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Lipid adsorbed on the surface of nanomaterials
enhances protein corona formation
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The high level of nanomaterials used in industrial and consumer products drives the need to better
understand how these materials interact with biological systems. We probe the interaction of four
commonly used nanomaterials; titanium dioxide, silicon dioxide, and silver nanoparticles and multi-walled
carbon nanotubes, with a representative lung lining fluid lipid, L-a-phosphatidylcholine, and serum
proteins. We find that the presence of the lipid increases the adsorption of fetal bovine serum on the
surface of the nanomaterials. Individual serum proteins, bovine serum albumin and transferrin, show a
nanomaterial-dependent response. We used murine macrophages to characterize the cellular response to
lipid-protein-nanoparticle complexes and found a nanomaterial-dependent response, measured by
cytokine release. In the case of titanium dioxide nanoparticles, L-a-phosphatidylcholine on the
nanomaterial surface provides a protective effect against inflammation. While much recent work probes
the protein corona that forms on nanomaterials used in biological applications, this work examines the lipid

and protein coronas with relevance to inhalation exposures.

Nanomaterials are used in increasing quantities across a range of industries from construction to electronics to biomedical devices. This high level of use

is associated with the risk of inhalation exposures, both for workers in a factory setting and the general public following environmental release or

degradation of consumer products. We explore the interaction of lipids and proteins with four common nanomaterials (titanium dioxide, silicon dioxide,

and silver nanoparticles and multi-walled carbon nanotubes) with relevance to inhalation exposures. Following inhalation, nanomaterials come into contact

with both lipids and proteins in the lung lining fluid leading, to the formation of a lipid and protein corona. We examine the adsorption of lipids and

proteins on the nanomaterial surface and the response of macrophages to the lipid-protein-nanomaterials. Overall, we hope this research will highlight

the importance of lipids in nanomaterial exposures.

Introduction

Nanomaterials are used at increasingly high levels in
industrial and consumer products.’™” This high level of use is
associated with human exposure through inhalation in
manufacturing settings and following environmental
release.> Of specific interest for human exposure are
titanium dioxide nanoparticles (TiO, NPs), used in plastics,
coatings, cosmetics, sunscreen, and food products; silicon
dioxide (SiO,) NPs used in optics, composites, coatings, and
biomedical applications; (Ag) NPs used in
antimicrobials and electronics; and multi-walled carbon
nanotubes (MWCNTSs) used in electronics and composites. In
developed countries, most people will encounter these
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materials on a daily basis. In the United States,
manufacturing exposure by inhalation has been regulated by
the Occupational Safety and Health Administration (OSHA),
which sets a permissible exposure limit (PEL) for workers
over an 8 h workday."> For consumer products containing
these nanomaterials, the Food and Drug Administration
(FDA) regulates exposure by dermal contact or ingestion. The
Environmental Protection Agency (EPA) carries out case-by-
case recommendations of regulations based on proposed use
and potential environmental exposures. Common to all of
these nanomaterials is the concern of inhalation exposure
during production.'® OSHA regulates this for TiO,, SiO,, and
Ag NPs. MWCNTs are considered respirable particles, but
OSHA does not set a PEL.

The first step in the inhalation of these nanomaterials is
the interaction of the nanomaterial with lung lining
fluid."”"> Our lab,*®*” and others,>® have examined the
interaction of lung lining fluid proteins with TiO, NPs and
MWCNTs. Other researchers have examined the interaction
of S$i0, NPs with lung lining fluid.>® In general, this previous
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work has focused on protein-nanomaterial interactions and
the formation of a “corona” of proteins on the nanomaterial
surface. For example, we measured the concentration and
composition of lung lining fluid proteins adsorbed on the
surface of TiO, NPs and found that the corona formed from
lung lining fluid leads to elevated expression of pro-
inflammatory cytokines.>®

