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ABSTRACT: Metal-based nanomaterials (MNMs) represent a
large category of the engineered nanomaterials, and have been
extensively used to enhance the electrical, optical, and magnetic
properties of nanoenabled consumer products. Inhaled MNMs
can penetrate deeply into the peripheral lung at which they first
interact with the pulmonary surfactant (PS) lining of alveoli.
Here we studied the biophysical inhibitory potential of
representative MNMs on a modified natural PS, Infasurf, using
a novel in vitro experimental methodology called the constrained
drop surfactometry (CDS). It was found that the biophysical
inhibitory potential of six MNMs on Infasurf ranks in the order
CeO2 > ZnO > TiO2 > Ag > Fe3O4 > ZrO2−CeO2. This rank of
in vitro biophysical inhibition is in general agreement with the in
vitro and in vivo toxicity of these MNMs. Directly imaging the lateral structure and molecular conformation of the PS film using
atomic force microscopy revealed that there exists a correlation between biophysical inhibition of the PS film by the MNMs and
their aggregation state at the PS film. Taken together, our study suggests that the nano−bio interactions at the PS film are
determined by multiple physicochemical properties of the MNMs, including not only well-studied properties such as their
chemical composition and particle size, but also properties such as hydrophobicity, dissolution rate, and aggregation state at the
PS film found here. Our study provides novel insight into the understanding of nanotoxicology and metallomics of MNMs.

■ INTRODUCTION

With the increasing application of engineered nanomaterials
(ENMs) in various industrial areas and consumer products,
such as electronics, cosmetic, coating and spray, food and
medicine, the study of potential environmental, health, and
safety (EHS) impacts of the ENMs has grown into an active
research field.1−4 The small size of ENMs and other unique
properties and behavior, such as their large surface area-to-
volume ratio,5 enable them to penetrate a range of biological
barriers of the human body, including the skin, the ocular
surface,6 the alveolar−capillary barrier,7 the blood−brain
barrier,8 and even the blood−placental barrier.9 Although
researchers are taking advantage of these nano−bio inter-
actions for designing enhanced drug delivery vehicles,10,11

many nano−bio interactions have demonstrated detrimental
biological impacts such as generation of reactive oxidative
species (ROS), cytotoxicity, genotoxicity, and inflammatory
responses, depending on the dose of exposure.1−4

In particular, plenty of evidence shows that inhaled ENMs
penetrate deeply into the peripheral lung at which they first
interact with the pulmonary surfactant (PS) lining of the
alveoli.12,13 The PS is composed of approximately 90 wt %
lipids, including 90−95% phospholipids and 5−10% choles-
terol, and 10 wt % surfactant-associated proteins.14 It forms a
thin film at the air−water interface of alveoli by adsorption.
The major physiological and biophysical function of the PS
film is to reduce the alveolar surface tension to near-zero value,
thus maintaining a large surface area of the alveolar−capillary
membrane to facilitate respiration.14 Numerous in vivo, in
vitro, and in silico studies have shown that various ENMs,
including nanoenabled consumer products, inhibit the
biophysical function of the PS, i.e., abolish its ability in
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reducing surface tension.12,15−22 As a result of increasing
alveolar surface tension, intratrachally administrated ENMs
caused significant pulmonary toxicity, revealed by massive lung
collapse and infiltration of inflammatory cells into the alveolar
space.23,24

Metal-based nanomaterials (MNMs) represent a large
category of the ENMs, and have been extensively used to
enhance the electrical, optical, and magnetic properties of
nanoenabled consumer products.25 The EHS impacts of
MNMs are well studied, under both the scopes of nano-
toxicology25,26 and metallomics.27,28 In spite of the extensive
study of MNMs, their potential biophysical influence on the
natural PS is still largely unknown. It is unclear how MNMs
interact with the PS film, and how this nano−bio interaction
affects both the inhaled MNMs and the innate PS lining layer
of the lung.
Here, we studied the in vitro biophysical interaction between

an animal-derived modified natural PS (i.e., Infasurf) and
several representative MNMs, using an experimental method-
ology called the constrained drop surfactometry (CDS)
recently developed in our laboratory.21,24 The CDS is a new
generation of droplet-based tensiometry technique that allows
high-fidelity biophysical simulation of the PS under physio-
logically relevant conditions.21,24 It has been used for studying
nano−bio interactions at the surface of PS films.20−24 In this
study, we focused on five representative MNMs, i.e., silver
(Ag), zinc oxide (ZnO), titanium dioxide (TiO2), iron (II,III)
oxide (Fe3O4), and cerium dioxide (CeO2) nanoparticles
(NPs). Nano Ag is one of the most commonly used and well
studied MNMs, primarily for its antimicrobial properties.25

