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C
arbon nanotubes are graphene sheets
rolled up into hollow cylinders with
different aspect ratios and anisotropic

characteristics.1,2 These are divided into two
groups, which includes single-walled carbon
nanotubes (SWCNTs) andmultiwalled species,
consisting of a minimum of two concentric
SWCNTs with an interlayer separation of
around 0.34 nm. Carbon nanotubes exhibit
unique electronic, photonic, mechanical,
and chemical properties, whichmakes them
attractive exploratory candidates for biolog-
ical investigation.3 Indeed, during the past
few years, carbon nanotubes, although not
biodegradable andwhich are not readily eli-
minated from the body, have received in-
creasing attention in site-specific drug and
nucleic acid delivery, photodynamic ther-
apy, in vivo fluorescence imaging in the
second near-infrared (NIR-II) window, and

photoacoustic molecular imaging.3�16 In
particular, the deep penetration and low scat-
tering of NIR-II photons emitted by SWCNT
fluorescence open up a new exciting op-
portunity toward a high-resolution real-time
in vivo imaging modality.14�16

Pristine carbon nanotubes are insoluble
in nearly all aqueous solvents and biological
fluids. Accordingly, there have been many
measures in terms of surface treatment and
functionalization strategies to render nano-
tubes readily dispersible.4,5,9,17�24 Covalent
functionalization,17�20 however, may not
sufficiently preserve the intrinsic physical
properties of SWCNTs, such as near-infrared
fluorescence and Raman scattering neces-
sary for biomedical imaging and dynamic
tracing. Accordingly, surface adsorption of
polymeric amphiphiles such as methoxypoly-
(ethylene glycol)-phospholipid (mPEG-PL) has
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ABSTRACT Carbon nanotubes (CNTs) are receiving considerable attention in site-

specific drug and nucleic acid delivery, photodynamic therapy, and photoacoustic

molecular imaging. Despite these advances, nanotubes may activate the complement

system (an integral part of innate immunity), which can induce clinically significant

anaphylaxis. We demonstrate that single-walled CNTs coated with human serum albumin

activate the complement system through C1q-mediated classical and the alternative

pathways. Surface coating with methoxypoly(ethylene glycol)-based amphiphiles, which

confers solubility and prolongs circulation profiles of CNTs, activates the complement

system differently, depending on the amphiphile structure. CNTs with linear poly(ethylene

glycol) amphiphiles trigger the lectin pathway of the complement through both L-ficolin and mannan-binding lectin recognition. The lectin pathway

activation, however, did not trigger the amplification loop of the alternative pathway. An amphiphile with branched poly(ethylene glycol) architecture also

activated the lectin pathway but only through L-ficolin recognition. Importantly, this mode of activation neither generated anaphylatoxins nor induced

triggering of the effector arm of the complement system. These observations provide a major step toward nanomaterial surface modification with polymers

that have the properties to significantly improve innate immunocompatibility by limiting the formation of complement C3 and C5 convertases.

KEYWORDS: carbon nanotubes . complement system . L-ficolin . methoxy(polyethylene glycol)-phospholipid .
poly(maleic anhydride-alt-1-octadecene)
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become a useful strategy not only for forming highly
stable SWCNT dispersions but also for imparting sub-
sequent functionality and prolonging nanotube blood
circulation profiles.4,5,9,10,23,24 Indeed, PEGylation is an
established approach that confers resistance to rapid
nanoparticle clearance by blood monocytes and
macrophages in direct contact with the blood.25,26 This
offers an unprecedented opportunity for targeting
nanotubes to other vascular elements and targets
beyond, depending on anatomical, ultrastructural,
and pathophysiological processes.25�27

A number of molecular and functional studies have
shown that nanoparticle PEGylation and surface mod-
ification with other related nonionic polymeric amphi-
philes may not necessarily confer compatibility with
the innate immune system.26�37 This is due partly to
gradual loss of the amphiphile from the surface and
partly to the differential binding of complement re-
cognition molecules depending on the bound poly-
mer/amphiphile architecture. The complement system
is an integral part of innate immunity and acts as a first
line of defense against intruders, which can be acti-
vated through three general pathways (classical, lectin,
and alternative pathways) following surface binding
of a number of complement recognition molecules

(Figure 1).38,39 Although complement activation can
prime the surface of intruders (including man-made
nanoparticles) with opsonic complement fragments
(C3b, iC3b) for recognition and clearance by phagocy-
tic cells, its inadvertent activation may induce acute
“allergic-like” reactions and anaphylaxis.32,39 Two stud-
ies have shown that both pristine and PEGylated
carbon nanotubes can trigger complement activation
in human serum.35,40 Pristine nanotubes initiated com-
plement activation through the classical pathway,40

but these observations may be due to the presence of
large amounts of nanotubebundles and aggregates that
could interact with the cationic globular head of the C1q
molecule. In a separate study, PEGylated (PEG5000) nano-
tubes were shown to trigger a complement system
through the lectin pathway, but the underlyingmechan-
istic aspects still remain to be revealed.35 The latter
observation, however, is interesting since surface con-
centration of the immobilized PEG5000 is well below the
threshold of soluble surfactant quantities necessary for
triggering complement activation.35,41 This strongly sug-
gests an important role for the surface PEG architecture
in attracting different complement recognition mol-
ecules. Accordingly, we have examined the role of key
complement recognition molecules in initiation and

