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W
ith the advent of nanotechnology
in the past decade, several new
types of nanoscopic particles (nano-

particles) are under development for innova-
tive biomedical applications, including drug
delivery, in vivo imaging, tissue regenera-
tion, and ablation of tumors.1 The transla-
tion potential of these new materials is
currently limited by their bioavailability
and biocompatibility, which are often un-
known or suboptimal. Poly(ethylene glycol)

(PEG), as well as other types of repelling
hydrophilic polymers, has been widely used
as a surface modification agent to amelio-
rate the biological performance of nanopar-
ticles (organ accumulation, biocompatibility,
toxicity, etc.). However, a clear picture of the
mechanisms underlying the effects of PEG
modification on the nanoparticle pharmaco-
kinetic profile is still missing. PEG has been
traditionally thought to decrease nanoparti-
cle recognition (and uptake) by phagocytic
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ABSTRACT Investigation of the nanoparticle protein corona, the shell of plasma

proteins formed around nanoparticles immediately after they enter the bloodstream, is

a benchmark in the study of the applications of nanoparticles in all fields of medicine,

from pharmacology to toxicology. We report the first investigation of the protein corona

adsorbed onto single-walled carbon nanotubes modified with 2 kDa molecular weight

polyethylene glycol chains [PEG(2k)-modified SWCNTs or PEG2-SWCNTs] by using a

large-scale gel-based proteomics method on biological replicates. More than 240

plasma proteins were selected, and their differences were analyzed among PEG2-SWCNTs

differing in surface charge and PEG conformation. The protein corona of PEG2-SWCNTs

showed that coagulation proteins, immunoglobulins, apolipoproteins, and proteins of the complement system were among the proteins bound by PEG2-

SWCNTs and that their recruitment was independent from the isoelectric point, molecular weight, total hydrophobicity, and number of polyaromatic residues of

the proteins. Statistical analysis on protein relative abundance revealed that PEG conformation had a higher influence on the PEG2-SWCNTs' protein corona

repertoire than nanotube surface charge. PEG conformation also affected the biological performance of PEG2-SWCNTs. A change in PEG conformation from

mushroom to mushroom-brush transition affected the competitive adsorption of the major constituents of the protein corona of PEG2-SWCNTs and promoted

shorter blood circulation time, faster renal excretion, and higher relative spleen versus liver uptake of PEG2-SWCNTs. Our data suggest that the protein corona,

along with steric stabilization, may mediate the action of PEG conformation on the pharmacokinetic profile of PEG-modified SWCNTs.
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cells of the reticulo endothelial system (RES) by form-
ing a surface-random cloud that abrogates the forma-
tion of the protein corona;the shell of plasma
proteins formed around nanoparticles immediately
after they enter the bloodstream;and sterically sta-
bilizes the nanoparticles against aggregation and
receptor-mediated recognition.2�7 Nevertheless, several
studies have shown that PEG modification does not
abrogate adsorption of plasma proteins onto spherical
nanoparticles.8�10 Furthermore, investigations into the
role of the protein corona on nanoparticle biological
performance show contradictory results. For instance,
Dos Santos et al. hypothesized that the presence of
the protein corona does not correlate with differences
in the pharmacokinetic profile of PEG-modified lipo-
somes,8 whereas Chonn et al. and Schreier et al. have
highlighted the involvement of plasma proteins in
liposomal biodistribution.11,12 A better knowledge of
the protein corona and the relationship between its
repertoire, nanoparticle physicochemical properties,
and nanoparticle behavior at both the organism and
cellular level is a key step in the development of safe
and efficient nanotechnology-based drugs.13

Among the recent nanotechnology-derived parti-
cles, PEG-modified single-walled carbon nanotubes
(PEG-modified SWCNTs or PEG-SWCNTs) are receiving
increased attention for biomedical applications because
of their excellent intrinsic properties and biological
performance.14 PEG-SWCNTs were able to sponta-
neously enter several cell types,15�17 displayed rela-
tively long blood circulation time,18�20 and as of yet
their administration into mice did not elicit serious
immune and/or inflammatory responses.21 The biolo-
gical performance of PEG-SWCNTs at the animal
level has been reported to depend on their level of
aggregation22,23 and the nature and length of PEG
chains.24 However, a clear structure�function relation-
ship did not emerge from these studies, and other
molecular determinants of PEG-SWCNT biological be-
havior after injection into the bloodstream, including
the effects of the protein corona, have not been taken
in account yet. Herein, we gathered information about
the protein corona bound by SWCNTs modified with
2 kDa molecular weight PEG chains [PEG(2k)-modified
SWCNTs or PEG2-SWCNTs] differing in surface charge
and PEG conformation by a gel-based proteomics
approach using protein identification from 1D SDS-
PAGE gels followed by long one-dimensional liquid
chromatography coupled mass spectrometry analysis.
The data about protein relative abundance for the
PEG2-SWCNTs' protein coronas were statistically ana-
lyzed in biological replicates to correlate the adsorp-
tion of plasma proteins to specific properties of PEG2-
SWCNTs while avoiding artifacts caused by proteome
variability. We found that the PEG modification did
not abrogate the absorption of plasma proteins onto
SWCNTs and that the PEG conformation influences the

pattern of adsorbed proteins more than charge does.
We also investigated the effects of PEG conformation
on the biodistribution of PEG2-SWCNTs. A change in
PEG conformation from mushroom to mushroom-
brush transition configuration promoted shorter blood
circulation time, faster renal excretion, and higher
relative spleen versus liver uptake of PEG2-SWCNTs.
Here we discuss potential implications of the corona
repertoire on the pharmacokinetic behavior of PEG2-
SWCNTs. We found that a transient depletion of one of
the constituent of the PEG2-SWCNTs' protein corona
[β-2-glycoprotein (ApoH)] from the mouse blood-
stream affected the relative spleen versus liver uptake
of PEG2-SWCNTs. Our data suggest that the protein
corona, along with steric stabilization and nanotube
properties, may mediate the action of PEG conforma-
tion on the pharmacokinetic profile of PEG2-SWCNTs.

RESULTS

Fabrication and Characterization of PEG2-SWCNTs. PEG2-
SWCNTswere fabricated throughnoncovalent [PEG(2k)-
coated SWCNTs or cPEG2-SWCNTs] and covalent
[PEG(2k)-functionalized SWCNTs or fPEG2-SWCNTs]
chemical protocols. cPEG2-SWCNTs were fabricated
by adsorption of phospholipids modified with linear
2 kDa amino-terminated PEG chains onto pristine
SWCNTs (cPEG2-SWCNT-a) and subsequent capping
of the terminal amino groups with either methyl
groups (cPEG2-SWCNT-m) or near-infrared (NIR)-emitting
fluorochromes (cPEG2-SWCNT-750) (Figure 1A). fPEG2-
SWCNTs were fabricated by amidation of oxidized
SWCNTs with linear 2 kDa amino-PEG-Boc chains,
followed by Boc deprotection (fPEG2-SWCNT-a) and
capping of the terminal amino groups with either
methyl groups (fPEG2-SWCNT-m) or NIR-emitting fluo-
rochromes (fPEG2-SWCNT-750) (Figure 1D).

PEG2-SWCNTs were characterized by atomic force
microscope (AFM), elemental analysis, and dynamic
light scattering. The physical properties are listed in
Table 1. PEG2-SWCNTs were free from metallic impu-
rities, sterile, and stably dispersed in high saline solu-
tions for months at room temperature without showing
any sign of precipitation (data not shown). cPEG2-
SWCNTs and fPEG2-SWCNTs had a PEG density of ∼0.1
and ∼0.4 mmol per gram of nanotube material, re-
spectively. AFM images showed that both types of
PEG2-SWCNTs were formed by individual/very scarcely
aggregated particles and had similar length distribu-
tions centered at∼100 nm (Figure 1B,E). AFM imaging
was also used to investigate the morphology of PEG2-
SWCNTs. cPEG2-SWCNTs had a needle-like shape and
displayed AFM longitudinal cross sections that were
not uniform and with maximum heights of a few
nanometers (Figure 1C). More than 50% of the imaged
cPEG2-SWCNTs showed longitudinal cross sections
displaying flat ∼1 nm tall portions extending for
several tens of nanometers (black arrows in Figure 1C).

