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Abstract 

Nanomaterials are widely used in the electronics, automotive, medical, and 

industries. As usage increases, we need to better understand the health effects of human 

exposure to these unique nanomaterials. Multi-walled carbon nanotubes (MWCNTs) are 

nanomaterials that are becoming increasingly common in next-generation technologies. 

Occupational inhalation of MWCNTs, is of particular concern. The high surface area per 

unit mass of MWCNTs provides a relatively large surface area for protein adsorption. 

The resulting protein “corona” dictates the subsequent biological response to these 

nanomaterials. Our goal is to understand how MWCNTs interact with the protein 

environment of the lung including bronchoalveolar lung fluid (BALF), albumin, which is 

the most abundant protein present in BALF, and inhaled allergens. House dust mite 

(HDM) allergens, known to trigger of allergic airway diseases, particularly asthma, are 

of specific interest. The coronas formed by these biomolecules were characterized for 

individual proteins and proteins in combination. We found that der p 2, a protein 

associated with human allergic responses to HDM, dominates the composition of 

coronas following subsequent exposures to lung fluid proteins. 

To better understand the biological implications of HDM adsorption on 

MWCNTs (HDM-MWCNT), we evaluated the proteolytic activity of the allergens found 

in interactions between HDM and MWCNTs. HDM contains cysteine and serine 

proteases, enzymes that break down protein, that contribute to the pathophysiology of 
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allergic airway diseases when active. We compared the active enzyme activity in free 

HDM, a mixture of HDM and MWCNTs, and HDM-MWCNT. We also compared the 

active enzyme concentration of trypsin and papain coronas on MWCNTs and 

polystyrene nanoparticles (PS NPs). The results should that proteases adsorbed on to the 

surface of the nanomaterial are less active than in free enzymes. This suggests the 

activity of proteases is inhibited when adsorbed onto MWCNTs and PS NPs compared 

to the activity of free proteases. 

Interactions between lung fluid proteins and MWCNTs was further investigated 

by measuring the concentration of albumin, as representative protein for lung fluid, on 

the surface of pristine, purified and functionalized MWCNTs. In order to understand 

how MWCNT compositional and surface modifications can affect the protein corona, we 

measured the concentration of albumin protein coronas as a function of initial albumin 

concentration. We found that each type of MWCNT displayed a different relationship 

between the concentration of the protein corona and the initial concentration. This 

implies that MWCNT purification and functionalization affect the interactions between 

lung fluid proteins and MWCNTs. 

Nanomaterials also have potential to advance medical treatments. In this work, 

we aim to characterize an ITO@SiO2 nanofluid to mitigate thermal damage to 

surrounding tissues during kidney stone laser lithotripsy treatment. We characterized 

the stability of ITO@SiO2 in solution and after being exposed to extreme laser pulses. The 

NPs were unharmed after laser treatment. This was proven by measuring the 
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concentrations of tin and indium in the supernatant. There were no significant traces of 

tin and indium that would indicate that ITO@SiO2 NPs disintegrated. We also evaluated 

the cytotoxicity of bare ITO and ITO@SiO2 NPs at 0.25 wt% and found that neither 

variant decreased cell viability. Overall, these results indicate that an 0.25 wt% ITO@SiO2 

nanofluid would not pose a significant health risk to cells during laser lithotripsy.  
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1. Introduction 

Nanomaterials are materials that have at least one dimension or is reduced in 

composition to a nanoscale range.1 According to the nanomaterial dimensionality, 

nanomaterials can be classified into four groups. Nanoparticles, fullerenes, and quantum 

dots are classified as zero-dimensional nanomaterials. One-dimensional nanomaterials 

have one dimension outside of the nanometer scale. This includes nanowires, nanotubes, 

and nanofibers. Two-dimensional nanomaterials have two dimensions outside of the 

nanometer scale, which includes nanofilms, nanosheets, and nanolayers. Three 

dimensional or bulk materials include core shells, nanowire arrays, and nanotube 

arrays. These nanomaterials are not in the nanoscale in any dimension.2–4 Due to 

diversity of sizes, surface effects, and quantum tunnel effects, nanomaterials have 

captured the attention of the researchers.5 

1.1 Nanomaterial applications 

The global market for nanomaterials was over 1.6 million tons in 2020, and it is 

expected to double to 3.5 million metric tons by 2031.6 Further analysis of this projection 

allows nanomaterial consumption to be classified by application. These applications 

include, but are not limited to, fuel cells, energy storage, lubricants, textiles and 

adsorbent applications.6,7 Physical and chemical properties, such as high surface to 

volume ratio and size, are the factors considered by the end user.8  
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1.1.1 Size and surface area considerations 

The size of a nanoparticles (NPs) is correlated to the surface area, such that as the 

NP size decreases, the surface area increases exponentially.9 This change in 

dimensionality impacts the reactivity of the NPs. For example, small NPs can more 

readily adsorbed into plant and animal tissues. In some applications, such as in drug 

delivery, being able to readily adsorb into biological tissues can be beneficial. However, 

in the instances where a nanomaterial could pose a toxicity to living organisms, the 

ability for small NPs to penetrate barriers is a risk of high concern. Some examples of 

nanomaterials that present possible risks include manganese dioxide (MnO2), titanium 

dioxide (TiO2) and carbon-based nanomaterials. These nanoparticles pose a risk to the 

brain through potential interactions with the nasal epithelium olfactory neurons. 10–12 

Particles with a size less than 100 nm can cross cell membrane and enter the cells. Larger 

particles with size range from 200-500 nm can also enter cells, but at a lower risk.9,10,13,14 

1.2 Human exposure to nanomaterials 

As nanomaterial usage increases, we need to better understand the health effects 

of human exposure to these unique nanomaterials.15 Cosmetic products, such as 

sunblock, can often contain zinc oxide (ZnO) as an ultraviolet inorganic filter for UVB 

(290-320 nm) and UVA (320-400 nm).  Another common pathway for human exposure to 

nanomaterials is in a manufacturing setting. Nanomaterials are crucial to the 

development of technology and electronics.11 For example, silicon and thin-film 

transistors offer high performance but are limited to miniaturization.16 Use of 
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nanomaterials like carbon nanotubes, graphene, and molybdenum disulfide would 

allow for transistors to be scaled down 10 nm, without sacrificing performance.17  

Although nanomaterials provide opportunities for technological advancements. 

Exposure to these nanomaterial are a concern for the people manufacturing these 

devices.18–23  

Inhalation is an exposure pathway of particular concern, as nanomaterials can be 

easily aerosolized.24 Previous studies have found that the inhalation of nanomaterials 

results in inflammatory reaction in the lung and potential effects to other organs.25 

Nanomaterial effects on the respiratory tract are depend on the material 

physicochemical characteristics and the biological environment. Nanomaterials between 

10-50 nm end up in alveoli, while those smaller than 10 nm and larger than 50 nm can 

become deposited in higher regions of the lung.26  Additionally, the toxicity of 

nanofibers, such as carbon nanotubes (CNTs), has been extensively studied.27–32 

Inhalation of high concentrations single-walled CNTs (SWCNTs) and multi-walled 

CNTs (MWCNTs) induced neutrophil inflammation and granulomatous formations in 

the lung.33,34 The increased surface area and aggregation of CNTs are properties that 

increase the rate of neutrophils in the lung.34  

1.2.1 Protein-nanomaterial interactions 

Biological interactions with nanomaterials result in the interaction of proteins 

present in a biological system with the nanomaterials. This interaction is the foundation 

of nanoparticle bioreactivity.35 In a physiological environment, protein adsorb onto the 
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surface of a nanomaterials to form a protein ‘corona’.36 Protein coronas alter the 

biological response to nanomaterials. Therefore, understanding the composition and the 

factors that affect the protein corona are essential in understanding the biological effects 

of nanomaterials.  

