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Amphiphilic lipid-poly(ethylene glycol) (LPEG) is widely used for the noncovalent functionalization of
graphene nanomaterials (GNMs) to improve their dispersion in aqueous solutions for biomedical appli-
cations. However, not much is known about the detachment of LPEGs from GNMs and macrophage
uptake of dispersed GNMs in relation to the alkyl chain coverage, the PEG coverage, and the linker group
in LPEGs. In this study we examined these relationships using single walled carbon nanohorns (SWCNHs).
The high coverage of PEG rather than that of alkyl chains was dominant in suppressing the detachment of
LPEGs from SWCNHs in protein-containing physiological solution. Correspondingly, the quantity of LPEG-
covered SWCNHs (LPEG-SWCNHs) taken up by macrophages decreased at a high PEG coverage. Our study
also demonstrated an effect of the ionic group in LPEG on SWCNH uptake into macrophages. A phosphate
anionic group in the LPEG induced lower alkyl chain coverage and easy detachment of the LPEG, however,
the negative surface charge of LPEG-SWCNHs reduced the uptake of SWCNHs by macrophages.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Graphene nanomaterials (GNMs), including graphene, carbon
nanotubes, and carbon nanohorns, have found many potential bio-
logical applications and have been acknowledged as next genera-
tion novel drug delivery nanocarriers [1-6]. The practical
implementation of GNM-based nanocarriers has been greatly facil-
itated by various dispersion techniques [7,8], such as covalent or
non-covalent functionalization with polymers [9-11], biological
macromolecules[12,13], and amphiphilic molecules [14,15].
Covalent functionalization methods usually involve a harsh pre-
oxidation that disrupts the m-electron networks of the GNMs.
Non-covalent functionalization, especially using poly(ethylene
glycol)-based amphiphilic lipids (LPEGs), has been widely adopted
as an effective and simple to handle protocol to yield water-soluble
GNMs [16-19].

Non-covalent functionalization of LPEG onto GNMs not only im-
proves the solubility of GNMs, but also inhibits the binding of plas-
ma proteins and the recognition of GNMs by macrophages [20,21],
thereby prolonging the blood circulation of GNMs, which would be
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an advantage for anticancer therapy [22,23]. Like many surfactants,
non-covalently adsorbed LPEG may, however, gradually detach
from the GNM surface [24] and the exposed hydrophobic region
becomes accessible to serum proteins. Consequently, serum-med-
iated recognition of GNMs by phagocytic cells of the reticuloendo-
thelial system may yield a short blood circulation lifespan or
decrease the potential targeting effect of GNMs [25]. Therefore,
investigation of the detachment of LPEGs from GNM surfaces and
macrophage uptake of LPEG-covered GNMs will guide us in the
selection of appropriate LPEGs for GNMs for in vivo drug delivery.
No research to has date tried to elucidate the relationship between
PEG coverage density and detachment of LPEGs from GNM surfaces
or the macrophage uptake of LPEG-covered GNMs.

To quantitatively establish such relationships spherical aggre-
gates of about 2000 single-walled carbon nanohorns (SWCNHs)
(Fig. 1) were used as the model GNM because of their extremely
hydrophobic surface and the large quantities available without
the use of a metal catalyst [26]. The SWCNHs were solubilized with
two commercially available LPEGs and five synthetic LPEGs
(Table 1). These LPEGs with different alkyl chains, different PEG
chain lengths, and linkers were designed in an effort to determine
the effect of different chemical structures on the dispersion ability.
By quantitatively measuring the amounts of LPEG using a
colorimetric method we were able to determine the saturated
absorption of LPEGs on SWCNHs, from which the alkyl chain
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Fig. 1. Transmission electron microscope image of a SWCNH aggregate.

coverage and PEG coverage density were calculated for each
LPEG-covered SWCNHs (LPEG-SWCNH). Further, for the first time,
these coverage densities were correlated with dispersion ability,
dispersion stability, detachment of LPEGs from SWCNHs, and mac-
rophage uptake of LPEG-SWCNH. It was found that when either the
alkyl chain coverage or the PEG coverage density exceeded a

Table 1
Chemical structures of LPEGs.

certain value the SWCNHSs were finely dispersed; a higher PEG cov-
erage density resulted in less detachment of LPEGs from SWCNHs
and lower macrophage uptake of LPEG-SWCNH. Finally, the low
acute toxicity of LPEG-SWCNH was confirmed with macrophages.

