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Abstract

As a first step to validate the use of carbon nanotubes as novel vaccine or drug delivery devices, their interaction with a part of the
human immune system, complement, has been explored. Haemolytic assays were conducted to investigate the activation of the human serun
complement system via the classical and alternative pathways. Western blot and sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) techniques were used to elucidate the mechanism of activation of complement via the classical pathway, and to analyse the
interaction of complement and other plasma proteins with carbon nanotubes. We report for the first time that carbon nanotubes activate human
complement via both classical and alternative pathways. We conclude that complement activation by nanotubes is consistent with reported
adjuvant effects, and might also in various circumstances promote damaging effects of excessive complement activation, such as inflammation
and granuloma formation. C1q binds directly to carbon nanotubes. Protein binding to carbon nanotubes is highly selective, since out of the
many different proteins in plasma, very few bind to the carbon nanotubes. Fibrinogen and apolipoproteins (Al, AV and CllII) were the proteins
that bound to carbon nanotubes in greatest quantity.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction from 1 to 3.5nm and they are from several micrometers to

tens of micrometers in lengtltriahaut et al., 2003
Carbon nanotubes (CNTs) can be described as rolled The possibility to combine the remarkable specificity

hexagonal carbon networks that are capped by half fullereneand parallel processing of biomolecules with the hollowed

molecules. There are three main types of carbon tubes:cavity, size and electrical properties of carbon nanotubes

single-walled (SWNTs), double-walled (DWNTs) and has attracted considerable attention for several types of

multi-walled (MWNTS). CNTs can be synthesised using the applications, ranging from the creation of new types of

arc-discharge methoéd\jayan etal., 199Bcatalytic chemical biosensorsChen et al., 2008to the fabrication of drug or

vapour deposition (CVD)Jai etal., 1995 and laser ablation  vaccine delivery device§Seorgakilas et al., 2002; Pantarotto

(Guo et al., 199p The dimensions of these tubular structures et al., 2003a,b, 2004; Wong Shi Kam et al., 2p04

range from 0.4 to 2 nm in diameter for SWNTs, and from 2 to It has been shown Pantarotto et al., 2003bthat

100 nm for MWNTSs. Both types have length typically rang- peptide—carbon nanotube complexes enhance the immune

ing from 1 to 50um. The diameters of DWNTSs are typically  (antibody) response against the peptides with no detectable
cross-reactivity to the carbon nanotubes (i.e. carbon nan-

* Corresponding author. Tel.: +44 18652 72641; fax: +44 18652 72690, ©OtuDes are not intrinsically immunogenic). Functionalised
E-mail address: malcolm.green@chem.ox.ac.uk (M.L. H. Green). carbon nanotubes have been shown to cross cell membranes
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andto accumulate in the cytoplasm without being toxic forthe two different methods. Arc discharge SWNTs were synthe-
cell (Pantarotto et al., 2004The absence of immunogenic- sised at the Inorganic Chemistry Laboratory, University of
ity of carbon nanotubes in comparison to common protein Oxford, UK (Journet et al., 1997SWNT samples were pu-
carriers, the translocation of carbon nanotubes across the celtified by refluxing them in a concentrated HN@olution
membrane without being toxic and the ability to enhance an (3 h, 110°C) followed by repeated washing with deionised
immune response when attached to an antigen, strengthensvater and by a drying procedure (overnight at 1C. Sub-
the possibility of using carbon nanotubes as therapeutic andsequently, these samples were partially oxidised in air for
vaccine delivery tools. 45min in a furnace at 40CC. Finally, the samples were an-
The mechanism by which a functionalised single-walled nealed at 1400C under Ar flow for 2 h. Purified catalytic
nanotube can be internalised into the human promyelocytic chemical vapour deposition SWNTs (CVD SWNTs) and high
leukemia cell line HL60 and human T cells without being pressure carbon monoxide SWNTs (HIPco SWNTS) were
toxic has been studied\jong Shi Kam et al., 2004A fluo- purchased from Nanocyl S.A. company (Namur, Belgium)
resceinated protein was shown to enter cells only when conju-and Carbon Nanotechnology Inc. (Houston, TX), respec-
gated to a carbon nanotub&@ng Shi Kam et al., 2004This tively. Purified catalytic vapor deposition double-walled nan-
work demonstrates that carbon nanotubes can be exploited astubes were made as describedHighaut et al. (2003)
molecular transporters to carry cargoes into cells. Plasma atomic emission spectroscopy studies were per-
The biocompatibility and the possible hazardous effects formed on the purified carbon nanotube samples to quan-
that carbon nanotubes might induce in body fluids (e.g. hu- tify the remaining traces of metal element impurities after
man serum, plasma and blood) have to date not been reportedhe purification process. It was found that Arc discharge
Such studies are required to help bring carbon nanotubesSWNTs contained 1.4% (w/w) Ni, HIPco SWNTs contained
closer to the reality of pharmaceutical applications. A major 1% (w/w) Fe, CVD SWNTs contained 0.2% (w/w) Co, CVD
problem in medical applications of nanoscale materials is DWNTs contained 1.9% (w/w) Mo. There were no other sig-
whether the body’s immune system can recognise carbonnificant metalic impurities.
nanotube materials3ewirth and Siegenthaler, 1904.ittle
is known about the interaction between nanomaterials such2.2. Handling of nanotubes in aqueous buffers
as carbon nanotubes and the immune system. In order to
validate the use of carbon nanotubes as a building block for  Nanotubes have a hydrophobic surface and do not disperse
the next generation of novel medical devices for diagnosis rapidly in aqueous buffers. To form rapidly a reasonably sta-
(e.g. ultra fast biosensors) and therapy (drug delivery) we ble suspension nanotubes can be first wetted by use of a sur-
have explored their interaction with the complement system. factant, such as 0.5% Triton X-100. Initial experiments were
The complement system is a group of about 35 soluble done with nanotubes wetted in 0.5% Triton X-100. Itwas then
and cell-surface proteins in blood which interact to recog- observed that serum and plasma would also act as a “wetting
nise, opsonise and clear or kill invading micro-organisms, agent”and experiments were repeated with nanotubes, which
altered host cells (e.g. apoptotic or necrotic cells) and other had been suspended directly in serum or plasma. No differ-
foreign materials$im and Tsiftsoglou, 20Q4It can be acti- ence in complement-activating capacity was found between
vated by synthetic materials such as polystyréxredersson nanotubes wetted in Triton X-100 and nanotubes wetted di-
et al.,, 2002. Activation may occur by any of three path- rectly in serum or plasma.
ways, termed the classical, lectin and alternative pathways. To study protein binding to nanotubes, suspending the
Inthe classical pathway, the protein C1qgrecognises activatorsnanotubes in protein solution, incubating and washing by
mainly via charge and hydrophobic interactions, and binds to centrifugation or filtration is impractical, as the centrifuged
them. In the lectin pathway MBL binds to targets via inter- nanotubes are difficult to resuspend. For filtration, they form
action with neutral sugar residues (e.g. mannose). Similarly a layer, which is not sufficiently porous for efficient wash-
L-ficolin can initiate the lectin pathway, but its recognition ing. For this reason, nanotubes were dispersed in a relatively
specificity is uncertain. The activation of complement via inert porous scaffold (Sepharose 4B beads, Amersham Bio-
the alternative pathway starts by the binding of C3b to the sciences, Bucks, UK) for protein binding experiments.
pathogen surface and the subsequent events of complement
activation via this pathway are analogous to those of the clas-2.3. Preparation of antibody-sensitised erythrocytes,