Less common are studies of the lipid corona; how lipids
interact with nanomaterials, how they alter the protein
interaction, and their importance for subsequent cellular
responses. Consideration of lipid-nanomaterial interactions
are especially important for inhalation exposures as lipids
comprise 90% of the pulmonary surfactant in lung fluid.>***
Previous work examining lipid-nanomaterial interactions has
found that a lipid corona, including cholesterol and
triglycerides, forms on polystyrene NPs (26 nm and 200 nm;
anionic) incubated with mouse serum, which contains
endogenous lipids.** Incubation of gold NPs (14 nm) with
lipid vesicles found an electrostatically-driven formation of a
lipid corona.*® Early work in the field of lipid coronas
relevant to inhalation exposures used porcine surfactant from
lungs as a source of lipids. This work, using both proteomics
and lipidomics, found that the lipid corona was independent
of NP surface properties for polyethyleneglycol-iron oxide
(160 nm), lipid (phosphatidylcholine)-iron oxide (169 nm)
and PLGA-iron oxide NPs (177 nm). While the lipid
composition was conserved, the protein coronas varied,
especially proteins with lipid and surface binding
properties.® In a separate study, a combination of
experimental and computational methods were used to probe
the interaction of neutral, cationic, and anionic silica NPs
(100 nm) with porcine lung surfactant, characterizing a lipid
corona as a function of NP zeta potential, incubation time,
and sonication.*

We describe a molecular and cellular study examining the
interaction of lipids and proteins with TiO,, SiO,, Ag NPs and
MWCNTs. We use r-a-phosphatidylcholine (LAP, lecithin) as
a representative lipid, as we, and others,>**" identified
phosphatidylcholines as a major lipid type in human lung
lining fluid. Serum proteins, including the mixture of
proteins present in fetal bovine serum (FBS) and isolated
albumin and transferrin, were used as a model protein
system. Our experiments showed a surprising response:
nanomaterials incubated with a mixture of LAP and blood
serum proteins results in higher adsorption of proteins on
the nanomaterial surface. The cellular response to the lipid-
protein-nanomaterial complexes was measured by enzyme-
linked immunosorbent assay (ELISA) using the generation of
the common pro-inflammatory cytokine, tumor necrosis
factor-a (TNF-o), as an indicator of a negative cellular
response in macrophages. We find that LAP on the surface of
nanoparticles leads to a nanomaterial-dependent response.
In the case of TiO, NPs, LAP on the surface of the NPs
provides a protective effect for the cells. This research
highlights the importance of controlled molecular studies to
understand complex cellular responses to nanomaterials. We
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hope this work will inform regulations for human exposures
and aid in the design of new, safer, nanomaterials.

Materials and methods
Nanomaterial characterization

Five different nanomaterials were used for experiments:
carboxylate-modified magnetic NPs (magNPs; SC0200, Ocean

NanoTech, San Diego, CA), TiO, NPs (R101, 816719,
Chemours, Fayetteville, NC), SiO, NPs (637246-50G,
MilliporeSigma, St. Louis, MO), Ag NPs (576832,

MilliporeSigma), MWCNTs (NC7000, Nanocyl, Sambreville,
Belgium). Nanomaterial characterization was carried out as
previously described.?® Briefly, dynamic light scattering (DLS;
Zetasizer, Malvern Instruments, Worcestershire, England)
was used to measure the hydrodynamic diameter and
polydispersity index (10 pg mL™' in water following
sonication; 5 min; Q700, Qsonica, Newtown, CT) and
C-potential (10 ug mL™" in 0.01x phosphate-buffered saline
(PBS) in water) for all approximately spherical NPs (magNP,
TiO,, SiO,, Ag NPs). Water is used for hydrodynamic
diameter measurements to model industrial and
environmental exposures. The 0.01x PBS salt solution
provides a ion strength C-potential
measurements.’” As DLS is not suitable for non-spherical
particles, for the MWCNTs are not included.
Measurements were carried out in triplicate with three
distinct samples. Average and standard deviations are
reported for all measurements. Electrophoretic mobility was
converted to (-potential using the Smoluchowski
approximation. Primary particle diameters were measured
from transmission electron microscopy (TEM; Tecnai G2
Twin; FEI; Hillsboro, Oregon; 25x to 700 000x magnitude, 20
to 200 kV). Nanomaterials (1 mg mL™" in water, 5 min
sonication) were drop-cast onto carbon grids and dried
overnight. TEM was carried out at Duke University's Shared
Materials Instrumentation Facility. Primary particle diameters
were measured for isolated particles that were not part of
larger aggregates or from clearly visible boundaries within
aggregates. A minimum of 50 particles from at least 3 images
were analyzed. Image analysis was carried out with Image].*®

low solution for

values

Protein and lipid corona formation and characterization

Protein coronas were formed on magNPs, TiO,, SiO,, Ag NPs,
and MWCNTs, as previously described.>**”?*** In brief,
nanomaterials (1 mg mL™') were incubated with FBS
(10437028, Thermo Fisher Scientific, Waltham, MA) at a
protein  concentration of 40 mg mL, o
phosphatidylcholine (LAP; 1.8 mg mL™" in PBS, 44924,
Sigma-Aldrich, St. Louis, MO), or FBS supplemented with
LAP (1.8 mg mL™"), as described in the text. Experiments also
examined coronas formed from bovine serum albumin (BSA;
5 mg ml"', A2153, Sigma-Aldrich) and transferrin (5 mg
mL™", T8158, Sigma-Aldrich), as well as oleic acid (1.8 mg
mL™, 01257, Sigma-Aldrich), or FBS (40 mg mL")
supplemented with oleic acid (1.8 mg mL™"). Biomolecules