Both ZnO and TiO2 NPs have been widely used in
sunscreens.25,26 Fe3O4 NPs have been extensively used in
biomedical applications, including magnetic imaging and drug
delivery.29,30 CeO2 is an important rare-earth metal oxide, and
has been extensively used for polishing and computer chip
manufacturing, as well as a fuel additive.25,31 It was found that

CeO2 NPs exhibited an adverse effect on bacteria at low
environmentally relevant concentrations.32 In vitro and in vivo
toxicity of these MNMs have been well documented.25,26,33 In
addition to these five benchmark MNMs, we have included in
this study CeO2 NPs doped with 78% zirconium oxide (ZrO2−
CeO2), enlightened by our recent study showing that Zr-
doping significantly reduced the cytotoxicity of CeO2 NPs in
vitro, but had only limited effect on pulmonary and
cardiovascular systems observed in mice after inhalation.34

■ MATERIALS AND METHODS

Pulmonary Surfactant (PS). Infasurf was a gift from
ONY, Inc. (Amherst, NY). It is a modified natural surfactant
prepared from lung lavage of newborn calves with
centrifugation and organic extraction. Infasurf contains all
hydrophobic components of the bovine natural surfactant.35

Hydrophilic surfactant proteins (SP-A and SP-D) were
removed during the extraction process. Infasurf was stored at
−20 °C in sterilized vials at an initial concentration of 35 mg of
total phospholipids per mL. On the day of experiment, it was
diluted by a saline buffer (0.9% NaCl, 1.5 mM CaCl2, and 2.5
mM HEPES, pH 7.0) to a final phospholipid concentration of
1 mg/mL.

Metal-Based Nanomaterials (MNMs). Three benchmark
MNMs, i.e., Ag (Series No. NM300), ZnO (NM110), and
TiO2 (NM101) NPs were obtained from the European
Commission’s Joint Research Centre repository of representa-
tive industrial nanomaterials.36−38 The Fe3O4, CeO2, and
CeO2 NPs doped with 78% ZrO2 (ZrO2−CeO2) were
synthesized with supercritical water hydrothermal synthesis
by Promethean Particles (Nottingham, UK) within the EU FP
7 project NanoMILE.39,40 Because the antioxidant properties
of CeO2 are primarily due to its ability to scavenge free radicals
by switching from the Ce3+ to Ce4+ valence state, incorporation
of ZrO2 into the CeO2 lattice is expected to reduce the toxicity
of CeO2 by enhancing its antioxidant efficacy.34,41 The Ce3+/

Figure 1. Schematic of the constrained drop surfactometry (CDS) for studying nano−bio interactions at the surface of pulmonary surfactant (PS)
films. (a) CDS uses the air−water interface of a 3−4 mm sessile drop, constrained on a sharp pedestal, to accommodate the adsorbed PS film. The
PS film can be periodically compressed and expanded by precisely regulating liquid flow into and out of the droplet with a motorized syringe. The
surface tension and surface area of the PS film are simultaneously determined from the shape of the droplet using newly developed closed-loop
axisymmetric drop shape analysis (CL-ADSA). The droplet is enclosed in an environmental control chamber that permits simulation of
physiological conditions. (b) Subphase replacement was implemented with a coaxial pedestal system through which the PS vesicles were slowly
withdrawn from the droplet and simultaneously replaced with an equal amount of buffer injected into the droplet. As a result, the liquid hypophase
beneath the air−water interface was washed without disturbing the adsorbed PS film at the air−water interface. (c) The adsorbed PS film was
Langmuir−Blodgett (LB) transferred from the air−water interface onto a freshly peeled mica surface. (d) Topographical images of the immobilized
PS films were obtained by atomic force microscopy (AFM).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b02976
Environ. Sci. Technol. 2018, 52, 8920−8929