sical pathway. rabbit erythrocytes, serum, plasma and radioiodinated
Clg
2. Materials and methods 2.3.1. Preparation of antibody-sensitised erythrocytes
Antibody-sensitised sheep erythrocytes (EA) were pre-
2.1. Synthesis of carbon nanotube samples pared as follows. Erythrocytes from sheep blood in Alsevers

solution (TCS Biosciences, Buckingham, UK) were washed
For this study two types of carbon nanotubes were used: (10 min, 3000 rpm room temperature (RT)) three times in
single-walled and double-walled. SWNTs were produced by phosphate-buffered saline (PBS (137 mM NaCl, 2.6 mM
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KC1, 8.2mM NaHPOy and 1.5 mM KHPQ;, pH 7.4)) be- gel (Invitrogen, Paisley, UK), then separated by electrophore-
fore resuspending the erythrocytes in dextrose gelatin veronalsis for 45 min at 200V using MES buffer (Invitrogen) in a
buffer (DGVB?*; 2.5mM sodium barbital, 72mM NaCl, Novex X Cell || Mini-cell gel apparatus. Invitrogen multi-
0.15M CaC$, 0.5mM MgCb, 2.5%, w/v glucose, 0.1%, mark prestained standards were used. Proteins bands were
w/v gelatin, pH 7.4). Ten millilitres of sheep erythrocytes stained with simply Blue SafeStain (Invitrogen).

(adjusted to 19cells/ml) were then incubated with 0

of rabbit anti-sheep haemolytic serum (C12HSA, Serotec, 2.4.2. Western blotting technique

Kidlington, UK) for 1 h at 37C. EA were washed once in Following SDS-PAGE, unstained proteins were trans-
PBS, then three times in DG\, and the concentration ad-  ferred to a PVDF membrane by semidry blotting in 0.039 M
justed to 18 cells/ml in the same buffer. glycine, 0.048 M Tris, 0.0375% (w/v) SDS buffer. The mem-
brane was blocked with 5% (w/v) skimmed milk powder
2.3.2. Preparation of rabbit erythrocytes (Marvel, Premier Brands Ltd., UK) in washing buffer (PBS,