A
RTIC

LE



SACCHETTI ET AL. VOL. 7 ’ NO. 3 ’ 1974–1989 ’ 2013

www.acsnano.org

1976

fPEG2-SWCNTs had a globular shape, and their longi-
tudinal cross sections showed maximum heights up to

more than 10 nm (Figure 1F). Approximately 20% of
the nanotubes showed a maximum height of∼20 nm.
Only a low percentage (<10%) of fPEG2-SWCNTs
showed flat ∼1 nm tall portions extending just a few
nanometers in their longitudinal cross sections (black
arrow in Figure 1F). Since we used SWCNTs with a
nominal 1.4 nmdiameter according to the supplier, the
flat∼1 nm tall portion in longitudinal cross sections of
PEG2-SWCNTs was interpreted as the unmodified side-
wall of SWCNTs that was exposed because it was
devoid of PEG coverage.

In order to qualitatively investigate the conforma-
tion of PEG chains decorating the sidewalls of PEG2-
SWCNTs, we collected the AFM cross-section curves for
40 PEG2-SWCNTs (20 curves for each type of PEG2-
SWCNTs) and calculated their PEG average height (hm)
as the ratio between the net PEG area upon a SWCNT
and the length of the SWCNT (the net PEG area;
colored areas in Figure 1C,F;was calculated by sub-
tracting the area of the SWCNT from the area under the
AFM cross-section curve). We found that hm was ∼1
and ∼7 nm for cPEG2-SWCNTs and fPEG2-SWCNTs,
respectively (Table 1). Moreover, we found that the
small fraction of fPEG2-SWCNTs displaying a maxi-
mum height of ∼20 nm had an hm equal to ∼14 nm.

Figure 1. PEG2-SWCNTs used for studying interactionswith humanplasma proteins and biological performance. (A,D) PEG(2k)-
coated SWCNTs (cPEG2-SWCNTs) were obtained by adsorption of PEG-modified phospholipids onto the sidewalls of pristine
SWCNT sidewalls (A), whereas PEG(2k)-functionalized SWCNTs (fPEG2-SWCNTs) were obtained by amidation of carboxylic acid
groups introduced on nanotube sidewalls and open ends by strong acid treatment (D). We investigated the protein corona and
biological performance of PEG2-SWCNTs carrying linear 2 kDa molecular weight PEG chains having amino groups, methyl
groups,orNIR-emittingdyes (Seta750) at their distal ends. (B,E) Lengthdistributions for cPEG2-SWCNT-a (B) and fPEG2-SWCNT-a
(E) (N = 300). (C,F) AFM (amplitude) images of cPEG2-SWCNTs (C, scan size 600� 600 nm) and fPEG2-SWCNTs (F, scan size 750�
750 nm). The three-dimensional reconstruction, longitudinal cross sections, and values for the average height of PEG coverage
(hm) for representative cPEG2-SWCNT-a and fPEG2-SWCNT-a (numbered PEG2-SWCNTs in the AFM images) are reported. The
black arrows indicate the portions of unmodified SWCNT sidewall that was exposed because it was devoid of PEG coverage.

TABLE 1. Properties of PEG2-SWCNTs Used for Studying

Interactions with Human Plasma Proteinsa

1 2 3 4 5

surface chemical group �NH2 �CH3 �Seta750 �CH3 �Seta750
surface charge in H2O (mV) 2 �39.4 �52.3 �41.7 �53.9
surface charge in PBS (mV) 5.3 �2.2 �11 �2 �8
length (nm) 108 ( 47b 102 ( 30b

PEG density (mmol g�1) 0.12 ( 0.04c 0.39 ( 0.1c

hm (nm) 0.9 ( 0.6b 7.1 ( 2.8b

a PEG2-SWCNTs were characterized by dynamic light scattering (surface charge) and
atomic force microscope [length and PEG average height (hm)]. Values of hm were
calculated as the ratio between the net PEG area upon a SWCNT and the length of the
SWCNT. PEG density (mmol per gram of nanotube material) was calculated by both
measuring the amino groups on cPEG2-SWCNT-a and fPEG2-SWCNT-a (Kaiser Test)
and measuring the fluorochromes on cPEG2-SWCNT-750 and fPEG2-SWCNT-750.17

For brevity: 1 = cPEG2-SWCNT-a; 2 = cPEG2-SWCNT-m; 3 = cPEG2-SWCNT-750; 4 =
fPEG2-SWCNT-m; 5 = fPEG2-SWCNT-750. b Values of length and hm were similar
among cPEG2-SWCNTs (fPEG2-SWCNTs) because cPEG2-SWCNT-m (fPEG2-SWCNT-m)
and cPEG2-SWCNT-750 (fPEG2-SWCNT-750) were fabricated by capping the amino-
PEG terminal groups on cPEG2-SWCNT-a (fPEG2-SWCNT-a) with methyl groups and
Seta750, respectively. c Values of PEG density calculated by Kaiser test. The values of
PEG density calculated by measuring the fluorochromes on cPEG2-SWCNT-750 and
fPEG2-SWCNT-750 were very close to those calculated by Kaiser test.
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Since AFM measurements were recorded in air, we
assumed that the PEG chains were collapsed during the
measurements because of dehydration and hm∼ 14 nm
corresponded to the thickness of the polymeric shell
composed by 2 kDa molecular weight PEG chains in
brush configuration. This assumption, the AFM longi-
tudinal cross sections, and the calculated values for hm
suggested that cPEG2-SWCNTs displayed PEG chains
mostly lying on the nanotubes' sidewall in amushroom
conformation, whereas fPEG2-SWCNTs had PEG chains
protruding from the nanotubes' sidewall in amushroom-
brush transition conformation.25�28

Human Plasma Protein Corona of PEG2-SWCNTs. Mapping
of human plasma proteins associated with PEG2-
SWCNTs was studied by a multistep method: incubation
of nanoparticles (cPEG2-SWCNT-a, cPEG2-SWCNT-m,
cPEG2-SWCNT-750, fPEG2-SWCNT-m, and fPEG2-
SWCNT-750) with plasma at 37 �C for 1 h, washing
the unbound proteins, protein separation by one-
dimensional gel electrophoresis (Figure 2A), identifica-
tion by a gel-based proteomics approach using protein
identification from 1D SDS-PAGE gels by long one-
dimensional liquid chromatography coupled mass
spectrometry (LC/MS/MS) analysis, and relative protein
quantification by protein spectral count.29�32

First, we investigated the relative abundance of
plasma proteins adsorbed onto PEG2-SWCNTs using
data from three biological replicates (independent,
healthy donors). More than 500 proteins were identi-
fied. Gene ontology (GO) and differential protein spec-
tral count (DPSC) analyses of the identified proteins
were carried out using QTools.33 The GO analysis
provided information about the localization (intra-
or extracellular), molecular function, and biological

processes for each protein indentified by LC/MS/MS
analysis. We selected the 240 proteins with nonzero
DPSC values for at least one sample among plasma and
the five PEG2-SWCNTs, grouped them according to
their physiological function, then reported the donor-
averaged relative abundance for each functional group
of proteins (Figure 2B) and the donor-averaged relative
abundance for the proteins in each group (Figure 3:
coagulation proteins were divided into two subgroups
by function of their abundance in the PEG2-SWCNTs'
protein coronas, whereas complement proteins were
divided into C1�C9 proteins and factors). These data
clearly showed differences in the composition of the
PEG2-SWCNTs' coronas driven by nanoparticle proper-
ties and protein physiological functions. Coagulation
proteins, in particular, fibrinogen (HFG), were themajor
plasma proteins bound by fPEG2-SWCNTs (Figures 2B
and 3A), whereas more than one-third of the cPEG2-
SWCNTs' corona was composed by immunoglobulins
(Ig) (Figure 3C). R-2-Macroglobulin was themost abun-
dant protein of the cPEG2-SWCNT-a's corona, whereas
fibronectin did not bind onto cPEG2-SWCNT-a and
cPEG2-SWCNT-m (Figure 3A). The highest fractional
binding of complement proteins C1�C9 was found
on cPEG2-SWCNTs (Figure 3E), whereas fPEG2-
SWCNTs showed the highest fractional binding of
acute phase proteins, in particular, inter-R-trypsin
inhibitor H4 (ITIH4) (Figure 3H). We also grouped
the selected proteins by function of their isolectric
point, molecular weight, total hydrophobicity, and
total number of polyaromatic residues (Supporting
Information Figure S1). However, these data did not
show any striking differences among the investi-
gated PEG2-SWCNTs.