1.3 CNTs 

Carbon is made up of six electrons in the 1 s2, 2 s2, and 2 p2. This element can also 

hybridize in sp, sp2, or sp3 forms. Materials such as graphene, fullerenes, and CNTs are 

very constant sp2 bonded materials. Graphene is composed of densely organized carbon 

atoms in a sp2-bonded atomic-scale honeycomb (hexagonal) pattern. This pattern is the 

blueprint for fullerenes and CNTs. A CNT is a result of rolled up sheet of graphene. Arc 

discharge, laser ablation, and chemical vapor deposition are the processes used to 

synthesize CNTs.37 SWCNTs are made up of a single layer of graphene.38  

In contrast, MWCNTs are made up of three or more concentrically organized 

sheets of graphene. The distance between each wall is approximately 0.340 nm.39 Multi-

walled carbon nanotubes (MWCNT) are used for applications, such as electronics, gene 

delivery, coatings, and material composites.40–42 The stability, tensile strength, electric 

conductivity, and thermal resistance have made MWCNTs an appealing material to 

agriculture, energy, and automotive industries.43,44  
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1.3.1 Inhalation of MWCNTs 

As indicated in section 1.2, human exposure is a major concern as the use of 

nanomaterials increases. The physiological responses to the inhalation of MWNCTs 

have been previously studied. It was found that MWCNTs caused lung inflammation 

and fibrosis in rodents.45 When MWCNTs are well dry or dispersed in a surfactant 

solution, macrophages are more available for macrophage uptake, as opposed to 

MWCNTs aggregates that pose a challenge for the immune system.46 Therefore, changes 

in MWCNTs surface treatments and functionalization can alter the physiochemical 

response.46  Beyond analyzing the cellular responses to MWCNTs, lung protein 

interactions with MWCNTs need to be investigated. When MWCNTs are inhaled, lung 

fluid proteins will adsorb onto the surface of the MWCNTs. These lung fluid proteins 

form a protein corona that influence the biological response to MWCNTs.47,48 

1.4 Kidney stone disease 

Kidney stone disease rates have been consistently increasing over the past 50 

years due to changes lifestyle, dietary habits and global warming. Kidney stones are 

mineral deposits in the renal calyces and pelvis. These minerals can either be found free 

or attached to the renal papillae. Approximately 80% of kidney stones are made up of 

calcium oxalate mixed with calcium phosphate.49 
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1.4.1 Kidney stone treatments 

The size and location of kidney stones can vary from case to case. In an attempt 

to provide treatment for the variety of cases, physicians chose between three types of 

medical procedures. Shockwave lithotripsy is a non-invasive procedure currently 

available and allows for the fragmentation of <1 cm stones when located in the lower 

pole of the kidney and stones over <2 cm when located in the middle and upper poles.49–

51 During this procedure high energy acoustic waves, produced by electrohydraulic, 

electromagnetic or other types of energy sources, are used to fragment the stones.52 

Ureteroscopic fragmentation and retrieval is another method commonly used for 1-1.5 

cm stones in the lower pole and stones <2 cm when located in the middle and upper 

poles.49 Laser lithotripsy is a type of ureteroscopic fragmentation, in which an endoscope 

is inserted through the urethra and guided to the affected kidney.53 A laser is also 

inserted, which will produce energy pulses to fragment the stones. The holmium 

yttrium-aluminum-garnet (Ho:YAG) laser is preferred due to the rapid absorption in 

water and minimal tissue penetration.54–56 Finally, percutaneous nephrolithotomy is 

considered for stones >2 cm in the middle and upper poles.57 This is the most invasive 

type of treatment because it requires an endoscope to be percutaneously passed through 

skin, muscle and perirenal fat, in order to reach the kidney.49 Once access is achieved the 

stones are fragmented or removed.57  
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1.5 Objectives and outline 

Chapter 2 showcases our work toward understand how MWCNTs interact with 

the protein environment of the lung and inhaled allergens. House dust mite (HDM) 

allergens, known to trigger allergic airway diseases, particularly asthma, are of 

particular interest. The protein coronas formed by the adsorption of these biomolecules 

on to MWCNTs were characterized for individual proteins and proteins in combination. 

Gel electrophoresis, western blots, and proteomics were used to determine the resulting 

protein corona. We found that der p 2, a protein associated with human allergic 

responses to HDM, dominates the composition of coronas following subsequent 

exposures to lung fluid proteins. This chapter is adapted from my first author 

publication in Environmental Science Nano coauthored with Samantha K. Holmes, Ryan 

D. Barton, Logan J. Tisch and Professors Robert M. Tighe, James C. Bonner and Christine 

Payne. 

Chapter 3 further explores the implications of HDM and MWCNT interactions. 

We evaluated the enzyme activity of HDM allergens allows us to determine whether 

HDM and MWCNTs interactions could exacerbate allergic airway disease. Trypsin and 

papain enzyme coronas on MWCNTs and polystyrene nanoparticles were used as 

comparisons. Results revealed no enhancement in enzyme activity on either material. 

Chapter 4 characterizes albumin adsorption on pristine, purified, and 

functionalized MWCNTs exhibited distinct adsorption profiles depending on the surface 

modification. Thermally purified MWCNTs with and without the addition of carboxyl 
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groups showed no significant changes in protein adsorption as albumin concentration 

increased. 

Chapter 5 explores how nanomaterials also have potential to advance medical 

technologies. We characterized indium tin oxide nanoparticles coated with silica dioxide 

(ITO@SiO2 nanofluid) to reduce thermal damage during kidney stone laser lithotripsy. 

Stability tests showed no evidence of nanoparticle disintegration in solution or under 

extreme laser exposure. Cytotoxicity testing at 0.25 wt% indicated low risks to cell 

viability. These findings suggest MWCNT interactions with lung proteins and allergens 

are complex, and that ITO@SiO2 nanofluid is promising for lithotripsy, demonstrating 

the versatile applications and relative safety of nanomaterials. This chapter highlights 

research conducted in collaboration with Qingsong Fan, Junqin Chen, and Professors Pei 

Zhong, Po-Chun Hsu, and Christine K. Payne 
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2. House dust mite extract forms a der p 2 corona on multi-

walled carbon nanotubes: implications for allergic airway 

disease1  

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 mite extract, 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.  

 

1 This chapter comes from my published first-author paper (Dominguez et al. 2024). Co-authors on this paper include 

Samantha K. Holmes, Ryan D. Bartone, Logan J. Tisch, and Professors Robert M. Tighe, James C. Bonner, and Christine 

Payne. 
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2.1 Introduction 

MWCNTs are essential components of electronics, plastics, sensors, and coatings 

with applications in the construction, automotive, and aerospace industries.58, 59 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.60–63 The pulmonary toxicity of 

MWCNTs in rodents is well-demonstrated and known to be dependent on the 

physicochemical characteristics of the MWCNTs.45,64–70 For example, rigid, rod-like 

MWCNTs are more toxic than flexible, tangled, MWCNTs.71 The National Institute for 

Occupational Safety and Health (NIOSH) provides an overview of the occupational 

hazards associated with these materials and recommended exposure limits.72 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.73 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.74,75  



 

