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C
arbon nanotubes (CNTs) were first
described in 1991.1 This type of car-
bon allotrope exhibits a high sur-

face area, high mechanical strength, ul-

tralight weight, enhanced electrical

conductivity, and excellent chemical as

well as thermal stability.2 Because of these

novel properties CNTs are being used for a

wide range of applications such as electron-

ics, field emission devices, energy storage

devices, sensors and drug delivery

devices.3,4 However, in spite of their obvi-

ous commercial value, the safety of these

materials needs to be considered in occupa-

tional, consumer, and environmental set-

tings. At least two important toxicological

scenarios have emerged that raise safety

concerns, namely the ability of multiwalled

and single-walled CNTs to generate granu-

lomatous inflammation or fibrotic re-

sponses in the lung as well as mesothelial

inflammation in rodents.5�10 While similar

pathology or disease processes have not

been described for multiwalled carbon

nanotubes (MWCNTs) in humans, the ani-

mal studies point to the importance of es-

tablishing screening procedures to assess

CNT safety as well as avoidance of inhala-

tion exposures in the workplace.11

To plan and conduct reproducible bio-

logical experiments, it is important to evalu-

ate the physicochemical characteristics

that influence CNT bioavailability and inter-

actions at the nanobio interface. One of the

key physicochemical characteristics that de-

termine biological responses in the rodent

lung is the state of CNT dispersion, with ag-

glomerated CNTs more prone to be depos-

ited in the proximal airway where they in-
duce granulomatous inflammation as
compared to better dispersed tubes that
are capable of deposition in alveoli and in-
terstitial spaces, where they elicit interstitial
fibrosis.12 It is important, therefore, to un-
derstand the effects of the biological me-
dia on the characteristics of CNTs, particu-
larly their state of suspension and how that
influences bioavailability and biological out-
come. It is also important to understand
how to control the state of CNT agglomera-
tion under biological conditions to com-
pare the clumped with the better dispersed
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ABSTRACT In vivo studies have demonstrated that the state of dispersion of carbon nanotubes (CNTs) plays

an important role in generating adverse pulmonary effects. However, little has been done to develop reproducible

and quantifiable dispersion techniques to conduct mechanistic studies in vitro. This study was to evaluate the

dispersion of multiwalled carbon nanotubes (MWCNTs) in tissue culture media, with particular emphasis on

understanding the forces that govern agglomeration and how to modify these forces. Quantitative techniques

such as hydrophobicity index, suspension stability index, attachment efficiency, and dynamic light scattering were

used to assess the effects of agglomeration and dispersion of as-prepared (AP), purified (PD), or carboxylated

(COOH) MWCNTs on bronchial epithelial and fibroblast cell lines. We found that hydrophobicity is the major factor

determining AP- and PD-MWCNT agglomeration in tissue culture media but that the ionic strength is the main

factor determining COOH-MWCNT suspendability. Bovine serum albumin (BSA) was an effective dispersant for

MWCNTs, providing steric and electrosteric hindrances that are capable of overcoming hydrophobic attachment

and the electrostatic screening of double layer formation in ionic media. Thus, BSA was capable of stabilizing all

tube versions. Dipalmitoylphosphatidylcholine (DPPC) provided additional stability for AP-MWCNTs in epithelial

growth medium (BEGM). While the dispersion state did not affect cytotoxicity, improved dispersion of AP- and PD-

MWCNTs increased TGF-�1 production in epithelial cells and fibroblast proliferation. In summary, we demonstrate

how quantitative techniques can be used to assess the agglomeration state of MWCNTs when conducting

mechanistic studies on the effects of dispersion on tissue culture cells.

KEYWORDS: multiwalled carbon nanotubes (MWCNTs) · dispersion · hydrophobicity ·
ionic strength · bovine serum albumin · steric hindrance · cell culture medium
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tubes. Some of the key factors involved in CNT agglom-

eration are hydrophobicity, attractive van der Waals

forces, and the potential influence of electrical double

layer formation on the surface of functionalized CNTs.13

While it is known that CNTs can be transiently

deagglomerated by mechanical methods such as vor-

texing and sonication, appropriate dispersants are

needed to stabilize the tube suspensions through pro-

vision of steric hindrance, electrostatic or electrosteric

effects. Although effective dispersants such as N,N-

dimethylformamide (DMF), N-methylpyrrolidone

(NMP),14,15 or natural organic matter (NOM)16�18 have

been identified, these are not appropriate for studying

CNT effects under tissue culture conditions. However, a

number of proteins and nontoxic surfactants have

emerged that could be applied to control the state of

tube dispersion in biological conditions. For example,

fetal bovine serum (FBS) is a useful dispersant in tissue

culture media,19,20 while in vivo studies have identified

the effectiveness of 1% Tween 80 as a dispersant in

phosphate-buffered saline (PBS).6,8 In addition, Dr. Cas-

tranova and colleagues have reported the use of lung

lining fluid obtained by bronchoalveolar lavage (BAL) of

rodents as an effective dispersing medium for carbon-

based nanoparticles.21 The same group also formulated

an artificial lung lining fluid that can be reconstituted

through the mixing of serum albumin with the phos-

pholipid surfactant, dipalmitoylphosphatidylcholine

(DPPC).22 Indeed, independent studies have confirmed

the synergistic effects of proteins and surfactants in CNT

dispersion.23,24 Finally, it is important to point out that

most of the aforementioned studies have been ex-

ecuted on single or a limited number of tube formula-

tions that did not include a systematic variation in CNT

physicochemical properties to compare dispersants

that are specifically chosen to modify tube behavior in

buffered ionic conditions.

