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ABSTRACT: Adsorption of phenanthrene on carbon nanotubes (CNTs) was
examined in the presence of pulmonary surfactant (Curosurf) and its main
components, dipalmitoyl phosphatidylcholine (DPPC) and bovine serum albumin
(BSA). A passive-dosing method based on equilibrium partitioning from a
preloaded polymer was successfully employed to measure phenanthrene binding
and speciation at controlled freely dissolved concentrations while avoiding phase
separation steps. Curosurf, DPPC, and BSA could all linearly solubilize
phenanthrene, and phenanthrene solubilization by Curosurf was 4 times higher
than individual components (DPPC or BSA). In the presence of Curosurf, DPPC
or BSA, adsorption of phenanthrene by multiwalled CNTs (MWCNTSs) was
suppressed, showing competitive adsorption between pulmonary surfactant (or
DPPC, BSA) and phenanthrene. Competitive adsorption between Curosurf and
phenanthrene was the strongest. Therefore, when phenanthrene-adsorbed CNTs
enter the respiratory tract, phenanthrene can be desorbed due to both solubilization
and competition. The bioaccessibility of phenanthrene adsorbed on three
MWCNTs in the respiratory tract would be positively related to the size of their
outer diameters. Moreover, the contribution of solubilization and competition to
desorption of phenanthrene from MWCNTSs was successfully separated for the first
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time. These findings demonstrate the two mechanisms on how pulmonary surfactants can enhance desorption and thus possibly

biological absorption of phenanthrene adsorbed on CNTs.

B INTRODUCTION

The respiratory tract is considered one of the major entrances
for carbon nanotubes (CNTs) into the human body because of
their relative low density and asbestos-like properties."”> When
inhaled by human or animals, CNTs could induce adverse
effects such as lung inflammation and cardiovascular effects.>*
Before entering alveolar cells and exhibiting toxicity, CNTs
initially encounter pulmonary surfactant which covers the thin
aqueous lining layer. Pulmonary surfactant is formed by type II
alveolar cells and consists of lipids (approximately 90%, mainly
phospholipids) and proteins (10%).> CNTs in the atmosphere
may contain polycyclic aromatic hydrocarbons (PAHs) because
PAHs are good carbon sources for CNTs synthesis in the arc
discharge method® and an important byproduct in the catalytic
chemical vapor deposition method with thermal treatment.”

CNTs when they are in contact with pulmonary surfactant. Our
previous study observed that 60—90% of phenanthrene were
released from MWCNTs in the gastrointestinal fluids, which
farther increases the health concern.’ Until now, the behavior
and bioavailability of adsorbed PAHs on CNTs in the
respiratory tract were still unknown.

Simulated lung fluid has been used to evaluate the
bioaccessibility of metals in fly ash'® and mine waste."’ The
organic components of these simulated lung fluids were acetate
salts, citrate salts, glycine, and/or albumin. These types of
simulated lung fluids may not be appropriate for assessing the
bioaccessibility of hydrophobic PAHs on CNTs because these
simulated organic components are not remarkably surface-
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active, and the release of PAHs from CNTs depends on their
solubilization.” Davies and Feddah modified the simulated lung
fluid by adding one component of pulmonary surfactant
(dipalmitoyl phosphatidylcholine, DPPC)."> The dissolution of
aerosol particles in the modified lung fluid was then highly
increased. Actually, pulmonary surfactant is highly surface-
active and DPPC is the main surfactant component (~50%)
responsible for the surface tension reduction in the respiratory
tract."®> Hence, it is essential to investigate the effects of
pulmonary surfactant on PAHs adsorption by CNTs.

Traditionally, adsorption experiments in aqueous phase use a
batch/centrifugation method.'*"* This method requires the
complete separation of adsorbent and adsorbate. Pulmonary
surfactant cannot be separated from the aqueous phase using
centrifugation because of its complicated compositions. There-
fore, in this study a passive dosing method avoiding
centrifugation was employed to investigate the effects of
pulmonary surfactant on PAHs adsorption by and desorption
from CNTs. Passive dosing is the inverse of passive sampling
(e.g, solid phase microextraction), and it is based on the
equilibrium partitioning of analytes (e.g, PAHs) from a
preloaded silicone and into an aqueous solution or suspension.
This results in tightly controlled freely dissolved concentrations
of the analytes (Cg.) and allows speciation, binding, and
sorption to be deduced from the measured total concentration
in the solution."®"” The solubilization (sorption) of PAHs by
pulmonary surfactant can be calculated by the difference
between total PAHs concentration in the solution and Cg,,. In
our previous study, adsorption of phenanthrene by CNTs was
suppressed by the biomolecules (e.g., pepsin) in the simulated
gastrointestinal fluids due to competitive adsorption and
solubility enhancement,” whereas the exact contribution of
each could not be determined using the traditional batch/
centrifugation method. Hence, we intended to separate the
contribution of each using the passive dosing method in this
study.