8921

http://dx.doi.org/10.1021/acs.est.8b02976


Ce4+ ratio of the CeO2 with and without ZrO2 doping was
determined with UV/vis spectrophotometry (Jenway 6800,
Staffordshire, UK) where Ce3+ absorbs in the 230−260 nm
range and Ce4+ absorbs in the 300−400 nm range. All MNMs
were characterized with transmission electron microscopy
(TEM, Hitachi HT7700) and dynamic light scattering (DLS)
(Malvern Zetasizer 5000) to determine the primary and
hydrodynamic particle sizes, respectively.
Constrained Drop Surfactometry (CDS). The CDS is a

new generation of droplet-based tensiometry technique for
biophysical study of PS. Detailed descriptions of the CDS can
be found elsewhere.21,24 As shown in Figure 1, the CDS uses
the air−water interface of a 3−4 mm sessile drop to
accommodate the adsorbed PS film. The sessile drop is
“constrained” on a carefully machined drop pedestal using a
sharp knife-edge to prevent film leakage even at near-zero
surface tension. To simulate normal tidal breathing, the
adsorbed PS film is periodically compressed and expanded at a
physiologically relevant rate and compression ratio by precisely
regulating liquid flow into and out of the droplet with a
motorized syringe. The surface tension and surface area of the
PS film are simultaneously determined from the shape of the
droplet using newly developed closed-loop axisymmetric drop
shape analysis (CL-ADSA).42 Owing to system miniaturiza-
tion, the droplet is small enough to be enclosed in an
environmental control chamber that permits simulation of
physiological conditions, i.e., the core body temperature of 37
°C and a relative humidity close to 100%.
Specifically, 1 mg/mL Infasurf was mixed with the MNMs to

a final particle concentration of 10 μg/mL, i.e., 1 wt % of total
phospholipids in Infasurf. This corresponds to the lower-end
particle concentration used in most nanotoxicological studies.
The mixtures were incubated at 37 °C for 1 h prior to the
biophysical assay. A droplet (∼16 μL) of the mixture was
dispensed onto a 4-mm CDS pedestal. After droplet formation,
the surface tension was recorded and found to quickly decrease
to an equilibrium value around 22 mN/m, indicating formation
of the adsorbed surfactant film at the air−water interface of the
droplet.14 The adsorbed surfactant film was then compressed
and expanded at a rate of 3 s per cycle with a compression ratio

controlled at no more than 25% of the initial surface area to
simulate normal tidal breathing.43 To obtain the absolute
minimum surface tension of the surfactant film, over-
compression at 30%, 35%, and 40% compression ratios were
also tested. Biophysical properties of the PS film were
quantified with the minimum surface tension (γmin) at the
end of compression, and the average isothermal film

compressibility, κ =
γ

∂
∂( )A

A

T

1 , during both the compression

and expansion processes.14

Subphase Replacement and in Situ Langmuir−
Blodgett (LB) Transfer. To directly visualize the lateral
structure and molecular conformation of the adsorbed PS film,
we developed a combined technology of subphase replacement
and in situ LB transfer from the droplet.21,44 As shown in
Figure 1, first, the subphase replacement was implemented
with a coaxial CDS pedestal through which the PS vesicles
were slowly withdrawn from the droplet and simultaneously
replaced with an equal amount of buffer injected into the
droplet. As a result, the liquid hypophase beneath the air−
water interface (i.e., the droplet) was washed without
disturbing the adsorbed PS film at the air−water interface,
indicated by an unchanged surface tension during the subphase
replacement process. Second, after the subphase replacement,
LB transfer of the PS film was implemented by lifting a small
piece of a freshly peeled mica sheet across the air−water
interface of the droplet at a speed of 1 mm/min. The transfer
ratio was estimated to be close to unity.