11 

Previous work has shown that blood serum proteins and cell lysates adsorb on 

the surface of MWCNTs forming a protein corona.76–79 The protein corona, rather than 

the bare nanomaterial, determines the subsequent biological events including cellular 

internalization and immune response.47,80–85 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.86,87 For the titanium dioxide 

nanoparticles, a BALF corona led to increased expression of pro-inflammatory cytokines 

in macrophages.87 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.88–90 Eighty-five percent of asthmatics 

are allergic to HDM.91 HDM extract is a multi-component allergen consisting of a 

mixture of proteins from mites, nymphs, fecal matter, and eggs.92–95 Of specific interest 

are two proteins, der p 1 and der p 2.93 The majority (∼80%) of people with HDM 

allergies are sensitive to der p 1 and der p 2.96 Sera samples from allergic subjects 

showed that 50% of IgE binding was directed at these two proteins.97 Der p 1 is a 

cysteine protease.98–101 Der p 2 is a myeloid differentiation factor-2-related lipid 

recognition domain lipid-binding family protein,102 which is found in the digestive track 

and feces of HDM.103 Previous work has suggested that a HDM corona on MWCNTs 
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could be a factor in the exacerbated allergic airway disease observed in mice.104In vitro 

experiments examined gold nanoparticles (50 nm) conjugated to der p 1.105 Proteolytic 

assays showed that the der p 1-gold nanoparticle conjugates had increased proteolytic 

activity compared to der p 1,105 suggesting that allergen coronas may amplify allergic 

responses. This is supported by in vivo experiments showing that mice co-exposed to 

MWCNTs and HDM extract displayed increased allergic lung inflammation that was 

not observed with MWCNTs or low doses of HDM extract alone.73 

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.106 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.107 For example, the future use of MWCNTs in textiles would 

result in consumer exposure within homes that contain HDM. 

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 
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can be further chemically or thermally purified and functionalized.45 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. 

2.2 Materials and Methods  

2.2.1 Multi-walled carbon nanotube (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−1) in 1× 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−1 in PBS) was 

drop-cast onto carbon coated copper grids (FCF200-Cu, Electron Microscopy Sciences, 

Hatfield, PA). Images were collected with 50k× magnification at 200 kV. ImageJ was 
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used for image analysis.108 X-ray photoelectron spectroscopy (XPS; Kratos Analytical 

Axis Ultra, Shimadzu Corporation, Kyoto, Japan) at the Shared Materials 

Instrumentation Facility at Duke University was used to measure the elemental 

composition of the MWCNTs. 

2.2.2 Rodent bronchoalveolar lavage fluid (BALF)  

Our procedure for obtaining BALF has been described previously.87 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.100 Prior to lavage, mice were deeply anesthetized with an intraperitoneal 

injection of ketamine (100 mg kg−1), xylazine (100 mg kg−1), 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. 
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2.2.3 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 bound 

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). 

2.2.4 Gel electrophoresis 

The compositions of the protein coronas were visualized using gel 

electrophoresis. Protein–MWCNT complexes were resuspended in Laemmli SDS-sample 

buffer (4×, 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 
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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 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). 

2.2.5 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). 
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2.2.6 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 × 250 

mm, nanoAcquity, Waters Corporation; 400 nL min−1) 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).109,110 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.111 For 

protein and peptide quantification and identification, default MaxQuant parameters 
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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.112 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 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 PXD047039.   

2.3 Results and Discussion   

2.3.1 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.45,113 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%) 
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and oxygen (1.4%).45 Trace amounts of aluminum are attributed to the synthesis process, 

in which metal oxides are present during catalytic chemical vapor deposition.60,114–117 

 

Figure 2-1:Representative TEM image of MWCNTs. 

Table 2-1. 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 

 

2.3.2 House dust mite (HDM) extract forms a corona on MWCNTs  

We first characterized the corona that forms on MWCNTs following incubation 

with HDM extract using gel electrophoresis (Fig. 2). MWCNTs (1 mg mL−1) were 

incubated with HDM (1 mg mL−1) in PBS (30 minutes, RT) then washed to remove 

unbound protein, as described in Materials and methods (Fig. 2A and 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 

https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00666b#fn1
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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 and 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) (Tables S1 and S2†). In 

addition, western blotting confirms the ∼15 kDa band is der p 2 (Fig. S2†). 

 

Figure 2-2: Formation of a HDM corona on MWCNTs (HDM-MWCNTs). A. 

Schematic showing the formation of a HDM corona. B. Gel electrophoresis shows the 

https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00666b#fn1
https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00666b#fn1
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proteins present in HDM compared to the HDM corona formed on MWCNTs. Bands 

at ~15 kDa and ~12 kDa are highlighted with arrows. 

2.3.3 Concentration of the HDM corona (HDM-MWCNT) 

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−1) were incubated 

with increasing concentrations of HDM (0.1–2.0 mg mL−1). Samples at lower incubation 

concentrations (0.1 mg mL−1 and 0.25 mg mL−1 HDM) were pooled (×3) for measurement 

to provide sufficient protein for the assay. The resulting concentration of protein 

adsorbed on the MWCNTs increases from 0.1 mg mL−1 to 0.5 mg mL−1 and then remains 

constant with increasing HDM. The maximum concentration of protein in the corona is 

7.69 ± 0.80 μg mg−1 MWCNT, calculated as the average of the samples formed with 0.5–

2.0 mg mL−1 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,118–121 with 

rare exceptions.118 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 μg protein/mg of titanium dioxide nanoparticles.87 It is possible that 

HDM, which is a mixture of mites, nymphs, fecal matter, and eggs,92 results in 

maximum corona formation at relatively low corona concentrations values. In 
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comparison, much of the previous work has focused on human plasma or bovine serum 

relevant to cell culture and biomedical applications. 

 

Figure 2-3: Protein concentration of the HDM corona formed on MWCNTs. A. 

MWCNTs were incubated with increasing concentrations of HDM (0.5–2 mg mL−1). 

 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−1and 0.25 mg 

mL−1) were pooled for measurement (×3). B. Protein concentration of the resulting 

corona. The low concentration samples (0.1 mg mL−1 and 0.25 mg mL−1) 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. 

2.3.4 Composition of HDM-MWCNT 

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. Previous proteomics studies of HDM alone have identified a complex 

mixture of proteins.94,95 Der p 30, der p 2, der p 36, der p 1, and der p 10 have all 
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previously been identified as highly abundant proteins in mite bodies or extracts.94,95 Der 

f 27, observed in D. farinae,95 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,93,97 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.122 

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. 

https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00666b#fn1
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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 identified in the 

protein corona at very low abundance.93,96,97 

  

https://pubs.rsc.org/en/content/articlelanding/2024/en/d3en00666b#fn1
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Table 2-2: 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). 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 

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 
 

2.3.5 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 μg protein per mg MWCNT was measured. Albumin (69 kDa) was the most 
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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 h, 37 °C, 0.1% Pluronic).123 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. 

 

Figure 2-4: 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 an HDM–BALF–MWCNT 

corona (Fig. 5). Although the reverse corona (BALF–HDM–MWCNT) is less likely to be 
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formed in a realistic setting, we also generated these coronas for comparison. Gel 

electrophoresis was used to visualize these sequential coronas (Fig. 6). 

 

Figure 2-5: 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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Figure 2-6: 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. 

2.3.6 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 



 

29 

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.  

 

Figure 2-7: Gel electrophoresis was used to compare the proteins present in HDM 

alone, BSA alone, a HDM corona, a BSA corona, and sequential coronas. 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). 
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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 2-3: 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). For 

allergens, the biochemical name from the WHO/IUIS database is provided in 

parentheses. 

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 
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Figure 2-8: 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. 