Therefore, in this study, we employed a commercially
available pulmonary surfactant (Curosurf) to investigate the
effects of pulmonary surfactant on phenanthrene (a model
PAH) adsorption by CNTs. The role of pulmonary surfactant
components, DPPC, and bovine serum albumin (BSA,
replacement for surfactant proteins) were further studied.
The contribution of competitive adsorption and solubility
enhancement during the desorption process was also
quantitatively evaluated in this study.

B MATERIALS AND METHODS

Materials. Silastic MDX4—4210 Elastomer kit for poly-
(dimethylsiloxane) (PDMS) silicone preparation was obtained
from Dow Corning corporation. Because of the similar
compositions to human pulmonary surfactants,"® Curosurf
(Chiesi Pharmaceutici, Parma, Italy) was chosen and used as
pulmonary surfactant in this work. Curosurf extracted from
porcine lungs is a commercial pulmonary surfactant containing
lipids and proteins (Supporting Information (SI) Table S1).
DPPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-dipalmitoyl-sn-glycero-3-phospho-(1"-rac-glycerol) (sodium
salt) (DPPG) were obtained from Avanti Polar Lipids
(Alabaster, AL). BSA powder was purchased from Sigma
Aldrich. "*C labeled (8.2 uCi/umol) and unlabeled phenan-
threne was purchased from Sigma-Aldrich Chemical Co. The
molecular weight, molecular volume, water solubility (37 °C)
and octanol—water partition coefficient (log K,,) of phenan-
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threne are 1782 g/mol, 169.5 A3 175 mg/L and 4.57,
respectively.”'> Three multiwalled carbon nanotubes
(MWCNTs) with different outer diameters (MWCNT20,
MWCNT40, and MWCNT60) were used as adsorbents.
They were purchased from Shenzhen Nanotech Port Co.,
China and used after acid purification'® and their characteristics
are listed in SI Table S2.

Passive Dosing Vials Preparation. The MDX4-4210 kit
contains a PDMS silicone prepolymer and a catalyst.
Prepolymer and catalyst (10:1, w/w) were mixed according
to the product instructions. Passive dosing vials were prepared
using the method of Birch et al.'® Briefly, 600 + 5 mg of the
silicone mixture were added to each 20 mL vial, and the vials
were then sealed and placed into the refrigerator (4 °C) for 48
h to eliminate bubbles in the PDMS. Then the vials were left to
cure at room temperature for 72 h and 110 °C in an oven for
another 48 h. After curing, the silicone was cleaned three times
with methanol (HPLC grade, Fisher) (each time at least 12 h)
to remove impurities and oligomers, followed by rinsing three
times with ultrapure water to remove the methanol. The
cleaning procedure was conducted at 37 °C, the same
temperature to the following sorption experiments. The vials
were wiped with lint-free tissue after the cleaning procedure.

Loading of Passive Dosing Vials. *C-labled phenan-
threne was added in methanol to obtain a radioactive
phenanthrene solution with a final concentration of 5§ mg/L.
Phenanthrene stock solution (2005 mg/L) was prepared by
dissolving the unlabeled phenanthrene in the radioactive
phenanthrene solution. The stock solution was then diluted
sequentially to a series of concentrations (20—2005 mg/L)
using radioactive phenanthrene solution. These phenanthrene
solutions with different concentrations (800 uL) were added to
different passive dosing vials, and 500 yL and 1 mL of ultrapure
water were then added to each vial at 30 min intervals to
promote the phenanthrene partitioning from methanol to
silicone. Overnight, 17.7 mL ultrapure water was added into the
vials and all vials were shaken at 37 °C for 72 h. The solution
was removed from the vial and the vials were wiped with lint-
free tissue. To eliminate the influence of the remaining
methanol in the silicone, the loaded vials were amended by
20 mL ultrapure water and shaken at 37 °C for 24 h to reach
equilibrium,lé’20 this procedure was repeated until the Cg,, in
the water after equilibration was constant (SI Figure S1). C..
in each procedure was measured by adding 1 mL solution into
4 mL Ultima Gold XR cocktail (Perkin-Elmer) for liquid
scintillation counting (Beckman LS6500). Phenanthrene
concentration in the silicone (Cgjcone) Was calculated by the
mass difference. Finally, the water was removed and the loaded
vials with different phenanthrene amounts were obtained.