Atomic Force Microscopy (AFM). Topographical images
of the immobilized PS films were obtained using an Innova
AFM (Bruker, Santa Barbara, CA). Samples were scanned in
air with the tapping mode using a silicon cantilever with a
resonance frequency of 300 kHz and a spring constant of 42
N/m. The samples were scanned at multiple locations to
ensure representativeness and reproducibility. Lateral struc-
tures of the samples were analyzed and three-dimensional
renderings were produced using Nanoscope Analysis (version
1.5).

Rose Bengal (RB) Partitioning. Relative hydrophobicity
of the MNMs was determined using the RB partitioning

Table 1. Characterization of Physicochemical Properties of the Metal-Based Nanomaterials (MNMs) Used in This Studya

a* Indicates series number for the European Commission’s Joint Research Centre repository of representative industrial nanomaterials.
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method as previously described.17,20,45 Briefly, the RB reagent
(Sigma-Aldrich, St. Louis, MO) was diluted to 20 μg/mL using
0.1 M phosphate buffer at pH 7.4. The MNMs at various
particle concentrations were added to the solution to create a
series of RB-MNM suspensions. Each suspension was
incubated at 25 °C for 3 h and subsequently centrifuged at
16 000g for 1 h. The supernatants were collected, and the
absorbance at 543 nm was determined with a UV/vis
spectrophotometer (Epoch, BioTek, Winooski, VT). Partition-
ing quotient (PQ) was calculated by the ratio of RB bound
onto the particle surface (RBbound) to the free RB in the liquid
phase (RBfree), i.e., PQ = RBbound/RBfree. Relative hydro-
phobicity of the MNMs was ranked based on the slope of the
linear regression of the plot of PQ vs surface area of the
MNMs, where a larger slope indicates a more hydrophobic
MNM.
Statistical Analysis. All results are shown as mean ±

standard deviation (n > 3). One-way ANOVA with the Tukey
means comparison test was used to determine group
differences (OriginPro, Northampton, MA). p < 0.05 was
considered to be statistically significant.

■ RESULTS
Characterization of the MNMs. Table 1 summarizes

characterization results of the six MNMs, i.e., Ag, ZnO, TiO2,
Fe3O4, CeO2, and ZrO2−CeO2. The Ag, TiO2, Fe3O4, CeO2,
and ZrO2−CeO2 NPs have a nearly spherical shape with the
primary sizes of 17, 5, 29, 4.5, and 5 nm, respectively. The ZnO
NPs have a rod shape with the length of 124 nm. Please refer
to Figure S1 of the Supporting Information (SI) for additional
TEM micrographs. The average hydrodynamic diameters of
these MNMs in buffer are 27, 412, 843, 1487, 172, and 358
nm, respectively, indicating aggregations for all six MNMs. The
polydispersity indexes of these NPs are in general less than 0.5,
indicating a moderate monodispersity.46,47 The significantly
larger aggregations of the Fe3O4 NPs than the other NPs are
most likely due to their magnetic nature.29 As shown in Figure
2, the relative hydrophobicity of these NPs ranks CeO2 >
ZrO2−CeO2 > TiO2 > Ag ≈ Fe3O4. The ZnO NPs failed the
RB partitioning method due to extremely rapid particle
aggregation and precipitation in the RB solution. Table 1
also shows the Ce3+/Ce4+ ratio of the two CeO2 based MNMs.
It is clear that doping CeO2 with 78% ZrO2 significantly
increases the Ce3+/Ce4+ ratio from 0.87 to 1.40, indicating an
increased antioxidant potential with the ZrO2 doping.
Biophysical Simulations of Surfactant Inhibition. We

first studied the biophysical inhibition of a natural PS, Infasurf,
by the MNMs. Figure 3 shows the comparison of the typical
compression−expansion cycles of Infasurf with and without
MNMs. Reproducibility of these results can be found in SI
Figure S2. To simulate normal tidal breathing,43 the surface
area of the PS film was oscillated within 25% of the initial
surface area, i.e., at a 25% compression ratio (CR), during
these dynamic cycling experiments. Compared with pure
Infasurf, all MNMs, at a very low particle concentration of 10
μg/mL, increase the minimum surface tension at the end of
compression, thus indicating surfactant inhibition.
The statistical analysis of the isothermal film compressibility

