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Environmental Significance

Multi-walled carbon nanotubes (MWCNTs) are used in materials essential for the 
construction, automotive, and aerospace industries. Workers are exposed to these 
engineered nanomaterials during manufacturing. Consumers are exposed following 
environmental release of the materials. Inhalation is of specific concern as the major route 
of exposure in both the occupational and environmental setting. In 2013, the National 
Institute for Occupational Safety and Health (NIOSH) provided an overview of the 
occupational hazards associated with these materials and recommended exposure limits. 
Real-world human exposure will likely not be limited to pristine MWCNTs. A variety of 
organic and inorganic substances can adsorb on MWCNTs. For example, various types 
of air pollution and allergens will also be inhaled with the MWCNTs. Our research 
examined the complex interaction of MWCNTs, house dust mite allergens, and lung fluid 
proteins. By providing a detailed molecular characterization of this interaction, we hope 
to better understand observed increases in allergic airway disease caused by co-
exposures to nanomaterials and allergens.
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Abstract 

Multi-walled carbons nanotubes (MWCNTs) are used in materials for the construction, 
automotive, and aerospace industries. Workers and consumers are exposed to these 
materials via inhalation. Existing recommended exposure limits are based on MWCNT 
exposures that do not take into account more realistic co-exposures. Our goal was to 
understand how a common allergen, house dust mites, interacts with pristine MWCNTs 
and lung fluid proteins. We used gel electrophoresis, western blotting, and proteomics to 
characterize the composition of the allergen corona formed from house dust mite extract 
on the surface of MWCNTs. We found that the corona is dominated by der p 2, a protein 
associated with human allergic responses to house dust mites. Der p 2 remains adsorbed 
on the surface of the MWCNTs following subsequent exposures to lung fluid proteins. 
The high concentration of der p 2, localized on surface of MWCNTs, has important 
implications for house dust mite-induced allergies and asthma. This research provides a 
detailed characterization of the complex house dust mite-lung fluid protein coronas for 
future cellular and in vivo studies. These studies will help to address the molecular and 
biochemical mechanisms underlying the exacerbation of allergic lung disease by 
nanomaterials.
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Introduction

Multi-walled carbons nanotubes (MWCNTs) are essential components of electronics, 
plastics, sensors, and coatings with applications in the construction, automotive, and 
aerospace industries.1, 2 Given this wide range of applications, it is important to 
understand the effects that MWCNTs may have on both workers in the manufacturing 
setting and consumers who are exposed to these materials following environmental 
release. Inhalation is of specific concern as this is the primary route of exposure.3-6 The 
pulmonary toxicity of MWCNTs in rodents is well-demonstrated and known to be 
dependent on the physicochemical characteristics of the MWCNTs.7-14 For example, rigid, 
rod-like MWCNTs are more toxic than flexible, tangled, MWCNTs.15 The National Institute 
for Occupational Safety and Health (NIOSH) provides an overview of the occupational 
hazards associated with these materials and recommended exposure limits.16 These 
recommended exposure limits are based solely on MWCNT exposure that do not take 
into account more realistic co-exposures. For example, allergic lung disease induced by 
common allergens, such as those from house dust mites (HDM; Dermatophagoides 
pteronyssinus), is exacerbated by MWCNT inhalation exposure in mice.17 These findings 
suggest that the current exposure limits to MWCNTs should take into account co-
exposures. In addition, the mechanistic details underlying the observed toxicity of these 
nanomaterial-allergen co-exposures are lacking, especially regarding the initial steps of 
inhalation and the relationship of material properties to physiological and pathological 
outcomes.18, 19 

Previous work has shown that blood serum proteins and cell lysates adsorb on the surface 
of MWCNTs forming a protein corona.20-23 The protein corona, rather than the bare 
nanomaterial, determines the subsequent biological events including cellular 
internalization and immune response.24-30 Our research focuses on the formation of an 
allergen corona as MWCNTs interact with allergens in the environment, followed by the 
interaction of these allergen-MWCNTs with lung fluid obtained from mice. The interaction 
of titanium dioxide and polystyrene nanoparticles with bronchoalveolar lavage fluid 
(BALF) has been characterized previously.31, 32 For the titanium dioxide nanoparticles, a 
BALF corona led to increased expression of pro-inflammatory cytokines in 
macrophages.32 To the best of our knowledge, our work described below is the first to 
address a combined allergen and lung fluid corona.