Figure 1. Complement recognitionmolecules and complement activationpathways. Key complement recognitionmolecules
are shown in red. The cartoon shows sequential activation of complement components for each pathway as well as
measurable pathway-dependent complement activation products (e.g., C4d, Bb, iC3b, C3a, C5a, SC5b-9). Properdin (P) has
dual roles. It acts not only as a pattern recognition molecule capable of activating the alternative pathway but also as a
stabilizer of the alternative pathway convertase C3bBb, preventing its rapid dissociation by complement regulatory proteins.
The inset represents the terminal pathway of the complement system and sequential activation of the complement proteins
leading to the assemblyof the lytic complexC5b-9 (also knownas themembrane attack complex). In thefluidphase, S-protein
(vitronectin) binds to C5b-9 and prevents interaction with membranes. Natural complement inhibitors and complement
regulatory proteins are not shown in the scheme. MBL = mannan-binding lectin; MASP-2 = mannose-binding protein-
associated serine protease-2.
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triggering of different complement pathways by human
serum albumin (HSA)-coated as well as linear and
branched mPEG-amphiphile-coated pristine SWCNTs.

RESULTS AND DISCUSSION

Pristine SWCNTs (Figure 2a, left panel) are strongly
aggregated, highly hydrophobic, and do not disperse
in aqueousbuffers. In accordancewith earlier studies,5,23

mPEG5000-PL treatment conferred nanotube stabiliza-
tion and formed highly stable aqueous dispersions.
Surface deposition of mPEG5000-PL on nanotubes was
confirmed by an atomic force microscope (Figure 2a,
right panel). Since HSA is the most abundant serum
protein that binds hydrophobic surfaces readily,26,42,43 it
was also used to generate stable nanotube dispersions.
We initially investigated the effect of nanotube char-

acteristics on triggering calcium-sensitive complement
pathways (classical and lectin pathways) and theeffector
arm (terminal pathway) of the complement system.
These were performed by measuring nanotube-medi-
ated serumrises of C4d (a fluid-phase split product of C4,
which is released by complement control protein C4bp

and factor I, and an establishedmarker of both classical
and lectin pathways) and SC5b-9 (a nonlytic soluble
marker of the terminal pathway of the complement
and a sensitive measure of the activation of the whole
complement cascade) levels, respectively.31,36 The re-
sults in Figure 2b demonstrate that both HSA-coated
and mPEG-PL-coated SWCNT species of equivalent
length were able to raise C4d levels significantly above
their respective background in all nine tested human
sera, including a serum (S7) genetically deficient in
mannan-binding lectin (MBL), which is one of the key
primary complement recognition proteins that triggers
lectin pathway activation.38,44 All sera were devoid
of IgG and IgM antibodies reactive toward the amphi-
philes as tested by agglutination assay using the
respected PEGylated autologous red blood cells.41,45

Since antibodies can trigger complement activation
through subsequent C1q binding,38 this eliminates the
role of anti-PEG antibodies in complement activation.45

With the exception of the MBL-deficient (MBLdef) serum,
mPEG-PL-coated nanotubes were significantly less effi-
cient (p< 0.05) in triggering C4 cleavage (andhence C4d

Figure 2. SWCNT-mediated activation of calcium-sensitive pathways and the terminal arm of the complement system. (a)
Atomic force microscope images of SWCNTs. The left panel represents an image of a pristine SWCNT showing a uniform
height along the structure. The right panel is representative images of mPEG5000-PL-coated nanotubes. The middle panel
shows a magnified view of a typical mPEG-PL-coated SWCNT; the non-uniform height along the surface is attributed to the
presence of the mPEG-PL coating. (b) Nanotube-mediated cleavage of the C4-protein in sera of nine different individuals.
Serum7 (S7) is genetically deficient inmannan-binding lectin (MBL). ThemPEG-PL-coated nanotubeswere 273( 235nm long
(type B); HSA-coated nanotubes were of equivalent length. The final concentration of both nanotube types in the incubation
was 70μg carbon/mL.With the exception of S7,p<0.05 in all cases of head-to-head comparisonbetween theHSA- andmPEG-
PL-coated nanotubes. Also, p < 0.05 when comparing each nanotube incubation to its respective background. (c) Effect of
mPEG5000-PL-coated SWCNT length on complement activation. Nanotube concentration was 70 μg carbon/mL. SC5b-9 is an
established marker of the terminal pathway of complement (the effector arm) and representative of the activation of the
whole complement cascade. (d) Effect of nanotube (type B) concentrationon elevationof complement activationproducts. As
positive control, zymosan (1 mg/mL) activated a complement more than 10-fold above background in all nine tested sera
(SC5b-9 measurement) (data not shown).
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generation) in all tested sera compared with HSA-
coated nanotubes. This lower detectable level of the
fluid-phase C4d in sera treated with mPEG-PL-coated
SWCNTs was not due to nonspecific binding of gener-
ated C4d to the nanotube surface (data not shown; see
Materials and Experiments).
We next examined the effect of nanotube length on

complement activation and restricted these studies to
the mPEG-PL-coated species. The results in Figure 2c
indicate that all nanotubes generate similar quantities
of the complement activation products C4d and SC5b-9
irrespective of their length (average lengths of 168 (
162, 273( 235, and 382( 337 nm, respectively). Since
our earlier complement activation studies were with
the mPEG-PL-coated nanotubes of mid-range length
(type B, 273 ( 235 nm),35 subsequent mechanistic
studies were limited to this population. The results
in Figure 2d show the effect of type B mPEG-PL-coated
nanotube concentration on complement activation
where the increasing concentration of nanotubes in-
creased the level of complement activation products.