(κ) during the compression and expansion processes of the
dynamic cycling is shown in Figure 4. Film compressibility
measures the “hardness” of a two-dimensional film. A low κ
indicates a “hard” film, while a high κ indicates a “soft” film. A
good pulmonary surfactant film should have a “soft-yet-strong”

attribute.14,20 Upon film compression during exhalation, the
surfactant film should have a low κ, thus decreasing the alveolar
surface tension to low values with only limited area reduction;
while upon film expansion during inhalation, the surfactant
film should have a high κ, thus only increasing the surface

Figure 2. Relative surface hydrophobicity of the five metal-based
nanomaterials (MNMs), i.e., Ag, TiO2, Fe3O4, CeO2, and ZrO2−
CeO2, determined with the Rose Bengal partitioning method. Linear
regression of the partitioning quotient vs surface area of the MNMs
are plotted where the slope is proportional to the relative
hydrophobicity of the MNMs. The measurements suggest that the
relative surface hydrophobicity of these five MNMs ranks as CeO2 >
ZrO2−CeO2 > TiO2 > Ag ≈ Fe3O4. The results from ZnO are not
included in this figure because ZnO NPs failed the RB partitioning
method due to extremely rapid particle aggregation and precipitation
in the RB solution.

Figure 3. Comparison of the dynamic cycling results of 1 mg/mL
Infasurf with and without 1 wt % MNMs. These dynamic
compression−expansion cycling experiments closely mimic exhalation
and inhalation during normal tidal breathing, i.e., 20 times per minute
and maximum 25% surface area variation during cycling. Experimental
results were obtained with the CDS under physiologically relevant
conditions, i.e., 37 °C and 100% relative humidity. Results shown are
the tenth compression−expansion cycle. Biophysical inhibition of
Infasurf by the addition of MNMs is evident as shown by increasing
minimum surface tension at the end of compression.
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tension to a limited value with increasing surface area.14,20

Therefore, κ is commonly used to evaluate the extent of
surfactant inhibition.14,20,48 As shown in Figure 4, all MNMs
increase the κ of the Infasurf film upon compression (κcomp)
and decrease the κ upon expansion (κexp), with CeO2 NPs
causing the highest degree of surfactant inhibition.
Figure 5 shows the statistical analysis of the minimum

surface tension (γmin) of Infasurf, obtained at the tenth cycle,

with and without addition of the MNMs. In addition to the
physiologically relevant 25% CR, we have also conducted
dynamic cycling experiments at supraphysiological levels of
film compression, i.e., at 30, 35, and 40% CRs. Please refer to
SI Figures S3−S5 for reproducibility of these results. It can be
seen that at the physiologically relevant 25% CR, the addition
of 1 wt % NNMs all increases the γmin of pure Infasurf.
Increasing the CR from 25% to 40% further decreases the γmin
of pure Infasurf from 2.5 to 1.6 mN/m. The γmin of Infasurf
mixed with MNMs also decreases accordingly with increasing
CR, but always shows a slightly higher γmin than that of the
pure Infasurf.
The variation of the γmin of Infasurf with and without MNMs

as a function of the increasing number of consecutive
compression−expansion cycles is shown in Figure 6. It can

be seen that the pure Infasurf reaches a very low γmin of less
than 3 mN/m in the second cycle. (Note that results for the
first cycle of in vitro tensiometry were usually discarded as they
were inconsistent with those of the remaining cycles.48) This
low γmin is maintained in the subsequent cycles and reaches 1.6
mN/m in the tenth cycle. With the addition of MNMs,
especially the CeO2 NPs, there is a clear trend of gradual
surface tension reduction upon increasing number of
compression−expansion cycles. It can be seen that the addition
of CeO2 NPs increases the γmin of Infasurf to about 5 mN/m in
the second cycle. However, the γmin gradually decreases with
increasing number of cycles, and reaches approximately 2 mN/
m in the tenth cycle. These surface tension measurements
strongly indicate that the MNMs may be squeezed out of the
surfactant film with the compression−expansion cycles. We
have tested this hypothesis by directly imaging the lateral
structure and molecular conformation of the PS film, shown in
Figure 7.