Rabbit erythrocytes from rabbit blood in Alsevers solution 0.2%, v/v Tween 20, pH 7.4). The blot was then incubated
(TCS Biosciences) were washed three times in PBS and thewith polyclonal rabbit anti-human C1g antibody (MRC Im-
concentration adjusted to 46ells/ml in Mg—-EGTA buffer munochemistry Unit: 2Q.g of purified 1gG/ml) for 60 min
(10mM ethylene glycol-bis(2-aminoethylethé¥)V,N,N'- at RT, washed three times for 10 min in washing buffer and
tetraacetic acid (EGTA)), 7 mM Mggj] 2.1 mM sodium bar- incubated with goat—anti-rabbit IlgG-horseradish peroxidase
bital, 59 mM NaCl, 2.08% (w/v) glucose, 0.08% gelatin, pH conjugate (0.pg/ul) (TAGO, Burlingame, USA), in block-
7.4. ing buffer for 1 h at RT. The membrane was developed using

an ECL™ Western blotting kit (Amersham Biosciences).
2.3.3. Preparation of serum and plasma

Serum was made by clotting human citrated plasma (HD 2.5. Mass-spectometry analysis of proteins
Supplies, High Wycombe, UK) by addition of 16 mM CacCl
with subsequent removal of the clot. This material was used SDS-PAGE gel bands were destained 3 times for 20 min
for classical pathway and protein binding studies. Fresh in 100ul 50 MM NH4HCOs in 50% (v/v) acetonitrile. The
human serum obtained from blood samples with no anti- supernatant was discarded and gel pieces were soaked in
coagulant was used for alternative pathway assays. Clottedl00ul of 80% (v/v) acetonitrile for 20 min. The acetonitrile
blood was centrifuged at 3000 rpm for 30 min and the serum was removed and gel pieces dried under vacuum for 30 min

directly aliquoted and stored at80°C. using a centrifugal evaporator (Speed-vac, Savant, USA).
The proteins in the gel pieces were re-reduced by swelling
2.3.4. lodination of Clg them in 50ul 10mM dithiothreitol (DTT) in 100 mM

Clqwas isolated from pooled human serum using affinity NH4HCOs and incubating (45 min, 5&C). Gel pieces were
chromatography on IgG Sepharose{d, 198). C1q was chilled to room temperature and DTT solution removed
iodinated as follows: CPG-10 (BDH Chemicals, Poole, UK) by aspiration. Fifty microliters of 55mM iodoacetamide
controlled pore glass beads (100 mg) was mixed with 1 ml of in 100 mM NH;HCO3; was added and the gel pieces were
chloroform solution containing iodogen (Sigma, Poole, UK) incubated for 30 min at room temperature to alkylate free SH
(200.g iodogen/ml) and incubated at room temperature for groups. Liquid was removed and gel pieces were washed with
5 min before the beads were dried under a stream of oxygen-NH4HCOgs/acetonitrile as previously. Gel pieces were com-
free nitrogen. Ten milligrams of iodogen-coated CPG-10 pletely dried under vacuum, re-hydrated in @020 ngul
glass beads (20g iodogen/10 mg beads) were mixed with trypsin in 2100 mM NHHCOs (Sigma sequence grade) and
500l of PBS-0.5mM EDTA, pH 7.4, 2l 1 M potassium left to incubate at 37C overnight. The supernatant was
phosphate buffer pH 7.4, 0.3 mCi of N&% (Amersham removed and stored in a 0.5 ml conical centrifuge tube. Fifty
Bioscience) and 5Qg of C1q in PBS-0.5mM EDTA, pH  microliters of acetonitrile:triflouroacetic acid (TFA):water
7.4 and incubated on ice for 5min after which the mix was (50:1:49, v/v/v) was added to the gel pieces and the samples
transferred to a de-salting column (PD-10, Amersham Bio- agitated for 20 min at room temperature. The supernatant

science) to remove unbound Nl was removed and pooled with supernatant from the previous
step before being dried under vacuum as before. The sample
2.4. SDS-PAGE and Western blotting was reconstituted in 101 0.1% (v/v) TFA or 5ul if from a
faint gel band. One microliter of sample was mixed wiffal1
2.4.1. SDS-PAGE of saturatedx-cyano matrix solution of which 0.pl was
Unless otherwise indicated the samples that required elecHloaded onto the Ettan MALDI-ToF Pro mass spectrometer
trophoretic analysis were incubated at°@for 5min in (Amersham Biosciences) target slide for PMF (peptide

sample buffer (0.2 M Tris, 8 M urea, 2% SDS, 0.2M EDTA, mass fingerprint) analysis in reflectron mode. Proteins were
40 mM dithiothreitol (DTT), adjusted to pH 8.2 withHCl)and identified by comparison of the spectra to a computer-
loaded on a4-12%dVexBis—Tris sodium dodecyl sulphate- generated database of tryptic peptides from known proteins
polyacrylamide gel electrophoresis (SDS-PAGE) gradient using ProFound, the instrument’s built-in search engine
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(Proteometrics LLC), which utilises the NCBInr protein zymosan were obtained by incubating %000f undiluted
database (National Center for Biotechnology Information, serum with DWNTs (1.25mg) or zymosan (1.25 mg) for 0,

Bethesda, USA). 5,30and 60 min at 37C. Each supernantant was assessed for
the activation of complement via classical pathway following
2.6. N-terminal sequence analysis the procedure described above.

Proteins, which were not identified by mass spectrome- L . .
. . h 2.7.2. Complement activation/consumption via
try were subjected to N-terminal sequence analysis. Samplesalteman.ve pathway
were reduced and run on SDS-PAGE (as in Sec#ighl).