2. Materials and methods
2.1. Materials and measurements

The SWCNHs used in this study were produced by CO, laser
ablation of graphite in an argon atmosphere (1 atm) without using
metal catalysts, as described previously [26]. The purity of the
SWCNHs produced was estimated to be 95%, with 5% giant
graphite ball impurities [27,28]. N-Palmitoyl-sphingosine-1-[suc-
cinyl(methoxypolyethylene glycol) 2000] (C-PEG) and 1,2-distea-
royl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol) 2000], ammonium salt (D-PEG) were purchased from
Avanti. For the synthesis stearoyl chloride and dodecanoy!l chloride
(TCI, Japan), solvents (Wako, Japan), and polyethylene glycols of
the highest grade were purchased and used without purification.
Proton nuclear magnetic resonance (‘H NMR) spectra were re-
corded using an Avance 400 (400 MHz at 23 °C) spectrometer.
Chemical shift values (5) are given in parts per million using tetra-
methyl silane ("H NMR, & = 0.00 in CDCl;) as an internal standard.
Preparative column chromatography was performed on silica gel.
The chromatographic purity of the intermediates was monitored
by thin layer chromatography (Kiesel gel F254, Merck).

Name Structure

Molecular weight

Double alkyl chain

C-PEG o) 2634.4
WNI—L H 0
B S oy~ Hoyos
12HO | o 45
D-PEG o) 2805.5
15 o, Ig o i (o}
WO\AO' \ \/\Nﬂ'(o’\)’ ~
H 45
15 [o]
NH;
Single alkyl chain
C18E114? fo) 5324.6
’H*)LN’\/(O/\)’O\
15 H 114
C18E45? fo) 2324.6
,HJLN/\/(O O
15 H 45
C18E114-ester? fo) 5311.5
,('\)1;)L0\/~(~0/\,)1?4\
E45C20E45? H fo) 44227
\o'(\/o)WNWLNM(O/\)'O\
45 o H 45
C10E45? 22124

(o]
’(«)“)LN/\/(“O/\%O\
7 H 45

@ The Cn and Em in CnEm refers to the carbon numbers in the alkyl chain and the ethylene glycol repeated units in the PEG chain.
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2.2. Synthesis

2.2.1. Synthesis of C18E114

A dichloromethane solution (0.5 ml, anhydrous) of stearoyl
chloride (48 mg, 0.16 mmol) was added dropwise into a dichloro-
methane solution (2 ml, anhydrous) of a-aminopropyl-m-meth-
oxypolyethyleneglycol (molecular weight 5000 Da, 500 mg,
0.10 mmol, Sunbright MEPA-50H, NOF Corp., Japan) and triethyl-
amine (28 pl, 0.20 mmol) at 0 °C. The solution was stirred at the
same temperature for 1 h, and then at room temperature for 3 h.
The condensation reaction was quenched with water and the sol-
vent evaporated. The residue was dissolved in methanol, neutral-
ized with ion exchange resin (Amberlite, IRA400], Organo, Japan),
and subjected to silica gel column chromatography (elution with
chloroform/methanol 90:10 vol.%) and size exclusion chromatog-
raphy (elution with methanol, Toyopearl HW-40S, Tosoh Biosci-
ence, Japan). Solvent evaporation of the fractions gave C18E114
as an amorphous solid (493 mg, 94%): R¢=0.3 (chloroform/
methanol 90:10 vol.%); '"H NMR (in CDCls) & 3.44-3.84 (m, 460H,
0-CH,—CH,-, -CH,-NH), 3.38 (s, 3H, OCH3), 2.14 (t, ] = 8.0 and 7.3 Hz,
2H, -CH,-CO), 1.76 (m, 2H, ~CH,-CH,-NH), 1.61 (m, 2H, ~CH,~CH,-
CO), 1.25 (m, 28H, -CH,-), 0.88 (t, ] = 7.0 and 6.6 Hz, 3H, -CH3).

2.2.2. Synthesis of other LPEGs

C18E45, C18E114-ester, E45C20E45, and C10E45 were prepared
by a similar procedure to that of C18E114. Details are provided in
Supplementary information.