2.4 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 2-1), gel 

electrophoresis (Figure 2-2), protein concentration assay (Figure 2-3), western blotting 

(Figure 2-10), and proteomics (Table 2-2, Table 2-4, and  

 

Table 2-5) 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.47,48,124,125Much 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,97 becomes highly concentrated 
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on the surface of MWCNTs, which may be important for allergic airway disease. When 

the HDM–MWCNTs are then exposed to BALF or BSA (Figure 2-5), which serves as a 

representative lung fluid protein, we find that der p 2 remains highly abundant (36.0 ± 

2.91% with BSA) (Figure 2-6, Figure 2-7, Table 2-3). 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,126 

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.127,128 Our findings may have broad implications for 

understanding the underlying mechanism. 
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2.5  Supplementary material  

 

Figure 2-9: Removal of unbound HDM, referred to as washing, consisted of 

centrifugation, removal of supernatant, and resuspension in PBS. A. Protein 

concentration of the supernatant was measured with a colorimetric assay (660 nm 

protein assay). Solid line shows the average absorbance spectrum. Shading shows 

standard deviation. (n=3 distinct samples). B. The majority of the unbound HDM is 

removed in the first wash. Three wash steps are used to ensure all unbound protein is 

removed. The background signal from the 660 nm reagent was subtracted from each 

sample prior to calculating protein concentrations. Significance was calculated using 

an ANOVA with a post-hoc Tukey test. *p < 0.001, ns = not significant. 

Table 2-4: Spectral counts, reported as a percent of total signal, for the excised 15 kDa 

band of the HDM-MWCNT corona. Proteins with spectral counts >1% are listed. 

Protein MW (kDa) 15 kDa (%) 

Der p 2 (NPC2 family) 14 81.6 

Thioredoxin 12 9.70 

Der p 36 (C2 domain containing protein) 25 3.51 

Nucleoside diphosphate kinase  18 1.56 
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Table 2-5: Spectral counts, reported as a percent of total signal, for the excised 12 kDa 

band of the HDM-MWCNT corona. Proteins with spectral counts >1% are listed. 

Protein MW (kDa) 12 kDa (%) 

Der p 30 (ferritin) 12 71.0 

Fructose-bisphosphate aldolase 39 9.84 

Der p 11 (paramyosin) 102 5.22 

Uncharacterized protein LOC113797715  191 4.71 

Glutathione peroxidase 25 1.88 

Myosin heavy chain 112 1.73 

Inosine-5'-monophosphate dehydrogenase 56 1.51 
 

 

 

Figure 2-10: Western blotting using an antibody against der p 2 confirms the band 

visible at ~15 kDa is der p 2 (14 kDa). 
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Table 2-6: Normalized abundance (% of total protein) of the top-10 proteins identified 

in HDM and the HDM corona formed on MWCNTs (HDM-MWCNT). 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). A different lot 

(#390991) of HDM was used in comparison to the data in the main text (Table 2). For 

both lots, der p 2 is the most abundant protein in corona. 

Protein MW (kDa) HDM (%) 
HDM-MWCNT 

(%) 

Der p 2 (NPC2 family) 14 24.5 ± 5.20 51.6 ± 15.6 

Der p 1 (cysteine protease) 34 23.6 ± 0.98 4.72 ± 3.69 

Der p 30 (ferritin) 12 8.50 ± 2.62 4.22 ± 1.17 

Uncharacterized protein LOC113799616 25 7.28 ± 2.31 10.7 ± 9.76 

Uncharacterized protein LOC113797715 191 7.04 ± 2.13 0.71 ± 0.29 

Uncharacterized protein LOC113790193 27 3.48 ± 1.80 3.12 ± 1.67 

Fatty acid-binding protein-like 15 2.19 ± 0.39 2.76 ± 2.48 

Nucleoside diphosphate kinase 18 1.91 ± 0.82 3.92 ± 1.78 

Uncharacterized protein LOC113796509 77 1.85 ± 1.80 - 

Der p 10 (tropomyosin) 33 1.28 ± 1.07 0.74 ± 0.85 

Der f 22 (Group 2-like) 18 0.47 ± 0.77 3.35 ± 3.32 

Der p 11 (paramyosin) 102 0.25 ± 0.056 1.96 ± 1.57 

Lysosomal aspartic protease-like 45 0.13 ± 0.19 1.09 ± 1.84 



 

36 

3. Enzyme activity of cysteine and serine proteases adsorbed 

on to nanomaterials 

HDM, one of the main sources of Type 1 allergies around the world, is made up of 

various proteins and allergens.129 These allergens are characterized into groups 

containing related homologs. Allergen groups are comprised of different types of 

proteases. Group 1 allergens consist of cysteine proteases, such as Der p 1. Group 3 

allergens are made up of serine proteases like Der p 3. We investigate the interactions of 

HDM proteases with MWCNT to assess the implications of HDM and MWCNT co-

exposures. We used a casein-based fluorescence protease assay to quantify the 

concentrations of enzymes in HDM, HDM and MWCNT mixtures, and HDM-MWCNT 

coronas. Isolated cysteine and serine protease interactions with MWCNTs were 

investigated by comparing the enzyme concentration of papain-MWCNTs against free 

papain and trypsin-MWCNT against free trypsin. We also analyzed trypsin and papain 

interactions with PS NPs. We found that there was more proteolytic activity in free 

enzyme samples was higher compared enzyme-MWCNT coronas, including HDM, 

trypsin and papain. The same results were found for enzyme-PS coronas. These results 

could be a result of partial enzyme denaturation following adsorption on to MWCNTs 

or PS NPs.  

3.1 Introduction 

Protein interactions with nanomaterials have been studied extensivelly, and it is 

well know that protein adsorping onto the surface of nanomaterials results in the 
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formation of a protein corona.47,48,85,130 Enzymes adsoption on the nanomaterials has also 

garnered scientific interest due to the biocatalytic characteristics of active enzymes.131  

Adsorbtion of enzymes on nanomaterials, often referred to enzyme immobilization, can 

be used for a wide range of applications. Nanomaterials can be utilized as nanocarriers 

that support, stablize, and manipulate the biocatalytic efficiency of enzymes.132 The size, 

structure, surface charge, and functionalization of a nanomaterial dictates whether 

enzyme activity will inhibited or enhanced.133,134 Additionally the size, orientation, and 

active site location are enzyme characteristics previous studies have found to affect 

adsorption and activity of enzymes on mesoporous silica.135–137  

CNTs have been a nanomaterial of interest due to their optical and mechanical 

properties.138 The environmental effects of CNTs have caused researchers to investigate 

the degradation of CNTs using enzymes.139 Horseradish peroxidase has been found to 

remain active after adsorption onto the surface of CNTs and degrade single and 

MWCNTs.140–142 The catalytic reaction causing degradation was driven by the 

functionalization of the CNTs and the enzyme structure.  

We previously analyzed the composition of an HDM protein corona on MWCNT 

in Chapter 3.143 HDM are composed of various proteins and proteases that cause allergic 

airway disease, such as allergies. The HDM allergens Dermatophagoides 

pteronyssinus (Der p) 1, 3, 6 and 9 are cysteine and/or serine proteases are the main 

proteins that contribute to allergic inflammation.144 Quantifying the proteeolytic of HDM 

after adsorption onto MWCNTs provides insight to the biological effects of HDM-
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MWCNT interactions. To further understand how enzymes interact with MWCNTs, we 

investigate the interactions of MWCNTs with papain, a cystiene protease, and trypsin, a 

serine protease. The enzymatic acitivity of papain and trypsin after interactions with 

carboxylated PS NPs is also of interest. Overall, we aim to understand how cysteine and 

serine protease interact with MWCNTs and PS NPs.  