Solubilization Experiments in the Passive Dosing
Vials. The Curosurf stock suspension (80 mg/mL) was diluted
to obtain a Curosurf solution of 40 mg/L with background
solution. The background solution was a physiological saline
(NaCl, 0.9%) with 200 mg/L NaNj to avoid the degradation of
phenanthrene and other solutes (e.g, Curosurf) dissolved
inside. DPPC, DOPC, and DPPG were suspended in
background solution by ultrasonicating (42 kHz, 100 W, 20
+ 2 °C) for 40 min, and then diluted to a series of solutions.
DPPC-BSA solution was prepared by adding BSA powder to
DPPC solution. For the solubilization experiment, 20 mL
Curosurf or lipids solutions was added to each phenanthrene-
loaded vial and shaken at 37 °C for 5 days to reach equilibrium
(SI Figure S2). Then the whole solution was transferred to
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another vial and the total phenanthrene concentration in the
solution (C,y,) was measured. During the partition/sorption
process, silicone in the vial did not significantly adsorb
Curosurf, DPPC or BSA, thus, the aqueous phase concen-
tration of Curosurf, DPPC or BSA was not changed in the vials
(SI Figure S3). The vials were then quickly rinsed five times
with background solution and wiped with lint-free tissue.
Background solution (20 mL) was then equilibrated in these
vials and the measured concentrations in these solutions were
used as a surrogate for the Cg,.. This measured Cg,, was also
the equilibrium aqueous concentration during the solubilization
experiment. For phenanthrene at a given Cg,, (0.087 mg/ L),
solubilization by Curosurf, DPPC or BSA at different
concentrations (2—200 mg/L) was also determined. Even at
200 mg/L, pulmonary surfactants had no influence on the
measurement of '*C-labeled phenanthrene (SI Figure S4). To
further study and compare the solubilization effect of the
pulmonary surfactant components, solubilization of phenan-
threne by DPPC (40 mg/L), DOPC (40 mg/L), DPPG (40
mg/L), or their mixtures (each component at 40 mg/L) was
also determined at a given Cg,. (0.087 + 0.004 mg/L).

Adsorption Experiments. The passive dosing vials loaded
with phenanthrene were used to conduct the adsorption of
phenanthrene on MWCNTs. First, 20 mL of background,
Curosurf (40 mg/L), DPPC (40 mg/L) or DPPC-BSA (40
mg/L DPPC, 4 mg/L BSA) solution was added to the loaded
vials which contained 1.00 mg MWCNTs (MWCNT20,
MWCNT40 or MWCNT60). All vials were shaken at 37 °C
for S days to reach equilibrium. The solution in each vial was
then moved to another vial. Initially, some MWCMTSs may still
have remained on the inner wall or silicone surface of older vial.
The wall and silicone were rinsed carefully using the removed
solution to ensure the entire solution including all MWCNTSs
was transferred. After that, background solution (20 mL) was
amended into the older vial and the Cg,, in the background
solution was measured. The solutions in the new vials were
ultrasonicated (42 kHz, 100 W, 20 + 2 °C) for 1 h to suspend
the MWCNTs. C, was measured by adding 1 mL suspension
into 4 mL Ultima Gold XR cocktail for liquid scintillation
counting. For MWCNTs in the Curosurf, DPPC and DPPC-
BSA solutions, C, here includes (i) free phenanthrene in the
solution (Cg,), (ii) phenanthrene concentration solubilized by
Curosurf, DPPC, and/or BSA (Cypiizea), and (iii) phenan-
threne adsorbed on MWOCNTs (C,gomeq). Therefore, the
equilibrium concentration of adsorbed phenanthrene on
MWCNTs (q.) was determined by mass difference: g,
(Ciota—Cootubitized— Criee)/ Cont- In the experiment, the measure-
ment of radioactive phenanthrene was not influenced by the
presence of Curosurf, DPPC, BSA, or MWCNTs, and
MWCNTs could be sufficiently suspended by ultrasonication
(42 kHz, 100 W, 20 = 2 °C) (SI Figure SS). The adsorption of
phenanthrene on MWCNTSs in the background solution was
also conducted using the batch/centrifugation method, and the
nearly overlapping between sorption isotherms obtained by the
two methods was observed (SI Figure S6).

Statistical Analysis. All experiments were run in triplicate.
The sorption of PAHs by surfactant was likely a partitioning
process, 'so phenanthrene sorption by pulmonary surfactants
was fitted by a linear model (eq 1). Nonlinear Freundlich (eq
2), Langmuir (eq 3) and Dubinin-Ashtakhov (DA, eq 4)
models®** were employed to fit the data of phenanthrene
adsorption on MWCNTs which have heterogeneous site-
energy distribution. The bioaccessibility of MWCNTSs-adsorbed
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phenanthrene and the contribution of solubilization in the
pulmonary surfactant solutions were calculated using the fitting
results of these models.

qe = KCfree (1)
qe = I<foreen (2)
q, = QCpe/ (K, + Cp) (3)
QO
q,. = (e/E)’
10 4)

where g, (mg/kg) is the equilibrium adsorbed concentration of
solute; Cg,. (mg/L) is the equilibrium aqueous concentration
(also the freely dissolved concentration) of solute; K [L/kg] is
the partition coefficient; K; [(mg/kg)/(mg/L)"] is the
Freundlich affinity coefficient, and n is the Freundlich
exponential coefficient; Q° (mg/kg) is the saturated adsorption
capacity; K, (mg/L) is the Langmuir affinity coefficient; & (kJ/
mol) = —RT In(Cg../C,) is the effective adsorption potential,
where C, (mg/L) is the water solubility of solute, R [8.314 X
107 kJ/(mol K)] and T (K) are universal gas constant and
absolute temperature, respectively; E (kJ/mol) is the
“correlating divisor” and b is a fitting parameter.