2.3. Measurement of LPEG adsorption on SWCNHs

A series of LPEG solutions (0.004, 0.01, 0.02, 0.04, and
0.1 mg ml~!) were prepared by the dilution of a stock solution,
which was prepared by dissolving the LPEG powder in MilliQ water
at room temperature. 0.2 mg of SWCNHs were dispersed in 10 ml
of each of the LPEG solutions, after which the mixtures were son-
icated using a bath sonicator for 10 min and stirred at 600-
700 r.p.m. over 17 h. The non-adsorbed LPEGs were filtered out
using a 0.1 pm syringe-driven filter (Millipore) (see Supplementary
information, Table S1 for LPEG recovery). The concentrations of the
non-adsorbed LPEGs were determined using the modified Drag-
endorff reagent method reported previously [29]. Briefly, 0.5 ml
of purified water, 1.5 ml of 0.05 N HCI, and 0.5 ml of Dragendorff
reagent were added to 2.5 ml of each filtrate. The Dragendorff re-
agent chelates with the PEG chain and forms an orange colored
solution. After 15 min the UV absorption at 510 nm was deter-
mined using a UV-vis-NIR spectrometer (Lambda 19, PerkinElmer
Japan). Thus, the free LPEG concentration could be calculated using
a calibration curve prepared under the same conditions.

2.4. Particle size measurement of dispersed SWCNHs

SWCNHs (0.20 mg) were added to 10 ml of phosphate-buffered
saline (PBS) (pH 7.4), each of which contained 0.10 mg ml~! of a
different LPEG. The suspensions were shaken and sonicated using
a bath sonicator for 10 min. After sonication dynamic light scatter-
ing (DLS) (FPAR-1000, Otsuka Electronics, Japan) measurements
were conducted at 25°C to measure the size of the dispersed
SWCNHSs.

2.5. Measurement of dispersion stability

To evaluate the dispersion stability of the SWCNHs in the differ-
ent LPEG solutions the light transmittance of the SWCNH disper-
sions was measured as a function of time at 700 nm for nine
consecutive days using a UV-vis-NIR spectrometer (Lambda 19,
PerkinElmer Japan). Dispersions of SWCNHs (0.02 mgml~!) in

PBS were prepared by strong shaking followed by 10 min sonica-
tion with 0.10 mg ml~' of each of the different types of LPEG.

2.6. Measurement of LPEG detachment from SWCNHs

As indicated above, 5 mg of SWCNHs were dispersed in 250 ml of
water containing C-PEG, D-PEG, C18E114, or C18E45 (0.1 mg ml™1).
The non-adsorbed LPEGs were removed by filtration through
0.2 um filters (Whatman) using a vacuum pump, and the LPEG-
SWCNH residues were then redispersed in 3 ml of purified water
and added to 12 ml of PBS supplemented with bovine serum
(50% bovine serum). The mixtures were incubated at 37 °C for 0, 24,
and 48 h. At each time point 1 ml of the solution was removed and
passed through 0.1 pm syringe-driven filters (Millipore) to collect
the detached LPEGs (see Supplementary information, Table S2 for
LPEG recovery). To determine the LPEG concentrations in bovine ser-
um-supplemented PBS excess methanol was added to the filtrates to
separate the proteins. After centrifugation at 12,000 r.p.m. for 10 min
at room temperature the supernatant was sampled and the LPEG con-
centration was measured using the Dragendorff reagent method.