This journal is © The Royal Society of Chemistry 2026
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and nanomaterials were combined and then incubated for 30
minutes on a microplate shaker (1000 rpm, 88882006, Digital
Microplate Shaker, Thermo Fisher Scientific).

To isolate biomolecule-nanomaterial complexes, the
mixtures using environmental nanomaterials (TiO,, SiO,, Ag
NPs, and MWCNTs) were centrifuged (15 min, 18 000 rcf) and
resuspended in PBS three times to remove the majority of
unbound and loosely bound biomolecules. When LAP is
present, LAP and proteins are pelleted along with the
nanomaterials resulting in a centrifugation artifact in the
protein assays due to both protein in the pellet and a small
false positive from LAP in the protein assay (Fig. S1 and Table
S1). The use of oleic acid did not result in this artifact. The
treatment of this centrifugation artifact and the protein
signal from LAP are described throughout the text.

To characterize nanomaterials with only a hard corona
and no centrifugation artifact, magNPs were used with
magnetic separation of the NPs from the unbound proteins
and lipids. Coronas were formed by incubating magNPs (1
mg mL ') with FBS, LAP, and FBS supplemented with LAP
using the same concentrations and conditions described
above. The biomolecule-magNP complexes were separated
from unbound protein and lipid using magnetic pull-down
instead of centrifugation, as described previously.***°
Centrifuge tubes (89000-028, VWR, Radnor, PA) containing
the mixture of biomolecules and magNPs were placed along
a magnet (grade 12, 10 mm) for 5 min at room temperature
to pull down the biomolecule-magNP complexes. Pull-down
and resuspension in PBS was repeated three times (Fig. S2
and Table S2).

Protein and lipid quantification assays were carried out on
nanomaterials resuspended in PBS (1 mg mL™'). Protein
concentration was measured with a pierce 660 nm protein
assay (2260, Thermo Fisher Scientific). For protein assays,
protein was eluted from the nanomaterial surface using a 5%
solution of sodium dodecyl sulfate (SDS; L3771, Sigma-
Aldrich) at 95 °C for 5 min following by centrifugation (5
min, 18000 rcf) to separate the protein-containing
supernatant from the nanomaterial. The limit of detection of
the protein assay is 5 pug mL™" or 5 ug protein per mg
nanomaterial. Lipid quantification, measuring unsaturated
fatty acids, was performed using a lipid quantification kit
(STA-613, Cell Biolabs, San Diego, CA). Lipid corona
concentration was measured directly on the magNP surface.
The limit of detection of the lipid assay is 50 ug mL™ or 50
pg lipid per mg nanomaterial.

Lipidomic analysis of bronchoalveolar lavage fluid (BALF)

BALF samples (7 = 6 distinct male volunteers) were obtained
from bronchoalveolar lavage (BAL) performed during
bronchoscopy in human volunteers.**** Prior to BAL,
individuals underwent a controlled filtered air exposure with
intermittent exercise. A bronchoscopy with BAL in the right
middle lobe of the lung was completed ~21 h following. The
lavage return was then processed to remove cells by
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centrifuge and then stored at —80 °C until use in these
studies. BALF samples are maintained at Duke University in
the Tighe lab as an active IRB, which allows excess samples
to be used for research purposes.