B RESULTS AND DISCUSSION

Passive Dosing in the Adsorption Experiments.
Varying the loaded amount of phenanthrene, a wide range of
freely dissolved concentrations were successfully established
and maintained by passive dosing (Figure S7). The good fitting
of linear equation (r’=0.999) indicated that the loading from
methanol to silicone and the release from silicone to water were
efficient and reproducible, and both steps were strictly
partitioning processes. The Cg,. in the adsorption experiments
are often in a narrow range and much lower than the water
solubility using the batch/centrifugation method® because of
the high adsorption capacity of CNTs and low water solubility
of phenanthrene. Recently, Kah et al. employed a depletive
passive sampling method*® using polyoxymethylene to
determine PAHs sorption to CNTs at extremely low aqueous
equilibrium concentrations (pg/L level), but not at high
concentrations because of high PAHs adsorption on CNTs and
partitioning in polyoxymethylene. For the passive dosing
method in this study, a concentration range of Cg,.s from the
low microgram per liter range to almost solubility was easily
and precisely obtained by loading the silicone with different
concentrations of phenanthrene. The silicone to water partition
ratio (Kjicone, water = Csilicone/ Ciree) gOVerned the partitioning of
phenanthrene in the passive dosing vials. It was in the present
study determined to be 4470 L/kg (or 5030 L/L) at 37 °C
(Figure 1), which is in good agreement with a reported value of
5160 L/L that was obtained for a different silicone material but
at the same temperature.”* The high Kiilicone, water Value was the
basis for this passive dosing method and for the very limited
depletion of phenanthrene from silicone during sequential
incubations.'”” The passive dosing vials could thus be used
several times without affecting the sorption data due to the high
loading of phenanthrene in PDMS.

Solubilization Effect of Pulmonary Surfactant. Phenan-
threne was highly solubilized in the Curosurf solution (40 mg/
L) (Figure 2A). Curosurf is a natural pulmonary surfactant
extracted from porcine and is composed of lipids (mainly
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Figure 1. Preparation of passive dosing vials with different
concentrations of free phenanthrene. The relationship between
concentration of free phenanthrene in water after equilibration
(Cgee) and phenanthrene concentration in silicone (Cgjcone) after
equilibration is linear.

DPPC) and proteins. DPPC, BSA and the mixture of DPPC
and BSA were used to simulate the components of pulmonary
surfactant. Although DPPC is the main component of Curosurf,
its solubilization effect at 40 mg/L was much lower, indicating
that other components of Curosurf may also play a key role in
phenanthrene solubilization. BSA at 40 mg/L exhibited the
lowest solubilization in comparison to other components.
Solubilization of phenanthrene in the solutions was caused by
the sorption of phenanthrene by the surface-active solutes such
as Curosurf, DPPC and BSA.