Th | lectroblotted todNex 0 PVDE To test the alternative pathway, 5Q0of fresh human
€ gel was electrobiotted todvex -2um mem- serum was diluted 1:1 (v/v) with Mg—EGTA buffer and
brane (Invitrogen) in a bvex blot module. The membrane

incubated for 1 h at 37C with zymosan or carbon nanotubes
was then stained with Coomassie Brilliant Blue. The bands of y

int ¢ ised f the PVDF b q h din wells of a 24-well plate as described above. Then
interestwere excised from the F membrane and washe gquadruplicate 5.1 samples of the supernatant were again
extensively with 10% methanol in water prior to sequenc-

) . ) diluted 1:1 with the same buffer and placed in a microtitre
ing. Samples were then sequenced on an Applied Blosystem%late_ Rabbit red blood cells (2¢0 of 10° cells/ml) were

494A ‘Procise’ protein sequencer (Applied Biosystems) us- added to each well and incubated at°87for 1 h followed

ing standard sequencing cycles. by centrifugation (2500rpm, 10min). Fifty microliters
of the supernantants were taken and mixed with 200
Mg-EGTA buffer. Haemoglobin was measured at 541 nm
in the supernatant. Total haemolysis (100%) was measured
by lysing the rabbit red cells with water. Background
spontaneous hemolysis (0%) was determined by incubating

Toi . heth b b . h rabbit red cells with Mg—EGTA buffer only. Kinetic studies
0 Investigate whether carbon nanotubes activate Numane o ctivation of the complement system via alternative

serum complement via the classical pathway a complementpathway were performed by incubating 5000f fresh

consumption assay was done. Nanotubes (0.62-2.5Mg)o\m diluted 1:1 (viv) with Mg—EGTA buffer with 1.25 mg

vvlere sgsphende?l infSQﬁ ofbundilutzdzzum'ﬁn Iserurcr; a_nd of DWNTSs or 1.25mg of zymosan for 0, 5, 30 and 60 min
placed in the wells of a flat-bottomed 24-well plate (Greiner, 37°C, followed by haemolytic assay as above.

Stonehouse, Gloucestershire, UK). Similarly, zymosan
samples (Sigma) (0.62—-2.5mg) were suspended inub00
of undiluted serum and placed in wells of the same plate. 2.8. Selective binding of serum and plasma proteins to
Zymosan is a positive control as it activates the classical carbon nanotubes
pathway by binding anti-yeast antibodies present in human
sera. A negative control sample consisted in placing g00  2.8.1. Selective binding of serum proteins to carbon
of undiluted human serum in empty wells. Samples were nanotubes
incubated at 37C for 1h followed by centrifugation Experiments using human serum and human plasma were
(2500 rpm, 10 min). carried out to determine whether protein binding to carbon
To test the classical pathwayVhaley, 1985; Whaley  hanotubes is selective. Two Sepharose 4B columns were set
and North, 199Y, the supernatants of each sample were Up:alarger Sepharose column (10 ml) (not containing carbon
serially diluted (two-fold serial dilution 1/2 to 1/1024 in nanotubes), and a small Sepharose column (1 ml, containing
DGVB2*) and placed in a microtitre (96-well) plate. One 5mMmg DWNT suspended among the Sepharose beads). These
hundred microliters of each dilution was incubated with Were equilibrated in 20 mM Hepes, 50 mM NacCl, 0.5mM
100l of antibody-sensitised EA (fa&ells/ml in DGVE?) MgClz, 0.15mM Cady, pH 7.0.
plus 100 DGVBZ* in V-well microtitre plates (Dynex Human serum (10ml) was diluted with 10 ml running
Technologies, Ashford, UK) for 1h at 3T. After incu-  buffer and passed through the large column to remove
bation, cells were spun down (2500 rpm, 10 min, RT), and Proteins which bind to Sepharose (these include 19G, IgM
haemoglobin was measured at 405nm in the supernatantand fibronectin) then through the small column, to bind
Total haemolysis (100%) was measured by lysing EA with Proteins which interact with the nanotubes. After this, each
water. Background spontaneous haemolysis (0%) was detercolumn was thoroughly washed with the running buffer.
mined by incubating EA with buffer only. In this type of ~From each column, the resin was resuspended to a 1:1 slurry
assay, incubation of human serum with an activator activatesin the running buffer. One hundred microlitres of each slurry
(consumes) complement and therefore depletes complementvas centrifuged at 13,000 rpm for 5 min. The supernantants
activity. The extent of depletion is determined by assaying Were removed. Fifty microlitres of SDS-PAGE sample buffer
remaining complement activity by determining complement Was added to the resins. Samples were incubated &€ 95
dependent lysis of red blood cells. Data relative to the ki- for Smin and loaded on an SDS-PAGE gradient gel as in
netics of the activation of complement system compared to Section2.4.1

2.7. Haemolytic complement assay (complement
activation/consumption)

2.7.1. Complement activation/consumption via classical
pathway
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2.8.2. Selective binding of plasma proteins to carbon 70 T T T ——&
nanotubes i’lf, - -