2.7. Macrophage uptake of LPEG-SWCNH

The SWCNHs (2 mg) were dispersed in 4 ml of C-PEG, D-PEG,
C18E114, and C18E45 water solutions (2.5 mg ml~"). In order to re-
move the free LPEGs each dispersed SWCNH solution was centri-
fuged with a 0.1 pm centrifugal filter (Millipore) at 12,000 r.p.m.
for 15 min at room temperature. The SWCNHs were redispersed
in the cell medium described below and their concentration recal-
culated to 10 ug ml~! based on the visible light absorption of the
SWCNHs at 700 nm. Murine RAW264.7 macrophages (ECACC)
were cultured as a monolayer at 37 °C in a humidified atmosphere
with 5% CO, in RPMI medium 1640 (GIBCO) containing 10% fetal
bovine serum (GIBCO) supplemented with penicillin at 5U ml™!
and streptomycin at 5 pug ml~! (GIBCO). Prior to addition of the
SWCNH dispersions RAW264.7 cells were seeded in 35 mm glass
based dishes at a density of 1.6 x 10° cells ml~! in culture medium
(3 ml) and incubated for 24 h. Then the culture medium was re-
placed by 3 ml of the C-PEG, D-PEG, C18E114, and C18E45 SWCNH
dispersions as described above (SWCNH concentration 10 pg ml~?)
and incubated for 24 and 48 h. After incubation the culture med-
ium was removed and the cells were rinsed twice with PBS in order
to remove the free LPEG-SWCNH and those bound to cell surfaces.
The cells were visualized using confocal microscopy (LSM 5 Pascal,
Zeiss). The numbers of intracellular SWCNHs were analyzed using
a previously reported method [30]. Briefly, the cells were washed
twice with PBS and then detached from the culture dishes by add-
ing 0.25% trypsin—-EDTA (Sigma). After counting the number of cells
using a hemocytometer under an optical microscope, the cell sus-
pension was centrifuged at 120g for 5 min. The cell pellets were
resuspended in 1% Triton X-100 (Sigma) in water and sonicated
into lysates for 20 min with a horn sonicator (~300 W). The optical
absorbance of the SWCNHs in the cell lysates were measured at
700 nm and the concentration of SWCNHs in the lysates were cal-
culated based on a calibration curve. The quantities taken up were
determined as:

cellular uptake(ng cell ') = (concentration of SWCNHs(ng ml ')
x volume(ml))/number of cells

2.8. Assessment of cytotoxicity

The cytotoxicity of the LPEG-SWCNHs was determined using
the cell proliferation reagent WST-1 (Roche) and protein assay
(Bradford method) in RAW264.7 (ECACC) cells. For the WST-1
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assay cells (3.8 x 10° cells ml~!) were seeded in a 96-well plate
with a final volume of 100 pl well~! culture medium. After 24 h
the culture medium was replaced by 100 pl of LPEG-SWCNH
culture medium solution (LPEG-SWCNH concentration 1-100 pg
ml~1). After incubation for 24 and 48 h at 37 °C the culture medium
was removed and the cells were rinsed twice with PBS. Then 100 pl
of culture medium containing 10 vol.% WST-1 reagent was added
to each well. The absorbance of WST-1-derived formazan was
measured using a microplate reader (Model 680, Bio-Rad, Japan)
at 450 nm with the reference wavelength set at 620 nm. The
relative cell viability was calculated using the equation:

(Aexperimental - Ablank)/(Acontrol - Ablank) X 100%

in which Apjank is the absorbance of cell medium containing WST-1
and Acontrol 1S the absorbance of cells without SWCNH treatment.
For protein assay the cells (3.6 x 10° cells ml~!) were seeded in a
24-well plate with a final volume of 1 ml well~! culture medium.
After 24 h the culture medium was replaced by 1 mL of LPEG-
SWCNH culture medium solution (LPEG-SWCNH concentration 1-
100 pug ml~'). After incubation for 24 and 48 h at 37 °C the medium
was removed and the cells were rinsed twice with PBS, followed by
lysis with celLytic-M (Sigma) containing a protease inhibitor cock-
tail (Nacalai). The lysate was centrifuged at 18,000g for 10 min at
4 °C to remove SWCNH. 10 pl of the supernatant was added to a
96-well plate together with 250 pl of Bradford reagent (Sigma).
The plates were incubated at room temperature for 10 min and
the optical absorbance (595 nm) was measured using a plate reader
(Synergy2, BioTek). The relative quantity of protein was calculated
by comparison with a control cell without LPEG-SWCNH treatment.

2.9. Statistical analysis

The results are shown as the average values of double indepen-
dent experiments or expressed as the means + standard deviation
(SD) of independent experiments (n > 3). Statistical analysis was
performed using Prism software (GraphPad software Inc.). The data
were analyzed by a one-way analysis of variance followed by Dun-
nett’s test. P < 0.05 was considered significant.

3. Results and discussion

3.1. Quantity of LPEGs adsorbed and surface coverage on SWCNHSs in
water

The amount of LPEG adsorbed was measured using the Drag-
endorff reagent method [29], as described above. Fig. 2a shows that
the amount of LPEG on the SWCNHs increased with an increase in
the LPEG/SWCNH ratio, with the adsorption becoming saturated at
a weight ratio of 5:1, except for C-PEG and C18E114.

