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This article concerns the investigation of blood protein adsorption on carbon paper and multi-wall
carbon nanotubes (MWCNTSs). Mouse fibroblast cell adhesion and growth on MWCNTSs was also studied.
The results showed that fibrinogen adsorption on carbon paper was much lower than that on MWCNTSs,
which means that platelets readily aggregate on the surface of MWCNTs. Mouse fibroblast cells im-
planted on MWCNTSs tended to grow more prolifically than those implanted on carbon paper. The cell
concentration observed on MWCNTSs increased from 1.2x10°/mL for a single day culture to 2x10°/mL
for a 7-day culture. No toxicity reaction was observed during the culturing period. These results indi-

cated that MWCNTs possessed excellent tissue compatibility.
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Carbon nanotubes (CNTs) are new nanoscale carbon
materials. They have exhibited excellent electrical,
thermodynamic, and mechanical properties due to their
unique structure. CNTs also possess such physical and
chemical characteristics of biomedical materials as high
intensity, low modulus, corrosion-wear resistance!"’.

Recently, the investigation of CNTs in biomedical ap-
plications has primarily focused on preventing nonspe-
cific protein adsorption and identifying particular pro-
teins by surface modification, and promoting cell growth
as a culture medium by utilizing their uniquely individ-
ual shapes and electrical properties'”.. It has been re-
ported that single-wall carbon nanotubes (SWCNTSs)
prevent the growth of embryonic kidney cells and re-
duce the adhesion ability of kidney cells”. CNTs have
no toxicity and maintain their intrinsic cytoimmunity
function). However, there have been relatively few
studies of blood protein adsorption on CNTs in recent
literatures with regard to MWCNTs. Additional investi-
gation of cell adhesion, growth, blood protein adsorption,
toxic effects on animals are needed.

The aim of this work is to understand MWCNTSs’
biocompatibility by investigating blood protein adsorp-
tion and cell adhesion onto MWCNTs.

1 Materials and methods

A purpose-built AACVD system was used to synthesize
MWCNTs on carbon paper (B-2/030 Toray Carbon Pa-
per Designation TGPH-030, E-TEK Co.). Before syn-
thesis, a layer of Al was sputtered as a buffer layer and a
layer of Fe as a catalyst. One inlet introduced aerosol
through the carrier with the aerosol solution into the re-
action chamber. One additional argon inlet enabled to
dilution of the resulting aerosol mixture. Hydrogen was
introduced into the reaction chamber from the hydrogen
inlet. The toluene solution was placed inside of the
sonication generator and thermostated during the synthe-
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sis at room temperature by cooling water. The experi-
ments were performed as follows. The carbon paper
substrate (0.5x0.5010.8x0.8 cm?) was located in a ce-
ramic boat, placed inside the chamber. The furnace was
heated to 870°C within 15 mins, after a 20 mins expul-
sion of the air in the chamber by argon. As soon as the
temperature reached 850°C, the aerosol droplets were
produced by ultrosonication and transported by argon
gas introduced from the inlet. At the same time, dilute
argon was introduced into the chamber. In this experi-
ment, the growth time was 30 mins. The experiments
were performed at atmospheric pressure.

The contact angles of water on the samples were
measured at room temperature using a CAM 200 Con-
tact Angle Instrument (KSV Company, Finland). Three
different areas on the surface were chosen.

Albumin and fibrinogen were purchased from Sigma
Company (USA). All chemical reagents from Shanghai
Chemical Reagent Limited Company were analytically
pure. A 5 mL albumin solution containing a concentra-
tion of 20 mg/mL was obtained from a pre-blend solu-
tion of 1 mL albumin solution at 100 mg/mL and 4 mL
phosphate buffered saline (PBS, pH 7.4, 10 mmol/L). A
fibrinogen solution in which the concentration was 20
mg/mL was obtained from a pre-blend solution of 1 mL
albumin solution at 100 mg/mL fibrinogen powder. 300
pL albumin or fibrinogen solutions were inoculated on
the surface of three MWCNTs and three pieces of car-
bon paper. After 2 h incubation at 37°C, the protein solu-
tion was removed and the samples were carefully rinsed
two times using a PBS solution prior to fixation. A Fou-
rier transform infrared (FTIR) spectrometer (Nicolet
5700, Thermo Co. USA) was used to measure the ab-
sorbance intensity of the amide II of proteins adsorbed
on MWCNTs and carbon paper. In this test, the scan step
length was 4 cm_l, the scan time was 32, and the scan
range was 650014000 em .

A 50 mL culture solution was obtained from fetal bo-
vine serum thawed at 56°C. A 500 mL pancreatic en-
zyme solution was prepared by mixing 1.25 g of enzyme
with a 250 mL of PBS solution and 250 mL of distilled
water. The same density of mouse fibroblast cell suspen-
sion was grown on the surface of 8 MWCNTs and 8
pieces of carbon paper placed in a 24-well culture plate.
6 empty wells were used as a control group in this cell
culture. The culture was placed in a 37°C incubator with
a humidified atmosphere containing 5% CO, in air. After

1 to 7 d in the incubator, the medium was removed and
the cell monolayer washed several times with PBS, and
fixed in methanol for scanning electron microscopy
(SEM) observation and numeration.

2 Results and discussion

Table 1 gives contact angles of carbon paper and
MWCNT. It is clear that MWCNT surface shows a
stronger hydrophobic property than carbon paper.

The absorbance intensity of amide II at 1550 cm™" in
the FTIR spectrum exhibits a linear increase with the
protein adsorbed on the surface of the materials®”. It
was used to indicate the total protein amount adsorbed
on material surfaces according to the method described
in the reference!”’, According to the intensity of amide II,
it is possible to calculate the intensity ratio of albumin to
fibrinogen (Ra/k).