Role of the Classical Pathway. The first component of
the classical pathway of complement is C1, a pattern
recognition complex, which is composed of a single
C1q molecule with a cationic globular head, bound to
two molecules, the zymogens C1r and C1s.38,46 The
classical pathway is initiated by binding of the C1q head
either to antigen�antibody complexes or to other pat-
tern recognition molecules (e.g., C-reactive protein) or
directly to the surfaces of pathogens, nanoparticles, sen-
escent, or damaged cells.46 Following binding, C1q may

undergo a conformational change, which results in a
Ca2þ-dependent activation of C1r, which in turn cleaves
its associated C1s to generate an active serine protease
that acts on two natural substrates, C4 and C2. This in
turn results in the formation of the classical pathway C3
convertase (C4b2a) (Figure 1).46

Two earlier studies have demonstrated C1q binding
to pristine carbon nanotubes of different morpho-
logy,40,47 but in one study, C1q binding was suggested
to trigger complement activation.40 Accordingly, we
compared the role of C1q in activation of the classical
pathway by both HSA- and mPEG-PL-coated SWCNTs.
For this purpose, we depleted C1q from a typical re-
sponsive serum to nanotubes (serum S8) and refer to
this as C1qdpl serum. This treatment resulted in total
abolition of HSA-coated CNT-mediated complement
activation since serum levels of both C4d (Figure 3) and
SC5b-9 (not shown) were comparable with the back-
ground levels. Complement activation by HSA-coated
SWCNTs, however, was restored following addition of
physiological levels of C1q (180 μg/mL). The C1q-
depleted serum preparation also contained physiolo-
gical levels of lectin pathway initiators and exhibited
full lectin pathway functionality. This eliminates a
possible role for the lectin pathway-mediated cleavage
of C4. Therefore, HSA-coated nanotubes activate com-
plement through C1q recognition. Whether C1q binds
to the surface-adsorbed HSA or to the exposed pristine
domains is not clear, but comparative studies with near
monodisperse polystyrene nanoparticles of 250 nm in
size (polydispersity index = 1.05) demonstrated that

Figure 3. Differential effect of nanotube coating on C1q recognition and activation of the classical pathway. The mPEG5000-
PL-coated nanotubes were of type B, and HSA-coated nanotubes were of the same length as type B species. The final
concentration of nanotubes in the incubation was 70 μg carbon/mL; *p < 0.05.
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both uncoated and HSA-coated nanospheres (with
coating at the top plateau of the HSA adsorption
isotherm) activated complement through the C1q-
mediated classical pathway (data not shown). Indeed,
complement activation by HSA-coated nanospheres
was in accord with our earlier observations.43

In contrast to HSA-coated nanotubes, themPEG-PL-
coated counterparts elevated C4d levels above the
background in the C1qdpl serum, and addition of
C1q had no effect on further C4d elevation (Figure 3).
Similar results were obtained by prior incubation of
mPEG-PL-coated nanotubes in 0.05% w/v HSA (not
shown). We conclude that mPEG-PL-coated nano-
tubes, unlike their HSA-coated counterparts, predomi-
nantly raise serum C4d levels through activation of the
lectin pathway. However, we cannot fully disregard
C1q deposition on mPEG-PL-coated nanotubes, but
based on these observations, possible surface-bound
C1q molecules are unlikely to activate their associated
C1r and C1s zymogens.

mPEG-PL-Coated Nanotube-Mediated Triggering of the Lectin
Pathway. Activation of the lectin pathway typically
proceeds following either the binding of serum MBL
to mannose-expressing surfaces or the binding of
serum L-ficolin (also known as ficolin-2, hucolin, elas-
tin-binding protein, and P35) to surfaces rich with
N-acetylated sugars or other acetylated compounds
(Figure 1).38,44 However, these functionalities for re-
cognition by both MBL and ficolins are missing on the
surface of mPEG-PL-coated nanotubes. Therefore, this
raises an interesting question as how these nanotubes
can trigger the lectin pathway. The binding ofMBL or L-
ficolin to an activating surface results in the conver-
sion of their associated serine proteases zymogens
[mannose-binding protein-associated serine proteases
(MASP) 1, 2, and 3] to active proteolytic enzymes.44

Activated MASP-2, however, is known to cleave C4,
which in turn results in C2 cleavage and formation of a
C3 convertase identical to that of the classical
pathway.44 It is also probable that nanotubes may
activate MASP-2 directly and independent of MBL
and/or ficolin binding and conformational changes.

We first assessed whether L-ficolin plays a role in
mPEG-PL-coated SWCNT-mediated triggering of the
lectin pathway. To do this, we eliminated the contribu-
tion of MBL in the lectin pathway activation by using a
serum genetically deficient in MBL (MBLdef serum S7).
This serum was also immunochemically depleted from
C1q to further eliminate the role of C1q in complement
activation in subsequent studies involving antibody
addition. We further confirmed that the MBLdef C1q-
depleted (MBLdef/C1qdpl) serum contained physiologi-
cal concentrations of L-ficolin (4.2 μg/mL). The results in
Figure 4a show that mPEG-PL-coated SWCNT-mediated
C4d generation proceeds well in MBLdef/C1qdpl serum.
Nanotube-mediated C4d generation, however, was
abolished by addition of N-acetylglucosamine in a

millimolar range but not by D-mannose (a substrate for
MBL)41,48 and D-galactose (a nonantagonist) in MBLdef/
C1qdpl serum. This strongly indicates a role for L-ficolin in
lectin pathway activation since L-ficolin is known to
express specificity only for sugars with N-acetylated
groups.41,48,49 Furthermore, nanotube-mediated C4d ele-
vation was also abolished in the presence of anti-L-ficolin
antibodies as well as anti-MASP-2 antibodies. The sensi-
tivity to these antibodies indicates that the L-ficolin not
only recognizes the surface of mPEG-PL-coated nano-
tubes but the binding activates MASP-2, which in turn
cleaves C4.