It is generally considered that LPEG amphiphiles can disperse
carbon nanoparticles in aqueous solution, with the hydrophobic
domains attached to the GNM surface via van der Waals forces
and hydrophobic effects and with the PEG chain stretching out into
the aqueous medium [31]. We estimated the surface area coverage
of the LPEGs on the SWCNHs from the amount adsorbed at an ini-
tial weight ratio of 5 g g~ (LPEGs/SWCNHs). In the calculation we
assumed monolayer attachment of the alkyl chains on the SWCNH
surface and extension of the PEG chains into the aqueous medium
(Fig. 2b). On the basis of atomic force microscopy and neutron scat-
tering studies on alkyl chains deposited on graphite [32-34] the
areas of alkyl chains adsorbed on the SWCNHs were: CigHs7,
1.00 nm?; C;5Hs;, 0.83 nm?, C;oH,1, 0.56 nm2. The surface area of
the as-grown SWCNHs was 308 m? g~ ' [35]. Thus the percentage
surface area coverage by alkyl chains and the PEG chain density
can be calculated using the formulae:
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Fig. 2. (a) Amounts of LPEGs adsorbed on SWCNHs. Data were presented as average
values of double independent experiments. (b) Schematic illustration to show that
the alkyl chain was adsorbed on the SWCNH surface, while the PEG chains stretched
into the aqueous medium. (This does not show the actual adsorption morphology.)

alkyl chain coverage (%) = (amount adsorbed per g SWNHs
x 6.02 x 10%* x alkyl chain area)/(molecular weight x 308
x 10'®) x 100%

PEG coverage density (ng cm?) = (amount adsorbed per g SWNHs
x 10° x molecular weight of PEG chain)
/(molecular weight of LPEG x 308 x 10%)

The calculated alkyl chain coverage and PEG coverage density
values are listed in Table 2.

In general the alkyl chain coverage of LPEGs on the SWCNHs de-
pended largely on the chemical structures of the LPEGs, e.g. the al-
kyl chain and PEG chain lengths. Comparing the double alkyl chain
LPEGs, D-PEG had an alkyl chain coverage and PEG coverage density
that were much lower than those of C-PEG. This suggests that the
electrostatic repulsive force between the anionic phosphate groups
in D-PEG may decrease its grafting density on SWCNHSs [19,36,37].
The alkyl chain coverage of C-PEG on the SWCNHs was exception-
ally high, close to 300%, which suggests that C-PEG might form mul-
tiple layers on the SWCNH surface. In the single alkyl chain group,
C18E114, C18E114-ester, and C18E45 presented high alkyl chain
coverages (30-70%) and high PEG coverage densities (200-
400 ng cm™2), while C10E45 and E45C20E45 had low alkyl chain
coverages of 12-13% and PEG coverage densities of 70-80 ng cm 2.
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Table 2
Surface area coverage of LPEGs on SWCNHSs at a LPEG:SWCNH ratio of 5:1.

C-PEG D-PEG

C18E114

C18E45 C18E114-ester E45C20E45 C10E45

Amount attached (g g™ ') 2.385 0.345 1.312

Alkyl chain coverage (%) 294 48 48
PEG coverage density (ng cm2) 588 80 400

0.831 0.845 0.263 0.251
70 31
232 258 77 74

The long alkyl chains in C18E114, C18E114-ester, and C18E45
seemed to strongly interact with the SWCNH surface, while the
short alkyl chains in C10E45 and the PEG chains on both sides of
E45C20E45 are supposed to weakly interact with the SWCNH sur-
face. Moreover, an effect of the hydrophilic PEG chains on alkyl
chain coverage was found in C18E114-ester, C18E114, and
C18E45. The alkyl chain coverages of C18E114-ester and C18E114,
which have longer PEGsgge chains, were lower than that of
C18E45. The greater molecular volume and hydrophilicity of
PEGs000 seemed to produce these lower alkyl chain coverage values.
C18E114, with the longer PEG chain, presented a higher loading
than C18E45 (Table 2). This phenomenon is consistent with a report
by Hadidi et al. [38], demonstrating that LPEG with long PEGsooo
chains were absorbed on single walled carbon nanotubes (SWCNT)
much more effectively than those with short PEG,ggo chain.