3.2 Materials and Methods 

3.2.1 Nanoparticle (NP) preparation  

MWCNTs (NC7000, Nanocyl, Sambreville, Belgium) and cationic-modified PS 

NPs (0.2 m, #37356, Thermo Fisher, Waltham, MA) 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). Solutions were sonicated for 

five minutes with a cup horn sonicator (40% amplitude; Q500 Sonicator, Q Sonica, 

Newtown, CT) to help suspend the MWCNTs. Polystyrene stock solutions were briefly 

vortexed prior to use.  

3.2.2 Preparing protein mixtures and coronas 

The proteins used in experiments included house dust mite serum 

(Dermatophagoides pteronyssinus, XPB91D3A2.5, Lot 414145, Stallergenes Greer, Lenoir, 

NC), papain from papaya latex (P3125, Sigma Aldrich, Saint Louis, MO), bovine serum 

albumin (BSA; A2153-50G, Sigma-Aldrich, St. Louis, MO), and L-1-tosylamido-2-

phenylethyl chloromethyl ketone (TPCK) treated trypsin (#20233, Thermo Fisher). The 
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HDM and MWCNT mixture was prepared by combining HDM and MWCNTs and 

briefly vortexing the samples.  The protein corona formation method on MWCNTs has 

been described previously in Chapter 2. Proteins were incubated with either MWCNTs 

or PS NPs for 30 minutes at room temperature (RT) on an orbital shaker (700 rpm, 

88882006, Digital Microplate Shaker, Thermo Fisher). Corona samples were washed 

three times by centrifugation (15-30 minutes, 4C, 14,000 RPM) to remove unbound 

proteins and resuspended in PBS.  

3.2.3 Protein concentration and proteolytic activity 

The concentration of protein adsorbed on the NPs was measured using a 

colorimetric assay, called the BCA Protein Assay (#23227, Thermo Fisher). Enzyme 

activity of corona and free protein samples were measured using a fluorescent protease 

assay (#23266, Thermo Fisher).  Absorbance and fluorescence of samples was measured 

using a plate reader (SpectraMax iD3, Molecular Devices, San Jose, CA). 

3.3 Results and Discussion  

3.3.1 Proteolytic activity of HDM and MWCNTs 

The proteolytic activity following the interactions between HDM and MWCNTs 

were quantified by comparing the concentration of enzymes in HDM, a mixture of HDM 

and MWCNTs, and a HDM corona on MWCNTs using a fluorescent protease assay 

(Figure 3-1). To form the corona, HDM (1 mg/mL) was incubated with MWCNTs (1 

mg/mL) for 30 minutes at RT, and washed by centrifugation x3, as described in the 
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Materials and Methods. The mixture was prepared by combining HDM (1 mg/mL) with 

MWCNTs (1 mg/mL). HDM matched the concentration of the corona, which was 

reported in our previous paper.145 The mixture had the highest amount of enzyme 

activity with 76.2  6.45 g/mL of enzymes, followed by HDM with 60.8  1.12 g/mL of 

enzymes. The HDM-MWCNT samples had the lowest concentration of enzymes with 

25.3  4.00 g/mL of enzymes. HDM is comprised of various proteins, which includes 

protease allergens.96  Group 1 allergens, such as Der p 1, are papain-like cysteine 

proteases with high amounts of proteolytic activity.96,146 We previously reported that Der 

p 1 and Der p 2, a group 2 allergen, are within the top-10 proteins present in HDM.145,147 

In the same study, we found that an HDM-MWCNT corona was dominated by Der p 2 

but had a low abundance of the highly proteolytic Der p 1.143 The low concentration of 

Der p 1, a proteolytic protein, in HDM-MWCNT coronas provides an explanation for the 

low concentration of enzyme activity measured, compared to HDM and the mixture, 

which have a higher abundance of Der p 1 (Figure 3-1B).  
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Figure 3-1 Comparing the proteolytic activity of HDM, mixture of HDM and 

MWCNT, and an HDM corona on MWCNTs. (A) MWCNTs (1 mg mL-1) were 

incubated with HDM (1 mg mL-1). The enzyme activity of the free protein, mixture 

and corona were measured with a fluorescent enzyme assay (Pierce Fluorescent 

Protease Assay; n=3 distinct samples). Solid lines show the mean and shading shows 

the standard deviation. (B) Enzyme activity of the resulting corona compared to free 

HDM and mixture. Significance was calculated using an ANOVA with a post-hoc 

Tukey test. * p < 0.1, **** p < 0.0001 

3.3.2 Concentration of enzyme coronas on MWCNTs 

We measured the proteolytic activity of other enzyme coronas on MWCNTs. The 

concentration of trypsin and papain adsorbed onto MWCNTs was quantified using a 

colorimetric BCA assay (Figure 3-2A, B). The concentration of trypsin on MWCNTs 

(trypsin-MWCNT) was similar to the concentration of papain on MWCNTs (papain-

MWCNT, Figure 3-2C). Trypsin-MWCNT coronas had a protein concentration of 53.5  

9.63 g mg-1 MWCNT, and papain-MWCNT coronas had a protein concentration of 48.3 

 25.1 g mg-1 MWCNT. The adsorption of papain and trypsin is a higher concenteration 

than previously reported for HDM adsorbed on MWCNT.143 In comparison, non-

enzyme coronas, such as human platlet proteins, contained a higher concentration of 
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proteins on the surface of carboxyl functionalized CNTs. For example, the concentration 

of immunoglobin G coronas was 9.66  0.11 nmol mg-1 CNTs. 148 

 

Figure 3-2: Protein concentrations of enzyme coronas on MWCNTs. MWCNTs (1 mg 

mL-1) were incubated with (A) trypsin (1 mg mL-1) or (B) papain (1 mg mL-1). The 

protein concentration was measured with a colorimetric protein assay (BCA assay; n=3 

distinct samples). Solid lines show the mean and shading shows the standard 

deviation. (C) Protein concentration of the resulting coronas. Significance was 

calculated using an ANOVA with a post-hoc Tukey test. ns = not significant. 

3.3.3 Concentration of active enzymes on MWCNT coronas compared to 

free enzymes 

The results above describe the concentration of enzymes adsorbed onto the 

surface of MWCNTs. As the protein corona dictates the biological identity of the 

MWCNTs, it is important to characterize the inhibition or enhancement of enzyme 

activity following the enzymatic adsorption onto the nanomaterials. The enzymatic 

activity can be affected by the physical properties of the nanomaterial and the type or 

orientation of enzymes.149 To characterize the enzymatic activity of trypsin and papain 

on the surface of MWCNTs, a fluorescent protease assay was used to compare the 
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activity of free enzymes to the activity of an enzyme corona. The concentration of free 

trypsin and papain was matched to the concentration of the enzyme adsorbed onto 

MWCNTs, as measured using a BCA assay (Figure 3-2). We compared the concentration 

of active enzymes in free trypsin to the active enzymes in trypsin-MWCNT (Figure 

3-3A). The enzymatic activity of trypsin adsorbed onto MWCNTs is significantly 

inhibited compared to free trypsin (Figure 3-3B). Papain enzyme activity was also 

inhibited when adsorbed onto MWCNTs, compared to free papain (Figure 3-3C, D). The 

decrease in enzyme activity from trypsin-MWCNT and papain-MWCNT can be 

explained by examining the nature of enzyme-nanomaterial interactions. Nanomaterial 

and enzyme interactions often lead to enzyme activity inhibition. One of the ways this 

can occur is if the enzyme active site binds to the surface of the nanomaterials, which 

blocks the enzyme from interacting with substrates.132,133 Nanoparticle surface 

characteristics can also affect enzyme activity. Hydrophobic materials, like non-

functionalized MWCNTs, can act as effective enzyme inhibitors.133,150 For example, 
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adsorption of catalase on hydrophobic CNTs can cause the enzymes to denature.151  

 

Figure 3-3: Comparing the proteolytic activity free enzymes and enzyme coronas on 

MWCNTs. MWCNTs (1 mg/ml) were incubated with (A) trypsin (1 mg mL-1) or (C) 

papain (1 mg mL-1). The enzyme activity of the free protein, mixture and corona were 

measured with a fluorescent enzyme assay (Pierce Fluorescent Protease Assay; n=3 

distinct samples). Solid lines show the mean and shading shows the standard 

deviation. (B) Active enzyme concentration of free trypsin compared to trypsin-PS. 