Figure 2. Relative abundance of human plasma proteins adsorbed onto PEG2-SWCNTs. Samples of PEG2-SWCNTs incubated
with human plasma proteins at 37 �C and free plasma proteinswere separated on 1D SDS-PAGE (A). Tryptic digested proteins
were analyzed with a long one-dimensional reversed phase liquid chromatography coupled mass spectrometry. More than
500 proteins were identified. Approximately 240 proteins with nonzero DPSC values for at least one sample among plasma
and the five PEG2-SWCNTs were selected and grouped according to their physiological functions. The donor-averaged
relative abundances for these groups were calculated for PEG2-SWCNTs and free plasma (B).
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Next,we statistically analyzed thedifferences in relative
abundance for plasmaproteins among thePEG2-SWCNTs'

coronas and plasma using a nonparametric Mann�
Whitney U statistic (Table S1). Our analysis showed that

Figure 3. continued
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some proteins in the PEG2-SWCNTs' coronas were
enriched/depleted with respect to their physiological
relative abundance upon adsorption onto some or all
five the investigated PEG2-SWCNTs (Table S1 and
Figure 3). These results showed that the binding of
plasma proteins onto PEG2-SWCNTs did not simply
correlate to their physiological relative abundances and
mayhave important implications on thebiocompatibility/
toxicity profiles of PEG2-SWCNTs. The most striking
examples were given by those proteins that were
enriched/depleted with respect to their physiological
relative abundance upon adsorption onto all five
investigated PEG2-SWCNTs, thereby suggesting that
the changes in relative abundance of these proteins
due to nanotube adsorption did not correlate with
either nanotube surface charge or PEG conformation.
Albumin, the most abundant human plasma protein,
was detected in low percentages on all the PEG2-
SWCNTs (Figure 3L). Other examples of proteins that
were depleted with respect to their physiological
relative abundance upon nanotube adsorption were
transport proteins (such as corticosteroid-binding pro-
tein, serotransferrin, vitamin D-binding protein, ceru-
loplasmin, and hemopexin, Figure 3G) and acute phase
reactants (such as R-1-antitrypsin and R-1-antichymo-
trypsin, Figure 3H), whereas examples of proteins that
were enriched with respect to their physiological
relative abundance upon nanotube adsorption were
the Ig μ chain C region (Figure 3C) and all of the
components of the molecular C1 complex (C1q, C1r,
and C1s, Figure 3E).

In order to understand the relationship between
specific properties of PEG2-SWCNTs and changes in
protein adsorption, we next investigated the differ-
ences in relative abundance of plasma proteins among
pairs of coronas adsorbed onto PEG2-SWCNTs differing
in only one physicochemical property (surface charge
or PEG conformation) (Table 2, Figure 4, and Figure S2).
In particular, we focused our attention on two of the

major components of the PEG2-SWCNTs' coronas (HFG
and Ig). HFG (fibrinogen or coagulation factor I) is a
hexameric (R2β2γ2) ∼405 kDa molecular weight gly-
coprotein that is synthesized in the liver by hepato-
cytes and participates in blood clot formation as a fibrin
precursor. The protein has a filamentous sigmoid-
like shape with a length of ∼48 nm and a diameter
of ∼6 nm and is negatively charged at physiological
pH (pI = 5.5) (Table S2). There were no statistically
significant differences in the relative abundance of
HFG among the coronas of cPEG2-SWCNT-a, cPEG2-
SWCNT-m, and cPEG2-SWCNT-750, whereas the abun-
dance of HFG in the coronas of fPEG2-SWCNT-m and
fPEG2-SWCNT-750 was ∼5 and ∼4 times higher than
that in the coronas of cPEG2-SWCNT-m and cPEG2-
SWCNT-750, respectively (Figure 4A). Immunoglobu-
lins are globular glycoprotein molecules that play an
essential role in the immune system. On the basis of
differences in the amino acid sequence in the constant
region of the heavy chains, Ig are divided into classes
(or isotypes) that have different concentrations in
serum (in the order IgG > IgA > IgM > IgD > IgE), have
diverse structures and properties, and carry out differ-
ent functions (Table S2). The relative abundance for
IgA, IgG, and IgM in the PEG2-SWCNTs' coronas was
calculated by summing the relative abundance
values for Ig R, γ, and μ chains (C region), respectively
(Figure 4A). IgG formed similar fractions for all of the
PEG2-SWCNTs' coronas, whereas the fraction in the
coronas of cPEG2-SWCNT-m and cPEG2-SWCNT-750
formed by IgM was ∼3 and ∼2 times higher than that
in the coronas of fPEG2-SWCNT-m and fPEG2-SWCNT-
750, respectively. The fraction in the corona of cPEG2-
SWCNT-m formed by IgA was ∼17 times higher than
that in the corona of fPEG2-SWCNT-m. There was no
statistical difference in the relative abundance of IgA
and IgM among the cPEG2-SWCNTs' and fPEG2-
SWCNTs' coronas.

Figure 3. Relative abundance of human plasma proteins adsorbed onto PEG2-SWCNTs. Samples of PEG2-SWCNTs incubated
with human plasma proteins and free plasma were separated by 1D SDS-PAGE and analyzed with a long one-dimensional
reversed phase liquid chromatography coupled mass spectrometry. More than 500 proteins were identified. Approximately
240 proteins were selected (see Figure 2) and grouped according to their physiological functions, and the donor-averaged
relative abundances for the proteins in each (functional) group were calculated for PEG2-SWCNTs and free plasma.
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We also investigated the enrichment/depletion
among IgM versus IgG, IgM versus HFG, and IgG versus

HFG upon adsorption onto PEG2-SWCNTs with respect
to the physiological values (Figure 4C). We did not
consider the IgA isotype in our analysis because the
DPSC values calculated for IgA were dispersed and it
made it difficult to compare the enrichment/depletion
of IgA with respect to the other Ig isotypes and HFG.
IgM/IgG DPSC ratios were higher than the physiological
value for all of the PEG2-SWCNTs. The analysis of the
Ig/HFGDPSC ratios for the IgM and IgG isotype showed

that the IgM/HFG ratio was higher than the physiolo-
gical value for cPEG2-SWCNTs, whereas it was lower
than the physiological value for fPEG2-SWCNTs. IgG/
HFG DPSC ratio was statistically different (lower) with
respect to the physiological value only for fPEG2-
SWCNTs. Taken together, these data suggested that
the order of adsorption of HFG, IgM, and IgG was IgM >
HFG = IgG for cPEG2-SWCNTs and HFG > IgM > IgG for
fPEG2-SWCNTs.