In this study, we used purified (PD) and carboxyl-

functionalized (COOH) derivatives of as-prepared (AP)

MWCNTs to develop quantitative methods for assess-

ing the suspension of these tubes in water and tissue

culture media, including the use of these methods to

select for the optimal dispersion to perform mechanis-

tic cell culture studies. We demonstrate the practical

use of a partitioning coefficient, suspension stability in-

dex, attachment efficiency, and dynamic light scatter-

ing (DLS) in a systematic approach to stabilization of

MWCNT suspension through the use of BSA and DPPC.

We demonstrate that BSA and DPPC function in addi-

tive fashion to disperse hydrophobic AP-MWCNTs in an

epithelial growth medium and that this leads to in-

creased TGF-�1 production in a bronchial epithelial

cell line. Moreover, better-dispersed MWCNTs also in-

creased fibroblast proliferation, in agreement with simi-

lar observations in the rodent lung.7,12 Quantifiable

methods to determine the state of CNT dispersal will

be of great benefit in executing biological experiments

on these materials.

RESULTS AND DISCUSSION
Characterization of MWCNT. The original supply of AP-

MWCNTs from Cheap Tubes, Inc. served as the stock

for preparing purified (PD) and carboxylated (COOH)

derivatives. This derivatization provided a small library

of materials that could be systematically compared for

the influence of hydrophobicity, hydrophilicity, and

electrical double layer formation on tube agglomera-

tion in biological media and the resultant effect on the

cell biological responses. The baseline physicochemical

characteristics of the materials are listed in Table 1.

While AP-MWCNTs contained �5.25 wt % metal impu-

rities, purification decreased this to �1.88 wt %. Further

acid treatment of the PD-MWCNTs introduced carboxyl

groups on 5.27% of the carbon backbone (on a per

weight basis). The carboxyl functionalization consider-

ably increased the negative surface charge on the

tubes, which makes them more hydrophilic but at the

same time lays the platform for electrical double layer

formation that could affect COOH-MWCNT dispersion

according to the tenets of Derjaguin, Landau, Verwey,

and Overbeek (DLVO) theory.25 The structure of the

MWCNT was further analyzed by SEM and FTIR spec-

troscopy as demonstrated in Figure 1. The SEM images

show that acid treatment did not cause structural dam-

age, allowing the tubes to remain intact (Figure 1 A).

FTIR spectroscopy confirmed the carboxyl functionaliza-

tion (Figure 1 B).

Assessment of the Contribution of Hydrophobicity in AP- and
PD-MWCNT Agglomeration and Preventing This Attachment by
Steric and Electrosteric Hindrance. We used n-octanol/water

partitioning to establish a hydrophobicity index for the

different MWCNT derivatives (Figure 2). This index was

calculated using the light absorbance of AP-MWCNT,

PD-MWCNT, and COOH-MWCNT at 550 nm wavelength

in water or other aqueous media prior to as well as fol-

lowing n-octanol introduction as demonstrated in Fig-

ure 2A. Figure 2B compares the relative hydrophobicity

indices of the tubes in distilled H2O, phenol red-free

Dulbecco’s Modified Eagle’s Medium (DMEM) and Bron-

TABLE 1. Physicochemical Characterization of the
MWCNTsa

AP-MWCNT PD-MWCNT COOH-MWCNT

outer diameter (nm) 20�30 20�30 20�30
inner diameter (nm) 5�10 5�10 5�10
length (�m) 10�30 10�30 10�30
purity around 94% �95% �95%
impurities (wt %) 4.49% Ni, 0.76% Fe 1.80% Ni, 0.08% Fe 0.18% S

aThe outer and inner diameter and length distribution were measured using the SEM
images of the MWCNTs. The purity was measured by thermogravimetric analyses (TGA)
using a Pyris 1 TGA (Perkin-Elmer Inc., Covina, CA). The elemental composition was ana-
lyzed by energy dispersive X-ray spectroscopy (EDS, Oxford Instrument, Oxfordshire, UK).
The experiment details are described in the Materials and Methods.
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chial Epithelial Basal Medium (BEBM). DMEM is a widely
used tissue culture medium while BEBM is used for cul-
turing bronchial epithelial cells.26,27 The results show
that while AP- and PD-MWCNTs had relatively high
hydrophobicity indices, favoring partitioning in the
n-octanol phase, the COOH-MWCNTs were more hydro-
philic and favored partitioning in the aqueous phase
(Figure 2B). Visual inspection of the phases confirmed
that while AP-MWCNTs and PD-MWCNTs were located

in the n-octanol layer or close to the interface (arrows),
COOH-MWCNTs were homogeneously dispersed in the
water or tissue culture media (Supporting Information,
Figure S1, upper panel). The hydrophilicity of the car-
boxylated tubes agrees with their relatively high nega-
tive surface charge (zeta-potential of �50.30 mV) in wa-
ter (Table 2), which provides electrostatic repulsion. In
contrast, AP-MWCNTs and PD-MWCNTs exhibited
slightly negative zeta-potentials of �14.5 and �8.73

Figure 1. Physicochemical characterization of the AP-MWCNT, PD-MWCNT, and COOH-MWCNT. (A) Representative scanning electronic
microscopy (SEM) images of AP-MWCNT, PD-MWCNT, and COOH-MWCNT. Pictures were taken with a Genesis 4000 XMS SEM, (EDAX Inc.,
Mahwah, NJ). Magnification is 200 000�. (B) The Fourier transform infrared spectroscopy spectra done by a PerkinElmer Spectrum One in-
strument (Downers Grove, IL) show the carboxyl functionalization of the COOH-MWCNT.