We examine one common allergen, HDM extract. Allergies to HDM are estimated to affect 
1-2% of the global population.33-35 Eighty-five percent of asthmatics are allergic to HDM.36 
HDM extract is a multi-component allergen consisting of a mixture of proteins from mites, 
nymphs, fecal matter, and eggs.37-40 Of specific interest are two proteins, der p 1 and der 
p 2.38 The majority (~80%) of people with HDM allergies are sensitive to der p 1 and der 
p 2.41 Sera samples from allergic subjects showed that 50% of IgE binding was directed 
at these two proteins.42 Der p 1 is a cysteine protease.43-46 Der p 2 is a myeloid 
differentiation factor-2-related lipid recognition domain lipid-binding family protein,47 which 
is found in the digestive track and feces of HDM.48 Previous work has suggested that a 
HDM corona on MWCNTs could be a factor in the exacerbated allergic airway disease 
observed in mice.49 Proteolytic assays showed that the der p 1-gold nanoparticle 
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conjugates had increased proteolytic activity compared to der p 1,50 suggesting that 
allergen coronas may amplify allergic responses. This is supported by in vivo experiments 
showing that mice co-exposed to MWCNTs and HDM displayed increased allergic lung 
inflammation that was not observed with MWCNTs or low doses of HDM alone.17

In terms of human exposures, MWCNTs could encounter HDM in both manufacturing and 
consumer settings. HDM are ubiquitous in the indoor environment: They thrive in 
upholstered furniture, carpets, bedding, and dust. Previous work has found that MWCNTs 
were present in the office areas adjacent to production facilities.51 In these office areas, 
MWCNTs would certainly come into contact with HDM. This study did not measure HDM 
in the MWCNT production facility, but it is likely that such facilities also contain some 
HDM, especially in production areas that may contain dust. It is also possible that 
MWCNTs and HDM will come into contact during the life cycle of the nanomaterial, where 
there is release of MWCNTs from a matrix or during recycling.52 For example, the future 
use of MWCNTs in textiles would result in consumer exposure within homes that contain 
HDM. In vitro experiments examined gold nanoparticles (50 nm) conjugated to der p 1.50 

Our approach, described below, was to characterize the protein corona formed on 
MWCNTs incubated with HDM extract, both alone and in combination with BALF. We 
focus on a single type of MWCNT (NC7000), which is the parent nanomaterial that can 
be further chemically or thermally purified and functionalized.14 We use gel 
electrophoresis, western blotting, and proteomics to characterize the composition of the 
protein corona. We found that HDM extract forms a corona on the surface of MWCNTs 
and that this corona is dominated by der p 2. Der p 2 remains adsorbed on the MWCNTs 
following subsequent exposures to BALF or albumin, the main protein present in BALF. 
The high concentration of der p 2, localized on surface of MWCNTs, has important 
implications for HDM-induced allergies and asthma. This research will help to address 
the molecular and biochemical mechanisms underlying the exacerbation of allergic lung 
disease by nanomaterials and provides a detailed characterization of these complex 
protein coronas for future cellular and in vivo studies. 

Materials and Methods 

MWCNT characterization
MWCNTs (NC7000, Nanocyl, Sambreville, Belgium) were used for all experiments. Stock 
solutions of MWCNTs were prepared by suspending dry MWCNTs (10 mg/mL) in 1X 
phosphate buffered saline (PBS; 21300025, Thermo Fisher, Waltham, MA). Solutions 
were sonicated for five minutes with a cup horn sonicator (40% amplitude; Q500 
Sonicator, Q Sonica, Newtown, CT) to help suspend the MWCNTs.

Transmission electron microscopy (TEM; Talos F200X, Thermo Fisher) was used to 
quantify the diameter of the MWCNTs. A MWCNT solution (100 μg/mL in PBS) was drop-
cast onto carbon coated copper grids (FCF200-Cu, Electron Microscopy Sciences, 
Hatfield, PA). Images were collected with 50 kX magnification at 200kV. ImageJ was used 
for image analysis.53 X-ray photoelectron spectroscopy (XPS; Kratos Analytical Axis 
Ultra, Shimadzu Corporation, Kyoto, Japan) at the Shared Materials Instrumentation 
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Facility at Duke University was used to measure the elemental composition of the 
MWCNTs. 