Finally, we found that 40 proteins (including HFG,
IgM, and IgA) showed different relative abundances

TABLE 2. Proteins of the PEG2-SWCNTs’ Coronas That Showed Statistical Differences among Pairs of PEG2-SWCNTs

Differing in Only One Physicochemical Propertya

surface charge PEG density

group protein 1 vs 2 2 vs 3 1 vs 3 4 vs 5 2 vs 4 3 vs 5

coagulation fibrinogen v v

R-2-macroglobulin V v V

factor XI v v

factor XII v

plasminogen v v

kininogen (HMWþLMW) v v

vitronectin v V v v

prothrombin v

kallikrein v v

histidine-rich glycoprotein v V v v

immunoglobulin IgA V

IgM V V

apolipoproteins ApoA-I V V

ApoA-IV V

ApoC-III v v

ApoC-IV V

β-2-glycoprotein 1 (ApoH) v v

clusterin (ApoJ) V v v

complement C1q (aþbþc subunit) V V

C1r V

C1s V

C3 v V V

C5 V

C6C v V V

C7 v V v V

C8 v V

C9 v V V V

complement (factors) Factor H v v v

Factor-H-related protein 1 v v

C4 binding protein (Rþβ chain) V

transport cholesteryl ester transfer protein v v

hemopexin v v

acute phase inter-R-trypsin inhibitor H4 V v v

lipopolysaccharide binding protein v v

other components haptoglobin-related protein V

gelsolin v v

pregnancy zone protein v

galectin-3-binding protein v V

protein AMBP v v V

inter-R (globulin) inhibitor H2 v

a Statistical analysis (non-parametric Mann�Whitney U statistic) among pairs of PEG2-SWCNTs differing in surface charge or PEG density. We used arrows to indicate the
statistical changes (increases or decreases) in protein amounts with varying the physicochemical properties of PEG-SWCNTs (V or v 0.01 < p e 0.05). For brevity:
1 = cPEG2-SWCNT-a; 2 = cPEG2-SWCNT-m; 3 = cPEG2-SWCNT-750; 4 = fPEG2-SWCNT-m; 5 = fPEG2-SWCNT-750.
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among the PEG2-SWCNTs' protein coronas, mostly due
to changes in PEG conformations (Table 2 and Figure S2).
Indeed, only three proteins (Apo A-IV, complement
C5, and pregnancy zone protein) showed different
relative abundances exclusively due to changes in
the surface charge of PEG2-SWCNTs, whereas 22 pro-
teins showed different relative abundances exclusively
due to changes in PEG conformation. It is worth noting
thatβ-2-glycoprotein (ApoH) showed relative abundances

in the coronas of fPEG2-SWCNT-m and fPEG2-SWCNT-
750 10 times higher than those in the coronas of
cPEG2-SWCNT-m and cPEG2-SWCNT-750, respectively
(Figure 4B). The latter result may have implications
for the different biodistribution profiles exhibited by
cPEG2-SWCNT-750 and fPEG2-SWCNT-750 as discussed
below.

Biodistribution of PEG2-SWCNTs. Despite the limita-
tions imposed by the fact that the above-mentioned

Figure 4. Statistical analysis (nonparametric Mann�Whitney U statistic). (A) Relative abundance of two of the major
components (HFG and Ig) in the PEG2-SWCNTs' coronas. (B) Relative abundance of β-2-glycoprotein (Apo H) in the PEG2-
SWCNTs' coronas. (C) DPSC ratios among IgM, IgG, and HFG in the PEG2-SWCNTs' coronas and plasma; *0.01 < p e 0.05.
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experiments were carried out in vitro;thereby not
taking into account the effects of blood cells, platelets,
and microparticles;and that information about the
“soft” corona was not collected, we wondered whether
variations in the PEG2-SWCNTs' protein corona would
correlate with their in vivo biological performance.

Twenty micrograms of cPEG2-SWCNT-750 and fPEG2-
SWCNT-750 were administered to live mice, blood
samples were collected, their NIR fluorescence was
measured, and the pharmacokinetic parameters of
PEG2-SWCNTs were calculated (Table 3). Both PEG2-
SWCNTs displayed a biphasic (distribution�elimination)
pharmacokinetic profile (Figure 5A). cPEG2-SWCNT-
750 reached the distribution balance between blood
and tissue in approximately 12 min and showed an
eliminative half-life of∼2 h. fPEG2-SWCNT-750 showed
a very fast distribution time constant (∼2 min) and an
eliminative half-life of ∼50 min, and exhibited a ∼4-fold
faster clearance and a∼2-fold larger steady-state volume
of distribution than cPEG2-SWCNT-750.

Next, we analyzed the accumulation of PEG2-
SWCNTs into organs 24 h following administration.
Although the data yielded by this study were qualitative
due to potential limitations related to the penetration

TABLE 3. Pharmacokinetic Parameters of cPEG2-SWCNT-

750 and fPEG2-SWCNT-750a

sample T0.5R (h) T0.5β (h) AUC¥ (h μg mL�1) VSS (mL) CL (mL h
�1)

cPEG2-SWCNT-750 0.2 2.3 14.4 3.63 1.4
fPEG2-SWCNT-750 0.03 0.8 3.7 6.6 5.4

a Groups of three NOD mice were post-retro-orbitally given a single injection of
20 μg of either cPEG2-SWCNT-750 or fPEG2-SWCNT-750 in 100 μL of PBS. Blood
samples were collected at different time points, and their near-infrared (NIR)
emission was measured and used to obtain the pharmacokinetic parameters of
PEG2-SWCNTs.

Figure 5. Biodistribution of cPEG2-SWCNT-750 and fPEG2-SWCNT-750. (A) Groups of three NOD littermatemice were given a
single injection of 20 μg of either cPEG2-SWCNT-750 or fPEG2-SWCNT-750. Blood samples (approximately 100 μL) were
collected at different time points, and their NIR emission was measured to calculate the concentration of PEG2-SWCNTs
(%ID/μL) in the blood. (B) Groups of three NOD littermatemice were given a single injection of 20 μg of either cPEG2-SWCNT-
750 or fPEG2-SWCNT-750. After 24 h, the mice were sacrificed, the organs were extracted and weighed, and the organs' NIR
emission was measured. The average total NIR emission per gram of organ for spleen, liver, and kidneys was calculated, and
the ratios between the values for any two organs are reported in the graph. Groups of three NOD littermate mice were
depleted of Apo H by being twice administered 20 μg of rabbit anti-mouse Apo H mAbs 6 and 2 h before given a single
injection of 20 μg of fPEG2-SWCNT-750. Nonparametric Mann�Whitney U statistic; *0.01 < pe 0.05. (C,D) Groups of two CD1
littermate mice were retro-orbitally given a single injection of 20 μg of either cPEG2-SWCNT-750 or fPEG2-SWCNT-750,
anesthetized, and the total NIR emission from liver and bladder was recorded during the first hour. NIR emission data from
bladder and liver of a representative group of mice were fitted to a four-parameter exponential rise curve (C). NIR emission
data from the bladder of a representative group of mice were also reported as percent of total body emission (D).
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depth and scattering of NIR light in thick tissues, our
measurements showed different patterns of organ
accumulation for the two types of PEG2-SWCNTs
(Figure 5B). Spleens from cPEG2-SWCNT-750- and
fPEG2-SWCNT-750-treated mice showed similar average
total NIR emissions, whereas livers from fPEG2-SWCNT-
750-treated mice showed lower average total NIR
emissions than livers from cPEG2-SWCNT-750-treated
mice. Both PEG2-SWCNTs were detected in no or
very low amounts in kidneys and other extracted
organs (heart, lungs, and thymus) and were mostly
found in the urine, thereby suggesting that they
were mostly excreted via the renal route (data not
shown).34 We also calculated the average NIR emis-
sion per gram of organ for spleen, liver, and kidney
as a qualitative measure of the density of nanopar-
ticle organ accumulation. The ratios between these
values suggested that cPEG2-SWCNT-750 accumu-
lated in similar densities in spleen and liver, whereas
fPEG2-SWCNT-750 accumulated∼3-fold more densely
in spleen than liver. Both PEG2-SWCNTs accumulated
in much lower densities in the kidneys with respect to
the liver (Figure 5B).