For binding of plasma proteins, 10 ml of human plasma 5 e
was diluted with 10 ml of running buffer (Alsever’s solu- 5 50 A =
tion: 294 mM trisodium citrate, 1.9% (w/v) glucose, 72 mM E a0l
sodium chloride, 2.4 mM citric acid, pH 7.0) and then passed § . .
through the two columns, equilibrated in Alsever’s solution. 2. By Zymosan
After washing, resins were analysed by SDS-PAGE as above. 2 20| - A

Proteins bands on the SDS-PAGE gel were stained, then E i ~A— CVD SWNTs.
low and high intensity protein bands were excised from the %’ I ¥ W=CVDDWATS.
gel and prepared for protein identification by tryptic peptide o Y
flngerprmtm_g b_y mas;spectqmetry and N—termlnql sequence (A) Weight (mg)
analysis as indicated in SectioB$ and 2.6respectively.

2.9. Clgq binding to carbon nanotubes %’ B0 —4—DWNTs -n
¢ 70+ —W—Zymosan " 4

To detect C1q bound to the DWNTs from serum, 100 § 60 " ]
of slurry suspension of the Sepharose-DWNT mixture (Sec- E sor -
tion 2.8.1) and Sepharose (control from Secti®i8.1) were g gf B ]
centrifuged at 13,000 rpm for 5 min. Supernantants were re- S aof J
moved and 5@ of SDS-PAGE sample buffer was added to ‘é 200 ¢ ¢ -
each sample. Subsequently, these samples and a standard C1q 3 10 ]
sample (375 ng) were load in a 4-12% SDS-PAGE gradient 5 o . . . . ‘ .

. : : © o 10 20 30 40 50 60
gel and analysed by Western blot technique as described in
Sectiong2.4.1 and 2.4.2 (B) Timne (o)

To provide additional evidence that C1q binds directly to , -
L . . ig. 1. (A) Percentage consumption of human serum complement activity
carbon nanotubes a binding experiment with pure C1q Was i classical pathway due to the presence of different types of carbon nan-
performed. Sepharose columns were used for each bindingotubes. Procedures were as described in Se@idri. Zymosan samples
experiment. One column containing only Sepharose (1 ml (2.5,1.25 and 0.62 mg) were used as the positive control for each amount of
packed volume) served as the negative control. For the othercarbon nanotube samples incubated with undiluted human serum. A sample

of undiluted human serum incubated at°87served as the negative con-
Sepharose column, Sepharose (1 ml packed VOIume) Wa%rol experiment (zero complement consumption). Percentage of complement

mixed with a suspension of DWNT (0.2-1.5mg) in run-  onsymption was calculated as4 C;)/C x 100%, whereC represents the
ning buffer (20 mM Hepes, 50 mM NaCl, 0.5 mM MgCl total complement activity (in CH50 units) of the negative contélis the
0.15mM CaC}, pH 7.0) and the Sepharose—nanotube mix- amount of activity remaining in the supernatant of the sample tested, there-
ture was poured into a 0.5 cm diameter column. fore (C — C;) represents the amount of complement activity lost or consumed

125)_ . by the sample tested. The data points are the means of four determinations.
-Clq (124 262 cpm (l.lﬁg)) In 500M| of the above (B) Time course of activation of complement system via classical pathway.

running buffer or in 50wl of undiluted human serum was  zymosan (2.5 mg) or DWNTS (1.25 mg) were incubated with BDondi-
loaded onto each column. This material was left in contact |uted human serum for 0, 5, 30 and 60 min at’@7 and the remaining
with the column for 30 min at 4C followed by an extensive complement activity (CH50 units) measured by haemolytic assay. Comple-
wash with the running buffer. Subsequently, the columns ment consumption was calcul_ated qs f(_)r _(A). Consumption of_ gomplement
were placed in a Mini-Assay type 6-20 manuatounter system by carbon nanotubes is rapid similar to zymosan (positive control).
(Mini Instruments, Burnham-on-Crouch, Essex, UK) in
order to measure the amount of C1q bound to the carbon nanincluding SWNTs and DWNTSs is shown Kig. 1 Zymosan,
otubes. The serum contains many different proteins, at atotala yeast cell wall extract which is a well-characterised and
concentration up to 70 mg/ml and so provides a very large ex- potent complement activator, was used as a positive control
cess of competing proteins to minimise non-specific binding to test classical and the alternative pathway activation, while
of C1q. the incubation of a human serum sample at@#vas used

as a negative control. Zymosan is generally used as an activa-

tor of the alternative pathway, but in classical pathway assay

3. Results and discussion conditions anti-yeast antibodies in human serum bind to the
zymosan, and activate the classical pathway. All the carbon

3.1. Consumption/activation of complement via the nanotube samples tested activated complement to an extent

classical pathway and alternative pathway comparable with zymosan. Activation is greater with 1.5 mg

of zymosan or carbon nanotubes than with 0.62 mg, showing
The activation of the human serum complement system via dose dependence. Because of the configuration of the experi-
the classical pathway by different types of carbon nanotubes,ment with materials settled in microtitre plate wells, the high-
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est dose, 2.5 mg, presents a similar surface area to the 1.5 mghis is in contrast to classical pathway consumption, where
dose, and so results in similar complement consumption.  HIPco SWNTs were more effective than DWNTSs.