Rodent bronchoalveolar lavage fluid (BALF)
Our procedure for obtaining BALF has been described previously.32 All procedures were 
approved by the Duke University Institutional Animal Care and Use Committee (IACUC) 
and were performed under an IACUC approved animal protocol (A053-21-03). All animal 
experiments were conducted in accordance with the American Association for the 
Accreditation of Laboratory Animal Care guidelines. In brief, C57BL/6 male mice (8-10 
weeks) were purchased from Jackson Laboratories (Bar Harbor, ME). Bronchoalveolar 
lavages were performed following a published protocol.45 Prior to lavage, mice were 
deeply anesthetized with an intraperitoneal injection of ketamine (100 mg/kg), xylazine 
(100 mg/kg), and saline (0.9%), dosed by weight (350-500 µL). The chest and trachea 
were dissected to expose the lungs and trachea. Tubing (PE-60, #9565S30, Thomas 
Scientific, Swedesboro, NJ) was inserted into the trachea and attached to a 12-inch 
infusion set (#SV-25BLK, Terumo, Tokyo, Japan) connected to a 10 mL syringe held on 
a ring stand. Lungs were passively filled to 20 cm H2O with PBS to reach total lung 
capacity. The BALF was then passively drained and placed on ice for further processing. 
BALF used for protein corona formation was pooled from 10-20 mice to reduce mouse-
to-mouse variation.

Protein corona formation and concentration
Protein coronas were formed by incubating MWCNTs with proteins for 30 minutes at room 
temperature (RT) on an orbital shaker (700 rpm, 88882006, Digital Microplate Shaker, 
Thermo Fisher). Proteins used included HDM (Dermatophagoides pteronyssinus, 
XPB91D3A2.5, Lot 414145, Stallergenes Greer, Lenoir, NC), bovine serum albumin 
(BSA; A2153-50G, Sigma-Aldrich, St. Louis, MO), and BALF. To remove unbound 
protein, samples were washed three times by centrifugation (15-30 minutes, 4 °C, 14,000 
rpm) and resuspension in PBS. Removal of unbound and weakly proteins results in a 
“hard” corona. To create sequential coronas, the corona formation procedure was 
repeated using a second protein. Protein concentrations were measured with a 
colorimetric assay (Pierce 660 nm Protein Assay, referred to as a 660 nm assay, 2260, 
Thermo Fisher Scientific) and quantified with a plate reader (SpectraMax iD3, Molecular 
Devices, San Jose, CA). 

Gel electrophoresis
The compositions of the protein coronas were visualized using gel electrophoresis. 
Protein-MWCNT complexes were resuspended in Laemmli SDS-Sample Buffer (4X, 
Reducing, BP-110R, Boston BioProducts, Milford, MA). Proteins were denatured by 
boiling samples at 95°C for 5 minutes before loading into a tris-glycine sodium dodecyl 
sulfate (SDS) precast polyacrylamide gel (4561096, Bio-Rad Laboratories, Hercules, 
California). A 10-250 kDa molecular weight marker (Precision Plus Protein Dual Color 
Standards, 1610374, Bio-Rad) was included in the gel. A voltage of 230 V was applied 
for 30 minutes. The gel was rinsed by microwaving in deionized water three times (1 
minute heat, 1 minute rocking at RT, water replaced). The gel was then stained 
(SimplyBlue Safe Stain, LC6060, Thermo Fisher) by microwaving for 45 seconds and 
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rocking for 5 minutes at RT. Deionized water was used to destain the gel (rocking 
overnight, RT) before imaging (PhotoDoc-It; Analytik Jena, Jena, Germany).

Western blotting
Gels for western blotting were transferred to a 0.2 mm PVDF membrane (1704156, Bio-
Rad Laboratories) using the Trans-Blot Turbo Transfer System (1704150, Bio-Rad 
Laboratories) and run at 2.5 A for 7 min. Membranes were blocked (5% dry milk in tris-
buffered saline with 0.1% Tween buffer) for 1 hour and then incubated overnight in a 
1:1000 dilution of a polyclonal anti-der p 2 (AA 18-146) antibody (ABIN7141165, 
Antibodies-online Inc., Limerick, PA). Following primary antibody incubation, the 
membranes were washed and incubated in 1:2000 dilution with horseradish peroxidase-
conjugated secondary anti-rabbit antibody (#7074, Cell Signaling Technology, Danvers, 
MA). Enhanced chemiluminescence (ECL) Prime Western Blotting Detection Reagent 
(Cytiva, Marlborough, MA) was used to for HRP-induced chemiluminescence, and the 
resulting signals were imaged using an Amersham Imager 680 (GE Life Sciences, 
Marlborough, MA). 