As we will discuss below, the differences in phar-
macokinetic profiles exhibited by cPEG2-SWCNT-750
and fPEG2-SWCNT-750 could be explained by a
combination of several factors such as nanoparticle
physical properties (i.e., aggregation), accessibility of
adsorbed proteins by cell receptors, and differences in
protein corona composition. It has been reported that
some proteins, which are not traditionally considered
as opsonins, could play a significant role in the clear-
ance of nanoparticles by RES phagocytic cells. Chonn
et al. have highlighted the involvement of Apo H in
liposomal biodistribution.35 In order to probe the role
of Apo H on the biodistibution of PEG2-SWCNTs, we
administered fPEG2-SWCNT-750 to mice whose serum
had been transiently depleted of Apo H by following a
protocol similar to that published by Chonn et al.35 We
have chosen fPEG2-SWCNT-750 because they showed
higher relative abundance of Apo H than cPEG2-
SWCNT-750 (Figure 4B). Groups of three mice received
two injections of 20 μg of rabbit anti-mouse Apo H
monoclonal antibodies (mAbs) in PBS or PBS alone
(control) 6 and 2 h before being injected with a single
dose (20 μg) of fPEG2-SWCNT-750. Depletion of Apo H
from mAb-treated mouse serum was confirmed by
Western Blot analysis (data not shown). Twenty four
hours after nanotube injection, the mice were sacri-
ficed, the organswere collected, and their NIR emission
was recorded. The ratio between the values of average
NIR emission per gram of organ for spleen and liver
calculated for Apo H-devoid mice was ∼2.5-fold lower
than that obtained for control (non-Apo H-devoid)
mice and suggested that the presence of Apo H in
the PEG2-SWCNTs's protein corona may directly affect

the relative spleen versus liver accumulation of PEG2-
SWCNTs (Figure 5B).

Finally, in order to investigate differences among
liver and renal clearances for the two types of PEG2-
SWCNTs, mice were administered NIR-emitting PEG2-
SWCNTs (10 μg), and the NIR emission from liver and
bladder was recorded for 1 h in live anesthetized mice.
The recorded profiles of NIR emission intensity showed
accumulation of cPEG2-SWCNT-750 in both liver and
bladder, whereas fPEG2-SWCNT-750 accumulated in
the bladder but displayed an eliminative behavior fol-
lowing a short accumulative one in the liver (Figure 5C).
These data suggested that fPEG2-SWCNT-750 entered
the liver but were not uptaken by liver cells as effi-
ciently as cPEG2-SWCNT-750 and were able, in part, to
exit the organ. Furthermore, the total NIR emission
from bladder was 40% of the total body NIR emission
for fPEG2-SWCNT-750 1 h after administration and less
than 15% for cPEG2-SWCNT-750 (Figure 5D). This ob-
servation suggested that fPEG2-SWCNT-750 was more
efficiently cleared via the renal route than cPEG2-
SWCNT-750.

DISCUSSION

Herein we investigated the effect of surface charge
and PEG conformation of PEG2-SWCNTs on the protein
corona and the biodistribution of the materials. PEG2-
SWCNTs differing in surface charge and PEG conforma-
tion were fabricated and characterized (Figure 1).
SWCNTs were modified with 2 kDa molecular weight
PEG chains by either noncovalent (coating) or covalent
(functionalization) techniques. We used AFM imaging
to characterize the conformation of PEG chains onto
PEG2-SWCNTs. It has been reported that PEG-modified
phospholipids randomly adsorb onto surfaces, thereby
leaving open areas as well as congested ones.36

Our AFM data suggested a similar behavior for PEG-
modified phospholipids while adsorbing onto SWCNTs.
We found that the noncovalent process of PEGylation
was not able to uniformly modify the sidewalls of
SWCNTs with PEG chains, and more than half of the
cPEG2-SWCNTs showed exposed portions of the un-
modified SWCNT sidewall extending for several tens of
nanometers (Figure 1C). On the other hand, covalent
amidation of oxidized nanotubes was able to produce
a denser and uniform PEG-modification on the side-
walls of SWCNTs than noncovalent adsorption of
PEG-modified phospholipids (Figure 1F). However, we
found that a small fraction (less than 10%) of fPEG2-
SWCNTs showed portions of unmodified SWCNT side-
wall. This result suggested that amidation was also
unable to completely cover nanotube sidewalls with
PEG chains, probably because of the insufficient and/or
nonuniform spatial distribution of the carboxylic
groups generated through oxidation.37,38

The goal of this study was to identify the proteins
in the protein coronas adsorbed onto PEG-modified
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nanotubes and assess differences in protein relative
abundance due to changes in nanoparticle physical
properties. We identified the plasma proteins ad-
sorbed onto PEG2-SWCNTs by means of LC/MS/MS.
Label-free relative quantification of plasma proteins
adsorbed onto nanotubes was performed using differ-
ential protein spectral count analysis of proteins iden-
tified from SDS-PAGE gel. Although it is not a truly
quantitative technique, label-free differential proteo-
mics analysis based on peptide/protein spectral count
using technical and biological replicates yielded to
robust “semi-quantitative” relative abundance data.
Statistical analysis (non-parametric Mann�Whitney U
statistic) on pairs of coronas adsorbed onto PEG2-
SWCNTs differing in only one property was performed
in order to correlate differences in protein relative
abundance to specific properties of PEG2-SWCNTs
while avoiding artifacts caused by proteome varia-
bility. Although several studies have been con-
ducted to identify the protein corona bound by
different types of nanoparticles and the mecha-
nisms regulating the amount/repertoire of adsorbed
proteins, they were mainly based on nonstatistical
analyses and on single or technical replicates.29,39,40

Only few recent studies have statistically approached
the problem.41�43 Technical replicate-based analyses
are important to assess the reliability of the assays
used (Figure S4), but the robustness of the conclu-
sions drawn about the amounts of adsorbed proteins
might be affected by proteome variability among
individuals.
Our data showed that PEG modification did not

abrogate the adsorption of plasma proteins onto
SWCNTs. This result, along with other recent studies
about PEG-modified spherical nanoparticles,8�10 con-
tradicts the general idea that PEGmodification forms a
surface-random cloud that abrogates the adsorption of
the protein corona onto nanoparticles. Furthermore,
we found that the pattern of adsorbed proteins was
affected by the conformation of PEG more than nano-
particle charge (Table 2 and Figure S2). A change in
surface PEG conformation on SWCNT sidewalls from
mushroom to mushroom-brush transition affected the
relative content of two of the major components of
the PEG2-SWCNTs' corona (HFG and Ig, Figures 4 and S2).
The order of adsorption of HFG and Ig was IgM>HFG =
IgG for PEG2-SWCNTs with PEG in mushroom con-
figuration (cPEG2-SWCNTs) and HFG > IgM > IgG for
PEG2-SWCNTs with PEG in mushroom-brush transition
configuration (fPEG2-SWCNTs). In a recent investiga-
tion carried out using single protein solutions, Ge et al.
have reported that the adsorption of bovine fibrinogen
(BFG) and IgG onto pristine SWCNTs was competitive
with an order BFG > IgG and driven by π�π stacking
interactions.44 The amount of adsorbed proteins posi-
tively correlated with the surface (and total) number of
hydrophobic residues (in particular Tyr, Phe, and Trp).