In contrast to anti-L-ficolin antibodies, anti-M-ficolin
antibodies exerted no effect on nanotube-mediated
complement activation. This observation is in accordwith
the fact thatM-ficolin is not typically present in serum.50,51

It should be emphasized that the recombinant M-ficolin
shares some similar ligands for binding as L-ficolin.50,51

Since M-ficolin is localizedmainly in secretory granules in
the cytoplasm of monocytes, neutrophils, and type-II
alveolar epithelial cells in the lung,51 these cells may play
a critical role in mPEG-coated or glycosylated34,52 (e.g.,
glycolipid-coated or grafted) nanotube-mediated inflam-
matory reactions through local complement activation.

Figure 4. Activationof the lectinpathwayof the complement
system by mPEG5000-PL-coated SWCNTs is both L-ficolin/
MASP-2- and MBL/MASP-2-dependent. (a) Role of L-ficolin and
MASP-2 in mPEG5000-PL-coated nanotube-mediated triggering
of the lectin pathway is confirmed in the S7 serum, which is
genetically deficient in MBL (MBLdef) and following immuno-
chemical depletion of C1q in this serum (MBLdefC1qdpl). This
serumcontainedphysiological levels of L-ficolin (4.2μg/mL).
(b) Role of MBL andMASP-2 in nanotube-mediated comple-
ment activation is confirmed in MBLdefC1qdpl serum in the
presence of L-ficolin antibodies. Type BmPEG5000-PL-coated
nanotubes were used throughout and at a final concentration
of 70 μg carbon/mL; *p < 0.05, **p < 0.01. Ab = antibody.
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Having established a key role for L-ficolin recogni-
tion, we next assessedwhetherMBL can also recognize
the surface of mPEG-PL-coated nanotubes and subse-
quently initiate lectin pathway activation. Accordingly,
we assessed complement activation by mPEG-PL-coated
nanotubes in MBLdef/C1qdpl serum in the presence of
anti-L-ficolin antibodies, but following the addition of
functional purified MBL/MASP-2 complexes. Indeed, the
results in Figure 4b show a critical role forMBL/MASP-2 in
C4 cleavage. Thiswas further confirmed through suppres-
sionofC4delevation following theadditionof D-mannose
(at millimolar range) and anti-MASP-2 antibodies, respec-
tively. In addition to this,wewere further able to eliminate
a role for C1q in mPEG-PL-coated nanotube-mediated
complement activation since addition of C1q to MBLdef/
C1qdpl serum in the presence of anti-L-ficolin antibodies
did not elevate C4d levels above the background
(Figure 4b). Therefore, we conclude that both L-ficolin
andMBL recognize the surface ofmPEG-PL-coated nano-
tubes, resulting in activation of their associated MASP-2
zymogen. Atomic force microscope analysis (Table 1)
attested to this by demonstrating that uneven coating
is a practically inevitable effect of surface adsorption of
mPEG-PL. Therefore, complement activation by mPEG-
PL-coated nanotubes could indicate that the two lectin
pathway initiators (MBL and L-ficolin) bind to areas with
different levels of coating, PEG conformation, andmPEG-
PL phases. For instance, some surface regions may pro-
motedepositionofmannosylated serum/plasmaproteins
(e.g., apolipoproteins),35,40 where following conforma-
tional changes the exposed mannose groups may serve
as templates for MBL binding and hence activation of
MASP-2. Indeed, apolipoprotein deposition from serum
on carbon nanotube surfaces has been demonstrated
previously.40 On the other hand, surface-projectedmPEG
chains, depending on their local density and proximity,
may transiently resemble structural motifs of D-mannose
and other sugars/acetylated compounds that aid either
MBL or L-ficolin deposition.39 Interestingly, the extent of
mPEG-PL surface modification in these experiments was
sufficient to prevent complement activation through C1q
activity. These observations are also similar to the
complement activation processes of block copolymer
poloxamine 908-coated polystyrene nanospheres,
shown earlier by us,36 where complement activation
was switched from the C1q-mediated classical pathway

to the lectin pathway when the surface density of the
bound copolymer was increased to levels that re-
sembled a “brush-like” configuration. Accordingly,
further andmore complex biophysical characterization
studies are still necessary for assessing surface coat-
ing qualities with mPEG-PL in relation to their role in
triggering the lectin pathway.

Finally, we also confirmed that HSA-coated nano-
tube-mediated activation of calcium-sensitive path-
ways of complement is purely C1q-dependent since
no C4d elevation above background was detectable in
MBLdef/C1qdpl serum restored with MBL/MASP-2 (data
not shown).