Proteomic analysis
Proteins were removed from the MWCNT surface by incubation with 5% SDS buffer for 
5 minutes at 95°C. A 660 nm assay was used to determine protein concentrations prior 
to submission for proteomic analysis. Individual bands for proteomic analysis were 
excised from the polyacrylamide gels and submitted without further processing.

The compositions of the protein coronas on MWCNTs were determined using liquid 
chromatography with tandem mass spectrometry (LC-MS/MS). Proteomic analysis was 
conducted by the Proteomics and Metabolomics Core Facility, part of the Duke Center 
for Genomics and Computational Biology. A UPLC column (75 μm x 250 mm, 
nanoAcquity, Waters Corporation; 400 nL/min) with a 60 minute elution time was used for 
NanoFlow liquid chromatography with an acetonitrile gradient (5-40%) and 0.1% formic 
acid. In-line tandem mass spectrometry was used to analyze peptide fragments (Orbitrap 
Fusion Lumos, Thermo Fisher). We analyzed the LC-MS/MS data using MaxQuant 
(v2.1.0, Max Planck Institute, Munich, Germany).54, 55 The raw LC-MS/MS spectra were 
searched using the integrated Andromeda search engine against the Swiss-Prot 
Dermatophagoides pteronyssinus (European house dust mite; #6956) and Bos taurus 
(bovine; #9913) canonical protein databases from UniProt, accessed on June  5th, 2023. 
A custom contaminants file was used while searching, which contained a relevant subset 
of the Common Repository of Adventitious Proteins (cRAP) database.56 For protein and 
peptide quantification and identification, default MaxQuant parameters were used 
including a 0.01 false discovery rate, a minimum peptide length of 7 amino acids, a 
maximum peptide length of 25 amino acids, oxidation and acetyl groups as variable 
modifications, and carbamidomethyl as a fixed modification.

Perseus (v2.0.3.1, Max Planck Institute) was used to analyze and filter proteomic data.57 

Proteins were excluded if they were contaminants, quality control standards, or were not 
observed in at least 2 samples. A quantitative internal standard was not used for these 
experiments. The intensities of all proteins identified within a sample were summed to 
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obtain the relative abundance of each protein within each sample triplicate. Averages and 
standard deviations were calculated from the abundances of the sample triplicates. The 
mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the Proteomics Identification Database (PRIDE) partner repository with 
the dataset identifier PXDxxxx and xxxx/PXDxxxx.58

Results and Discussion 

MWCNT characterization

The diameter of the MWCNTs was measured from TEM images (Fig. 1). Dynamic light 
scattering is not suitable for these filamentous, non-spherical samples. The MWCNTs 
have an average diameter of 11.9 ± 0.6 nm (n=6), in good agreement with previous TEM 
experiments showing a diameter of 12 nm.14 XPS analysis of MWCNTs revealed a 
composition of 98.33% carbon, 1.49% oxygen, and 0.18% aluminum (Table 1). A 
previous analysis of these MWCNTs with XPS found similar levels of carbon (97.8%) and 
oxygen (1.4%).14 Trace amounts of aluminum are attributed to the synthesis process, in 
which metal oxides are present during catalytic chemical vapor deposition.3, 59-62

Fig. 1 Representative TEM image of MWCNTs. 

Table 1. XPS analysis of MWCNTs with and without a HDM corona present.