The sorption isotherms of phenanthrene by these solutes are
displayed in Figure 2B. All isotherms were fitted well with both
Linear and Freundlich models (SI Table S3). The good fitting
of Linear model indicated that pulmonary surfactants in the
solutions acted as favorable media for phenanthrene partition-
ing. The partition coefficients (K) of phenanthrene between the
test compounds and water followed an order: Curosurf >
DPPC > DPPC-C1 > DPPC-C2 > BSA. Phospholipid
molecules such as DPPC were mainly in the form of vesicles
in water as prepared by ultrasonication.”> The average
hydrodynamic size of the DPPC vesicles in the background
solution was around 340 nm (SI Figure S8). The partition
coefficient of DPPC vesicles (logKpppc) at 37 °C was 4.00.
Although there is no report on logKpppc of PAHs at 37 °C, the
relationship between logKpppc and logK,, was examined for
chlorobenzenes.?® Using this relationship and the logK,, of
phenanthrene (4.57), the calculated logKpppc values at 27 and
43 °C were 2.76 and 4.06, respectively, in agreement with the
value obtained at 37 °C in our study. With the addition of BSA
(4 and 40 mg/L), the sorption of phenanthrene on DPPC was
decreased (Figure 2B). This observation may be explained as
follows: (i) the aggregation of DPPC vesicles was enhanced in
the presence of BSA.”” Such aggregation could contribute to
the reduction of available sites for phenanthrene sorption; (ii)
the hydrophobic sites of both DPPC and BSA monomer
molecules may also be reduced as a result of the interaction
between DPPC and BSA. The higher solubilization of Curosurf
than DPPC and DPPC-BSA suggested that Curosurf would be
a better model of pulmonary surfactant in solubilization study.
Other lipid components in Curosurf may be responsible for the
higher solubilization of pulmonary surfactants. In addition to
DPPC (the major component), unsaturated phosphatidylcho-
line and phosphatidylglycerol make up ~25% and ~10% of
total lipids, respectively. DOPC (an unsaturated phosphati-
dylcholine) and DPPG (a phosphatidylglycerol) were therefore
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Figure 2. Solubilization (A) and sorption (B) of phenanthrene in 40
mg/L Curosurf (Curosurf40), 40 mg/L DPPC (DPPC40), 40 mg/L
BSA (BSA40), 40 mg/L DPPC with the addition of 4 or 40 mg/L BSA
(DPPC40+BSA4, DPPC40+BSA40) solutions, and the solubilization
of phenanthrene by different lipid compositions (C) at a given Cg,
(0.087 mg/L) using passive dosing vials. In panels A and C, C, is the
phenanthrene concentration in the solution after equilibrium, “Cy,—
Cgee” is the solubilized phenanthrene concentration. In panel B,
DPPC-C1 and DPPC-C2 are the phenanthrene sorption by DPPC in
the “DPPC40+BSA4” and “DPPC40+BSA40” solutions. In panel C,
for all tested solutions, the concentration of each component was 40
mg/L, “D-D”, “D-D-D”, and “D-D-D-B” represent the mixtures of
“DPPC and DOPC”;“DPPC, DOPC, and DPPG”; and “DPPC,
DOPC, DPPG, and BSA” respectively.

selected to further study the solubilization of phenanthrene by
the pulmonary surfactant components.'®*® As shown in Figure
2C, DOPC had higher solubilization enhancement than DPPC
and DPPG. The phase state of the lipids is expected to
influence the solubilization capacity.”” DPPC at 37 °C is in the
gel state, whereas the DOPC is in the liquid crystalline state.”
Phospholipid molecules in the liquid crystalline phase were
loosely distributed and could result not only in the higher
fluidity of the lipid molecules but also in better penetration of
hydrophobic organic compounds.”**® Therefore, the solubiliza-
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tion is greater for lipids in the liquid crystalline state (DOPC)
as compared to the gel state (DPPC). For the lipid mixture
(DPPC-DOPC or DPPC-DOPC-DPPG), the solubilization
effect of the lipid mixture was higher than the sum of the
respective effects of the mixture components. This result could
also be explained by the phase state as reported by Yamamoto
and Liljestrand,* in which the DPPC-DOPC mixture was in
the liquid crystalline state. To our knowledge, this is the first
study to apply passive dosing in solubilization/adsorption
studies at a range of analyte concentrations.

Phenanthrene Adsorption on MWCNTs in the Pres-
ence of Pulmonary Surfactants. The adsorption isotherms
of phenanthrene on MWCNTSs are presented in Figure 3.
Three nonlinear adsorption models were used to fit the
adsorption data of CNTs. The discussion below was mainly
based on the fitting results of DA model (Table 1) because of
its higher radjz (>0.996) than that of Freundlich (SI Table S4)
and Langmuir (SI Table SS) models. The Polanyi theory-based
DA model is widely applied in the adsorption of hydrophobic
organic contaminants,”*' and also fitted the phenanthrene
adsorption on MWCNTs well in this study. Polanyi theory
works for adsorption on inhomogeneous surface. For
MWCNTSs, the origin of heterogeneity is from sorption site
energy distribution among external surface, groove area,
interstitial pore, inner cavity, interwall spaces, and intrinsic
defects of the side walls. In the DA model equation, the
adsorption potential ¢ (¢ = —RT In(Cg../C,)) is the required
energy from the adsorption sites to the locations outside the
attractive force field of the solid surface. For a certain adsorbate
at a constant temperature, € is dependent on Cg,.. However,
when the solution contains another adsorbate which could
solubilize the first adsorbate, the DA model cannot be applied
to fit the adsorption isotherms because of the unavailable data
on Cg,. when using the batch/centrifugation method. In
contrast, Cg,. could be obtained using the passive dosing
method in this study and DA model was applied to fit the
adsorption data of phenanthrene adsorption in the presence of
Curosurf. As described in the Materials and Methods section, in
the Curosurf solution, the directly adsorbed concentration on
MWCNTs was calculated as g, = (Cior — Ceolupilized — Cree)/
Centy where Cgupiiizeq Was calculated from the phenanthrene
isotherm of Curosurf in Figure 2B.