Lipidomic analysis of these samples was carried out in the
Duke University Proteomics and Metabolomics Core Facility.
BALF samples were run on a MxP Quant 500 kit (Biocrates,
Innsbruck, Austria) in accordance with the Biocrates
protocol. Manufacturer supplied standards and 30 pL of
BALF samples were added to the appropriate wells. The plate
was then dried under a gentle stream of nitrogen for 30
minutes. The samples were eluted with 5 mM ammonium
acetate in methanol. Samples were diluted with a running
solvent (a proprietary mixture provided by Biocrates) for flow
injection analysis (20:1). The flow injection analysis-tandem
mass spectrometry (FIA-MS/MS) of lipid samples
(acylcarnitines, monosaccharides (hexose), diglycerides,
triglycerides, lysophosphatidylcholines, phosphatidylcholines,
sphingomyelins, ceramides, and cholesteryl esters) was
analyzed in two separate FIA-MS/MS methods with total
analysis time of approximately 3.8 minutes per injection
using (ESI+) on a QTrap 6500+ (Sciex, Marlborough, MA)
mass spectrometer. The injection of each sample was
performed with the Waters Acquity I-class UPLC (no
separation column) at room temperature. The injection
volume was 20 pL. The isocratic elution is with a supplier-
provided FIA solution. The constant flow rate was 30 pL
min~'. Compound-specific precursors to product ion
transitions (multiple reaction monitoring (MRM)) for each
analyte and the proprietary internal standard were collected.
The acquired FIA-MS/MS data were imported into WebIDQ
(Biocrates) for peak integration, signal evaluation, calibration
curve buildup, and result validation. The top 10 most
abundant lipids of the 523 lipids measured were used for
further analysis.

Cell culture

RAW 264.7 mouse macrophages (TIB-71, ATCC, Manassas,
VA) were cultured in Dulbecco's modified Eagle's medium
(DMEM, 12100046, Thermo Fisher Scientific) supplemented
with 10% FBS (F4135, Sigma-Aldrich) at 37 °C and 5% CO,.
Cells were passaged by scraping (08100240, Thermo Fisher
Scientific) every 2-3 days.

Quantification of TNF-a

RAW 264.7 cells were seeded onto sterile 12-well plates
(10062-894, VWR) at a density of 700000 cells per well. The
cells were cultured for two days and then incubated with bare
nanomaterials (TiO, NP = 1 mg mL™; SiO, NP = 0.1 mg
mL™"; Ag NP = 0.25 mg mL™; MWCNT = 0.05 mg mL ") with
a LAP corona, FBS corona, or FBS + LAP corona.
Nanomaterial concentrations were based on prior literature
with the goal of eliciting a measurable TNF-a response. Opti-
MEM, rather than complete cell culture medium, was used
during the 24 hour incubation with nanomaterials to prevent
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in situ protein corona formation. Experiments were carried
out in triplicate. After a 24 hour incubation, the cell media
was harvested and centrifuged (15 min, 3000 rcf) to remove
any cell debris. The supernatant was collected and stored at
—-20 °C. TNF-a release was measured using ELISAs according
to the manufacturer's instructions (DY410, Mouse TNF-a
DuoSet ELISA, R&D Systems, Minneapolis, MN).

Results and discussion

Four different environmental nanomaterials were used in
experiments: TiO,, SiO,, Ag NPs, and MWCNTs (Table 1 and
Fig. 1). In addition, magnetic NPs (magNPs) were used as a
model system. Hydrodynamic diameter (dy), polydispersity
index (PDI), and zeta potential (ZP) were characterized for the
roughly spherical TiO,, SiO,, Ag, and magNPs. Primary
particle diameter was characterized by TEM (drgsm) for all
nanomaterials. The environmental NPs all form aggregates,
as has been observed previously, resulting in larger
hydrodynamic diameters than primary particle
diameters.>**>***° The MWCNT diameter was measured
along the short axis. The MWCNT diameter of 12 + 1.9 nm is
in good agreement with previous TEM measurements of the
same MWCNTs (11.9 + 6 nm and 12 nm).>”*°

Exogenous LAP adsorbs on magNPs and leads to an
increased protein corona

To understand the effect of lipids on the protein corona, we
first measured LAP adsorption on magNPs, which we use as
a model system. Biomolecule-magNP complexes are prepared
using magnetic pull-down instead of centrifugation. This
avoids the centrifugation artifact created by lipid and protein
pelleting along with the nanomaterials, as described in
materials and methods. LAP was selected as a model lipid
due to the high abundance of phosphatidylcholines in
human BALF (Fig. S3). The concentration of LAP used for
experiments (1.8 mg mL ™) was chosen based on adsorption
on the surface of magNPs (Fig. S4). Incubation of magNPs (1
mg mL™") with LAP (1.8 mg mL™") results in a lipid corona on
the magNPs (Fig. 2A). After removing the signal that results
from the dye of the lipid assay interacting with the magNPs
(70 + 3 pg lipid per mg NP), we find a LAP concentration of
110 + 21 pg lipid per mg NP in the corona. This
concentration of LAP is 6% of the starting concentration (1.8
mg mL ") of LAP used to form the corona.