However, the orders of adsorption of BFG versus IgM
and IgM versus IgG onto SWCNTs were not investi-
gated. The order of adsorption for HFG, IgM, and IgG
onto PEG2-SWCNTs did not correlate with protein
hydrophobicity for either cPEG2-SWCNTs or fPEG2-
SWCNTs, thereby suggesting that other protein prop-
erties influenced the adsorption of these major corona
components (Table S2). The fact that, although carry-
ing a lower number of hydrophobic residues, HFG
adsorbed onto fPEG2-SWCNTs more efficiently than
IgM (Figure 4C) suggests that the filamentous shape of
HFG possibly allows it to more efficiently reach the
graphitic sidewall through the dense PEG cloud when
compared to IgM, which has a planar shape. In other
words, a change in surface PEG conformation from
mushroom to mushroom-brush transition might change
the adsorption of the plasma proteins HFG and IgM onto
PEG2-SWCNTs from an hydrophobicity-driven process
to a more shape-driven one. This is certainly a pre-
liminary model and does not perfectly fit the adsorp-
tion of other proteins. For instance, thismodel does not
explain the fact that, although characterized by higher
hydrophobicity, HFG did not adsorb onto cPEG2-
SWCNTs with higher efficiency than IgG (Figure 4).
Other variables that may originate from either direct
or indirect actions of PEG on protein adsorption should
be considered. We cannot rule out that certain plasma
proteins could directly interact with PEG chains. It has
been hypothesized that PEG chains, although lacking
defined chemical groups promoting direct recogni-
tion, may drive the recruitment of complement acti-
vator complexes onto PEG-modified SWCNTs.45 A
direct interaction of HFG with PEG chains would ex-
plain the higher amount of HFGon fPEG2-SWCNTswith
respect to cPEG2-SWCNTs (Figure 4A). However, it is
also possible that PEG may indirectly affect protein
adsorption through water activity. It is well-established
that PEG chains cluster water molecules and can affect
the hydration (and conformational) state of proteins
adsorbed onto PEG-modified surfaces. A “C3 tickover”
due to conformational changes following adsorption
onto PEG-modified SWCNTs has been reported.46

Similarly, HFG hydration and the following conforma-
tional changes and aggregation may become acceler-
ated upon adsorption onto densely PEG-modified
SWCNTs. Conformational changes of HFG upon
adsorption onto nanoparticles and its effects on nano-
particles toxicity have been described.47

Our statistical analysis showed that a total of
40 proteins exhibited different relative abundances
among the PEG2-SWCNTs' protein coronas mostly
due to changes in PEG conformation (Table 2 and
Figure S2). However, our investigation was based on
SWCNTs modified with 2 kDa molecular weight linear
PEG chains. Preliminary investigations about the pro-
tein corona adsorbed onto SWCNTs modified with
2 and 5 kDa molecular weight PEG chains following
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incubation with human plasma at 4 �C for 1 h (Table S3
and Figures S5 and S6) suggested that, along with
conformation, PEG length may play an important role
in the formation of the PEG-SWCNTs' protein corona.
Although a comprehensive analysis of the protein
corona adsorbed onto PEG-SWCNTs at 4 �C is beyond
the scope of this article, it is worth describing a couple
of results. HFG and IgM showed statistically signifi-
cant different relative abundances between the cPEG2-
SWCNT-m's and fPEG2-SWCNT-m's protein coronas,
whereas their relative abundanceswere similar between
the cPEG5-SWCNT-m's and fPEG5-SWCNT-m's coronas
(Figure S7A). The order of adsorption of HFG and IgM
was IgM > HFG for cPEG2-SWCNTs and HFG > IgM for
fPEG2-SWCNTs, whereas HFG and IgM adsorbed with
similar efficiency onto cPEG5-SWCNTs and fPEG5-
SWCNTs (Figure S7B). Gref et al. have reported that both
PEG length and surface density influence the protein
corona of PEG-modified polymeric nanoparticles.10 Our
results suggested that, by increasing PEG length, the
effect of PEG conformation on the adsorption of HFG
and IgM onto PEG-SWCNTs becomes weaker. A clear
explanation of this phenomenon is still missing, andmore
investigations about the protein corona of SWCNTs mod-
ified with PEG chains having different lengths (as well as
nature, i.e., linear versus branched) are warranted in order
to shed light on the interplay of PEG properties on the
adsorption of plasma proteins onto PEG-SWCNTs.
Finally, we investigated the effects of PEG conforma-

tion on the biodistribution of PEG2-SWCNTs. Our data
showed that a change in PEG conformation from
mushroom to mushroom-brush transition led to
shorter blood circulation time, faster renal clearance,
and higher spleen versus liver accumulation of PEG2-
SWCNTs (Figure 5). Since AFM imaging showed that
both the PEG2-SWCNTs used in the experiments had a
transverse dimension well below the diameter of renal

fenestra (∼30 nm), the fact that cPEG2-SWCNTs and
fPEG2-SWCNTs showed different renal excretion effi-
ciencies could be explained by differences in the level
of aggregation of PEG2-SWCNTs as soon as they enter
the bloodstream. It is likely that fPEG2-SWCNTs were
able to remain as individual nanoparticles for a longer
duration of their blood circulation by virtue of their
dense PEG coating, whereas cPEG2-SWCNTs had a
tendency to form bundles that were less prone to cross
the glomerular filter than fPEG2-SWCNTs. Recently,
Lacerda et al. have pointed out that individualization,
along with dimension, shape, and structural character-
istics (i.e., charge), is pivotal to enable efficient clear-
ance of nanoparticles through the renal route.22,23 The
authors showed that highly individualized carbon
nanotubes with length considerably larger than the
glomerular pores can be efficiently excreted through
the renal route with low accumulation in the liver. The
observed differences in the spleen versus liver accu-
mulation of PEG2-SWCNTs might be correlated to
other mechanisms, along with differences in the level
of aggregation of PEG2-SWCNTs. First, the higher PEG
density of fPE2-SWCNTs versus cPEG2-SWCNTs could
prevent receptor-mediated recognition by (liver) phago-
cytic cells of certain plasma proteins equally ad-
sorbed onto both cPEG2-SWCNTs and fPEG2-SWCNTs
(i.e., IgG).6,7 Second, quantitative differences in the
presence of certain plasma proteins in the PEG2-
SWCNTs' protein corona may be responsible for differ-
ences in biodistribution. For example, the higher
amounts of IgM adsorbed onto cPEG2-SWCNTs could
be responsible for their higher liver accumulation than
fPEG2-SWCNTs. Other proteins, which preferentially
adsorbed onto fPEG2-SWCNTs with respect to cPEG2-
SWCNTs (Table 2 and Figure S2), are not traditionally
considered as opsonins but could still drive the accu-
mulation of fPEG2-SWCNTs in the RES organs. For

Figure 6. Hypothesized role of protein corona in the biological performance of PEG-modified SWCNTs. The biological
performance of PEG-modified SWCNTs has been traditionally thought to be influenced by nanotube properties and steric
stabilization, which is driven by PEGproperties (black arrows). Immediately after the administration of PEG-modified SWCNTs
in vivo, plasma proteins start adsorbing onto the nanoparticles. The process of protein corona formation onto PEG-modified
SWCNTs is dynamic and governed by both nanotube and PEG properties, proteome variability, and the biological
performance of PEG-SWCNTs (i.e., the local and temporal blood concentration of nanotubes) (red arrows). Our data suggest
that protein corona repertoire, along with steric stabilization and nanotube properties, may mediate the action of PEG
conformation on the biological performance PEG-SWCNTs (blue arrow).
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example, it has been described that the adsorption of
vitronectin and β-2-glycoprotein (Apo H) onto nano-
particles plays a significant role in the clearance of
nanoparticles by RES phagocytic cells.30,35 We probed
the effect of the transient depletion of Apo H from
mouse plasma on the organ accumulation of fPEG2-
SWCNT-750. This investigation showed that Apo H
depletion causes a decrease in the relative spleen
versus liver uptake of fPEG2-SWCNT-750. Although a
clear picture of the regulatory mechanisms of this
phenomenon is still missing, our data suggest that
the presence of Apo H in the PEG2-SWCNTs' protein
corona may directly influence the biodistribution of
PEG2-SWCNTs (Figure 5).