Sample Elemental Analysis (%)
C O Al N Na 

MWCNT 98.33 1.49 0.18 - -

HDM-MWCNT 72.01 22.08 0.20 2.93 2.31

HDM extract forms a corona on MWCNTs
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We first characterized the corona that forms on MWCNTs following incubation with HDM 
extract using gel electrophoresis (Fig. 2). MWCNTs (1 mg/mL) were incubated with HDM 
(1 mg/mL) in PBS (30 minutes, RT) then washed to remove unbound protein, as 
described in Materials and Methods (Fig. 2A and Fig. S1). XPS shows that MWCNTs with 
a HDM corona (HDM-MWCNT) are similar in composition to the pristine MWCNTs, but 
with an increase in the percentage of oxygen (22.08%) and the addition of nitrogen 
(2.93%) and sodium (2.31%) (Table 1), likely reflecting the presence of protein and PBS 
used to form the protein corona. Gel electrophoresis was used to separate and identify 
the specific proteins that comprise the HDM-MWCNT corona (Fig. 2B). In comparison to 
HDM alone, the corona formed on MWCNTs (HDM-MWCNT) shows an increase in the 
band at ~15 kDa the appearance of a ~12 kDa band. These bands were excised and 
submitted for proteomics. Based on spectral counts, they were identified to be der p 2 (14 
kDa) and der p 30 (12 kDa) (Table S1 and S2). In addition, western blotting confirms the 
~15 kDa band is der p 2 (Fig. S2).

Fig. 2 Formation of a HDM corona on MWCNTs (HDM-MWCNTs). A. Schematic showing 
the formation of a HDM corona. B. Gel electrophoresis shows the proteins present in 
HDM compared to the HDM corona formed on MWCNTs. Bands at ~15 kDa and ~12 kDa 
are highlighted with arrows. 

Concentration of the HDM corona

The concentration of HDM proteins that adsorb on the surface of MWCNTs was quantified 
using a 660 nm protein assay (Fig. 3). MWCNTs (1 mg/mL) were incubated with 
increasing concentrations of HDM (0.1 mg/mL – 2.0 mg/mL). Samples at lower incubation 
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concentrations (0.1 mg/mL and 0.25 mg/mL HDM) were pooled (x3) for measurement to 
provide sufficient protein for the assay. The resulting concentration of protein adsorbed 
on the MWCNTs increases from 0.1 mg/mL to 0.5 mg/mL and then remains constant with 
increasing HDM. The maximum concentration of protein in the corona is 7.69 ± 0.80 
μg/mg MWCNT, calculated as the average of the samples formed with 0.5-2.0 mg/mL of 
HDM. This increasing corona concentration as a function of increasing incubation protein 
concentration is in agreement with other corona studies. Similar assays with polystyrene 
and silica nanoparticles have shown that increasing the incubation protein concentrations 
leads to increasing corona concentrations,63-66 with rare exceptions.63 However, the 
maximum corona concentration is low compared to previous studies. For example, 
titanium nanoparticles incubated with fetal bovine serum form a corona of 50 g 
protein/mg of titanium dioxide nanoparticles.32 It is possible that HDM, which is a mixture 
of mites, nymphs, fecal matter, and eggs,37 results in maximum corona formation at 
relatively low corona concentrations values. In comparison, much of the previous work 
has focused on human plasma or bovine serum relevant to cell culture and biomedical 
applications. 

Fig. 3 Protein concentration of the HDM corona formed on MWCNTs. A. MWCNTs were 
incubated with increasing concentrations of HDM (0.5 mg/mL - 2 mg/mL). The 
concentration of the resulting corona was measured with a colorimetric protein assay (660 
nm assay; n=3 distinct samples). Solid lines show the mean and shading shows the 
standard deviation. Low concentration samples (0.1 mg/mL and 0.25 mg/mL) were pooled 
for measurement (x3). B. Protein concentration of the resulting corona. The low 
concentration samples (0.1 mg/mL and 0.25 mg/mL) are plotted at their n=1 value. 
Significance was calculated using an ANOVA with a post-hoc Tukey test. ** p<0.01, **** 
p<0.0001, ns = not significant.

Composition of the HDM corona

Although gel electrophoresis provides a visualization of the corona proteins (Fig. 2B), 
proteomics provides a more detailed description of the composition of the protein corona 
(Table 2). Proteomic analysis is shown as the normalized abundance for HDM alone and 
the HDM corona (HDM-MWCNT). 79 proteins were identified in HDM and 46 proteins 
were identified in the HDM-MWCNT coronas. The top-10 of each sample (n=3) are listed. 
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Previous proteomics studies of HDM alone have identified a complex mixture of 
proteins.39, 40 Der p 30, der p 2, der p 36, der p 1, and der p 10 have all previously been 
identified as highly abundant proteins in mite bodies or extracts.39, 40 Der f 27, observed 
in D. farinae,40 was not observed at high abundance in D. pteronyssinus previously.