TABLE 2. Zeta Potential and Hydrodynamic Size of the MWCNTsa

AP-MWCNT PD-MWCNT COOH-MWCNT

Zeta potential (mV) in H2O (with BSA) �14.50 (�28.61) �8.73 (�31.76) �50.30 (�29.35)
in PBS (with BSA) �14.08 (�10.94) �13.12 (�11.31) �13.08 (�10.13)
in BEGM (with BSA) �8.01 (�11.80) �7.42 (�11.80) �9.12 (�11.80)
in DMEM (with BSA) �12.85 (�7.22) �13.20 (�9.64) �13.45 (�11.13)

Hydrodynamic size by DLS (nm) in H2O (with BSA) 324 (264) 858 (313) 134 (161)
in PBS (with BSA) 713 (362) 718 (304) 1193 (243)
in BEGM (with BSA) 779 (239) 650 (242) 1062 (310)
in DMEM (with BSA) 1390 (248) 1492 (295) 1529 (230)

aThe zeta potential measurement of the MWCNT suspension was performed using a ZetaSizer Nano-ZS instrument (Malvern Instruments, Worcestershire WR, UK). The
MWCNTs were suspended by sonication as described in Materials and Methods in the absence or presence of 0.6 mg/mL BSA. The MWCNT hydrodynamic size in H2O, PBS,
BEGM, and DMEM were measured using the dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Technology, Santa Barbara, CA). The experiment details are de-
scribed in the Materials and Methods.
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mV, respectively. Please notice that although the ex-

periment in Figure 2 was conducted at a MWCNT con-

centration of 50 �g/mL, similar trends were obtained

with either lower (25 �g/mL) or higher (100 �g/mL)

concentrations (not shown). All considered, the rela-

tively high hydrophobicity of AP-MWCNTs and PD-

MWCNTs is a major factor contributing to their attach-

ment in aqueous environments, while the electrostatic

repulsion by their carboxyl groups promotes COOH-

MWCNT hydrophilicity.

To limit the extent of MWCNT agglomeration for

performing pulmonary exposure studies, it has been

demonstrated by simple visual inspection approaches

that the dispersion of single-walled carbon nanotubes

(SWCNTs) and MWCNTs can be improved by a surrogate

lung lining fluid that is composed of serum albumin

mixed with a surfactant, DPPC.22 When BSA was intro-

duced to the aqueous AP-MWCNT and PD-MWCNT sus-

pensions during sonication, it could immediately be as-

certained following n-octanol introduction that the

tubes prefer the aqueous environment (water or tissue

culture medium) in which they remain stably sus-

pended (Supporting Informa-
tion, Figure S1, lower panel).
Interestingly, the addition of
BSA changed the zeta-
potentials of AP-MWCNTs and
PD-MWCNTs from �14.50 to
�28.61 mV and �8.73 to
�31.76 mV (Table 2), respec-
tively. This is due to direct BSA
binding to the hydrophobic
tube surfaces.28 Once attached
to the tube surfaces by sonica-
tion, flexible macromolecules
such as BSA (hydrodynamic ra-
dius of �7.5 nm by DLS) are
capable of providing steric
hindrance.28 In addition, be-
cause of BSA’s isoelectric point
of �4.7, this protein becomes
anionic at pH � 7, which ex-
plains the increased negative
zeta-potential. This effect
could contribute to electros-
teric hindrance. Therefore, the
major effect of BSA in stabiliz-
ing hydrophobic AP- and PD-
MWCNTs in water is through
steric hindrance as well as
electrosteric repulsion. By con-
trast, the major BSA influence
on the hydrophilic COOH-
MWCNTs is a steric hindrance
effect. While it is known that a
number of proteins (e.g., se-
rum albumin, immunoglobu-

lin, streptavidin) are capable of nonspecific binding to
CNT surfaces,29 no previous effort has been made to
quantify the degree of dispersal.

The Effect of Ionic Strength on Tube Agglomeration in
Physiological Media. While ionic strength has no indepen-
dent discernible effect on AP- and PD-MWCNT agglom-
eration (Supporting Information, Figure S2), the aque-
ous dispersion of COOH-MWCNT is clearly influenced by
the addition of ionic charge, as demonstrated by the
progressive decline of the suspension stability index
with incremental concentrations of PBS (Figure 3A). The
addition of 0.9% saline (Figure 3C) or salt-containing
biological media (Supporting Information, Figure S3)
had similar destabilizing effects. According to the DLVO
theory, the stability of a colloidal suspension is based
on the net balance of two predominant forces, namely
electrostatic repulsion that prevents and attractive van
der Waals forces that promote agglomeration.25 While
in distilled water or dilute electrolyte solutions, the high
negative wall surface potential of COOH-MWCNTs is ca-
pable of overwhelming the van der Waals attractions,
the addition of ionic charge leads to double layer for-

Figure 2. Determination of the hydrophobicity index of AP-, PD- and COOH-MWCNT in H2O, DMEM,
and BEBM using partitioning in an n-octanol/aqueous interface. The hydrophobicity index of the
tubes suspended in the aqueous phase at 50 �g/mL was calculated by the absorbance reading at
550 nm in H2O, DMEM, and BEBM (A0) prior to and following (A1) the addition of n-octanol as de-
scribed in Materials and Methods. The same experiment was carried out at different CNT concentra-
tions (up to 120 �g/mL), which yielded the same results, and therefore was incorporated into the bio-
logical experiments (e.g., Figure 6) with the same trend. The asterisk (�) indicates p � 0.05, compared
to the COOH-MWCNT.