By measuring protein concentration, we can examine the
effect of LAP on the protein corona. Forming a protein
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Fig. 1 Representative TEM image of TiO, NPs, SiO, NPs, Ag NPs, and
MWCNTs. The scale bar is 200 nm for all images.

corona from FBS (40 mg mL™") combined with LAP (1.8 mg
mL ") results in greater protein adsorption than the use of
FBS alone (Fig. 2B). Note that a LAP corona alone generates a
small positive signal from the protein assay (6 + 2 pg protein
per mg NP). Subtracting this LAP signal from the combined
FBS + LAP corona results in a protein signal of 31 + 3 png
protein per mg NP compared to a FBS corona of 22 + 1 nug
protein per mg NP (p < 0.01). Fig. 2B shows the raw data
without the subtraction of the LAP protein signal from the
FBS + LAP data. Only a small fraction of FBS forms a corona
on the magNPs (0.055%). The addition of LAP increases this
to 0.078% of FBS adsorbed on the magNPs.

LAP leads to increased protein in the corona of TiO,, SiO,, Ag
NPs and MWCNTs

After using magNPs as a model system (Fig. 2), we extended
our experiments to TiO,, SiO,, Ag NPs, and MWCNTs (Fig. 3).
A similar increase in the concentration of protein adsorbed
on the nanomaterials in the presence of LAP was observed,
although the percent of that increase varied by nanomaterial
(Table 2). Data shown in Fig. 3 includes two modifications.
First, as described above for magNPs (Fig. 2B), a corona
formed from LAP alone generates a small positive signal from

Table 1 Characterization of nanomaterial hydrodynamic diameter (dy,), polydispersity index (PDI), zeta potential (ZP), and primary particle diameter

measured by TEM (dtem). drem Values for TiO, NPs and magNPs were published previously

36,40

Nanomaterial Application (supplier) dy (nm) PDI ZP (mV) drgm (nm)
TiO, Plastics, paint (Chemours) 360 + 14 0.3 +0.01 -29+2.9 230 + 84
Sio, Construction, biomedical (Millipore Sigma) 629 + 82 0.5 + 0.05 40 + 4.5 28 +7

Ag Biomedical, antimicrobial (Millipore Sigma) 764 + 802 0.8+0.2 -45 + 3.6 126 + 60
MWCNT Electronics, construction (Nanocyl) — — — 12+1.9
MagNP Model system (Ocean NanoTech) 205 +2 0.2 +0.04 -44 +2.9 129 +43
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Fig. 2 Concentration of LAP and FBS adsorbed on magNPs. (A) Lipid
concentration was measured for bare magNPs, in the absence of
lipids, and coronas formed on the magNPs following incubation with
LAP (1.8 mg mL ™). The bare magNPs interact with the dye used in
the lipid assay resulting in a small positive signal. The limit of
detection for the lipid assay is 50 pg lipid per mg NP. (B) Protein
concentration was measured for coronas formed from LAP (1.8 mg
mL™), FBS (40 mg mL™?), and FBS (40 mg mL™?) mixed with LAP (1.8
mg mL™Y) (FBS + LAP). Proteins were separated from the magNPs
prior to measurement, as described in materials and methods. A
corona formed from LAP alone generates a small positive signal from
the protein assay (6 * 2 ug protein per mg NP). The limit of detection
for the protein assay is 5 pg protein per mg NP. Both lipid and
protein assays were carried out for n = 3 distinct samples.
Significance between the FBS corona and the FBS + LAP corona was
determined using a one-way ANOVA. **** p < 0.0001.

the protein assay (Table S1). That value, which is specific to
each type of nanomaterial, is subtracted from the FBS + LAP
data shown in Fig. 3. In addition, as described in materials
and methods, the artifact resulting from centrifugation with
LAP present (Fig. S1; 10 + 5 pg protein per mg nanomaterial)
is subtracted from the FBS + LAP signal. The lipid assay was
not compatible with these nanomaterials and lipid corona
measurements are not included.

This increase in protein corona with the addition of lipid
is not universal across lipid types. The addition of oleic acid
to FBS did not result in an increased protein corona (Fig. S5).