We compare the protein abundance in HDM to the corona formed on MWCNTs. For 
example, der p 30 is the most highly abundant protein (29.3 ± 13.3%) in the HDM extract, 
but it was observed at very low levels in the corona (1.00 ± 1.51%). Der p 2 is much less 
abundant in HDM (12.7 ± 9.01%), but the most abundant allergen in the HDM corona 
(49.6 ± 15.2%). Der p 36 was the second most highly abundant protein in the corona 
(14.3 ± 0.98%), although not highly abundant in HDM extract (3.73 ± 3.14%), showing 
that it is enriched in the corona. Der p 1, which, along with der p 2, is a major human 
allergen,38, 42 was observed at low abundance in this lot of HDM (1.79 ± 0.54%) and the 
corona (0.17 ± 0.17%). The same analysis, using a different lot of HDM, also showed der 
p 2 was the most abundant protein in the corona (51.6 ± 15.6%), although there were lot-
to-lot variations in the HDM and resulting corona (Table S3). This lot-to-lot variation in 
HDM is expected based on previous work.67

A direct comparison of gel electrophoresis and proteomics is complicated by overlapping 
molecular weights of proteins and different levels of protein staining. For example, based 
on proteomics data, der p 30 is highly abundant in HDM extract (29.3 ± 13.3%), but 
difficult to resolve in the gel (Fig. 2B). Gel electrophoresis of the corona results in fewer 
fragments and a cleaner gel resulting in a visible band at 12 kDa, although the abundance 
of der p 30 is relatively low (1.00 ± 1.51%) by proteomics. Proteomics of the excised 
bands at 12 kDa and 15 kDa confirms the presence of der p 30 in the corona and the 
enrichment of der p 2 (Fig. 2B and Tables S1 and S2). 

Overall, the comparison between HDM and HDM-MWCNTs shows that der p 2 is highly 
concentrated on the surface of MWCNTs, which may be important for allergic airway 
disease. Der p 1, which is the other major human allergen, was not identified in the protein 
corona.38, 41, 42

Table 2. Normalized abundance (% of total protein) of the top-10 proteins identified in 
HDM and the HDM corona formed on MWCNTs (HDM-MWCNT). Proteins are ordered 
by abundance in HDM. Proteins present in a sample, but not in the top-10, are shown in 
italics. Proteins with normalized abundance < 0.1% are not shown. The most abundant 
protein in each sample is bolded. Mean and standard deviation are reported (n=3 distinct 
samples). For allergens, the biochemical name from the WHO/IUIS database is provided 
in parentheses. 

Protein MW (kDa) HDM (%) HDM-MWCNT (%)
Der p 30 (ferritin) 12 29.3 ± 13.3 1.00 ± 1.51
Uncharacterized protein LOC113797715 191 18.1 ± 6.71 0.39 ± 0.29
Der p 2 (NPC2 family) 14 12.7 ± 9.01 49.6 ± 15.2
Fatty acid-binding protein-like 15 5.97 ± 4.61 7.49 ± 9.79
Der p 36 (C2 domain containing protein) 25 3.73 ± 3.14 14.3 ± 0.98
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Der f 27 (serpin) 47 2.03 ± 0.85 1.16 ± 1.34
Der p 1 (cysteine protease) 24 1.79 ± 0.54 0.17 ± 0.17
Der p 10 (tropomyosin) 33 1.69 ± 1.53 3.90 ± 3.89
Peptidase 1-like 39 1.62 ± 0.31 -
Fructose-bisphosphate aldolase 39 1.44 ± 2.35 -
Nucleoside diphosphate kinase 18 0.91 ± 0.68 4.03 ± 0.66
Der p 7 (bactericidal permeability increasing-like) 24 0.12 ± 0.067 3.09 ± 1.09
Der f 22 (Group 2-like) 18 - 2.46 ± 3.04
Der p 40 (thioredoxin-like) 12 - 1.10 ± 0.76