A
RT

IC
LE

VOL. 4 ▪ NO. 12 ▪ WANG ET AL. www.acsnano.org7244



mation and electrostatic screening of the wall charge,

allowing the van der Waals forces to dominate (Sup-

porting Information, Figure S4A). This leads to an in-

crease of the attachment efficiency that can be quanti-

tatively assessed by calculation of the �-factor for

COOH-MWCNTs (Figure 3B). This calculation is made

by using a laser to obtain DLS observations to feed into

an equation that calculates an inverse stability ratio as

demonstrated in Materials and Methods. Incremental

PBS concentrations lead to a progressive increase in �

(Figure 3B).

Because it is desirable to keep COOH-MWCNTs dis-

persed in ionic solutions, it is noteworthy that stable

tube dispersions (�48 h) could be achieved by the ad-

dition of BSA to the PBS suspension (Figure 3A and 3C,

lower panel). BSA is equally effective in DMEM, BEBM,

Figure 3. Solution ionic strength affects the suspension stability index and the attachment efficiency of MWCNTs in PBS and
physiological media. (A) The suspension stability index of the COOH-MWCNTs at 50 �g/mL was expressed as the % of the initial
absorbance (� � 550 nm) for tubes incubated for 20 h after sonication in PBS concentrations of 0, 15, 30, 75, and 150 mM. The ab-
sorbance measurements were carried out by a UV�vis spectrometer (SpectroMax M5e, Molecular Devices Corp., Sunnyvale, CA)
as described in Materials and Methods. (B) The attachment efficiency (�) of COOH-MWCNTs was calculated as a function of solu-
tion ionic strength. The attachment efficiency was calculated from the aggregation rate constant as described in Materials and
Methods. (C) The effect of BSA (0.6 mg/mL) on COOH-MWCNT agglomeration as determined by visual inspection of precipitate
formation in the presence of incremental PBS concentrations or 0.9% saline. The tubes were suspended by sonication as de-
scribed in Materials and Methods in the absence or presence of 0.6 mg/mL BSA. The tubes were photographed 20 h after
sonication.
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and BEGM (BEBM supplemented with essential growth
factors) (Supporting Information, Figure S3). The im-
proved dispersal of COOH-MWCNT is accompanied by
decreased attachment efficiency in PBS (Figure 3B) and
an increase in the tubes’ suspension stability index (Fig-
ure 3A). While BSA binding to the carboxylated tubes
may involve hydrophobic vacancies that are inter-
spersed with the COOH groups, it is also possible that
this protein could attach to the negatively charged tube
surfaces via a Ca2� bridge (Supporting Information, Fig-
ure S4B). This could provide steric and electrosteric hin-
drances that overcome the reduced electrostatic repul-
sion as a result of electrical double layer formation on
the COOH-MWCNTs surface (Supporting Information,
Figure S4A).

The Use of BSA and DPPC to Stabilize MWCNT Dispersion in
Tissue Culture Media for Cellular Studies. Since BSA interacts
with hydrophobic (AP, PD) as well as carboxylated
MWCNTs to stabilize aqueous dispersions (Figure 3C
and Supporting Information, Figure S3), we made use
of the versatile properties of this protein to implement
quantative and reproducible methods for MWCNT dis-
persal to perform tissue culture experiments. The effect
of BSA was studied in parallel with DPPC use to com-
pare the protein’s effect to that of the phospholipid
detergent.21,23 To provide a quantitative assessment of
the suspension stability index, we used UV�vis spec-
troscopy to assess time-dependent MWCNT sedimenta-
tion in the absence and presence of BSA and/or DPPC.
The hierarchical order of the suspension stability index
in BEGM was COOH-MWCNTs � PD-MWCNTs � AP-
MWCNTs (Figure 4A). While DPPC coating did not im-
prove the tendency to agglomerate, the addition of
BSA significantly improved the stability index of PD-
MWCNTs and AP-MWCNTs over a 20 h observation pe-
riod (Figure 4A). Interestingly, while coadministration of
DPPC significantly enhanced the ability of BSA to dis-
perse the more hydrophobic AP-MWCNTs, this deter-
gent had no added effects on PD- and COOH-MWCNT
dispersal (Figure 4A). To determine whether the DPPC
effect on AP-MWCNTs is additive to BSA, we also esti-
mated the stability index using equimolar quantities of
DPPC, BSA, and BSA�DPPC. This demonstrated that the
combination of BSA and DPPC provided more stable
dispersions than equimolar quantities of the individual
dispersants (Figure 4B). BSA and DPPC were equally ef-
fective at dispersing tubes at lower (25 �g/mL) and
higher (100 �g/mL) concentrations as demonstrated in
Supporting Information, Figure S5. Thus, the combina-
tion of BSA and DPPC provides an additive effect for the
more hydrophobic AP-MWCNTs. Whether this is due to
random colocalization of the dispersants on the tube
surface or a cooperative effect requires further study
(Supporting Information, Figure S4C). Cooperative
binding could involve interaction of the phospholipid
fatty acid tails with the hydrophobic binding pockets
that are being used for fatty acid transport. Thus, it is

possible that cooperative binding on the tube surface
could lead to a 3-way interaction between the tubes,
BSA, and DPPC.

Similar results were obtained when adding BSA to
the epithelial growth medium, DMEM, except that the
protein alone provided efficient dispersal of all tube for-
mulations in the absence of DPPC (Figure 5). The obser-
vation that DPPC was required as an additional dispers-
ant in BEGM could be due to the addition of bovine
pituitary growth factors to this culture medium to pro-
mote epithelial cell growth. The extract contains a num-
ber of biomolecules such as lipids, peptides, and pro-
teins that could influence tube dispersal. Interestingly,
the agglomeration rates for each of the tube formula-
tions were slower in DMEM than in BEGM (compare Fig-
ure 4A with Figure 5). Because the former medium is of-
ten used with FBS supplementation to yield complete
DMEM (cDMEM), we also assessed the stability index
in cDMEM. Even though cDMEM contains BSA, it was
not quite as effective for tube dispersal as BSA alone
(Figure 5).