For testing activation of the human serum complement  Kinetic analysis of activation of complement via both
system via the alternative pathway, the incubation of serum classical and alternative pathway compared to zymosan are
with the potential activator, and the haemolytic assay were shown inFigs. 1B and 2BThese studies show that the con-
performed in the presence of only Kfg The absence of  sumption of complement by DWNTSs via classical and alter-
C&"* in this assay blocks classical pathway activation. This native pathway is rapid, similar to zymosan. The similarity
is because the recognition complex of the classical pathwayin kinetics indicates that the mechanisms of activation by
C1gps, dissociates and is inactive in the absence df'Ca zymosan and by nanotubes are likely to be comparable.

Complement consumption by DWNTs was dose-  Asaconsequence of complement activation, fragments of
dependent and was about 50% of the consumption by a com-various complement components are generated. C3b, C4b or
parable weight of zymosan. Complement consumption by the C3b breakdown products iC3b and C3d are likely to bind
HIPco SWNTs was dose-dependent, but very I&ig( 2). to nanotubes, and this may lead to adhesion onto the surface

of arange of blood cells. They may also stimulate uptake into
the cell. This may be advantageous in use of nanotubesin vac-

o5 10 - T - - ' cination, as it may be improve the presentation of antigens.
2} 188: - 4 ] Drugs contained in nanotubes, however, could be prevented
é sok : ] from reaching their targets sites and if cytotoxic could dam-
g o} _ Iamﬁswms . age components of the cellular immune system.

£ 90k . @ Zymosan 1 The relatively high level of complement activation might

i ig: lead to the generation of an inflammatory response and also
S aof _— might lead to the formation of granulomas at a later stage. The
B 20} h i - creation of granulomas associated with the presence of car-
5 10} "_ B ‘ o _J_ . bon nanotubes has already been reported in studies of mouse
5 '13"*" 1 1 . I lungs Lam et al., 200%

0.0 0.5 1.10 1I.5 2.0 25
Weight (mg) 3.2. The selective binding of Clq and other plasma
proteins to carbon nanotubes

=

€ 1op—————————————

£ 100 . LA To elucidate the mechanism of activation of complement
§ ol o ] via the classical pathway and to analyse the interaction of
'CE'l 7ol . ] complement proteins with carbon nanotubes the binding of
8 eof | e ffjpmereiin A ] C1q to carbon nanotubes was studied.

S SO jp— 1 Activation of the human serum complement system via
% gg B DWNTs ] the classical pathway takes place when C1q, the recognition
E 20 _e— Zymosan ] suburjit of the C1 comple;x, binds to complgment acti\./ator.s.
g 10,!" . Clq is a 460 kDa protein composed of six heterotrimeric
O O30 0 20 50 e collagen-like triple helices t_hat converge ir_1 th_e?r N-terminal
(B) Time (min) half to form a stalk, then diverge to form individual stems,

each terminating in a C-terminal heterotrimeric globular
Fig. 2. (A) Percentage consumption of human serum complement activity domain (Gaboriaud et al., 2003C1 binds to target ligands
via alternative pathway due to the presence of two types of carbon nanotubesyia these globular domains, or heads, triggering activation

Procedures were as described in S_ecﬁth Zymosan samples (2.5, 1.25 of C1r and C1s, the proteases associated with @quuﬂd
and 0.62 mg) were used as the positive control for each amount of carbon nan-

otube samples incubated with human serum diluted 1:1 in Mg—EGTA buffer. et al.,, 2002. In this study, we detected _Clq protein boun_d
A sample of human serum incubated at87served as the negative con-  t0 the carbon nanotube sample by using Western blotting
trol experiment (zero complement consumption). Percentage of complement(Fig. 3). Since C1q in serum circulates as the C1 com-
consumption was calculated a8+ C;)/C x 100%, whereC represents the plex (Clgpsp), it appears that whole C1 is binding the
total complement activity of the negative contr6},is the amount of activity nanotubes.

remaining in the supernatant of the sample tested, therefore(;) rep- L
resents the amount of complement activity lost or consumed by the sample It was concluded that the binding of Clq to carbon

tested. Each data point represents the mean and standard deviation offourinnfinOtUbes is .highly selective, since out C_)f tho_usands of
dependent experiments. (B) Time course of activation of complement systemdifferent proteins in serum, very few proteins bind to the
via alternative pathway. Zymosan (1.25mg) or DWNTs (1.25mg) were in- carbon nanotubed={g. 4). When DWNTSs are exposed to

cubated with 50Q.l of human serum diluted 1:1 in Mg—EGTA buffer for 0, 5, human serum and plasma only a few proteins bind in Iarge