CONCLUSIONS

Here, for the first time, we report a study about the
effects of surface charge and PEG conformation on the
pattern of plasma protein adsorbed onto PEG2-
SWCNTs and the effects of PEG conformation on the
biodistribution of PEG2-SWCNTs. Our investigation led
to several results. First, we showed that the recruitment
of plasma proteins onto PEG2-SWCNTs is independent
from the isoelectric point, molecular weight, total
hydrophobicity, and number of polyaromatic residues
of the proteins. Second, statistical analysis of the
relative abundance of plasma proteins among the
PEG2-SWCNTs' coronas showed that several plasma
proteins were enriched/depleted upon adsorption
onto PEG2-SWCNTs with respect to their physiological

relative abundance independent of nanotube surface
charge and PEG conformation. Third, statistical analysis
on the relative abundance of plasma proteins in the
PEG2-SWCNTs' coronas showed that PEG conforma-
tion had a deeper influence on the composition of the
protein corona compared to nanotube surface charge.
In particular, PEG conformation affected the adsorp-
tion of the corona's major constituents. This result
suggests that PEG conformation also influences the
protein properties driving the adsorption onto PEG2-
SWCNTs. Finally, in vivo investigations showed that
PEG conformation affected the biodistribution of
PEG2-SWCNTs and suggested that the adsorption of
certain proteins may directly influence the biodistribu-
tion of PEG2-SWCNTs.
Nanoparticle physical properties (dimension, shape,

and structural characteristics) and the type of chemical
modification (i.e., PEG density, charge, length, and
nature) traditionally are believed to affect nanoparticle
biological performance mainly through effects on
nanoparticle aggregation and accessibility for ligation
to receptors on phagocytic cells. The protein corona
has recently emerged as another key determinant of
the biological performance of nanoparticles at both
the cellular and whole animal level.13 Our study is the
first to address the protein corona of PEG-modified
SWCNTs and suggests a causal relationship between
surface PEG conformation, pattern of adsorbed plasma
protein, and pharmacokinetic profile of PEG-modified
SWCNTs (Figure 6).

MATERIALS AND METHODS
Fabrication of PEG(2k)-Coated SWCNTs (cPEG2-SWCNT-a, cPEG2-SWCNT-m,

and cPEG2-SWCNT-750). cPEG2-SWCNT-a were fabricated through
the adsorption of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[amino(polyethylene glycol)-2000] (Avanti Polar Lipids,
Inc., Alabaster, AL) onto SWCNT sidewalls. First, 5 mg of oven-
dried pristine (nonfunctionalized) SWCNTs (Carbon Solutions,
Inc., Riverside, CA) were sonicated with phospholipids (25 mg)
in PBS for 6 h by an ultrasonic bath (Cole-Parmer, VernonHills, IL).
The temperature of the water in the bath was maintained
at ∼20 �C. Next, the mixture was fractionated by stepwise
centrifugation to isolate short hydrophilic amino-terminated
PEG(2k)-coated SWCNTs and washed eight times through
100 kDa cutoff filters in Milli-Q H2O (Amicon Ultra, Millipore,
Billerica, MA) to remove free phospholipids. cPEG2-SWCNT-m
were fabricated by incubating cPEG2-SWCNT-a with methyl-
terminated short poly(ethyleneoxide) chains carrying an activated
carboxylic group (NHS-mPEO, Thermo Scientific, Rockford, IL)
overnight (o/n) at room temperature and following washing
through 100 kDa cutoff filters in Milli-Q H2O. For in vivo experi-
ments, PEG(2k)-coated SWCNTs carrying near-infrared (NIR)-
emitting fluorochromes were fabricated by incubating cPEG2-
SWCNT-awith 750nmemitting fluorochromes carrying activated
carboxyl groups (NHS-Seta750, ex 752 nm/em 778 nm, SETA
BioMedicals, Urbana, IL) o/n in the dark at room temperature and
purified by filtration on 100 kDa cutoff filters in Milli-Q H2O. The
fluorochrome was chosen in order to minimize the background
noise arising from tissue autofluorescence.

Fabrication of PEG(5k)-Coated SWCNTs (cPEG5-SWCNT-a and cPEG5-
SWCNT-m). PEG(5k)-coated SWCNTs were fabricated by using

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-5000] (Nanocs, Boston, MA) and following
a protocol similar to that described for PEG(2k)-coated SWCNTs.

Fabrication of PEG(2k)-Functionalized SWCNTs (fPEG2-SWCNT-a, fPEG2-
SWCNT-m, and fPEG2-SWCNT-750). fPEG2-SWCNT-a were fabricated
by incubating 3mgof oven-dried carboxylic acid-functionalized
SWCNTs (Carbon Solutions) with 100 mg of R-amino-ω-
Boc-amino PEG(2 kDa) (Rapp Polymere GmbH, Tuebingen,
Germany) in 10 mL of dichloromethane (DCM) containing
125 μL of 1 M N,N0-dicyclohexylcarbodiimide and 60 mg of
4-dimethylaminopyridine (Sigma-Aldrich, St. Louis, MO). The
amidation reaction was carried out for 48 h under constant
sonication by means of an ultrasonic bath. The temperature of
the water in the bath was maintained at ∼20 �C. The mixture
was dried under vacuum, resuspended in 5 mL of Milli-Q H2O,
centrifuged at 100 000g for 3 h at 4 �C, and purified by filtration.
Boc was unprotected by using a trifluoroacetic acid (TFA) solu-
tion 1:1 (v/v) in DCM. fPEG2-SWCNT-m were fabricated by
incubating fPEG2-SWCNT-a with NHS-mPEO o/n at room tem-
perature and following by washing through 100 kDa cutoff
filters in Milli-Q H2O. For in vivo experiments, we fabricated
fPEG2-SWCNT-750 by incubating fPEG2-SWCNT-a with NHS-
Seta750 o/n in the dark at room temperature and purified by
filtration on 100 kDa cutoff filters in Milli-Q H2O.

Fabrication of PEG(5k)-Functionalized SWCNTs (fPEG5-SWCNT-a and
fPEG5-SWCNT-m). PEG(5k)-functionalized SWCNTs were fabri-
cated by using R-amino-ω-Boc-amino PEG(5 kDa) (Rapp Poly-
mere GmbH) and following a protocol similar to that described
for PEG(2k)-functionalized SWCNTs.

AFM Imaging of PEG-SWCNTs. A few microliters of amino-
terminated PEG-SWCNTs in PBS were dropped onto a freshly
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cleaved mica substrate (Ted Pella, Redding, CA) and allowed to
stand for a couple of minutes. The mica surface was rinsed with
water and dried under a gentle nitrogen stream. AFM images
were recorded through an 5500 AFM (Agilent Technologies,
Inc., Santa Clara, CA).

Calculation of PEG Density of PEG-SWCNTs. The values of PEG
density were obtained by calculating the concentration of both
amino groups on amino-terminated PEG-SWCNTs by Kaiser test
and fluorochromes on Seta750-conjugated PEG-SWCNTs by our
published protocol.17

Dynamic Light Scattering. The surface charges of PEG-SWCNTs
were recorded by means of a Zetasizer NanoZS (Malvern,
Worcestershire, UK) as described elsewhere.48�50 Measure-
ments were performed at 25 �C using 0.1 mg/mL PEG-SWCNT
solutions in both Milli-Q H2O and PBS.

Pharmacokinetic of cPEG2-SWCNT-750 and fPEG2-SWCNT-750. The
animal work described in this article was carried out at the La
Jolla Institute for Allergy and Immunology (LIAI) and approved
by the LIAI IACUC (AP140-NB4-0610). All efforts were made to
minimize animal suffering. Groups of three NOD mice (The
Jackson Laboratory, Bar Harbor, MA) were retro-orbitally given a
single injection of 20 μg of either cPEG2-SWCNT-750 or fPEG2-
SWCNT-750 in 100 μL of PBS. Control mice were injected with
PBS. Blood samples (∼100 μL) were collected from the saphe-
nous vein at different time points and centrifuged at 1300g at
4 �C for 10 min to pellet the red and white cells. Supernatants
were collected, and their NIR emission was measured by means
of a Xenogen IVIS imager (PerkinElmer, Waltham, MA). The NIR
emission of control mice blood samples was subtracted from
that of treated mice blood samples. The percent injected dose
of PEG2-SWCNTs per microliter of blood (% ID/μL) was calcu-
lated by calibrating NIR emission of PEG2-SWCNTs in the blood.
The fluorescence of cPEG2-SWCNT-750 and fPEG2-SWCNT-750
was calibrated by mixing equal volumes of mouse plasma with
different concentrations of nanotubes and recording the NIR
emission. NIR emission of both nanoparticles showed a linear
dependence with nanoparticle concentration in the range of
interest (from 0.1 to 10 mg/L, Figure S3). The obtained values
were best fitted by using a two-compartmental model (R = 1),
and the plasma pharmacokinetic parameters of PEG-SWCNTs
were obtained.