On the basis of the aforementioned findings, a
mechanism for MWCNT deagglomeration can be pro-
posed where tube sonication in the presence of dispers-
ing agents can be used to obtain stable suspensions in
tissue culture media. Sonication provides a local shear
force that opens up spaces at the end of the tube
bundles or stacks. Once formed, these spaces become
occupied by protein or detergent-like dispersants that
lead to smaller and more stable tube agglomerates.30

BSA is an effective dispersant that provides steric as well
as electrosteric hindrance. When dealing with tubes
that have a highly hydrophobic surface (e.g., the AP-
MWCNT in this study), DPPC may provide additional sta-
bilization of the BSA effect (Figure 4B). The implemen-
tation of quantitative methods for assessing tube
stability in aqueous and ionic environments is a consid-
erable improvement over more subjective techniques
such as the use of light optical microscopy to visualize
the agglomerate size. Nonetheless, the visual inspection
confirms that BSA indeed leads to the forming of
smaller tube stacks and that this effect is enhanced by
DPPC when the more hydrophobic tubes are used in
BEGM (data not shown). Although mathematically inac-
curate for estimating the exact stack sizes, we could
confirm that DLS is helpful for determining the relative
hydrodynamic size of the tube agglomerates and can
help to provide a semiquantitative estimation of BSA
and/or DPPC dispersing effects in tissue culture media
(Supporting Information, Figure S6A and Figure S6B).

The Dispersion State of MWCNTs Affects Bronchial Epithelial
and Fibroblast Responses. Previous studies reported that in-
tratracheal instillation of poorly dispersed SWCNTs
(large agglomerates, �1.5 �m diameter) results in tube
deposition in the terminal bronchioles and proximal al-
veoli, where the tubes elicit granulomatous
inflammation.8,9 In contrast, well-dispersed SWCNTs
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with a mean aggregate diameter of �0.7 �m gain rapid

access to the alveolar interstitial space where they in-

duce a progressive fibrosis with minimal evidence of

lung inflammation.7,12 A key question becomes whether

the dispersion state of MWCNTs affects cellular behav-

ior, including biological responses that may be informa-

tive of pulmonary injury. To study the effects of tube

dispersal states in a bronchial epithelial cell line, BEAS-

2B, we first compared the tubes’ influence on cell viabil-

ity, LDH release and the production of TGF-�1, a fibro-

blast growth factor (Figure 6 and Supporting

Information, Figure S7). While neither agglomerated

nor dispersed tubes had any effect on cellular meta-

bolic activity (MTS assay, Supporting Information, Fig-

ure S7A) or LDH release (Figure S7B), BEAS-2B cells did

significantly increase TGF-�1 in production in response

to well dispersed (BSA�DPPC) AP-MWCNTs and PD-

MWCNTs (Figure 6). In contrast, agglomerated tubes

that were not treated with a dispersant (ND) had no ef-

fect on TGF-�1 production (Figure 6). While small quan-

tities of TGF-�1 were released from cells treated with

COOH-MWCNTs, the addition of dispersants had no ef-

fect (Figure 6). To determine the relevance of TGF-�1

production on fibroblast growth potential, we also de-

veloped a proliferation assay using the human lung fi-

broblast cell line, CRL-1490. In this assay, the number of

proliferating cells incorporating the fluorescent dye,

EdU, is quantitatively expressed as a percentage of the

total cell number (Hoechst nuclear staining) (Figure

S8A). Because transfer of the BEAS-2B supernatants in-

Figure 4. Stability of AP-MWCNT, PD-MWCNT, and COOH-MWCNT suspensions in BEGM in the absence or presence of dispersing agents
[BSA (0.6 mg/mL) � DPPC (0.01 mg/mL)]. (A) The suspension stability index of the MWCNT was determined as a function of time after sus-
pension at 50 �g/mL in BEGM in the absence or presence of BSA, DPPC, or BSA	DPPC. The suspension stability index was calculated as
the % of initial MWCNT absorbance (t � 0) at � � 550 nm for time periods of 1, 2, 3, and 20 h. Absorbance was determined as described
in Figure 3. The stability of the AP-MWCNT suspension in BEGM	BSA	DPPC differed significantly (p � 0.05) from the tubes being stabi-
lized in BSA alone. (B) The effect of BSA plus DPPC on AP-MWCNT stabilization is additive compared to equimolar BSA or DPPC concentra-
tions. The suspension stability index of the tubes sonicated in 0.023 mM total dispersants (BSA � 0.009 mM, DPPC � 0.014 mM) is com-
pared to 0.023 or 0.046 mM BSA as well as 0.023 mM DPPC. The addition of BSA plus DPPC significantly (p � 0.05) enhanced AP-MWCNT
stability compared to either BSA concentrations or an equimolar quantity of DPPC. BSA (0.011) � BSA at 0.011 mM; BSA (0.023) � BSA at
0.023 mM; BSA (0.046) � BSA at 0.046 mM in BEGM. Please notice that execution of the same experiment at different tube concentrations
show BSA is capable of stabilizing the tubes in suspension over a wide dose range (see Supporting Information, Figure S5). The asterisks
(�) denote p � 0.05 compared to the suspension stability index of AP-MWCNTs in BEGM	BSA	DPPC.
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terfered in CRL-1490 proliferation, we asked whether

the exact amount of recombinant TGF-�1 (5�10 pg/

mL) present in the BEAS-2B supernatant could induce

CRL-1490 proliferation. Addition of 1.9�125 pg/mL

TGF-�1 to the fibroblast culture medium increased the

% EdU-positive cells in our fibroblast assay (Figure S8B).