The DA model fitted adsorption capacity (Q°) of
investigated MWCNTs in the background and Curosurf
solutions has the order of MWCNT20 > MWCNT40 >
MWCNT60 (Table 1). The surface area normalized adsorption
capacity (Q%/ Ay follows the same order. For MWCNTS, the
adsorption sites for PAHs were mainly on external surface
rather than the inner cavities or interwall surface.”> MWCNT20
with the smallest outer diameters (SI Table S2) had the largest
external surface area, thus showing the highest amounts of
available surface sites for phenanthrene. Micropores on the
external surface may constitute an important portion of the
total sites as indicated by the positive relationship between Q°/
Viniero and Q°/Ay¢ (Table 1), which also agrees with the
reported results.'”> This is because micropores are the high-
energy sites for phenanthrene adsorption compared to the
regular sites on the external surface,>® and the surface area from
micropores contributes a high portion of total MWCNTSs
surface area. In addition, Curosurf did not significantly suspend
MWCNTSs as compared to the background solution. For all
MWCNTs, Q° value in the Curosurf solution was lower than
that in the background solution, indicating the competitive
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Figure 3. Adsorption of phenanthrene on MWCNT20 (A),
MWCNT40 (B), and MWCNTG60 (C) in background, Curosurf (40
mg/L), DPPC (40 mg/L), and DPPC-BSA (40, 4 mg/L) solutions. In
panel A, “MWCNT20-C1”, “MWCNT20-C2”, and “MWCNT20-C3”
are the adsorption of phenanthrene on MWCNT20 in the presence of
Curosurf, DPPC and DPPC-BSA, respectively, the same to panels B
and C. In Curosurf, DPPC or DPPC-BSA solution, the equilibrium
adsorbed concentration on MWCNTSs was calculated using the
following eqution: g, = (Ciot —Cootubitized = Cree)/ Conts Where Ciogyy
Cgee were the total and free phenanthrene in the solution, Cyupilized
was calculated by the isotherm of phenanthrene by Curosurf, DPPC or
DPPC-BSA in Figure 2B, Ccyr was the concentration of MWCNTS in
the solution.

adsorption between phenanthrene and the components of
Curosurf on the MWCNTs surface. Surfactants such as bile
salts? and cetylpyridinium®' were observed as competitors of
PAHs as indicated by the increased linearity of isotherms in the
previous studies. Hence, the increased n value in the presence
of Curosurf (significantly increased for MWCNT?20 (p = 0.018)
and MWCNTA40 (p = 0.003); insignificantly for MWCNT60 (p
= 0.426)) further demonstrated the occurrence of competitive
adsorption (SI Table S4). Pulmonary surfactant is a complex
mixture of azpproximately 90% lipids (mainly DPPC) and 10%
proteins.>"** Therefore, DPPC (40 mg/L) and DPPC-BSA (40

y
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Table 1. Fitting Results of Sorption Isotherms of Phenanthrene on MWCNTs in Curosurf, DPPC and DPPC-BSA Solutions by

Dubinin-Ashtakhov (DA) Model

parameters

adsorbent solution Q° ( X 10° mg/kg) b E (KJ/mol) Q%A (mg/m?) Q% Vo™ (mg/cm?®) radjw
MWCNT20 water® 41.5 + 1.1 1.70 + 0.11 16.0 0.330 814 0.996
Curosurf 285 + 1.2 1.51 + 0.24 13.6 0.226 558 0.975

DPPC 403 £ 1.1 134 +£ 0.12 15.8 0.320 791 0.992

DPPC-BSA 40.1 £ 1.2 145 + 0.19 13.8 0.318 78S 0.984

MWCNT40 water 268 + 1.1 2.00 + 0.14 13.8 0.311 787 0.995
Curosurf 180 + 1.1 1.49 + 0.14 12.4 0.209 529 0.992

DPPC 221 £ 1.1 2.01 + 0.17 13.1 0.257 649 0.985

DPPC-BSA 205 £ 1.1 1.86 + 0.18 12.9 0.239 604 0.989

MWCNT60 water 116 + 1.1 238 £ 0.25 154 0.158 398 0.982
Curosurf 4.64 + 0.06 2.84 + 0.33 14.6 0.0636 160 0.974

DPPC 10.7 + 1.1 2.36 + 0.23 14.5 0.146 368 0.984

DPPC-BSA 9.47 + 1.03 2.29 + 0.06 14.2 0.130 327 0.996

Q% Ay and Q°/ V., are the surface area (Ag,;) and micropores volume (V,;.,) normalized Q°, respectively. bradjz is the adjusted coefficient of
determination and it is influenced by both the number of data points (m) and the number of fitting parameters (p). radiz =1—(m—1)(1-1*)/(m—p—

1); “Water is the background solution.