OrganAccumulation of cPEG2-SWCNT-750and fPEG2-SWCNT-750. Groups
of three NOD mice were retro-orbitally administrated with a
single injection of 20 μg of either cPEG2-SWCNT-750 or fPEG2-
SWCNT-750 in 100 μL of PBS. Control mice were injected with
PBS. After 24 h, mice were sacrificed by CO2 asphyxiation, the
organs extracted and weighed, and the organs' NIR emission was
measured with a Xenogen IVIS imager. The average total NIR
emission per gram of liver, spleen, and kidneys was calculated for
both control and treated mice as a measure of the density of
accumulation of PEG2-SWCNTs into organs. The density of accu-
mulation of control organs was subtracted from those of treated
mice and the obtained values used to calculate the ratio of density
of accumulation between any two organs.

Effect of Apo H Depletion on Organ Accumulation of fPEG2-SWCNTs.
Apo H was depleted from serum following a protocol similar to
that published by Chonn et al.35 Groups of three NODmicewere
retro-orbitally injected twice with 20 μg of rabbit anti-mouse
Apo H mAbs (Millipore) in PBS or PBS alone (control) 6
and 2 h before being injected with a single dose (20 μg) of
fPEG2-SWCNT-750. Organ accumulation of fPEG2-SWCNT-750
was determined as described above.

Kinetic of Accumulation of cPEG2-SWCNT-750 and fPEG2-SWCNT-750
into Bladder and Liver. Groups of two CD1 littermate mice were
retro-orbitally given with a single injection of 20 μg of either
cPEG2-SWCNT-750 or fPEG2-SWCNT-750. Control mice were
injected with PBS. Mice were anesthetized with a single intra-
peritoneal injection of 250 mg/kg Avertin solution, and the NIR
emission from liver and bladder was recorded during the
first hour by means of a Kodak In-Vivo FX. Avertin solution
was prepared by mixing 0.5 mL of Avertin stock solution [25g
Avertin (Sigma-Aldrich) in 15.5 mL of tert-amyl alcohol (Thermo
Scientific)] with 39.5 mL of 0.9% saline. Accumulation kinetics of
PEG2-SWCNTs into bladder and liver were calculated by sub-
tracting the NIR emission of control organs from that of treated

mice organs. Accumulation of PEG2-SWCNTs into the bladder
was also calculated as a percent of total body emission by
subtracting the NIR emission of control organs from that
of treated mice organs and dividing by the total body NIR
emission.

Human Plasma. Human blood was collected from three dif-
ferent anonymous healthy donors at the La Jolla Institute for
Allergy & Immunology IRB-Approved Normal Blood Donors
Program in heparin-coated tubes to prevent clotting. Blood
was centrifuged at 1300g at 4 �C for 10min to pellet the red and
white cells. The supernatant (plasma) was aliquoted and stored
at �80 �C until use. Defrosted plasma was centrifuged again at
1600g for 10min before use to reduce the presence of degraded
proteins.

Incubation with Plasma. Fifty micrograms of each PEG-SWCNT
suspension in PBS was incubated for 1 h at 37 �C (or 4 �C) with
400 μL of human plasma in a final volume of 500 μL by adding
PBS (80% final plasma concentration). The samples were
washed four times in 500 μL of PBS by ultracentrifugation at
120 000g at 4 �C for 30 min, then the last pellets were resus-
pended in SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 2% w/v
SDS, 10% glycerol, 50 mM DTT, 0.01% w/v bromophenol blue)
and boiled at 96 �C for 5min. After a brief spin, the supernatants
were run on a 4�20% Tris-glycine SDS-PAGE gel (Life Technol-
ogies, Grand Island, NY) and stained with SimplyBlue Safe Stain
(Life Technologies) or with Pierce Silver Stain Kit (Thermo
Scientific).

In-Gel Digestion and Sample Preparation for LC-MS/MS Analysis.
Stained SDS-PAGE bands were cut into 1 mm � 1 mm pieces,
transferred to a new EtOH-rinsed tube, destained by washing
with 50% acetonitrile (ACN) in 50 mM ammonium bicarbonate,
and vacuum-dried. Proteins were reduced with 5 mM dithio-
threitol and alkylated with 15 mM iodoacetamide prior diges-
tion by 25 ng/μL trypsin in 50 mM ammonium bicarbonate for
1 h on ice followed by additional 16 h at 37 �C under continuous
shaking. Digested tryptic peptides were extracted fromgels and
transferred to a new tube. Three hundred microliters of HPLC
grade H2O was added, sonicated for 10 min, then the extracted
peptides were added to the elution tube, following extraction
by 5% formic acid (FA), four times with 50% ACN in 5% FA, once
with 70% ACN, and finally with 100% ACN. Extracted peptides
were all pooled together, vacuum-dried, and dissolved in 18 μL
of 0.1% TFA. Tryptic peptides were then concentrated and
desalted using a Millipore C18 Zip Tip (Millipore). The eluent
was then vacuum-dried and dissolved in 32 μL of LC/MS loading
buffer (2% ACN in 0.1% FA in Milli-Q H2O).

Protein Identification Using LC/MS/MS. Eight microliters of Zip
Tip-cleaned tryptic-digested samples was loaded to the auto-
mated Nano LC- LTQ MS/MS (Thermo Scientific, Waltham, MA),
using an Eksigent Nano 2D LC system, a switch valve, a C18 trap
column (Agilent, Inc., Santa Clara, CA), and a capillary reversed
phase (RP) column (15 cmMagic C18 AQ resin, Bruker-Michrom
Bioresources, Inc.) with an ADVANCE ESI source (Michrom)
which is used to ionize the peptides while eluting from the RP
column using a linear gradient elution from buffer A (2% ACN in
Milli-Q H2O plus 0.1% FA) to 15% buffer A plus 85% buffer B
(ACN plus 0.1% FA) in 2 h. The LC/MS run was operated in the
data-dependent mode. Data on the four strongest ions above
an intensity of 50 � 104 were collected with dynamic exclusion
enabled and collision energy set at 35%.

Protein Identification and Data Analysis. TheMS/MS spectra were
combined and analyzed by Sorcerer Enterprise v.3.5 release
(Sage-N Research, Inc., Milpitas, CA) with SEQUEST algorithm as
the search program for peptide/protein identification. SEQUEST
was set up to search the target-decoy ipi.Human.v3.73 database
containing protein sequences using trypsin for enzymewith the
allowance of up to 2 missed cleavages, Semi Tryptic search and
precursor mass tolerance of 1.5 atomic mass unit (amu). Differ-
ential search was performed to identify the following modifica-
tions: alkylation of cysteine residues, oxidation of methionine
residues, phosphorylation of serine, threonine and tyrosine
residues, lysine ubiquitination (by using GG or LRGG tags).
The search results were viewed, sorted, filtered, and statically
analyzed by using comprehensive proteomics data analysis
software [Peptide/Protein prophet v.4.02 (Institute for Systems

A
RTIC

LE



SACCHETTI ET AL. VOL. 7 ’ NO. 3 ’ 1974–1989 ’ 2013

www.acsnano.org

1988

Biology)]. In this study, we used the following two search
criteria. First, the minimum trans-proteomic pipeline (TPP)
probability score for proteins and peptides was set at 0.95
and 0.9, respectively, to ensure very low error [much less than
a false discovery rate (FDR) of 2%] with reasonably good
sensitivity. Second, we set the cross correlation (Xcorr) score
threshold for filtered peptides equal to 1.5, 2.0, and 2.5 for 1, 2,
and 3-charged fully digested peptides, respectively. Finally, the
gene ontology analysis of identified protein and differential
spectral count analysis were analyzed by QTools.33

Statistical Analysis. Nonparametric Mann�Whitney U analysis
was performed by SPSS Statistics (IBM Corporation, Armonk, NY).
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