30 and 60 min at 37C and the remaining complement activity (CH50 units) titv. Th identified bv trvotic fi inti
measured by haemolytic assay. Complement consumption was calculated aguan Iy. €se were identme y tryptic tingerprinting

for Fig. 1A. Consumption of complement system by carbon nanotubes is @nd Mass spectrometry as ﬁb.rinOQen and. apo”POPrOtein
rapid similar to zymosan (positive control). Al. Several other bands are visible at lower intensity, these
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1 2 3 Table 1
185kDa Binding of12%-C1q to DWNT in presence and absence of human serum
98 kDa —» Quantity of Presence (+)/absence % C1q bound
52 kDa DWNT (mg) (—) of serum
0 + 6.42
31kDa — 0 - 6.2
« A&i. B chain 0.2 + al
19 kD " Hemt 0.4 + 179
a 0.8 + 197
1.5 - 22

17 kDa N
Binding of 129-labelled C1q to carbon nanotubes. DWNTs were immo-

11 kDa inding _
6kDa — bilised in Sepharose. Sepharose alone was used as a negative control. Carbon
3kDa —— nanotubes were exposed to 124,262 cpm (jg)sof 129-C1q. Binding of
125.C1q was tested in the presence or absence of$66undiluted human
serum.

a 9% of labelled C1q bound to Sepharose in absence of nanotubes but in
Fig. 3. C1q binding to DWNTSs. Samples of proteins bound to DWNTs the presence of serum.
from human serum were analysed by SDS-PAGE and Western blotting as P % of labelled C1q bound to Sepharose in absence of nanotubes and in
described in Section®.8.1 and 2.9DWNTSs suspended in Sepharose were the absence of serum.
used as an affinity medium to select serum proteins which bind DWNTSs.
Serum diluted 1:1 was incubated with Sepharose—-DWNTSs equilibrated in fibrinogen Entwistle and Furcht, 1938)ut the complement
the buffer (20mM Hepes, 50mM NaCl, 0.5mM MgCD.15mM CaGj, consumption assays reportedfiys. 1 and Avere done in
pH, 7.0). After removing unbound protein by exhaustive washing with the erum. not plasma. so fibrinogen is unlikelv to be involved
same buffer, a suspension of the Sepharose DWNT mixture was analys,ed_S ’ P T 9 y
for bound proteins by SDS-PAGE. Total bound serum proteins are shown by In cOmplement activation.

Coomassie blue staining Fig. 4, track 3; while the presence of bound C1q Further tests were done usihgpl-labelled C1q to show
was shown by Western blottingig. 3, track 2). Sepharose withoutDWNTs  that C1q binds directly to carbon nanotubes, which have not
was used as a negative control for the whole procedtig G, track 1). been exposed to other serum proteifatle 9. Therefore, it

C1g A, B chains (which co-run) and C chains are visibléig. 3, rack 3, o001 o jikely that classical pathway activation arises from di-
while the lower intensity signal in track 2 reveals only the A/B chain band. y P y

Anti-C1q antibodies were used to detect C1q. Lane 1: control experiment F€Ct binding of C1q to carbon nanotubes. As showraible 1,

(human serum proteins bound to Sepharose); lane 2: human serum proteinghere is some residual binding of C1q to Sepharose alone (no

bound to DWNT Sepharose; lane 3: standard C1q (375 ng). nanotubes) in the presence or absence of serum. Increasing
the quantity of DWNT in the Sepharose increases C1q bind-

include apolipoproteins AIV and C-lIl. From serum (which ing, in the presence and in the absence of serum.
lacks fibrinogen) apolipoprotein Al is the dominant protein ~ For the alternative pathway also, C3b binding might be

bound, with several other proteins including apoiipoprotein direct or indirect. SWNT barely activate the alternative path-
AlV and C-Ill bound in low quantity. way, while the DWNT activate welKjig. 2). Both DWNT and

In Fig. 4, Clq is not identifiable as a band on the gel SWNT however show very similar overall binding of plasma

tracks showing plasma or serum proteins bound to carbonand serum proteins (as Fig. 4 CSM unpublished results),
nanotubes, but it is detectable using specific antibody recog-s0 the major carbon nanotube binding proteins identified in
nition (Fig. 3. In Fig. 4, tracks 4 and 6, C1q chains would ~Fig. 4are unlikely to be involved in indirect binding of C3b.
co-run with the~25kDa bands of apolipoprotein Al, and Carbon nanotubes could potentially cause complement acti-
so it would be difficult to identify C1q “under” this pro-  Vvation (consumption) by sequestering factor H, causing in-
tein using the methods available to us. In general, classicalcreased C3 turnover in serum. However, itis clear ffog 4
pathway activation does not require a |arge quantity of Clq that carbon nanotubes do not bind factor H (a 155 kDa single
to bind: since complement activation has several amplifica- chain glycoprotein).
tion steps, small numbers of C1q molecules are sufficient for ~ Fibrinogen has been previously reported not to be signif-
activation. icantly absorbed on SWNTShim et al., 200R Shim et al.
Compiement activation by the carbon nanotubes may (2002) attributed this phenomenon to the much Iarger size
be due to direct binding of C1q (classical pathway) or C3b ©f fibrinogen ¢-340kDa and about 45nm longiown et
(alternative pathway) to the carbon nanotubes, or may beal., 2000) relative to the diameter of SWNTs (0.4-2nm).
mediated by binding of C1q or C3b to other plasma/serum We however find that fibrinogen in human plasma binds to
proteins adsorbed to the carbon nanotubes. The regula®WNTSs, which have diameter 1-3nm. Since only a small
structure of the carbon nanotubes might create, for example,segment of the protein is likely to interact directly with the
an array of bound protein& which could be recognised by carbon nanotubes, the overall size of the protein may beirrel-
the complement system as “foreign”. C1q binds to IgG and €vant in this context. Absorption of fibrinogen to “biocom-
IgM, and to the pentraxins, and also fibronectin, but none of patible” polymers such as polyester terephthalate (PET) has
these is presenE(g. 4) as a major species binding to carbon been shown to promote inflammatory responses, including
nanotubes. There is an isolated report of Clq binding to Phagocyte recruitmenTéng and Eaton, 1993