and 4 mg/L) were used to further investigate the competitive
sorption between phenanthrene and Curosurf components on
MWCNTs (Figure 3). Similar to Curosurf, DPPC also
decreased the Q" values of all MWCNTs (40.3, 22.1, and
10.7 mg/g for MWCNT20, MWCNT40, and MWCNTG60,
respectively), but still much higher than the Q° values in the
Curosurf solution. This is probably because only one
pulmonary surfactant components competed with phenan-
threne on MWCNTs. In Curosurf solution, more sorption sites
on MWCNTs suitable for phenanthrene could be occupied by
other components of pulmonary surfactants such as DOPC,
DPPG and protein. With the addition of another component
(BSA), the competitive sorption was slightly stronger as
indicated by the lower Q° (40.1, 20.5, and 9.47 mg/g for
MWCNT20, MWCNT40, and MWCNT60, respectively)
(Table 1). To further study the competitive sorption between
phenanthrene and pulmonary surfactants, we employed DPPC
to illustrate the MWCNT-pulmonary surfactant interactions.
There were five possible conformations for DPPC molecules
on the MWCNTs surface: (i) DPPC monomer molecules, (ii)
cylindrical micelles, (iii) hemimicelles, (iv) bilayers, and (v)
vesicles (SI) Figure S9. When adsorbed on hydrophobic
MWCNTSs surface, the bilayers of vesicles could be
disrupted.">** Moreover, it was observed that DPPC molecules
wrapped around the carbon nanotubes were in the form of
cylindrical micelles rather than hemimicelles using molecular
dynamics simulation.>* Therefore, DPPC molecules on the
MWCNTs surface could be mainly in the form of DPPC
monomer molecules or cylindrical micelles via hydrophobic
interaction, and phenanthrene molecules could be partially
replaced from the hydrophobic sites and released to the
solution. Sorption of DPPC vesicles on MWCNTs may be not
important due to the hydrophobic surface of MWCNTSs and
hydrophilic surface of DPPC vesicles in this work. However,
sorption of vesicles could be higher on certain MWCNTs
surface with more oxygen-containing functional groups (e.g.,
carboxylated MWCNTs).

Besides the direct adsorption, phenanthrene could be also
indirectly adsorbed on MWCNTSs by association with the
Curosurf on MWCNTSs. The adsorbed amount of Curosurf on
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MWCNTs is a key point to evaluate the indirect phenanthrene
adsorption on MWCNTs. However, the adsorbed Curosurf
amount was not available because the Curosurf could not be
completely separated from MWCNTs (SI Figure S10). Bile
salts and pepsin which are also amphoteric biomolecules and
produced in the human body were used to estimate Curosurf
sorption on MWCNTs. The saturated adsorption capacities of
bile salts and pepsin on MWCNTSs were in a range of 50—100
mg/g.” If the adsorbed Curosurf concentration on MWCNTs
was assumed to be as high as 100 mg/g, there would be
approximately 35 mg/L Curosurf remaining in the solution.
Even after adsorption, Curosurf (35 mg/L) were still be able to
highly solubilize phenanthrene (SI Figure S11) due to the low
critical micelle concentration (CMC) (CMC of DPPC, 0.34
/Jg/L).35 The calculated Q° values using DA model fitting
results were then 31.0, 24.3, and 6.89 mg/g for MWCNT?20,
MWCNT40, and MWCNT60, respectively, still lower than the
Q° values in the background solution (41.5, 26.8, and 11.6 mg/
g for MWCNT20, MWCNT40, and MWCNTG60, respectively).
The decrease of Q° values indicates that phenanthrene could be
desorbed and released into respiratory tracts if the phenan-
threne-adsorbed MWCNTs are inhaled.

Bioaccessibility of Phenanthrene on MWCNTs in
Simulated Respiratory Tract and the Contribution of
Solubilization and Competition. When the phenanthrene-
adsorbed MWCNTSs enter respiratory tracts, phenanthrene
could be partly desorbed from MWCNTs, which is defined as
the bioaccessible fraction. In our experiment, the readily
bioaccessible fraction for the respiratory tract includes the free
phenanthrene and solublized phenanthrene by pulmonary
surfactant. At a fixed Cg,,, the bioaccessibility of phenanthrene
adsorbed on MWCNTs was calculated as bioaccessibility (%) =
(Chee + Cootubiized)/ Crotat X 100, where Cogjupitized a0d Caggorbed
were calculated by the Linear model (SI Table S3) and DA
model fitting results (Table 1), respectively. In the Curosurf
solution, the bioaccessibility followed an order: MWCNT60 >
MWCNT40 > MWCNT20 (Figure 4A), which was negatively
related to the order of the surface area of MWCNTs. The same
bioaccessibility order was observed in the DPPC solution
(Figure 4B) for different MWCNTs. For a given MWCNT,
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Figure 4. Bioaccessibility of MWCNTs-adsorbed phenanthrene in the
Curosurf (A) and DPPC (B) solutions. When phenanthrene-adsorbed
MWCNTSs enter the respiratory tract, the released phenanthrene
includes free phenanthrene (Cg.) and solubilized phenanthrene
(Cyorubitized)- In the passive dosing vials, at a fixed Cgeey Cogpupiizesy and
Cadsorved Were calculated by the Linear model (SI Table S3) and DA
model fitting results (Table 1) respectively. Bioaccessibility was
calculated as the percentage of the amounts of free phenanthrene and
solubilized phenanthrene to the total phenanthrene amount.
Bioaccessibility (%) = (Cfree + Csolubilized)/ctotal X 100.

phenanthrene bioaccessibility in the DPPC solution was lower
than that in the Curosurf solution, due to the lower
solubilization enhancement (Figure 2A) and competitive effect
(Figure 3) of DPPC relative to Curosurf.