C3 Conversion and the Role of the Alternative Pathway
Turnover. Cleavage of C3 is the central step in the com-
plement cascade where all complement activation
pathways converge. The C4b2a convertase of both clas-
sical and lectin pathways cleaves the R chain of C3 to
release anaphylatoxin C3a, from the amino-terminus; this
exposes an internal thiolester bond in the R chain of
C3b.38 Approximately, 10% of C3 binds covalently to a
complement-activating surface.39 The thiolester of the
majority of the activated C3 reacts with water, forming
inactive fluid-phaseC3b. SomeC3bbinds toC4b inC4b2a
and acts as a platform for C5binding.38 The newcomplex,
C4b2a3b, is the C5 convertase of classical and lectin
pathways and is responsible for the release of the highly
potent anaphylatoxin C5a from the amino-terminus of C5
and the major cleavage product C5b. The latter split
product initiates the assembly of the cytolytic membrane
attack complex by recruiting the terminal complement
proteins (C6, C7, C8, and C9) (Figure 1).38,39 Initiation of
the alternative pathway activation requires the presence
of preformed C3b or an autoactivated form of C3 (C3
“tick-over”) known as C3 3H2O, along with complement
factors B and D, resulting in the formation the fluid-phase
alternative pathway convertase C3bBb (Figure 1). When-
ever C3 is cleaved by ongoing complement activation
through classical and lectin pathways (or even the alter-
native pathway), the generated C3b can bind factor B
and subsequently increase alternative pathway turn-
over through more C3bBb convertase generation. This
is known as the C3 feedback or amplification loop.
Binding of properdin (or factor P) to C3bBb stabilizes
the alternative pathway C3 convertases, extending
their half-life from approximately 90 s to 15 min.

TABLE 1. Height Analysis of SWCNTs with Different mPEG-Amphiphile Coating

mPEG5000-PL mPEG5000-PMHC18

height (H) mean (nm) ( SD median (nm) (min�max) mean (nm) ( SD median (nm) (min�max)

H1 (edge 1) 2.43 ( 1.54 1.53 (1.08�4.88) 3.32 ( 1.67 2.72 (1.80�7.82)
H2 (center) 1.80 ( 0.52 1.84 (1.06�2.99) 2.87 ( 1.62 2.16 (1.29�6.22)
H3 (edge 2) 1.74 ( 0.51 1.86 (0.91�2.50) 3.77 ( 1.87 3.33 (1.25�8.32)
H1 þ H2 þ H3 1.99 ( 1.01 3.18 ( 1.73
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In the presence of sufficient C3b, the alternative pathway
C5 convertase C3bBb3b is also formed, resulting in C5
cleavage and subsequent assembly of the membrane
attack complex.

HSA-coated nanotubes generated both C3a and
C5a anaphylatoxins in MBLdef/C2dpl, MBLdef/C1qdpl,
and C1qdpl sera (Figure 5a). These observations sug-
gest that HSA-coated nanotubes can directly enhance
alternative pathway turnover and independent of
C1-mediated C4 cleavage and formation of the classical
pathway C3 convertases. More anaphylatoxins, however,
were generated when the physiological levels of C2 and
C1q proteins were restored in MBLdef/C2dpl and C1qdpl

sera, respectively. This may further suggest a role for the
amplification loop of the alternative pathway in C3 con-
version possibly through surface deposition/binding of
C3b,C3bB, andC3bBb. Indeed, this is supportedby serum
rise of Bb levels in C1qdpl serum above the background
following C1q restoration since Bb is an established
marker of the alternative pathway activation (Figure 5b).

The results in Figure 5c show that mPEG-PL-coated
nanotube-mediated lectin pathway activation in
MBLdef serum can lead to generation of both C3a and
C5a only in the presence of functional C2 since ana-
phylatoxin generation is abolished when C2 is immu-
nochemically depleted but proceeds when C2 level is
restored. This not only supports the notion that C3
cleavage is C4b2a-convertase-dependent but also in-
dicates that a mPEG-PL-coated nanotube cannot trig-
ger directly the alternative pathway and generate the

alternative pathway convertase. In addition to this,
mPEG-PL-coated nanotube-mediated activation of
the lectin pathway, which generates C3b, also seems
not to trigger the amplification loop of the alternative
pathway38 because no significant Bb levels were de-
tectable above the background (data not shown).
Accordingly, surface-bound C3b molecules either do
not form C3bB complexes or such formed complexes
remain insensitive to factor D-mediated cleavage of the
bound factor B, and subsequent release of Bb by factor H,
possibly arising from mPEG conformational constraint.

Another possibility that may increase alternative
pathway turnover, but was not investigated, is direct
binding of the pattern recognitionmolecule properdin
to the nanotubes. Indeed, like the globular head of C1q,
properdin is a highly cationic molecule.53 Properdin is
composed of identical 53 kDa protein subunits, where
each subunit is rod-shaped and of 26 nm in length and
2.5 nm in diameter.53 The properdin subunits may asso-
ciate and form cyclic dimers, trimers, and tetramers that
resemble rods, triangles, and squares, respectively.53

These features make properdin a likely candidate for
deposition on pristine nanotubes and subsequent en-
hancement of alternative pathway through C3b re-
cruitment. As with M-ficolin, properdin is also stored in
monocytes and neutrophils54 and is released following
stimulation with secondary mediators. Accordingly,
properdin release may play a critical role in nanotube-
mediated damage through direct binding as well as
by stabilizing the alternative pathway convertases

Figure 5. SWCNT-mediated anaphylatoxin C3a and C5a generation (a,c) and triggering of the amplification loop of
the alternative pathway (b). In (a,c), C2 was immunochemically depleted from the MBL-deficient S7 serum. In (a,b),
the normal S5 serum was used for immunochemical depletion of C1q. The final concentration of nanotubes was
70 μg carbon/mL; *p < 0.05.
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(an established property of this molecule). This will aid
C5a generation and could inflict further damage.