(D) Active enzyme concentration of free papain compared to papain-PS. Significance 

was calculated using a t-test. ** p < 0.01, ***p < 0.001, **** p < 0.0001 

3.3.4 Concentration of enzyme coronas on PS NPs 

The interactions between enzymes and nanomaterials were further studied by 

examining the adsorption of trypsin and papain on PS NPs. The concentration of trypsin 

and papain adsorbed on to the surface of PS NPs was quantified used a BCA assay 
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(Figure 3-4). Trypsin and papain adsorbed at a similar concentration on PS. Trypsin-PS 

coronas had a protein concentration of 37.4  2.87 g mg-1 PS and papain-PS coronas had 

a protein concentration of 31.4  3.31 g mg-1 PS. The similarity in concentration suggest 

that the adsoption capacity for trypsina and papain is relativilty equal. Previous studies 

have demonstrated the adsorption capacity on PS NPs can differ depending the enzyme. 

For example, pepsin and -amalyse adsorp on PS at similar concentrations. In 

comparison, trypsin was found to adsorp at a concentration 6x less than pepsin and -

amalyse.152 Additionally, there can be variance in enzyme adsorption depending the 

characteristics of the nanomaterial. A past study found that the adsorption of trypsin on 

magnetic Fe3O4@SiO2 was 65 ug mg-1 of Fe3O4@SiO2 NPs.150 

 

Figure 3-4: Protein concentrations of enzyme coronas on PS compared to BSA coronas 

on PS. PS NPs (1 mg mL-1) were incubated with either (A) trypsin (1 mg mL-1) or (B) 

papain (1 mg mL-1). The protein concentration was measured with a colorimetric 

protein assay (BCA assay; n=3 distinct samples). Solid lines show the mean and 

shading shows the standard deviation. (C) Protein concentration of the resulting 

corona. Significance was calculated using a t-test. ns = not significant 
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3.3.5 Concentration of active enzymes on PS enzyme coronas compared to 

free enzymes 

We measured the concentration of active enzymes in trypsin-PS and papain-PS 

and compared the activity of the free coronas the free enzyme (Figure 3-5). The results 

from the protease assay demonstrated that the trypsin and papain are more active in 

solution than adsorbed onto PS NPs. Enzyme activity after interactions with PS and 

MWCNTs have shown to result in an inhibited enzyme corona. The inhibition of papain 

on PS and MWCNTs can be attributed to the cystine side chain active site, which can 

become easily blocked and cause the enzyme to denature.153 Trypsin activity is affected 

by a different mechanism. The ratio between trypsin and NPs present during an 

interaction can affect enzyme activity, such that higher concentrations of NPs can 

damage the conformation of the protein.154,155  Overall, we can conclude that the higher 

concentration of activity in free enzymes, compared to enzyme coronas, is due to the 

structure and concentration of enzymes to NPs.  
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Figure 3-5: Comparing the proteolytic activity free enzymes and enzyme coronas on 

PS nanoparticles. PS (1 mg/ml) was incubated with (A) trypsin (1 mg/mL) or (C) 

papain (1 mg/mL). The enzyme activity of the free protein, mixture and corona were 

measured with a fluorescent enzyme assay (Pierce Fluorescent Protease Assay; n=3 

distinct samples). Solid lines show the mean and shading shows the standard 

deviation. (B) Active enzyme concentration of free trypsin compared to trypsin-PS. 

(D) Active enzyme concentration of free papain compared to papain-PS. Significance 

was calculated using a t-test. ** p < 0.01, **** p < 0.0001 

3.4 Conclusions 

This work analyzes the interactions between cysteine and serine protease and 

nanomaterials. Our experiments aim to model a MWCNT manufacturing setting, in 

which interactions between HDM and MWCNTs are highly probable. We quantified the 

active enzyme concentration of HDM, a serum consisting various proteins including 

cysteine and serine proteases, when free in solution, mixed with MWCNTs, and 
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adsorbed on to the surface of MWCNTs (Figure 3-1). The results from this comparison 

showed that a mixture of HDM and MWCNTs, at equal concentrations, contained the 

highest concentration of active enzymes. HDM-MWCNT contained the lowest 

concentration of active enzymes. Cysteine and serine proteases in HDM are responsible 

for allergic inflammation.156–158 A decrease in protease activity indicates that adsorption 

of HDM onto MWCNTs will not exacerbate allergic airway diseases caused by HDM 

proteins. 

Isolated cysteine and serine protease interactions with MWCNTs were 

investigated by comparing the active concentration enzyme concentration of papain-

MWCNTs against free papain and trypsin-MWCNT against free trypsin (Figure 3-3). A 

higher concentration of active enzymes was measured for the free enzyme samples 

compared to the low concentrations of active enzymes in the enzyme-MWCNT coronas. 

Replacing the nanomaterial with PS to determine if the low concentration of active 

enzymes in MWCNTs coronas was due to materials, resulted in similar results to those 

of enzyme-MWCNTs (Figure 3-5). The lack of high enzyme activity in both enzyme-

MWCNT and enzyme-PS coronas was likely due to the structure of papain and trypsin 

enzymes. The future direction of enzyme-MWCNT interactions could entail using 

functionalized MWCNTs as the nanomaterial of interest.  
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4. Concentration of protein coronas on purified and 

functionalized MWCNTs as a function of initial protein 

concentration 

We investigate the effects of inhaling pristine, purified, and functionalized 

MWCNTs by analyzing the adsorption of BSA, a representative lung fluid protein. The 

adsorption of HDM proteins onto pristine and purified MWCNTs was also analyzed to 

understand how HDM interacts with various types of MWCNTs. A colorimetric assay 

was used to measure the concentration of protein adsorbed onto the surface of 

MWCNTs. Gel electrophoresis was used to compare the composition of HDM coronas 

on pristine and purified MWCNTs. A linear relationship between initial BSA protein 

concentration and adsorption was observed only for pristine MWCNTs. The results 

from the purified and functionalized MWCNTs indicate that there is a possible 

maximum amount of protein that can adsorb onto the surface. This maximum is not the 

same across all the MWCNTs. HDM coronas formed on pristine, CP, and TP MWCNTs 

all revealed abundance of a 15 kDa protein, likely Der p 2. These findings highlight the 

potential influence of MWCNT surface properties on protein corona and the 

downstream effects of inhalation and exposure to HDM. 

4.1 Introduction  

Commercial scale manufacturing of MWCNTs utilizes various methods of 

catalytic vapor deposition. This results in MWCNTs that typically contain below 2 wt% 

of impurities. These impurities are remnants of transition metals used as a catalyst, such 
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as aluminum and nickel.41 Thermal and chemical purification processes are used to 

remove impurities such as amorphous carbon, multishell carbon nanocapsules, and 

residual catalyst metals.159,160 Following purification, MWCNTs can by functionalized 

with carboxyl or amine groups. Plasma functionalization of thermally purified (TP) 

MWCNTs can be used to achieve carboxyl functionalized TP MWCNTs (TP+COOH) and 

amine functionalized TP MWCNTs (TP+NH2) as a relatively non-disruptive method.159 

Chemically purified (CP) MWCNTs can also be functionalized with carboxyl 

(CP+COOH) or anime (CP+NH2) groups. These variation from pristine MWCNT are 

depicted in Figure 4-1.  