3.2. Dispersion abilities of LPEGs on SWCNHs

To compare the dispersion abilities of different LPEGs the
hydrodynamic diameters of the dispersed SWCNHs were measured
using DLS, and the particle sizes of the SWCNHs were plotted
against the coverage values in an attempt to determine the influ-
ence of the alkyl chain coverage and PEG coverage density on dis-
persion of the SWCNHs (Fig. 3a and b). In general, both the alkyl
chain coverage and PEG coverage density values were positively
correlated with the dispersion ability. Generally speaking an alkyl
chain coverage exceeding 31% or a PEG coverage density above
232 ng cm 2 resulted in a small and uniform size for the SWCNHs
dispersed in C-PEG, C18E114-ester, C18E114, and C18E45, while
low alkyl chain coverage and PEG coverage density values led to
poor dispersion of the C10E45- and E45C20E45-SWCNHSs. Accord-
ing to the so-called “unzipping” mechanism [39], a surfactant has
to penetrate the small spaces between the carbon bundles and pre-
vent them from re-aggregating. A high LPEG coverage would result
in a decrease in SWCNH aggregate agglomeration and, therefore,
improve the dispersibility [40].

3.3. Dispersion stability of LPEG-SWCNH

The dispersion stability of LPEG-SWCNHs in PBS was evaluated
by measuring the light transmittance at a wavelength of 700 nm
for nine consecutive days. Sedimentation of the SWCNH aggregates
in the dispersion yields a higher light transmittance at 700 nm,
therefore, a high transmittance value indicates unstable dispersion
and a low transmittance value indicates stable dispersion. Fig. 4a
shows that the transmittance of the SWCNHs dispersed with C-
PEG, D-PEG, C18E114, and C18E45 did not significantly change
during the 9 days of observation, suggesting that these LPEGs could
stably disperse SWCNHs in PBS for at least 9 days. The transmit-
tance of the C10E45-SWCNHs dispersion in PBS increased rapidly
from 34.8% to 90.1% in 3 days, while that of the C18E114-ester-
SWCNHs increased dramatically to 83.0% after 5 days. The trans-
mittance value of the E45C20E45-SWCNHs steadily increased from
16.7% to 30.3% during the 9 days of observation. For clarity Fig. 4b
and c shows the relationships between the transmittance values on

(a) 10000 -

C10E45

1000 -

E45C20E45
+ C18E114

-Ester D-PEG

Particle size (nm)

c1 $E45 C-PEG

C18E114
100 T AN—

0 50 100 300
Alkyl chain coverage (%)

(b) 10000

C10E45

1000

Ester
c1 8E45+

Particle size (nm)

C18E14  (.pgg
D-PEG )
100 ; ; J

0 200 400 600

PEG coverage density (ng / cm?)

Fig. 3. Particle size of LPEG-SWCNHs in relation to (a) alkyl chain coverage and (b)
PEG coverage density. Agglomerated particle sizes of SWCNHs were measured by
DLS. SWCNHs were dispersed with different LPEGs at a LPEG:SWCNH weight ratio
of 5:1 (means + SD were obtained from three determinations of 87 scans, measured
at 25 °C).

day 9 and the alkyl chain coverage and PEG coverage density,
respectively.

Negative correlations with the transmittance values were ob-
served for both the alkyl chain coverage and PEG coverage density
(Fig. 4b and c), i.e. high values of alkyl chain coverage and PEG cov-
erage density corresponded to low transmittance values. These re-
sults suggest that a high LPEG coverage is critical to obtain high
content and stable SWCNH dispersions [41]. An alkyl chain cover-
age exceeding 48% or a PEG coverage density above 232 ng cm™2
resulted in highly stable SWCNH dispersions, while low alkyl chain
coverages and PEG coverage densities led to the poor stabilities of
the C10E45- and E45C20E45-SWCNHs. The short alkyl chains in
C10E45 seemed to result in detachment of C10E45 from the
SWCNH surface, resulting in agglomeration and sedimentation of
the SWCNHs. E45C20E45, with PEG chains on both sides of the
icosanedioyl chain, also gradually detached from the SWCNH sur-
face because of the remarkable aqueous solubility of the double
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Fig. 4. Dispersion stabilities of LPEG-SWCNHs in PBS evaluated using light
transmittance at a wavelength of 700 nm. Data are presented as average values of
double independent experiments. (a) Time-dependent dispersion stability of LPEG-
SWCNHs in PBS. The influences of (b) the alkyl chain coverage and (c) the PEG
coverage density on the dispersion stabilities of the SWCNHs in PBS on day 9.