SWCNT Coating with a Branched mPEG Amphiphile Does Not
Trigger the Terminal Pathway of the Complement. We next
sought to determine whether coating of nanotubes
with a branched PEG copolymer with appropriate PEG
distancing may induce better protein exclusion55 and
consequently diminish or abolish complement activa-
tion. Accordingly, we turned our attention to nanotube
coating with poly(maleic anhydride-alt-1-octadecene)
(PMHC18), bearing two molecules of mPEG5000 per unit
of PMHC18 (Figure 6a).24 Atomic force microscopy
studies confirmed nanotube coating by the branched
mPEG-PMHC18 copolymers (Figure 6b). This copolymer
was shown earlier to have a strong tendency to adsorb
onto the surface of SWCNTs by hydrophobic interac-
tions, where coated nanotubes showed high stability
to a range of pH values, salt conditions, and introduc-
tion of serum.24 In contrast to mPEG-PL-coated nano-
tubes, the mPEG-PMHC18-coated counterparts displayed
increasedheight throughout the threemeasured regions
(Table 1). The lowest height profile among mPEG-
PMHC18-coated nanotubes, however, far exceeds the
highest measured height profile of mPEG-PL-coated
SWCNTs. Higher structures of 6�8 nmwere only present
in mPEG-PMHC18-coated species and more profound at
the terminal regions (H1 andH3). Thismay be a reflection
of considerably higher average molecular weight

of the mPEG-PMHC18 amphiphiles (1�2 MDa), with
each molecule composed of more than 100 maleic
anhydride units, comparedwithuniform-sizedmPEG-PL
conjugate molecules (∼6 kDa). The presence of
higher structures therefore indicates that only a frac-
tion of the maleic anhydride units is in direct con-
tact with the pristine surface, where this probability
is highest at nanotube ends/edges. Since both
types of amphiphiles are not covalently attached to
SWCNTs, they could be moved slightly by the tip
during imaging. Thus, the calculated heights may be
underestimated.

As depicted in Figure 6c, mPEG-PMHC18-coated
nanotubes activated the complement system partially.
The elevation of C4d levels again suggests a role for
both classical and lectin pathways of complement, but
C4 cleavage had no effect on the activation of the
effector arm of the complement system since serum
SC5b-9 levels remained comparable with the back-
ground. The lack of SC5b-9 generation closelymatched
low levels of C5a (not shown). Further studies in a
C1qdpl serumwith physiological levels of bothMBL and
L-ficolin showed that C4 cleavage arises from lectin
pathway activation and through L-ficolin recognition
(Figure 6d). Indeed, C4d rises remained insensitive to
C1q addition and were totally abolished in the pre-
sence of anti-L-ficolin and anti-MASP-2 antibodies. The
latter observationeliminatesMBL recognition-mediated

Figure 6. mPEG-PHMC18-coated SWCNTs activate complement partially through the lectin pathway. (a) Idealized schematic
representation of mPEG-PHMC18-coated SWCNT. (b) Topographic atomic force microscope images of mPEG-PHMC18-coated
SWCNTs. The inset in (b) is amagnified view of the coated nanotubes. Note the extent of coating uniformity relative to that of
mPEG-PL-coated nanotubes in Figure 1a. (c) Effect of nanotube concentration on C4d and SC5b-9 generation in serum, and
(d) role of L-ficolin in activation of the lectin pathwaybymPEG-PHMC18-coated SWCNTs following immunochemical depletion
of C1q from the serum (S8 serum as source). Nanotube characteristics: length 170 ( 76 nm; median 150 nm (min length =
60 nm, max length = 390 nm).
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triggering of the lectin pathway. It is likely that the
tertiary structure of the poly(maleic anhydride) back-
bone forces mPEG chains to remain ∼10�15 Å apart,24

an arrangement that has been previously shown to be
the ideal spacing for better protein exclusion.55 Such
topological displays could either interferewith assembly
of the C3 convertase C4b2a and/or C3b binding and
explain these observations. The partial ability of com-
plement triggering of PMHC18-coated nanotubes is also
consistent with their unprecedented long blood circula-
tion profile compared with linear mPEG5000-PL-coated
SWCNTs23,24 and presumably a reflection of limited op-
sonization by C3b and iC3b.25,39 Accordingly, branched
mPEG-PMHC18-coated nanotubes are expected to ex-
hibit better immune and hemodynamic safety features
since generation of the C5a anaphylatoxin and multi-
protein C5b-9 complexes remains negligible. Indeed,
C5b-9 complexes have the capacity to elicit nonlytic
stimulatory responses from vascular endothelial cells
andmodulate endothelial regulation of hemostasis and
inflammatory cell recruitment.56

The preparation of mPEG-PMHC18-coated nano-
tubes, however, generated shorter nanotubes (mean
length = 170 ( 76 nm) compared with the type B
mPEG-PL-coated nanotubes. Shorter nanotube lengths
mayaffect conformational arrangementsof theadsorbed
PMHC18 molecules more dramatically than the smaller
mPEG-PL conjugates. Consequently, such arrangements
may limit surface recognition by complement proteins
and the extent of activation activation. Further experi-
ments, however, are necessary to assess the effect of
nanotube aspect ratios on projected mPEG-PMHC18
architecture and complement activation.

