immobilization on fullerene mesoporous carbon host 
allows researchers to exploit the tunable properties of proteins to 
design protein-based Nano devices. 
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