Interaction of HDM-MWCNTs with lung fluid proteins

The results above describe the protein corona formed when HDM proteins adsorb on the 
surface of MWCNTs. The most relevant human exposure to these HDM-MWCNT 
complexes is through inhalation. To probe this exposure mechanism, we investigated the 
interaction of BALF with MWCNTs and HDM-MWCNTs. As a first step, we confirmed that 
a BALF corona formed on pristine MWCNTs. Gel electrophoresis and a protein 
concentration assay were used to analyze the composition and concentration of the BALF 
protein corona (Fig. 4). A BALF corona concentration of 35.3 ± 0.85 g protein/mg 
MWCNT was measured. Albumin (69 kDa) was the most abundant protein in BALF and 
in the BALF corona (BALF-MWCNT) in agreement with previous work using proteomics 
to characterize the protein corona formed on MWCNTs incubated with BALF (24 hrs, 37 
°C, 0.1% Pluronic).68 At high BALF concentrations, two other bands are visible in both 
BALF and the BALF corona at ~15 kDa and ~8 kDa, along with a low molecular weight 
smear.
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Fig. 4 Gel electrophoresis shows the proteins present in BALF and a corona formed from 
BALF (BALF-MWCNT). A. Albumin is visible at 69 kDa. Bands at ~15 kDa and ~8 kDa 
are highlighted with arrows. B. A highly concentrated BALF-MWCNT sample makes the 
bands at ~15 kDa and ~8 kDa visible (arrows).

We then investigated the interaction of BALF with HDM-MWCNTs. For these 
experiments, we formed sequential protein coronas by first preparing HDM-MWCNTs and 
then incubating the HDM-MWCNTs with BALF to form a HDM-BALF-MWCNT corona 
(Fig. 5). Although the reverse corona (BALF-HDM-MWCNT) is less likely to be formed in 
a realistic setting, we also generated these coronas for comparison. Gel electrophoresis 
was used to visualize these sequential coronas (Fig. 6).

Fig. 5 Schematic showing the formation of sequential coronas formed from HDM and 
BALF incubated with MWCNTs. The protein listed first is the initial protein used to form 
the corona.

Gel electrophoresis shows that an initial HDM corona on MWCNTs will result in a HDM-
BALF-MWCNT corona with a band at ~70 kDa (likely albumin), as well as ~15 kDa and 
~8 kDa (Fig. 6). A 12 kDa, possibly der p 30, is very faint. An initial BALF corona results 
in a BALF-HDM-MWCNT corona with similar bands to HDM-BALF-MWCNT, but different 
relative intensities (Fig. 6). The ~15 kDa band dominates HDM-BALF-MWCNT and the 
~70 kDa band dominates BALF-HDM-MWCNT.
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Fig. 6 Gel electrophoresis was used to compare the proteins present in coronas formed 
sequentially from HDM and BALF (HDM-BALF-MWCNT and BALF-HDM-MWCNT). The 
protein listed first is the initial protein used to form the corona. 

Interaction of HDM-MWCNTs with albumin 

Gel electrophoresis following the incubation of HDM-MWCNTs with BALF suggests that 
der p 2 is present in the HDM-BALF-MWCNT coronas and is not displaced from the 
surface of MWCNTs by the proteins present in BALF (Fig. 6). To probe this observation, 
we used albumin, specifically bovine serum albumin (BSA, 66 kDa), as a representative 
BALF protein. The use of this single representative protein, instead of the BALF mixture, 
makes proteomics tractable. Repeating the formation of sequential coronas, now using 
BSA in place of BALF, shows a similar result. An initial HDM corona leads to a HDM-
dominated corona (bands at ~15 kDa and ~12 kDa) with a faint ~70 kDa band. An initial 
BSA corona leads to a complex corona dominated by a ~70 kDa band and previously 
unobserved proteins (Fig. 7). Der p 2 (14 kDa) is not clearly visible in the BSA-HDM-
MWCNT sample.
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Fig. 7 Gel electrophoresis was used to compare the proteins present in HDM alone, BSA 
alone, a HDM corona (HDM-MWCNT), a BSA corona (BSA-MWCNT), and sequential 
coronas (HDM-BSA-MWCNT and BSA-HDM-MWCNT). The protein listed first is the initial 
protein used to form the corona.

The proteomics data shows that the HDM-BSA-MWCNT corona contains a high 
concentration of albumin (39.7 ± 4.38%) and der p 2 (36.0 ± 2.91%) (Table 3, Fig. 8). Der 
p 30 is present at low levels (0.781 ± 0.81%). These results with BSA are in good 
agreement with the BALF gel electrophoresis experiments (HDM-BALF-MWCNT; Fig. 6), 
which showed a strong band at ~15 kDa, similar to the molecular weight of der p 2 (14 
kDa) and no clear der p 30 band (12 kDa). 