CONCLUSIONS

We have shown that mPEG5000-amphiphile coating
of SWCNTs can modulate innate immunity through
multiple paths (Table 2). First, it may reduce the ab-
solute quantity of complement activation product gen-
eration compared with HSA-coated nanotubes. Second,
it abolishesHSA-coatednanotube-mediated turnover of
the alternative pathway. These observations are in line
with the reported relatively prolonged circulation times
of PEGylated SWCNTS since an alternative pathway can
amplify C3 conversion in any type of complement activa-
tion and improve complement opsonization throughC3b
binding and hence phagocytic clearance.39 Third, it acti-
vates the complement in differentways thanHSA coating

and specifically through L-ficolin and MBL recognition,
but the lectin pathway activation does not trigger the
alternative pathway amplification loop. Complement
initiation by both L-ficolin and MBL is most likely a
reflection of surface-assembled PEG architectural ar-
rangements that transiently resemble structural motifs
of the corresponding sugar substrates for these sen-
sing molecules.36,39 Indeed, our current surface anal-
ysis clearly demonstrated heterogeneity in mPEG-PL
coating, but more advanced methodologies are re-
quired to assess the PEG conformation, coating den-
sity, and defects on different SWCNT populations. The
resulting PEG coating density, however, is poorly con-
trolled and heterogeneous in each SWCNT case, but in
perhaps different ways, which subsequently triggers
the complement system through different pathways.
Nevertheless, inadvertent complement activation by
PEGylated nanotubes remains a concern as it may still
lead to acute “allergic-like” reactions through anaphy-
latoxin generation and C5b-9 modulation of hemo-
stasis.32,39 Indeed, both C3a and C5a over a generation
might contribute to cutaneous reactions, respiratory
and circulatory disturbances, and influence disease
severity and eventually organ failure (e.g., pulmonary
dysfunction). However, through better surface PEGy-
lation and PEG architectural arrangements, as in the
case of branched mPEG-PMHC18 conditioning, com-
plement activation can be minimized and restricted
to the initiation phase. Surprisingly, this mode of
adsorption further eliminated MBL-mediated trigger-
ing of the lectin pathway. This is presumably a reflec-
tion of altered surface-projectedmPEG chain arrange-
ment in dissipating C3 convertase formation/activity.
We conclude that this approach improves immune
safety, which is also reflected in better circulation
profiles of SWCNTs reported earlier.24 Therefore, stra-
tegies that offer SWCNT surface modification with
branched mPEG amphiphiles may prove an alterna-
tive solution for exploring the biological function
and application of carbon nanotubes. This approach
seems not to overactivate the innate arm of the
immune system, which has a primary function of re-
cognizing patterned structures. However, one draw-
back particularly with the branchedmPEG-PMHC18 is
the high molecular weight of the poly(maleic an-
hydride) backbone, which limits the eventual copo-
lymer excretion through kidneys, where the cutoff
for glomerular filtration is 60 kDa.25 These findings

TABLE 2. Comparison of Complement Activation Pathways by Different Surface-Coated Carbon Nanotube Dispersions

nanotube type recognition molecule complement pathwaya lytic complex formation

HSA-coated C1q CP f AP (amplification loop) yes
HSA-coated C3b? AP (“tick-over”) yes
mPEG5000-PL-coated L-ficolin and MBL LP yes
(mPEG5000)2-PMHC18-coated L-ficolin LP no

a CP = classical pathway; AP = alternative pathway; LP = lectin pathway.
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are also applicable to better surface conditioning
of hydrophobic nanoparticles, biomaterials, and

implants with suitable branched mPEG-amphiphiles
and improving their innate immunocompatibility.57,58

MATERIALS AND EXPERIMENTS

Materials. HiPCO SWCNTswere purchase fromCarbonNano-
technologies Inc. and used without further purification.
DSPE-mPEG5000 and mPEG5000-NH2 were obtained from Laysan
Bio Inc. Procedures for synthesis, purification, andcharacterizationof
mPEG-poly(maleic anhydride-alt-1-octadecene) (mPEG-PMHC18)
were in accord with the previously established protocols.24

Stabilization of SWCNTs. Raw HiPCO SWCNTs (0.2 mg/mL) were
sonicated in either 0.2 mM solution of DSPE-mPEG5000 or 1 mg/
mL of branched mPEG-PMHC18 or 0.05% w/v of human serum
albumin (HSA) for 1 h with a bath sonicator, followed by cen-
trifugation at 22000g for 6 h to remove aggregates.23,24 Respec-
tive supernatants were collected and passed six times through a
100 kDa MWCO centrifuge filters and extensive washing with
water (Millipore Amicon Ultra) as established earlier.23,24

Preparation of Stabilized SWCNTs with Fractionated Lengths. Surfactant
(or protein)-stabilized SWCNTs underwent a density gradient frac-
tionation in order to separate them by length. A similar procedure
was previously established by Sun et al.59 In this study, we used
density gradients (0.5 mL) of 10, 20, 30, 40, and 60% iodixanol
(Sigma Aldrich). Samples were centrifuged for 1 h at 300000g, and
fractions were collected from the top of the centrifuge tube.