Individual serum proteins show a nanomaterial-dependent
response to coronas formed with LAP present

To determine if the increased protein adsorption in the presence
of LAP (Fig. 3) was specific to the combination of proteins
present in FBS or would also occur for individual serum
proteins, we examined two specific serum proteins: bovine
serum albumin (BSA) and transferrin. BSA was chosen as the
most abundant protein in FBS.*>*'™® Transferrin was selected
as a representative blood serum protein that does not directly
interact with lipids. We measured the concentration of protein
in the corona formed on nanomaterials after incubation with
BSA (5 mg mL™") and transferrin (5 mg mL™). We find a
nanomaterial-dependent response to the adsorption of BSA or
transferrin in the presence of LAP (Fig. 4 and Table 3). For
example, Ag NPs show a significant increase in both the BSA
and transferrin coronas formed in the presence of LAP (Fig. 4C),

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Concentration of protein adsorbed on (A) TiO, NPs, (B) SiO, NPs,
(C) Ag NPs, and (D) MWCNTSs after incubation with FBS (40 mg mL™) or
FBS (40 mg mL™) supplemented with LAP (1.8 mg mL™) (FBS + LAP). n =
3 distinct samples. A centrifugation artifact and false positive signal from
LAP are subtracted from the FBS + LAP signal, as described in materials
and methods (Fig. S1 and Table S1). The limit of detection for the protein
assay is 5 ug protein per mg NP. Significance was determined using a
one-way ANOVA. ns = non-significant, * p < 0.05, ** p < 0.01.

similar to that observed for the mixture of proteins in FBS
(Fig. 3C). MWCNTs show no significant change in the BSA or
transferrin coronas with LAP present during corona formation
(Fig. 4D). In comparison, the FBS corona on MWCNTs was
increased (Fig. 3D), suggesting that the increased FBS adsorption
in the presence of LAP is not due to BSA or transferrin, but
rather a different serum protein.

Coronas formed from LAP, FBS, or FBS + LAP result in
increased nanomaterial diameter

The formation of a lipid (LAP), protein (FBS), or combined
protein-lipid (FBS + LAP) corona on the surface of TiO,, SiO,,

Table 2 Percent of FBS used to form the corona (40 mg mL™) that is
detected in the hard corona and the increase in this value when FBS (40
mg mL™) is combined with LAP (1.8 mg mL™) during the formation of the
corona. ns = non-significant

Nanomaterial FBS adsorbed (%) Increase with LAP
TiO, 0.012 + 0.002 84% (ns)

Sio, 0.31 £ 0.024 33%

Ag 0.005 + 0.001 1084%

MWCNT 0.19 £ 0.19 49%

Environ. Sci.: Nano
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Fig. 4 Concentration of protein (BSA or transferrin (Tf), both 5 mg
mL™) present on the surface of nanomaterials with and without LAP
(1.8 mg mL™) present during corona formation. n = 3 distinct samples.
A centrifugation artifact and false positive signal from LAP are
subtracted from the FBS + LAP signal, as described in materials and
methods (Fig. S1 and Table S1). The limit of detection for the protein
assay is 5 pg protein per mg NP. Significance was determined using a
one-way ANOVA. Only comparisons between protein and protein +
LAP are shown. ns = non-significant, ** p < 0.01, **** p < 0.0001.

Table 3 Percent of BSA and transferrin (Tf) used to form the corona (5
mg mL™Y) that is detected in the hard corona and the change in this value
when the protein (5 mg mL™) is combined with LAP (1.8 mg mL™) during
the formation of the corona

BSA Increase Increase
Nanomaterial adsorbed (%) with LAP Tf adsorbed (%) with LAP
TiO, 0.044 + 0.013 94% (ns) 0.021 +0.054  31% (ns)
Sio, 1.7 £ 0.07 -1% (ns) 1.7 +0.035 26%
Ag 0.078 + 0.02 817% 0.33 £ 0.06 128%
MWCNT 1.3 +0.14 -9% (ns) 1.7 + 0.084 ~7% (ns)

and Ag NPs leads to increased hydrodynamic diameter (Table 4).
Since MWCNTs are not spherical, they were not included in
these comparisons. It should be noted that it is difficult to draw
broader conclusions from this DLS data. The nanomaterials,
especially with coronas, are highly heterogeneous and
aggregated. In addition to the biomolecule-nanomaterial
complexes, the LAP and LAP + FBS samples can contain lipid
and protein that has been pelleted along with the biomolecule-
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nanomaterial complex (Fig. S1), which will contribute to the PDI.
The one interesting feature to note is the relatively stable PDI for
SiO, NPs incubated with LAP. These samples show a slight
decrease in PDI (A for LAP = -0.06 + 0.05 and for FBS + LAP
-0.07 + 0.09). This differentiates the LAP and FBS + LAP coronas
from SiO, NPs with only a FBS corona (A = 0.3 + 0.07) and from
the other nanomaterials, which show increased PDI. This
suggests that LAP may have a stabilizing effect on the SiO, NPs,
which will be investigated in future studies.