Moreover, direct addition of dispersed (D) versus non-

dispersed (ND) MWCNT to the fibroblast culture me-

Figure 5. Assessment of the suspension stability index of AP-MWCNTs, PD-MWCNTs, and COOH-MWCNTs in DMEM, with or without the
addition of dispersing agents [BSA (0.6 mg/mL), DPPC (0.01 mg/mL) and 10% FBS]. The suspension stability index of the MWCNTs in
DMEM was determined as described in Figure 4A. The stability index is expressed as a percentage of the initial MWCNT absorbance (�
� 550 nm) as described in Figure 4.

Figure 6. Comparison of the effect of dispersed (D) with nondispersed (ND) tubes on TGF-�1 release by BEAS-2B cells. Cells were treated
with the indicated concentrations of the AP-, PD- and COOH-MWCNT that were either sonicated in the presence of BSA (0.6 mg/mL) 	
DPPC (0.01 mg/mL) for 24 h or vortexed in the absence of the dispersants (BSA and DPPC) or sonication. The supernatants were collected
to measure the TGF-�1 levels by ELISA as described in Materials and Methods. Please notice that there was no TGF-�1 release in BEAS-2B
cells in response to MWCNT exposures where tubes not dispersed in BSA were sonicated (data not shown). Thus, sonication by itself
does not provide sufficient dispersion to influence biological response outcomes at the cellular level. The asterisks (�) denote p � 0.05,
comparing nondispersed (ND) to dispersed (D) tubes.
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dium (Earl’s Minimum Essential Medium, supplemented

with 10% FBS) elicited fibroblast proliferation in the

presence of dispersed AP and PD tubes, while ND tubes

had no effect (Figure 7). In addition, dispersed COOH-

MWCNT did not significantly increase fibroblast prolif-

eration (Figure 7).

While it is clear that in the dispersed state there is a

definitive increase in the cellular response with in-

creased dose of AP- or PD-MWCNTs (Figure 6), it is im-

portant to make the point that dispersal could affect the

bioavailable dose at the cellular level. While we do not

understand as yet whether this translates into more

tubes making contact with the cell membrane or more

tubes being taken up into the cell, it is conceivable that

both processes could be enhanced by better tube dis-

persal. In that case, improved tube dispersal could play

a role in the local dosimetry that determines response

outcome, either through cell membrane contact or in-

tracellular uptake.

Hydrophobicity is a major factor that determines

the dispersion state of AP-MWCNTs and PD-MWCNTs

in water and cellular growth media. In contrast, the

ionic strength of the solution is a major factor that influ-

ences the state of COOH-MWCNT agglomeration in

buffered salt-containing media. In spite of these differ-

ent forces contributing to the agglomeration of differ-

ent tube versions, BSA is an ef-
fective dispersant that
deagglomerates the tubes
through a direct binding to the
tube surfaces, using either
hydrophobic or electrostatic
binding interactions. BSA sur-
face binding results in steric
and electrosteric hindrances
that are capable of stabilizing
the MWCNTs in suspension.
While BSA is quite effective for
MWCNT dispersion in different
media, DPPC provides addi-
tional stability for more hydro-
phobic MWCNTs in epithelial
growth medium. Being able to
perform quantitative assess-
ment of the state of CNT disper-
sion or agglomeration in bio-
logical media is of importance
for conducting mechanistic cel-
lular studies that could inform
us about adverse CNT effects in
the lung. In this regard, we
demonstrate that the dispersal
state of AP- and PD-MWCNTs
impacts TGF-�1 production
and fibroblast proliferation,
which could explain why bet-
ter dispersed tubes are more

potent than nondispersed tubes in inducing pulmo-
nary fibrosis.7 Our future studies will develop a predic-
tive toxicological model based on these concepts. Be-
ing able to do high throughput comparison of CNTs in
tissue culture cells can help to gather data in large CNT
batches for subsequent use to perform in vivo studies.

In addition to its effect on the physicochemical state
of MWCNT dispersion, it is important to consider that
BSA coating of the tubes’ surfaces could have an inde-
pendent influence on biological outcomes from the
perspective of either promoting cellular contact or up-
take or preventing cellular contact or uptake due to
steric hindrance effect. While these concepts have been
more comprehensively studied with respect to engi-
neered nanoparticles, less is known about this topic for
CNTs, and several fundamental issues need to be ad-
dressed regarding contact of the CNTs with the cell
membrane and possible intracellular uptake.32,33 Kam
et al. have suggested that SWCNTs are capable of tra-
versing the cell membrane through endocytosis,
whereas Pantarotto et al. have suggested that CNTs
could be translocated into the cell through a process
that involves insertion and diffusion through the lipid
bilayer.34,35 Moreover, Kam et al. have demonstrated
that noncovalent conjugation of BSA or DNA to SWCNT
surfaces leads to more avid tube uptake in HeLa and