 

Figure 4-1: Schematic of the types of MWCNTs, including pristine, purified and 

functionalized varieties. The manufacturer name is included for each MWCNT in 

parenthesis.   

As MWCNT become more widely utilized, understanding the biological 

implications of exposure to this nanomaterial becomes critical. Inhalation of MWCNTs is 
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one of the exposure pathways of primary concern. Previous studies have characterized 

the pulmonary toxicity of MWCNTs using animal models.45,60 Moreover, in a 

manufacturing and consumer setting, MWCNTs could encounter and interact with 

house dust mites (HDM). Given that HDM causes allergic airway disease, such as 

allergies in 1-2% of the global population, and the ubiquity of HDM in an indoor 

environment, further investigating the interaction between MWCNTs and HDM is 

important.161,162  

Surface functionalization can affect the hydrophobicity, polydispersity, and the 

protein corona of MWCNTs.148,163 Previous work has shown that carboxylated 

nanoparticles (NPs) yield a higher adsorption of proteins onto the surface.164 To 

understand how purification and functionalization of MWCNTs interact with proteins, 

specifically lung fluid proteins, we incubated 7 types of MWCNTs with varying 

concentrations of albumin (BSA), the most abundant protein in lung fluid, and measured 

the concentration of BSA adsorbed. We additionally compared the concentration and 

composition of HDM adsorbed onto the surface of pristine and purified MWCNTs.  

4.2 Materials and Methods  

4.2.1 MWCNT characterization 

 Pristine (NC7000), purified (NC3100, NX7000), and functionalized (NC3151, 

NC3152, PlacylCOOH, PlaclyNH) MWCNTs (Nanocyl, Sambreville, Belgium) were used for 

all experiments. Stock solutions of MWCNTs were prepared by suspending dry 

MWCNTs (10 mg mL-1) in 1X phosphate buffered saline (PBS; 21300025, Thermo Fisher). 
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Solutions were sonicated for five minutes with a cup horn sonicator (40% amplitude; 

Q500 Sonicator, Q Sonica, Newtown, CT) to help suspend the MWCNTs. 

4.2.2 Protein corona formation and concentration  

The protein corona formation method on MWCNTs has been described 

previously in Chapter 2. The proteins used in experiments included house dust mite 

serum (Dermatophagoides pteronyssinus, XPB91D3A2.5, Lot 394845, Stallergenes Greer, 

Lenoir, NC) and bovine serum albumin (BSA; A2153-50G, Sigma-Aldrich, St. Louis, 

MO). 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 bound proteins results in a “hard” corona. 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). 

4.2.3 Gel electrophoresis 

The compositions of the protein coronas were visualized using gel 

electrophoresis. Protein–MWCNT complexes were resuspended in Laemmli SDS-sample 

buffer (4×, 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 



 

53 

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 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). 

4.3 Results and Discussion  

4.3.1 Albumin adsorption on pristine, purified, and functionalized 

MWCNTs 

The concentration of BSA proteins the adsorb onto the surface of pristine, 

purified, and functionalized MWCNTs was quantified using a 660 protein assay (Figure 

4-2). All 7 types of MWCNTs (1 mg mL-1) were incubated with increasing concentrations 

of BSA (0.1 – 2.0 mg mL-1). For these experiments, incubation time was kept at 30 

minutes. The resulting concentration of BSA adsorbed onto pristine MWCNTs increased 

linearly from 0.1 – 2.0 mg mL-1 (Figure 4-2B). The protein increased by 11.0 ug mL-1 

MWCNT as the concentration of BSA increases by 1 mg mL-1. The other MWCNT 

coronas (CP, TP, CP+COOH, CP+NH2, TP+COOH, TP+NH2) did not follow a similar 

linear trend. BSA adsorbed onto CP MWCNTs was similar at lower concentrations (0.1 

mg mL-1 to 0.5 mg mL-1). There was an increase in BSA adsorption when the BSA 

concentration was increased from 0.1 mg mL-1 to 0.75 mg mL-1. Adsorption between 0.75 

mg mL-1 – 2.0 mg mL-1 yielded similar results. The amount of BSA adsorbed on CP 



 

54 

MWCNTs increases when the initial concentration of BSA concentration is increased by 

~10-fold. The carboxyl functioned CP MWCNTs results demonstrated that coronas at an 

initial concentration of BSA 2.0 mg mL-1 contained the highest amount of protein. Initial 

concentrations of BSA from 0.1 – 1.5 mg mL-1 yielded coronas of similar μg protein/mg 

MWCNT. For CP+NH2, significant increases in protein adsorption were found when the 

incubation concentration was increased from 0.1 – 0.25 mg mL-1 to 2.0 mg mL-1. This 

suggest that in order to achieve a corona with a higher amount of protein on CP+NH2, 

the incubation concentration must be increased by at least 8-fold. There were no 

observable trends in protein adsorption were identified for TP and TP+COOH at 

incubation concentrations from 0.1 – 2.0 mg mL-1. In contrast, TP+NH2 indicated that 

BSA adsorption from incubation concentrations between 0.1 – 1.0 mg mL-1 were 

comparable, yet this group contained less protein than coronas with incubation 

concentration from 1.5 – 2.0 mg mL-1. Overall, each type of MWCNT exhibited a 

different relation between incubation concentration and corona concentration. Previous 

studied have investigated the effects of increasing the incubation concentration on the 

final corona concentration.118,120,165,166 For example, carboxylate-modified iron oxide NPs 

were incubated with increasing concentrations of fetal bovine serum, which resulted in 

increasing corona concentrations.165  
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Figure 4-2: Protein concentration of the HDM corona formed on pristine, purified, and 

functionalized MWCNTs. (A) Comparing the concentration of a corona formed by 

incubating MWCNTs (1 mg mL−1) were incubated with increasing concentrations of BSA 

(0.25 mg mL−1 - 1 mg mL−1). The concentration of the resulting corona was measured with a 

colorimetric protein assay (660 nm assay; n = 3 distinct samples). (B) Protein concentration 

of the resulting (B) pristine, (C) CP, (D) CP + COOH, (E) CP + NH2, (F) TP, (G) TP + 

COOH, and (H) TP + NH2 corona. Significance was calculated using an ANOVA with 

a post hoc Tukey test. ns = not significant not shown, ** p < 0.1, ** p < 0.01 
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4.3.2 HDM forms a corona on thermally and chemically purified MWCNTs  

To further analyze the adsorption of protein on pristine, CP, and TP MWCNTs, 

HDM (1 mg mL-1) was incubated with 1 mg mL-1 of MWCNTs (Figure 4-3). The 

concentration of HDM adsorbed onto pristine, CP, and TP MWCNTs was similar. HDM 

adsorbed at a range of 11 – 15 g mL-1 MWCNT between all three types of MWCNTs. As 

we have previously reported, HDM is complex mix of various proteins, which can result 

in relatively low concentration of protein adsorbed.143  Additionally, a previous study 

observed that there were changes in corona concentration between pristine and 

functionalized MWCNTs due to the changes in surface charge, which would affect the 

electrostatic interaction between proteins and MWCNTs.167,168 The surface charge of 

between pristine and purified MWCNTs has been observed to similar, which would 

offer a possible explanation for the similarities in HDM adsorption between pristine, CP, 

and TP MWCNTs.169   
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Figure 4-3: Protein concentration of the HDM corona formed on pristine, CP, and TP 

MWCNTs. (A) All 3 types of MWCNTs (1 mg mL−1) were incubated with increasing 

concentrations of HDM (1 mg mL−1). 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. (B) Protein concentration of 

the resulting corona. Significance was calculated using an ANOVA with a post 

hoc Tukey test. ns = not significant. 