Nanotube Characterization. UV�vis�NIR absorption spectrum
of nanotube preparations was acquired by a Varian Cary 6000i
spectrophotometer at λ = 808 nm.23 A mass extinction coeffi-
cient of 46.5 L g�1 cm�1 was used to determine the nanotube
concentration.23 SWCNTs were further analyzed on silicon sub-
strates by tapping-mode atomic forcemicroscopy (Veeco Nano-
sage IIIa).23,24 Silicon substrates were initially soaked with 0.6%
APTES (3-aminopropyltriethoxysilane) to allow for higher con-
centration of nanotube deposition. SWCNTs (0.01 mg/mL) were
soaked on the substrate for 15min, then rinsed and imaged. The
length distribution for each preparation was determined from
75 randomSWCNT lengths. Pristine nanotubeswere also imaged
following treatment with 0.1% w/v sodium deoxycholate. The
average height of the mPEG-coated nanotubes was determined
by several random height profiles of the two edges and the
center regions.

Preparation, Treatment, Characterization, and Storage of Human
Sera. Bloodwas drawn fromhealthy Caucasianmale and female
volunteers (aged 25�40 years) according to approved local
protocols. Blood was allowed to clot at room temperature, and
serum was prepared, aliquoted, and stored at �80 �C. Serum
samples were thawed and kept at 4 �C before incubation with
test reagents. Serum concentration of mannan-binding lectin
(MBL) was determined using the MBL-C4 complex ELISA kit
(HyCult Biotechnology, The Netherlands), with a measurable
concentration range of 0.41�100 ng/mL, following sample
dilution.41 The physiological concentrations of serum MBL are
in the range of 3000�5000 ng/mL serum.41 Individuals geneti-
cally deficient in MBL have serum MBL levels below 100 ng/mL.
MBL/MASP-2 preparation and characterization were in accord
with established procedures.60 Human serum L-ficolin concen-
tration was measured using the HK336 ELISA kit (HyCult Bio-
technology, The Netherlands), with ameasurable concentration
range of 16�1000 ng/mL, following sample dilution. Sera were
devoid of antibodies that may react with PEG as tested by
agglutination assay using the respected PEGylated autologous
red blood cells described in detail elsewhere.41,45 For the
assessment of the role of C1q and C4b2a convertases in com-
plement activation, C1q and C2 were immunochemically de-
pleted from some sera. This was achieved by incubating serum
in 20 mM EDTA with mouse monoclonal anticomplement
C1q or C2 antibodies, respectively, coupled to activated CNBr-
sepharose. The complement hemolytic activity of C1q-depleted
and C2-depleted sera was restored following the addition of
C1q (180 μg/mL) and C2 (650 μg/mL), respectively, as well as
divalent cations, as assessed by the hemolytic test using sheep

erythrocytes sensitized with rabbit anti-sheep erythrocyte
antibody.41 The functional activity of classical, lectin, and the
alternative pathways of complement was tested in all sera with
Wielisa total complement screen kit (Lund, Sweden).41

Assays of In Vitro Complement Activation. To measure comple-
ment activation in vitro, we determined SWCNT-induced rise of
serum complement activation product C4d, Bb, C3adesarg, C5a,
and SC5b-9 using respective Quidel's (Quidel, San Diego) ELISA
kits according to the manufacturer's protocols as described
previously.31,35,36,41 For measurement of complement activa-
tion, the reactionwas started by adding the required quantity of
SWCNTs to undiluted serum in Eppendorf tubes (either in dupli-
cate or triplicate, depending on the experiment) in a shaking
water bath at 37 �C for 30min, unless stated otherwise. Reactions
were terminated by addition of “sample diluent” provided with
assay kit or saline containing 25 mM EDTA. SWCNT-induced rises
of serum complement activation products were then measured
following nanotube removal. Appropriate controls were also
made by adding SWCNTs to saline for background correction in
ELISA experiments. Control serum incubations contained saline
(the samevolumeasnanotubes andother additions) for assessing
background levels of complement activation products. To moni-
tor thepossiblebindingof complement activationproducts to the
nanotube surfaces, we incubated SWCNTswith standard samples
of the activation products.35 The level of the standard activation
products in the supernatantwas thenmeasured by the respective
ELISA test and compared with control incubations in the absence
of nanotubes. In some experiments, SWCNT-mediated comple-
ment activationwasmonitored following restorationofC1q,MBL/
MASP-2, and C2 in the respected factor depleted or genetically
deficient serum. SWCNT-induced complement activation was
further monitored following pretreatment of selected sera with
N-acetylglucosamine (25 mM), D-mannose (25 mM), D-galactose
(25 mM), and monoclonal antibodies (mouse monoclonal anti-
bodies against human L-ficolin,M-ficolin, andMASP-2 fromHyCult
Biotechnology, TheNetherlands) or an irrelevant control antibody
after appropriate dilutions. Zymosan (1 mg/mL) was used as a
positive control for complement activation throughout.31,35,36,41

For quantification of complement activation products, stan-
dard curves were constructed using the assigned concentration
of each respective standard supplied by the manufacturer and
validated. The slope, intercept, and correlation coefficient of the
derived best-fit line for C4d, Bb, C3adesarg, C5a, and SC5b-9
standard curves were within the manufacturer's specified
range. The efficacy of SWCNT treatments was established by
comparison with baseline levels using paired t-test; correlations
between two variables were analyzed by linear regression, and
differences between groups (when necessary) were examined
using ANOVA followed by multiple comparisons with Stu-
dent�Newman�keuls test.31,35,36,41
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