Direct Visualization of Nano−Bio Interactions. Topo-
graphic images of the Infasurf film with and without exposure
to MNMs are shown in Figure 7. The top two rows (Figure
7a−g) show the corresponding 2D and 3D topographic images

Figure 4. Statistical analysis of the film compressibility during the
compression (κcomp) and expansion (κexp) processes. Experimental
results were obtained with the CDS under physiologically relevant
conditions. Results shown are the tenth compression−expansion
cycle. Biophysical inhibition of Infasurf by the addition of MNMs is
evident as shown by increasing κcomp and decreasing κexp. Among all
MNMs, CeO2 NPs show the highest degree of surfactant inhibition (p
< 0.05 in comparison with the pure Infasurf).

Figure 5. Minimum surface tension (γmin) as a function of the
compression ratio (CR). It can be seen that at the physiologically
relevant 25% CR, the addition of 1 wt % MNMs all increases the γmin
of pure Infasurf. Increasing the CR from 25% to 40% further decreases
the γmin of pure Infasurf. Although the γmin of Infasurf mixed with
MNMs also decreases accordingly with increasing CR, the addition of
MNMs always increases the γmin in comparison with the pure Infasurf.

Figure 6. Variation of the minimum surface tension (γmin) with
increasing number of consecutive compression−expansion cycles. It
can be seen that the pure Infasurf maintains a low γmin in all cycles.
However, the addition of MNMs all increases the γmin upon the
second cycle. Notably, the γmin of CeO2 gradually decreases as the
number of cycles increases, thus indicating a cycle-dependent removal
of the MNMs from the Infasurf film.
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of the surfactant film right after de novo adsorption (i.e., at the
zeroth cycle). Please refer to SI Figure S6 for additional AFM
topographic images that demonstrate the lateral structure of
the PS films in a larger scanning area of 50 × 50 μm. It can be
seen that the adsorbed Infasurf film (Figure 7a) demonstrates a
lateral structure of uniformly distributed phospholipid multi-
layers (∼10 nm higher than the surroundings). After exposure
to MNMs, aggregates of Ag, ZnO, TiO2, Fe3O4, and ZrO2−
CeO2 NPs (Figure 7b−e, and g) were detected at the de novo
adsorbed surfactant films. Different from these MNMs,
however, CeO2 (Figure 7f) mainly appeared as individually
dispersed NPs (∼5 nm high, comparable with their primary
particle size shown in Table 1) at the PS film. More
importantly, exposure to CeO2 NPs turned the multilayered
PS structure into a monolayer, featuring the formation of
phospholipid domains (∼1 nm higher than the surroundings).
The individual CeO2 NPs were found to be selectively
concentrated at the domain boundaries or within the fluid-like
liquid-expanded (LE) phase.
The two rows in the middle of Figure 7 (h−n) show the

corresponding 2D and 3D topographic images of the surfactant
film right after five consecutive compression−expansion cycles
(i.e., at the fifth cycle). It is found that the pure Infasurf film
maintains the uniform multilayered lateral structure, similar to
the lateral structure right after de novo adsorption. Nano-
particles or aggregates of all MNMs are found to be removed

from the Infasurf film by the compression−expansion cycles.
The Infasurf film exposed to CeO2 NPs retains its monolayer
conformation (Figure 7m), but the Infasurf films exposed to
the other MNMs (Figure 7i−l and n) are able to restore the
multilayered structure of the pure Infasurf film.
After another five consecutive compression−expansion

cycles (i.e., at the 10th cycle), as shown in the bottom two
rows (Figure 7o−u), it is found that all MNMs are removed
from the interface and all Infasurf films somehow restore the
multilayered lateral structure.