200 C. Salvador-Morales et al. / Molecular Immunology 43 (2006) 193-201

185 kDa———»

98kDa_____,

-4—7 o

.-—.1—7]3

-

S «——Apolipoprotein AIV

L]

-7Apolipopmtem Al
—

Fig. 4. Selective binding of human serum and plasma proteins to DWNTSs. As described in 3&itierbinding of serum and plasma proteins to DWNTs was
tested. Serum diluted 1:1 in 20 mM Hepes, 50 mM NaCl, 0.5 mM MgCL5 mM CaC}, pH, 7.0 or plasma diluted 1:1 in 294 mM trisodium citrate, 1.9% (w/v)
glucose, 72 mM sodium chloride, 2.4 mM citric acid, pH 7.0, were run through affinity columns containing Sepharose (negative control) or Sepiifsse—DW
each column equilibrated in the dilution buffer for plasma or serum as appropiate. After exhaustive washing in the same buffer, samples ofréredfinity
were analysed by SDS-PAGE (reduced) (see Se&idnLane 1: molecular weight marker; lane 2: control experiment (human serum bound to Sepharose);
lane 3: human serum bound to DWNT Sepharose; lane 4: human serunuljl.&ie 5: control experiment (human plasma bound to Sepharose); lane 6:
human plasma bound to DWNT Sepharose; protein bands from the gel were identified by mass spectrometry tryptic digest fingerprinting or N-temna@al sequ
analysis as described in Sectidh$ and 2.6 Protein bands corresponding 85 and 37 kDa that are not identified in lane 3 and 6 were also analysed by
mass spectometry and N-terminal sequence analysis but there was insufficient protein for their identification. Albumin, apolipoprotein Al, AlMaard C
identified in serum samples. Albumin and apolipoprotein C-1ll were not identifiable by fingerprinting but were identified by N-terminal sequéniciageRi

(a protein comprised af, B andy chains), apolipoprotein Al and AlV were identified in plasma samples. The spectrum of proteins bound (lanes 3 and 6) is
very different from the spectrum of proteins in whole serum (lane 4), showing a high degree of selectivity in binding.

ipaprotein ATV

[l
A

rotein C-111

4. Conclusions response to foreign materials). This means that complement
activators, including carbon nanotubes, which become
We have demonstrated for the first time that two types of coated with iC3b and C3d, may act as adjuvants. These
carbon nanotubes, SWNTs and DWNTSs activate the humanfindings are consistent with and may provide an explanation
serum complement system via the classical pathway. DWNT for the finding of Pantarotto et al. (2003b)ho showed
also activate the alternative pathway, but SWNT hardly ac- enhance anti-peptide antibody response by immunising with
tivate this pathway. The level of activation in both pathways peptides coupled to nanotubes. In that stuBarntarotto
was compared to that produced by an equal weight of zy- et al., 2003b however, the nanotubes were functionalised
mosan, a well characterised and potent complement activator(chemically modified). The mechanism of adjuvant activity
(Figs.1and 2 relies on complement and complement receptor interactions
Activation of complement by carbon nanotubes via classi- such as interaction of C3d, bound to the complement
cal pathway will lead to generation of inflammatory peptides activator, with its receptor CR2 on antigen presenting cells,
C3a, C4aand C5a. Chais a neutrophil chemotactic factor. Theincluding B lymphocytes. This receptor-ligand interaction
carbon nanotubes will also become coated with the opsoninscan stimulate antigen presentation, B lymphocyte prolifer-
C3b and iC3b. When these nanomaterials are introduced intoation and immunoglobulin secretiofrdaron and Carroll,
amammalian host, complement activation will resultin accu- 2000.
mulation of neutrophils and in adherence of phagocytic cells  The activation of human complement induced by
around them. Morevor, since these nanowires are too largecarbon nanotubes might be diminished or eliminated
to be phagocytosed, there may be discharge of degradativeby alteration of surface chemistry. Variations in surface
enzymes by neutrophils, causing tissue damage. There willcharge, for example, might promote binding of Factor H,
probably be granuloma formation originating mainly from a down-regulator of complement activatioBifh et al.,
macrophage adherendeiéz et al., 200D 1993. Studies are in progress to determine the effects
Complement activation products such as C3b, C4b, iC3b of chemical modification of nanotubes on complement
and C3d also act as adjuvants (i.e. they increase the immuneactivation.
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