LAP in the corona alters TNF-a release from macrophages

To characterize the cellular response to nanomaterials as a
function of LAP in the corona, we used ELISAs to measure
the generation of TNF-o, a pro-inflammatory cytokine, in
macrophages following a 24 hour incubation with
nanomaterials (Fig. 5). TNF-a was chosen as a known
indicator of pro-inflammatory cellular response to
nanomaterials. Our prior work has shown an increased TNF-
a response in macrophages incubated with TiO, NPs.>**® We
find that LAP present in the corona leads to a nanomaterial-
dependent change in the level of TNF-a release. For TiO, NPs
(Fig. 5A), the LAP only (1.8 + 1.6 pg mL ") and FBS + LAP (3.7
+ 0.50 pg mL™") coronas both decrease the TNF-a response
compared to bare TiO, NPs (7.1 + 0.66 pg mL™") (Fig. 5A).
The increased level of TNF-a release in response to bare TiO,
NPs is in agreement with our previous work showing that
bare TiO, NPs, in the absence of a protein corona, oxidize
the plasma membrane of the cell leading to cytotoxicity.>* In
comparison, MWCNTs with a LAP (3.07 + 0.55 pg mL™") or
FBS + LAP (6.55 + 0.24 pg mL™") corona lead to an increase in
the TNF-o response compared to bare MWCNTSs (1.69 + 0.34
pg mL™") (Fig. 5D). Cells treated with SiO, and Ag NPs show
little response to the nanomaterials (Fig. 5B and C). SiO, NPs
with a FBS + LAP corona have an increased TNF-a response
compared to FBS (Fig. 5B). Ag NPs with a FBS + LAP corona
have a decreased TNF-a response compared to FBS (Fig. 5C).
The cellular response to nanomaterials is complex and
there is no reason to expect similar trends across TiO,, SiO,,
Ag NPs and MWCNTs. The nanomaterial concentrations used
for the 24 hour incubation are not matched (TiO, NP = 1 mg
mL™"; Si0, NP = 0.1 mg mL™'; Ag NP = 0.25 mg mL
MWCNT = 0.05 mg mL™") and were chosen to elicit a TNF-o.
response. It is also important to note that FBS contains
endogenous lipids (1.08 = 0.09 mg mL™", Table S3) and an
increase in the FBS corona may also include an increase in
the concentration and types of lipids in the corona beyond
LAP. Our own previous work has shown that TiO, NP
aggregation is an important driver in cytokine response.*® Ag
NPs may undergo dissolution generating ions and also
altering particle features during the 24 hour incubation
period (Fig. S6). Future experiments will need to determine
how the LAP, FBS, FBS + LAP coronas alter the interaction of
these nanomaterials with cells. For example, previous work
with polystyrene NPs (~100 nm) and macrophages (RAW
264.7) has shown, using flow cytometry, decreased cellular

This journal is © The Royal Society of Chemistry 2026
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Table 4 Characterization of nanomaterial hydrodynamic diameter (d,,), polydispersity index (PDI), zeta potential (ZP) following formation of LAP, FBS,
and FBS + LAP coronas. A values provide a comparison to the bare nanomaterials (Table 1). MWCNTSs are not spherical and are not included