Figure 7. Fibroblast proliferation rate in response to MWCNT exposure. Fibroblast
proliferation was assessed by an EdU proliferation assay. CRL-1490 cells (derived from
pulmonary fibroblasts) were grown at a density of 5000 cells per well in 200 �L of
EMEM supplemented with 10% FBS. Dispersed (D) and nondispersed (ND) MWCNTs
were added to triplicate culture wells at a concentration of 5 �g/mL for 48 h. A starva-
tion condition (containing 1% FBS) was included as a negative control. Cells were
fixed and stained with the EdU and Hoechst dyes according to the manufacturer’s in-
struction. Cells were viewed under an Axio Observer. D1 inverted microscope, (Carl
Zeiss, Inc.). The number of proliferating cells incorporating the fluorescent dye EdU is
quantitatively expressed as a percentage of the total cell population (Hoechst nuclear
staining).
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HL60 cells. Although we did not look at cellular uptake
in this study, it is important to consider the possibility
that in the generation of fibrogenic responses BSA
could contribute to promoting cellular contact with
the MWCNTs. This would be equivalent to a scaffold-
ing effect similar to the use of CNTs in tissue engineer-
ing to promote the growth and proliferation of stem
cells. While clearly more work is required in this area, it
is important to point out that the BSA concentration

(0.6 mg/mL or 0.06%) we used in this study is very low
and that from a pulmonary perspective this dose has
been estimated to be 50 times less than undiluted al-
veolar lining fluid.22 Moreover, Sager et al. and Porter et
al. have shown that the experimental dose of BSA that
we used does not alter the inflammatory potential of
crystalline silica in rats or mice 1 day postexposure.21,22

This suggests that BSA does not mask the bioactivity of
these nanoparticles.

MATERIALS AND METHODS
Carbon Nanotubes and Chemicals. The MWCNT stock was pur-

chased as a powder from Cheap Tubes, Inc. (Brattleboro, VT).
The stock preparation is also referred to as as-prepared (AP)
nanotubes. Bronchial epithelial growth medium (BEGM) was ob-
tained from Lonza (Mapleton, IL), which is supplemented with a
number of growth factors including bovine pituitary extract
(BPE), insulin, hydrocortisone, hEGF, epinephrine, triiodothyro-
nine, transferrin, gentamicin/amphotericin-B and retinoic acid.
Dulbecco’s modified eagle’s medium (DMEM) with high glucose
and phosphate buffered saline (PBS) were purchased from Invit-
rogen (Carlsbad, CA). Earl’s Minimum Essential Medium (EMEM)
was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Low-endotoxin bovine serum albu-
min (BSA) and fetal bovine serum (FBS) were from Gemini Bio-
Products (West Sacramento, CA). Dipalmitoylphosphatidylcho-
line (DPPC) and n-octanol were purchased from Sigma-Aldrich
(St. Louis, MO). All MWCNT stock solutions were prepared using
pure deionized water (DI H2O) with resistivity �18 M	-cm.

Physicochemical Characterization of MWCNT. The purification and
functionalization of the MWCNT were accomplished as previ-
ously described.36�38 This activity was carried out in a microwave
accelerated reaction system CEM Mars (Matthews, NC) fitted
with internal temperature and pressure controls. The 100 mL re-
action chamber was lined with Teflon PFA with an operating
range of 0�200 °C and 0�200 psi. The residual metals were re-
moved via microwave induced reaction with 1 N HNO3 followed
by a reaction with saturated ethylenediamine tetra-acetate in
CH3COOH.39 The purified MWCNT (PD-MWCNT) were added to
the reaction chamber together with 40 mL of a mixture of 1:1
70% nitric acid and 97% sulfuric acid. With the microwave power
set to 95% of the maximal possible 1600 W output, the reaction
was carried out for 20 min at a temperature of 140 °C. The sus-
pension was filtered through a 10 �m PTFE membrane, washed
with deionized water (DI H2O) to a neutral pH, and vacuum-dried
at 70 °C. This sample derivative was designated COOH-MWCNT.
A variety of different analytical techniques were used to charac-
terize the MWCNTs, including energy dispersive X-ray spectros-
copy (EDS, Oxford Instrument, Oxfordshire, UK) to identify the el-
emental composition of the MWCNTs. The Fourier transform
infrared spectroscopy (FTIR) measurements were carried out in
purified KBr pellets using a PerkinElmer Spectrum One instru-
ment (Downers Grove, IL). Thermogravimetric analyses (TGA)
were performed using a Pyris 1 TGA (Perkin-Elmer Inc., Covina,
CA) from 30 to 900 °C under a flow of air at 10 mL/min and a
heating rate of 10 °C per min. Scanning electron microscopy
(SEM) using a LEO 1530 VP SEM equipped with an energy-
dispersive X-ray analyzer was used to study the morphology of
the samples. Zeta-potential measurements of the MWCNT sus-
pensions were performed using a ZetaSizer Nano-ZS Instrument
(Malvern Instruments, Worcestershire WR, UK). The relative
hydrodynamic radius of MWCNTs suspended in H2O was meas-
ured using high throughput dynamic light scattering (HT-DLS,
Dynapro Plate Reader, Wyatt Technology, Santa Barbara, CA).

Preparation of MWCNT Suspension in Media. AP-, PD-, and COOH-
MWCNTs were provided as dry powders. The samples were
weighed on an analytical balance in the fume hood and sus-
pended in DI H2O at a concentration of 5 mg/mL in 4 mL glass vi-
als. These suspensions were sonicated for 15 min in a water son-

icator bath (Branson, Danbury, CT, model 2510, 100 W output
power; 42 kHz frequency) and used as the stock solution for fur-
ther dispersion in cell culture media. A water bath rather than a
sonication probe was used to deliver a cavitation force suitable
for deagglomeration but not so high as to prevent protein at-
tachment or tube damage.40�42 An appropriate amount of each
stock solution was added to achieve the desired final concentra-
tion. The diluted tube suspensions were vortexed for 15 s (fixed-
speed vortex, 02-215-360, Fisher Scientific, Pittsburgh, PA), soni-
cated for 15 min, and then vortexed for another 15 s vortex to
obtain tube suspensions of 50 �g/mL (unless otherwise speci-
fied). Where dispersing agents were used, these were added to
the culture media before the addition of the tubes. The final con-
centrations of BSA and DPPC were 0.6 mg/mL and 0.01 mg/mL,
respectively, unless otherwise stated.