The contribution of solubilization enhancement and
competitive effect to desorption of phenanthrene from
MWCNTs as a function of Curosurf/DPPC concentration
was further studied. At a fixed Cg,., the solubilized
phenanthrene amount in the Curosurf/DPPC solutions was
obtained from the Linear model fitting results (SI Table S3)
while the phenanthrene amount replaced by Curosurf/DPPC
was the difference between the MWCNTs-adsorbed phenan-
threne amounts in background solution and Curosurf/DPPC
solution. At low Cg., Curosurf/DPPC tended to replace
phenanthrene from the MWCNTSs rather than solubilize
phenanthrene (Figure S). The contribution of solubilization
increased with the increased Cg,,. as a result of the decreasing
available sites for competition. For different MWCNTs, the
solubilization contribution followed the order of MWCNT60 >
MWCNT40 > MWCNT20 in both Curosurf and DPPC
solutions. MWCNT60 had the smallest surface sites to be
occupied, and the amount of competition could be lowest. It is
noted that if Curosurf/DPPC was adsorbed on MWCNTs, the
contribution of solubilization in Figure S should be lower
because of the overestimation of solubilization by Curosurf/
DPPC. To our knowledge, this is the first report investigating
the separation of solubilization and competition in an
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Figure S. The contribution of solubilization to the desorbed
phenanthrene amount from MWCNTs in 40 mg/L Curosurf (A)
and DPPC (B) solutions. The desorbed phenanthrene amount here
included the phenanthrene released from MWCNTs by solubilization
and by competition with Curosurf or DPPC. At a fixed Cg,, the
contribution of solubilization was calculated using the following
equation: Solubilization contribution (%) = Cyoubitized/
(Csolubﬂized+Ccompe‘ed) X 100. The solubilized phenanthrene amount
in the Curosurf/DPPC solutions (Cgpizeq) Was obtained from the
Linear model fitting results (SI Table S3) while the phenanthrene
amount replaced by Curosurf/DPPC (Comperea) Was the difference
between the MWCNTs-adsorbed phenanthrene amounts in back-
ground solution and Curosurf/DPPC solution. The adsorbed
phenanthrene amount was calculated by the DA model fitting results
(Table 1).

adsorption—desorption study. Besides pulmonary surfactant,
other organic compounds such as natural organic matter and
protein could also solubilize and compete with PAHs when
adsorbing to CNTs.”**3” Generally, solubilization and
competition are present in any bisolute system. By separating
the contribution of each, we could better understand the
behavior of PAHs and other emerging organic contaminants at
the CNTs-water interface in natural and biological systems.

Environmental Implication. We successfully examined the
adsorption of phenanthrene by CNTs in pulmonary surfactant
solutions using the passive dosing technique. From this study,
passive dosing technique provides a possibility to study the
sorption of PAHs in the complicated systems such as natural
water and biological fluids when (i) the sorbent is soluble in the
aqueous phase; (ii) the sorbent is difficult to be separated by
centrifugation; and (iii) in the presence of two or more
sorbents.

Besides the synthesis processes,”® CNTs can be also released
to air during the application and disposal. Based on actual
information of product life-cycles, about 5% of CNTs in
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consumer products (e.g, plastics, sporting equipment) are
released to air though most CNTs are bound into material
matrix.® During waste incineration, it was assumed that 25% of
CNTs became airborne.” Another study reported that the
commercially available CNTs contained as high as 150 ug/g
CNTs of total PAHs.*® Therefore, the bioaccessibility of PAHs
on PAHs—CNTSs complexes is of importance in assessing the
CNTs environmental and health risk. From this study, the
adsorption of phenanthrene was highly suppressed by
pulmonary surfactants due to both solubilization enhancement
and competitive effect, suggesting PAHs could be readily
desorbed from CNTs when PAHs—CNTSs complexes enter the
respiratory tract. The real concentration of pulmonary
surfactants covering the alveoli is much higher than the tested
concentration (40 mg/L) in this study. Therefore, the
bioaccessibility of PAHs (e.g., phenanthrene) in the respiratory
tract would be higher than that in our study. Moreover, after
reaching other systems such as blood circulation, more PAHs
could be desorbed and become bioaccessible, indicating health
risk of PAHs-associated CNTs in addition to the toxicity of
CNTs themselves.>*
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