Nanomaterial Corona dy, (nm) Ady, (nm) PDI APDI ZP (mV) AZP (mV)
TiO, LAP 840 + 159 480 + 173 0.7 £ 0.05 0.4 + 0.05 -48 + 1.1 -19+3
FBS 1352 + 50 992 + 52 0.9 £ 0.02 0.4 £ 0.02 -32 + 0.25 -3+3
FBS + LAP 571 £15 211 + 21 0.5 + 0.02 0.2 + 0.02 -38+1.2 -9+3
SiO, LAP 1023 + 51 394 + 97 0.4 + 0.02 -0.06 £ 0.05 -32 + 0.7 8+5
FBS 1162 + 55 533 +99 0.8 + 0.05 0.3 + 0.07 -30 + 1.6 10+£5
FBS + LAP 979 + 30 350 + 87 0.4 + 0.07 -0.07 £ 0.09 -21 +0.1 19+5
Ag LAP 1748 + 300 984 + 856 0.9 + 0.05 0.1 +£0.2 -41 +2.1 4+4
FBS 3526 + 696 2762 + 1062 1 0.2 +0.2 -13 + 0.6 32+4
FBS + LAP 2834 + 153 2070 + 816 1 0.2 £0.2 -31+1 14+ 4
I; ns
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Fig. 5 TNF-a release by macrophages incubated with bare nanomaterials (TiO, NP = 1 mg mL™; SiO, NP = 0.1 mg mL™; Ag NP = 0.25 mg mL?;
MWCNT = 0.05 mg mL™), nanomaterials with LAP coronas (1.8 mg mL™), FBS coronas (40 mg mL™), and FBS + LAP coronas (40 mg mL™ protein
and 1.8 mg mL™* LAP) for 24 hours. n = 3 wells of a 12 well plate. TNF-o release was normalized to an untreated control. Significance was
determined using one-way ANOVA. ns = non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

association of polystyrene NPs with a lipoprotein corona, of cellular association.”> In comparison, confocal
compared to bare polystyrene NPs. A corona formed only  fluorescence microscopy experiments with magnetite
from plasma, similar to our FBS corona, had the lowest level =~ nanoparticles, with either hydrophilic (starch) or

This journal is © The Royal Society of Chemistry 2026 Environ. Sci.: Nano
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hydrophobic (phosphatidylcholine) surface modifications,
and alveolar macrophages (MH-S) showed that surfactant
lipids, rather than proteins, dominate the cellular response.”®
Flow cytometry experiments with TiO, NPs and alveolar
macrophages found high levels of TiO, NP uptake with only
modest increases in the presence of surfactant.’’ It is
possible that the altered TNF-a response that we observe is
due to a combination of lipid and protein-nanomaterial
interactions as well as an altered interaction of the
nanomaterial with macrophages.

Conclusions

Our experiments examine the interaction of four industrially-
and environmentally-relevant nanomaterials; TiO,, SiO,, and
Ag NPs and MWCNTs (Table 1 and Fig. 1) with lipids,
proteins, and cells. We find that the presence of a
representative lung lining fluid lipid (LAP) during corona
formation leads to an increased concentration of FBS
proteins adsorbed on the surface of these nanomaterials
(Fig. 2 and 3, Table 2), along with increased hydrodynamic
diameter (Table 4). The adsorption of two individual serum
proteins, BSA and transferrin, is nanomaterial-dependent
(Fig. 4 and Table 3). The presence of LAP in the corona alters
the cellular response measured as release of TNF-o, a pro-
inflammatory cytokine (Fig. 5). The specific response to LAP,
FBS, and FBS + LAP coronas is dependent on the specific
nanomaterial. In the case of TiO, NPs, LAP provides a
protective effect (Fig. 5A).

Researchers have proposed lipid corona “fingerprinting”
in parallel with the existing detailed studies of the protein
corona.’> However, previous work has suggested that the
lipid profile is independent of nanomaterial surface
properties.®® In addition, coarse-grained molecular dynamics
simulations of Ag (5 nm, 15 nm) and polystyrene (5 nm, 10
nm) NPs showed that hydrophobicity was a key factor in the
adsorption of pulmonary surfactant proteins on the NP
surface, but the lipid composition of the corona was
independent of NP properties.*® Our work did not identify
specific lipids present on the nanomaterial surface, but does
demonstrate that lipids are an important component of the
protein corona and cellular response. Instead, our
experiments used LAP as a representative lipid based on the
abundance of phosphatidylcholines in lung lining fluid (Fig.
S3). Previous work has shown that phosphatidylcholine-iron
oxide micelles (75 nm) improved circulation times in rats
compared to PEG-functionalized NPs (25 nm).”® Proteomic
analysis suggested that the specific proteins adsorbed on the
phosphatidylcholine-functionalized micelles presented an
anti-fouling surface that increased circulation. As our work
did not probe the specific composition of the protein corona,
only the concentration (Fig. 2-4), this provides an interesting
next step for comparison.

Beyond these fundamental studies, the interaction of
lipids with nanomaterials and the resulting changes in the
protein corona could have important clinical implications.
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Previous work has shown that the protein corona is altered
by high cholesterol levels in mouse serum and that this
change in the protein corona changes cellular uptake and
biodistribution to individual organs.®® Our research
highlights the importance of controlled molecular studies to
understand complex cellular responses to nanomaterials with
potential clinical implications.
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