Assessment of the Hydrophobicity Index of MWCNT in Physiological
Media. Partitioning of MWCNTs in an n-octanol/aqueous inter-
face was used to calculate a hydrophobicity index.43,44 After the
MWCNTs were suspended in the various aqueous media at a
range (25�100 �g/mL) of concentrations, the absorbance (A) of
the tubes was measured at 550 nm by UV�vis spectrometry
(SpectroMax M5e, Molecular Devices Corp., Sunnyvale, CA)
based on previous work.45 This value was designated A0. An iden-
tical volume of n-octanol was added to the aqueous tube sus-
pension, and the vials were vortexed for 15 s and then incubated
at room temperature for 30 min. At this point the A value of the
aqueous layer was remeasured (A1), and hydrophobicity index
(%) was calculated as follows:

Characterization of MWCNT Suspension Stability Index. A kinetic
analysis of suspension stability was performed by monitoring
the aqueous solution absorbance at 550 nm for different lengths
of time, using UV�vis spectrometry (SpectroMax M5e, Molecu-
lar Devices Corp., Sunnyvale, CA). Typically, 1 mL of the MWCNT
suspension at 25�100 �g/mL was prepared with or without dis-
persing agents and absorbance readings were taken at 1 h time
intervals for 20 h.

Attachment Efficiency of COOH-MWCNT. A 90° light scattering unit
(Malvern Instruments Zetasizer Nano ZS90, Worcestershire WR,
UK) equipped with a 4 mW He�Ne laser with a frequency out-
put of 632.8 nm was used to perform the CNT aggregation ex-
periments. Agglomeration data were collected on 1 mg/mL dis-
persions of COOH-MWCNT in PBS and PBS � 0.6 mg/mL BSA. The
PBS concentrations ranged from 6 to 150 mM. The dynamic
light scattering measurements were collected at 25 °C. The inci-
dent laser beam and the autocorrelation function were allowed
to accumulate for �10 s after a 120 min temperature equilibra-
tion. The measurements were performed for a period of time
ranging from 150 s to 3 h. The initial rate of change in the hydro-
dynamic radius (Rh), (dRh/dt)t¡0 is proportional to kno where k is
the initial aggregation rate constant and no is the initial concen-
tration of the MWCNT.46 The inverse stability ratio � or attach-
ment efficiency was obtained from the following equation:

hydrophobicity index ) (Α0 - Α1

Α0
) × 100%
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where (dRh/dt)(f)t¡0 represents the fast aggregation regime.18,47,48

BEAS-2B Cellular Culture and Co-incubation with MWCNTs. BEAS-2B
cells were purchased from ATCC (Manassas, VA) and cultured in
5% CO2 at 37 °C in BEGM in collagen-coated 75 cm2 flasks. For ex-
posure to MWCNTs, aliquots of 1 
 104 cells were cultured in
0.2 mL of medium in 96-well plates (Costar, Corning, NY) at 37
°C for the indicated time periods. All the MWCNT solutions were
freshly prepared. While nondispersed (ND) MWCNTs were vor-
texed for 15 s but not sonicated in BEGM that also contained no
dispersants (BSA, DPPC, or FBS), better dispersed (D) MWCNTs
were prepared by sonication in BEGM containing BSA (at 0.6 mg/
mL), DPPC (at 0.01 mg/mL) or a combination of both dispers-
ants before being added to the tissue culture dishes.

ELISA for TGF-�1 Quantification. The TGF-�1 concentration in the
BEAS-2B culture medium was determined by an Emax ImmunoAs-
say System (Promega, Madison, WI) according to the manufac-
turer’s instructions. A 96-well plate was coated with monoclonal
anti-TGF-�1, and the captured growth factor was detected by
polyclonal anti-TGF-�1 conjugated to horseradish peroxidase.
Absorbance was measured at 450 nm using a plate reader (Spec-
troMax M5e, Molecular Devices Corp., Sunnyvale, CA). Results
were expressed as pg/mL.

Assessment of Fibroblast Proliferation using the EdU-Based Proliferation
Assay. The human lung fibroblast cell line, CRL1490, was obtained
from the American Type Culture Collection (Manassas, VA). The
cells were cultured in EMEM supplemented with 10% FBS, 100
U/mL penicillin and 100 �g/mL streptomycin. Cultures were
maintained in a 5% CO2 humidified atmosphere at 37 °C.
MWCNTs were added to the culture medium to a final concen-
tration of 5 �g/mL, following which the suspensions were either
(i) vortexed for 15 s, sonicated for 15 min, and vortexed again
for 15 s to obtain dispersed (D) tubes or (ii) vortexed without son-
ication to obtain the nondispersed (ND) tube suspension. After
exposure to the dispersed (D) and nondispersed (ND) MWCNTs
for 48 h, CRL-1490 cells were fixed and stained with the EdU and
Hoechst dyes according to manufacturer’s instructions included
in the Click-iT EdU cell proliferation kit (Invitrogen, Carlsbad, CA).
Growth proliferation was assessed by calculating the percent-
age of cells in the culture that incorporates the fluorescent EdU
into newly synthesized DNA. Please notice that because the
EMEM is similar to the DMEM composition, there were no differ-
ences in the hydrophobicity index, suspension stability index,
rate of agglomeration, and dynamic light scattering results in the
former medium (not shown).
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