■ DISCUSSION
Our in vitro biophysical simulations (Figures 3−6) consis-
tently suggest that the biophysical inhibitory potential of the
six MNMs on the natural PS ranks in the order CeO2 > ZnO >
TiO2 > Ag > Fe3O4 > ZrO2−CeO2. This in vitro biophysical
ranking appears to be in good agreement with in vitro and in
vivo toxicity of these MNMs.25,26,34,49−51 Among these NPs, it
is well-known that the Fe3O4 NPs are largely nontoxic.29 In
general, Zn-based NPs were found to have a greater in vitro
toxicity than many other MNMs.25 In comparative studies Zn-
based NPs were not included, Ag NPs were found to have a
high cytotoxicity.25 For instance, Kermanizadeh et al.
compared the in vitro cytotoxicity of the two benchmark
MNMs, i.e., Ag (NM300) and ZnO (NM110), in human renal
proximal tubule epithelial HK-2 cells since NPs were found to

Figure 7. Corresponding 2D and 3D AFM topographic images of the Infasurf film, with and without 1 wt % MNMs, right after de novo adsorption
(a−g), after five consecutive compression−expansion cycles (h−n), and after ten consecutive compression−expansion cycles (o−u). All AFM
images have the same scanning size of 10 × 10 μm. Images in the 1st row have varying z ranges (adapted by the different NP aggregation states at
the pulmonary surfactant film) but all images in the 2nd and 3rd rows have the same z range of 20 nm. White arrows denote the height
measurements in the AFM images. Black arrows denote specific features detected by the AFM, including the multilayered phospholipid protrusions
(∼10 nm high), phospholipid domains at the monolayer (∼ 1 nm higher than the surroundings), individual NPs, and the aggregated NPs.
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be primarily accumulated in kidney.49 The lethal concen-
trations killing 50% of the cells with a single exposure (LC50)
of Ag and ZnO NPs were determined to be 10 and 2.5 μg/cm2,
respectively, after 24 h of exposure. These results indicate that
ZnO NPs have a higher toxicity than Ag NPs. Similar findings
were reported by Gosens et al. using an acute lung injury
model in mice exposed to the same MNMs.50 The TiO2 NPs
(NM101) tested in this study have a crystal structure of the
anatase phase, which is known to be more toxic than rutile
TiO2 NPs.

25 Xia et al. found that the toxicity of anatase TiO2
NPs is comparable to that of CeO2 NPs.

51 ZrO2 in general is
nontoxic in the lung.26 Dekkers et al. studied the cytotoxicity of
CeO2 with and without ZrO2-doping, against human lung
epithelial carcinoma A549 cells.34 The EC20, i.e., the effective
concentration resulting in 20% cell death, of CeO2 without and
with 78% ZrO2-doping, was determined to be 0.2 and 33 μg/
cm2, respectively, thus indicating that ZrO2-doping signifi-
cantly reduces the toxicity of CeO2. The beneficial effect of
ZrO2-doping was attributed to its antioxidant efficacy as
indicated by increasing the Ce3+/Ce4+ ratio of the CeO2.

34,41

Similar effects were found in the present study.
In addition to size and shape of the NPs, the toxicity of

MNMs is largely determined by their aggregation state and
dissolution rate.25−28 Available evidence suggests that natural
PS can modify the aggregation state and dissolution kinetics of
many MNMs, including CeO2,

52 Ag,53 and ZnO,54 thus
significantly affecting their cytotoxicity, retention, and trans-
location from the lung. It should be noted that all previous
studies on the aggregation state of MNMs were performed in
the bulk aqueous phase of natural or model PS.53,54 In contrast,
for the first time here we directly visualized the aggregation
state of MNMs at the surface of the PS film, with combined
technological advances in CDS and AFM. It is found that
although all MNMs agglomerated significantly in buffer (Table

1), the CeO2 NPs became well dispersed at the surface of the
PS film, while the other MNMs remained agglomerated after
interacting with the natural PS (Figure 7). Most interestingly,
we found that except for the ZnO NPs, the biophysical
inhibitory potential of the MNMs is correlated with the
aggregation state of the NPs at the PS film. Here we leave ZnO
out of this comparison because it is known that the high
toxicity of ZnO NPs is largely due to rapid dissolution in
releasing ions.51,54