Table 1 Contact angles of carbon paper and MWCNT

Materials Carbon paper MWCNT

Contact angle(®) 145.67 £3.60 160.08 £3.22

Figures 1 and 2 show the FTIR spectra of carbon pa-
per and MWCNT with adsorbed fibrinogen on the sur-
faces. No apparent change is observed for the amide II
FTIR intensity of albumin adsorbed on carbon paper and
on MWCNT. The FTIR spectra of albumin are not given
in this figure. The absorbance intensity of amide II for
the two proteins and Rar adsorbed on the two surfaces
are summarized in Table 2. The amount of fibrinogen
adsorbed on MWCNT is much more than the adsorbed
on carbon paper.

Platelet coagulation and thrombosis are related to fi-
brinogen and albumin adsorption. The albumin adsorp-
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Figure 1 FTIR spectrum of fibrinogen adsorbed on carbon paper.
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Figure 2 FTIR spectrum of fibrinogen adsorbed on MWCNT.

Table 2 Absorbance intensity of amide II of proteins and Rar adsorbed
on the surface of materials

Materials
Proteins Carbon paper MWCNT
Albumin 0.0052 0.0052
Fibrinogen 0.00098 0.0089
R 5.31 0.58

tion inhibits platelet adhesion and thrombosis. Fibrino-
gen adsorption also results in platelet coagulation and
thrombosis. Therefore, Rar indicates the antithrom-
bogenicity of materials. In our protein adsorption, the
Rasr value of carbon paper is 9 times higher than that of
MWCNT, which indicates the antithrombogenicity of
carbon paper. Protein easily adsorbed on hydrophobic
surfaces'™. Rough surfaces are related to platelet coagu-
lation. MWCNT grown on carbon paper possesses
higher roughness and hydrophobicity than that grown on
carbon paper, which may be the primary reason for its
fibrinogen increase.

Figures 3—6 show SEM images of fibroblast cellular
morphology on carbon paper and MWCNT at different

Figure 3 SEM image of a mouse fibroblast on MWCNT.

pseudopod

Figure 6 SEM image of a mouse fibroblast on carbon paper.

levels of magnification. The fibroblasts exhibit spin-
dle-shape or polygon morphology with round nuclei on
both MWCNT and carbon paper. Compared with carbon
paper, MWCNT has better conditions for cellular
stretching and pseudopod spreading, which may be re-
lated to its rough surface.

Figure 7 shows the growth curves for the fibroblasts
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growing on carbon paper, MWCNT, and the control
group. For the control group, the cell number is the
highest in the initial incubation. Cellular growth, how-
ever, starts to decline after 4 d of incubation. Compared
with the control group, cell numbers on carbon paper
and MWCNT continuously increase with incubation
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Figure 7 Growth curves for the fibroblasts growing on carbon paper,
MWCNT, and the control group.

1 Gu X T, Meng J, Kong H, et al. Protein adsorption and PEG modifi-
cation on the surface of single-walled carbon nanotubes non-woven
film. Chin J Biomed Eng, 2005, 24: 764—765

2 Carrero-Sanchez J C, Elias A L, Mancilla R, et al. Biocompatibility
and toxicological studies of carbon nanotubes doped with nitrogen.
Nano Lett, 2006, 8: 1609—1616

3 CuiD, Tian F, Ozkan C S, et al. Effect of single wall carbon nanotubes
on human HEK293 cells. Toxicol Lett, 2005, 155: 73—74

4 Pulskamp K, Diabate S, Krug H F. Carbon nanotubes show no sign of
acute toxicity but induce intracellular reactive oxygen species in de-
pendence on contaminants. Toxicol Lett, 2007, 168: 58—60

5 Dumortier H, Lacotte S, Pastorin G, et al. Functionalized carbon

time ranging from 1 to 7 d. MWCNT has much better
conditions for proliferation than carbon paper. This re-
sult shows that mouse fibroblasts on both carbon paper
and MWCNT exhibit normal adhesion, proliferation,
and growth trends. There appeared to be no evidence of
extensive cell death on the surfaces of both materials.
The three-dimensional configuration of carbon paper
and MWCNT provides larger space, which allows cells
to proliferate and metabolize.

3 Conclusion

In addition to adsorbing more fibrinogen, MWCNTs
possessed the same good tissue compatibility as carbon
paper. Due to have a larger surface area and a
three-dimensional configuration, MWCNTs provided a
larger space for cell adhesion, proliferation, and growth
than carbon paper. MWCNTs have exhibited good
physical, chemical, mechanical properties, and biocom-
patibility. Therefore, it is conceivable that MWCNTs
may be an effective biomedical material which might
have clinical applications in the future.

nanotubes are non-cytotoxic and preserve the functionality of primary
immune cells. Nano Lett, 2006, 7: 1522—1528

6 Zeng H, Chittur K K, Lacefield W R. Analysis of bovine serum al-
bumin adsorption on calcium phosphate and titanium surfaces. Bio-
materials, 1999, 20: 377—384

7 Fink D J, Hutson T B, Chittur K K, et al. Quantitative surface studies
of protein adsorption by infrared spectroscopy II. Quantification of
adsorbed and bulk proteins. Anal Biochem, 1987, 165: 147—154

8 Ying P, Yu Y, Jin G, et al. Competitive protein adsorption studied
with atomic force microscopy and imaging ellipsometry. Colloids
Surf B Biointerfaces, 2003, 32: 1—10

482 LI Dedun et al. Sci China Ser C-Life Sci | May 2009 | vol. 52 | no. 5 | 479-482




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