PEG chains. An exceptional case was C18E114-ester, which had an
ester linker and may have decomposed during immersion in PBS
for 9 days (see Fig. S1 in Supplementary information). Further,
although D-PEG has a low PEG coverage density, which is similar
to that of C10E45 and E45C20E45, a small particle size and high
stability were observed (Figs. 3b and 4c). We attribute this good
performance of D-PEG to the electrostatic repulsion within SWCNH
particles with high negative surface charges (see Table S3 in Sup-
plementary information) [42].
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Fig. 5. (a) Time course of the cumulative detachment of LPEGs from SWCNHs in
50% bovine serum-supplemented PBS incubated at 37 °C. *P < 0.05, ***P < 0.001 vs.
0 h data. The influences of (b) the alkyl chain coverage and (c) the PEG coverage
density on the detachment of LPEGs in 50% bovine serum-supplemented PBS after
incubation at 37 °C for 48 h. *P < 0.05, ***P < 0.001 vs. CPEG. Data are expressed as
the means + SD of three independent experiments.

3.4. Detachment of LPEGs from SWCNHs in the presence of protein

In addition to the dispersion ability and stability in PBS, the pro-
teins in blood may competitively exchange with LPEGs on the
SWCNH surface and affect stability in the circulatory system.
Therefore, high concentrations of 50% serum-supplemented PBS
was used to mimic the in vivo condition. To study the detachment
of LPEGs from SWCNHs in a serum-containing buffer will advance
the application of SWCNHs for in vivo drug delivery and diagnosis.
C-PEG, D-PEG, C18E114, and C18E45, which showed the best
dispersion stabilities according to Fig. 4, were selected for the
detachment studies in serum-supplemented PBS.
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Fig. 5a shows that a quarter of the D-PEG was quickly detached
from the SWCNHs within 24 h and C18E45 was gradually released
from the SWCNHs, while little detachment of C-PEG and C18E114
was observed. Although C-PEG and D-PEG have similar alkyl chains
and PEG chains, the anionic phosphate groups in D-PEG seemed to
not only decrease its grafting density but also facilitate its dissoci-
ation from SWCNHs in bovine serum-supplemented PBS. A com-
parison of the percentage detachment relationship with alkyl
chain coverage and PEG coverage density (Fig. 5b and c) shows that
the PEG coverage density seems to show a better correlation with
the degree of detachment than the alkyl chain coverage. A higher
PEG coverage density yields less LPEG detachment. It is supposed
that the proteins in serum were able to associate with the surface
of the SWCNHs by replacing the LPEGs in a competitive manner
[24]. A higher PEG density resulted in greater protein resistance,
which meant it was harder for protein to replace the LPEGs from
the SWCNHSs. Other studies have also shown that a long PEG chain
length and high surface density are the best conditions for protein
repulsion [43]. This result suggests that the higher PEG coverage
density was responsible for the lower detachment of LPEGs from
the SWCNHs in biological media.

3.5. Macrophage uptake

Similar to other GNMs, it has been found that pristine SWCNHs
have a tendency to mainly be taken up by the reticuloendothelial
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system (RES) when injected intravenously, such that they are not
rapidly excreted [44]. Modification by LPEGs has been proved to
be a useful and effective methodology to avoid rapid clearance of
GNMs from the blood circulation by the RES [22,23]. An in vitro
macrophage uptake experiment could guide us in the optimization
of long circulating LPEG-SWCNHSs. C-PEG, D-PEG, C18E114, and
C18E45 were chosen to assay the cellular uptake by macrophage
cells to clarify the influence of LPEG coverage on the uptake of
LPEG-SWCNHs in vitro. The confocal images in Fig. 6a show that
the dark agglomerates (SWCNHs) were mainly located within cells,
and the numbers were in the order C-PEG<D-PEG<
C18E114 < C18E45-SWCNHs. The cellular uptake of nanoparticles
could be affected by such main factors as particle size, surface
charge, and dispersing amphiphiles [30,45-50]. Because the parti-
cle sizes of these four LPEG-SWCNHs were similar in culture med-
ium during the 2 days of observation (see Fig. S2 in Supplementary
information) we attribute the different macrophage uptake to the
different surface properties of LPEG-SWCNHSs, such as the PEG
coverage density and surface charge.