As summarized in Figure 8, the aggregation size of five
MNMs at the PS film, determined with AFM, ranks as CeO2 <
TiO2 < Ag < Fe3O4 < ZrO2−CeO2. (Reproducibility of the
AFM analysis can be found in SI Figure S7.) Accordingly, the
degree of PS inhibition, measured with the minimum surface
tension, ranks as CeO2 > TiO2 > Ag > Fe3O4 > ZrO2−CeO2.
Therefore, our results suggest that the biophysical inhibition of
PS film by NPs, to a great extent, is determined by the
aggregation state of the NPs at the PS film. This finding is not
unexpected since the dispersed NPs have a much larger surface
area, and hence a much higher surface free energy, than
aggregated NPs,55 thereby possessing a higher potential for
adsorbing biomolecules and for causing surfactant inhibition.
Because of their excess surface free energy, upon contact

with the natural PS, the surface of NPs is expected to be
immediately coated with a PS corona that consists of both
phospholipids and surfactant-associated proteins.19,56,57 The
PS corona determines the biological identity of the inhaled
NPs, including their aggregation state and bioactivity. It
appears that the PS corona formed on the CeO2 NPs facilitates
dispersion of this MNM to a much larger degree than the other
three MNMs, likely due to its high surface hydrophobicity
(Figure 2 and Table 1). Our recent molecular dynamics
simulations suggested that compared to more hydrophilic NPs,
the PS corona formed on hydrophobic NPs is selectively

Figure 8. Correlations between pulmonary surfactant (PS) biophysical inhibition and the aggregation state of MNMs at the PS film. Biophysical
inhibition of the PS film is measured with the minimum surface tension (γmin) obtained at the physiologically relevant compression ratio (i.e., 25%).
The aggregation state of the MNMs at the PS film was measured with the height profile obtained using AFM right after de novo adsorption. All
AFM images have the same scanning size of 10 × 10 μm and a unified z range of 800 nm. The zoomed-in insets show the detailed topographic
structure of the aggregated NPs at the PS film.
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enriched in the hydrophobic surfactant-associated proteins, SP-
B and SP-C.56 Once bound to the NP surface, SP-B and/or SP-
C is denatured and depleted from the PS film,19,58 thereby
causing biophysical inhibition of the PS. The depletion of
surfactant proteins can be implied from the analysis of PS
lateral structures. It is well-known that the multilayered
architecture of healthy natural PS films is largely maintained
by SP-B and/or SP-C.14,35 Therefore, the monolayer structure
of the PS film, found at the presence of CeO2 NPs (Figure 7f
and m), strongly indicates deficiency and/or dysfunction of
SP-B and/or SP-C. A similar finding was reported by Wang et
al., who found that the PS corona facilitated dispersion of
single-walled carbon nanotubes (SWCNTs), but did not
mitigate their bioactivity and fibrogenic potential.59

In summary, we applied a novel in vitro experimental
methodology called the constrained drop surfactometry (CDS)
in combination with AFM to quantitatively evaluate bio-
physical inhibition of natural pulmonary surfactant by metal-
based nanomaterials (MNMs). Our study showed that
interaction with the natural PS film not only affects the
biological identity of the MNMs, but also in turn influences the
biophysical properties of the PS film. It was found that the
biophysical inhibitory potential of the tested MNMs on
Infasurf ranks in the order CeO2 > ZnO > TiO2 > Ag > Fe3O4
> ZrO2−CeO2. This rank of in vitro biophysical inhibition is in
general agreement with the in vitro and in vivo toxicity of these
MNMs. Directly imaging the lateral structure and molecular
conformation of the PS film revealed that compared to the
other MNMs, the CeO2 NPs dispersed much better at the PS
film, thus preventing the formation of a multilayered
architecture required for healthy PS films. There exists a
correlation between biophysical inhibition of the PS film by
NPs and the aggregation state of the NPs at the PS film.
Taking together, our study suggests that the nano−bio
interactions at the natural PS film are determined by multiple
physicochemical properties of the NPs, including not only the
well-studied properties such as their chemical composition and
particle size, but also properties such as hydrophobicity,
dissolution rate, and aggregation state at the PS film found
here. Our study provides novel insight into the understanding
of nanotoxicology and metallomics of MNMs.
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