The BSA-HDM-MWCNT corona is less physiologically relevant as we expect the 
MWCNTs to be exposed to HDM and then lung fluid. The initial exposure to BSA leads 
to an albumin-dominated corona (98.1 ± 0.72%) with a unique collection of HDM corona 
proteins (Table 3). Der p 2 was not detected in the BSA-HDM-MWCNT coronas, 
suggesting albumin inhibits the binding of der p 2 binding to the MWCNT surface. This 
points towards potential surface treatments for MWCNTs that could mitigate any 
enhanced allergic response. The BALF-HDM-MWCNT gel electrophoresis did show a 
band at ~15 kDa, but it is likely that this is a BALF protein (Fig. 4). 

Table 3. Normalized abundance (% of total protein) of top-5 proteins identified in HDM-
BSA-MWCNT and BSA-HDM-MWCNT coronas. Proteins are ordered by abundance in 
HDM-BSA-MWCNT. Proteins present in a sample, but not in the top-5, are shown in 
italics. Proteins with normalized abundance < 0.1% are not shown. The most abundant 
protein is bolded. Mean and standard deviation are reported (n=3 distinct samples). For 
allergens, the biochemical name from the WHO/IUIS database is provided in 
parentheses. 
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Protein MW (kDa) HDM-BSA-MWCNT (%) BSA-HDM-MWCNT (%)
Albumin 69 39.7 ± 4.38 98.1 ± 0.72
Der p 2 (NPC2 family) 14 36.0 ± 2.91 0.129 ± 0.10
Der f 22 (Group 2-like) 18 4.37 ± 6.44 -
Fatty acid-binding protein-like 15 3.52 ± 1.75 -
Nucleoside diphosphate kinase 18 2.82 ± 1.76 -
Der p 30 (ferritin) 12 0.781 ± 0.81 0.293 ± 0.50
Probable methylmalonate-semialdehyde 
dehydrogenase

59 - 0.293 ± 0.32

Der p 11 (paramyosin) 102 1.15 ± 0.61 0.129 ± 0.02
Probable serine/threonine-protein 
kinase

191 - 0.130 ± 0.084

Fig. 8 A Venn diagram shows the overlap of the top-5 proteins present in HDM extract 
alone, HDM-MWCNTs, HDM-BSA-MWCNTs. The two common proteins in all three 
samples are der p 2 and fatty acid-binding protein-like. 

Conclusions

This work aimed to model real-world exposures to MWCNTs by considering the 
interaction of HDM proteins with MWCNTs. A combination of XPS (Table 1), gel 
electrophoresis (Fig. 2), protein concentration assay (Fig. 3), western blotting (Fig. S2), 
and proteomics (Table 2 and Table S1 and S2) shows that HDM proteins adsorb on the 
surface of MWCNTs forming a protein corona, similar to the coronas observed for 
nanomaterials used in biomedical applications.29, 69-71 Much previous work has focused 
on serum proteins. The protein corona dictates the subsequent biological response to 
these nanomaterials. It is likely that the HDM corona will similarly determine the cellular 
and in vivo response to HDM-MWCNTs. We find that der p 2, a major HDM allergen,42 
becomes highly concentrated on the surface of MWCNTs, which may be important for 
allergic airway disease. When the HDM-MWCNTs are then exposed to BALF or BSA (Fig. 
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5), which serves as a representative lung fluid protein, we find that der p 2 remains highly 
abundant (36.0 ± 2.91% with BSA) (Fig. 6, Fig. 7, Table 3). This shows that der p 2 is not 
displaced from the surface of MWCNTs by lung fluid proteins and suggests that any 
physiological response due to the highly concentrated der p 2 will not be mitigated by lung 
fluid, although future functional assays will be necessary to probe the allergic potential of 
der p 2 adsorbed on the surface of MWCNTs. Previous in vivo experiments showed that 
mice co-exposed to MWCNTs and HDM extract displayed increased eosinophilic lung 
inflammation that was not observed with MWCNTs or HDM alone,72 suggesting der p 2 
is functional. The results described in this manuscript suggest that the high local 
concentration of der p 2 on the MWCNTs may deliver the allergen to immune cells 
exacerbating allergic lung inflammation. Future work will extend these studies to 
MWCNTs following common purification methods and chemical functionalizations to 
determine if these results are general. In addition, a variety of carbon-based 
nanomaterials present in the environment (ultrafine particulate matter, wildfire smoke) 
exacerbate asthma.73, 74 Our findings may have broad implications for understanding the 
underlying mechanism.
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