The quantities of LPEG-SWCNHSs taken up were plotted against
the alkyl chain coverage and PEG coverage density (Fig. 6b and c). It
was found that the PEG coverage density, rather than the alkyl
chain coverage, seems to correlate with macrophage uptake of
the SWCNHs, except for D-PEG. This phenomenon is similar to that
observed in the detachment experiment (Fig. 5). The hydrophilic
PEG chain and its high surface density could inhibit replacement
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Fig. 6. (a) Microscopy images of RAW264.7 cells incubated with C-PEG, D-PEG, C18E114, and C18E45-SWCNHs (10 pg ml~') for 24 and 48 h. The black dots are the SWCNHs
(scale bar in inset 10 pm). The influences of (b) the alkyl chain coverage and (c) the PEG coverage density on the cellular uptake of SWCNHs after 48 h. ***P < 0.001 vs. CPEG

SWCNH. Results are expressed as the means + SD of five independent experiments.
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means * SD of the five replicated experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (SWCNH concentration 0 pig ml~').

or binding by plasma proteins, preventing the recognition and up-
take of SWCNHs by macrophages [20,21,39,51,52]. Thus a higher
PEG coverage density would lead to lower macrophage uptake in
the order C18E45 > C18E114 > C-PEG-SWCNH.

Although the PEG coverage density of D-PEG was the lowest,
the cellular uptake was even lower than that of C18E114-SWCNHs.
This could be partially explained by the strong negative zeta poten-
tial due to the anionic phosphate group in D-PEG (see Table S3 in
Supplementary information). The repulsive interaction between
the negatively charged cell membrane and negatively charged D-
PEG-SWCNHSs might inhibit the uptake of D-PEG-SWCNHs by mac-
rophages [52,53].

3.6. Assessment of the cytotoxicity of LPEG-SWCNHs

In order to guarantee the safe use of SWCNHs for drug delivery
it is necessary to provide biocompatible LPEGs for the dispersion of
SWCNHs. C-PEG, D-PEG, C18E114, and C18E45, which showed the
best dispersion stabilities according to Fig. 4, were selected for the
cytotoxicity evaluation. The cytotoxicity of LPEG-SWCNHs to
RAW264.7 cells was determined by WST-1 assay and protein assay
at 24 and 48 h (Fig. 7), at dosages ranging from 1-100 pg ml™!
LPEG-SWCNH, which covers the commonly used doses for biolog-
ical experiments, with 100 pg ml~! being high enough for a toxic-
ity test [54]. The WST-1 assay results essentially showed no
cytotoxicity of LPEG-SWCNHs at both 24 and 48 h. However, after
LPEG-SWCNH treatment the protein assay results demonstrated a
significant increase in total protein at 24 h, even at the low

concentration of 1 pug ml~! SWCNH. The values of total protein
dropped slightly at 48 h. These phenomena suggest that LPEG-
SWCNHs have an essentially low toxicity to macrophages [55,56],
but may be able to temporally activate macrophages [54,57]. Acti-
vation of macrophages by SWCNHs is an ongoing area of research.

4. Conclusion

We have demonstrated the effects of alkyl chain coverage and
PEG coverage density on the dispersion ability, dispersion stability,
and detachment of LPEGs from SWCNHs, and macrophage uptake
of LPEG-SWCNHs. An alkyl chain coverage or PEG coverage density
higher than a certain value could finely disperse the SWCNHs for a
long period of time. Moreover, an increased PEG coverage density
resulted in less detachment of LPEGs from SWCNHs, and a high
coverage density of hydrophilic PEG chains was effective in pre-
venting the uptake of SWCNHs by macrophages. The anionic phos-
phate linker was a double-edged sword. It induced a lower alkyl
chain coverage and PEG coverage density on SWCNHs and acceler-
ated the detachment of LPEGs from SWCNHs, especially in bovine
serum-supplemented PBS. On the other hand, once D-PEG attached
to the surface of SWCNHs the high negative surface charge of
D-PEG SWCNH ensured good dispersibility and the electrical
repulsive force between the anionic phosphate groups and the
negatively charged cell surfaces was partially responsible for the
lower uptake of D-PEG-SWCNH by macrophages, which would be
favorable in preventing the uptake of SWCNHs by the RES in future
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drug delivery applications. These results could serve as a guide for
the design of suitable LPEGs for the dispersion and functionaliza-
tion of GNMs, especially for biomedical applications.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2, 4, 5 and 7, are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at http://dx.doi.org/10.1016/
j-actbio.2012.09.012.
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Supplementary data associated with this article can be found, in
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