4.3.3 Composition of HDM coronas on pristine and purified MWCNTs 

The composition of HDM (1 mg mL-1) incubated with pristine, CP, and TP 

MWCNTs (1 mg mL-1) was visually compared using gel electrophoresis (Figure 4-4). In 

comparison to HDM protein, all 3 HDM-MWCNT showed an increase in the band ~15 

kDa. We previously identified a 15 kDa protein in HDM-MWCNT as Der p 2.143 There 

were no notable differences between the pristine and purified MWCNTs observed on 

the gel. Given the similarities in composition and concentration of HDM proteins 

between the pristine and purified MWCNTs, it is possible that purification does not 

impact the interactions between HDM and MWCNTs. Moreover, the increase in the 15 

kDa band suggests that purified HDM-MWCNT are dominated by Der p 2. 



 

58 

 

Figure 4-4: Gel electrophoresis used to compare the composition of HDM corona on 

pristine, CP, and TP MWCNTs. Arrow highlights the darkest band at ~15 kDa. 

4.4 Conclusions   

To study the effects of inhaling pristine, purified, and functionalized MWCNTs, 

we analyzed the concentration of BSA adsorbed to the surface of various MWCNTs. BSA 

was used as representative protein for lung fluid. The protein concentration of BSA-

MWCNT coronas was analyzed as a function of initial protein concentration. The 

concentration of BSA proteins the adsorb onto the surface of pristine, purified, and 

functionalized MWCNTs was unique to each type of MWCNT. A linear relationship 

between the initial protein concentration and the concentration of protein adsorbed was 

found only using pristine MWCNTs. The concentration of protein adsorbed did not vary 

significantly when the initial concentration of protein was increased for TP and 

TP+COOH MWCNTs. This could have been due to the variance within sample groups. 
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More samples would need to measure in order to understand if the lack of a trend is an 

attribute of TP and TP+COOH MWCNTs.  

In addition of BSA proteins, the concentration of HDM proteins on pristine, CP, 

and TP MWCNTs was compared. There were no statically significant differences 

between the concentration of HDM adsorbed on to each type of MWCNTs. Composition 

of the coronas was also compared across pristine, CP, and TP MWCNT using gel 

electrophoresis. Although no notable differences were found, a 15 kDa band was shown 

in relatively high abundance in all coronas. Based on previous results, this band 

indicated an abundance of Der p 2 proteins in the coronas. Proteomic analysis of HDM-

MWCNT, using purified and functionalized MWCNTs would provide greater insight to 

the effects of surface modification on the composition of MWCNT corona.   
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5. Indium tin oxide based nanofluid for laser lithotripsy 

treatment2 

Laser lithotripsy, a common procedure for the treatment of kidney stones, can cause 

thermal damage to kidney and surrounding tissues. We present the use of nanofluid to 

mitigate thermal damage. The proposed nanofluid is comprised of indium tin oxide-

silica nanoparticles (ITO@SiO2 NPs). For clinical applications, the nanofluid must ensure 

optical visibility for endoscopic procedures and biological safety. We analyze the 

stability of ITO@SiO2 NPs in solution by measuring indium and tin concentrations in 

supernatant samples using inductively coupled plasma mass spectrometry (ICP-MS). 

The presence of indium and tin ions in the supernatants would indicate NP 

disintegration. To evaluate the stability of ITO@SiO2 NPs after laser exposure, ITO@SiO2 

NPs were irradiated with a Ho:YAG laser at 0.2 J/20 Hz for 1000 pulses. Concentrations 

of indium and tin in these samples were also measured. The results confirm that 

ITO@SiO2 NPs remained stable in solution post-synthesis and after laser exposure. The 

cytotoxicity of bare ITO and ITO@SiO2 NPs was tested on murine epithelial cells using 

an MTT assay. Cells were exposed NPs at a concentration of 0.25 wt%, selected for its 

optical transparency, for 1 hour or 24 hours. After 1 hour and 24 hours, cells remained 

healthy after exposure to both bare and silica coated ITO NPs. These studies present a 

 

2 The research in this chapter was done as a collaboration with Qingsong Fan, Junqin Chen, Judith 

Dominguez and Professors Christine Payne, Pei Zhong and Po-Chun Hsu. 
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promising a nanofluid, to be used alongside laser lithotripsy, for the treatment of kidney 

stones.  

5.1  Introduction 

Urinary stone disease (USD), also known as kidney stones, is a common disorder 

that approximately 13% of men and 7% of women will be diagnosed with in the United 

States.170 Kidney stones can vary in size, shape, and chemical compositions.171 The most 

common type of stones are calcium oxalate and calcium phosphate stones.172 USD 

symptoms are related to the stone location, which can be located in the kidney, ureter, or 

urinary bladder. The main symptom is pain, which can range from mild to severe pain 

in areas such as the lower abdomen and back.173  The three most common treatments for 

kidney stones include extracorporeal shock wave lithotripsy (ESWL), rigid or flexible 

ureteroscopic stone fragmentation and retrieval (URS) and percutaneous surgery.174   

URS is the preferred method for treating ureteral and renal stones <20 mm.53,175 In 

1992, Ho:YAG laser lithotripsy became the ideal method for stone ablation during 

URS.56,176 The advantages of the Ho:YAG laser include: 1) ability to effectively fragment 

various types of stones; 2) the thin (200 m) and flexible fibers have limited energy 

losses; 3) low risk of tissue damage because of the high adsorption coefficient of the laser 

in water; 4) can be used for soft tissue applications.55,177–181 Even though Ho:YAG laser 

lithotripsy is an effective treatment for kidney stones, there are concerns are still concern 
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regarding thermal damage. Previous studies have reported significant temperature 

increases in the kidney conduits, through which urine passes.182–184  

In this study, we integrate a ITO@SiO2 nanofluid to Ho:YAG laser lithotripsy to 

reduce temperature increases that could damage surrounding tissues. ITO nanoparticles 

have a high optical transmission (>80%) in the visible region.185,186 This makes an ITO 

nanofluid ideal for URS because it offers a minimal obstructed view during the 

procedure. ITO is also known to have a high thermal tolerance, which would allow the 

nanofluid to withstand the temperatures of Ho:YAG laser pulses. The experiments 

presented aim to test the stability of ITO@SiO2 in solution and after laser exposure. We 

also test the cytotoxicity of bare and ITO@SiO2. 

5.2 Materials and Methods 

5.2.1 Inductively coupled plasma mass spectrometry (ICP-MS) 

ITO@SiO2 nanoparticles were synthesized by the Hsu Group at the University of 

Chicago. To measure concentrations of indium and tin in ITO@SiO2 supernatants, 

centrifugation or dialysis were used to separate NPs and supernatants. ITO@SiO2 (1 

wt%) samples were washed by centrifugation (15 min, 4 °C, 14 000 rpm) 3x. After each 

wash, the supernatant was collected filtered using 10 kDa spin columns with 10kDa 

pores (#431478, Corning, Corning, NY) to remove remaining NPs in the solution. 

Dialysis was also used to separate nanoparticles from the supernatant by loading 

ITO@SiO2 (1 wt%) to a 100 kDa dialysis device with a 100 kDa pore membrane 

(#G235035, Repligen, Rancho Dominguez, Ca). The dialysis device was prepared using 
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manufacturer specification. The sample was dialyzed at RT for 12 hours, and the 

supernatant was collected.  

Residual indium and tin concentrations were also measured after ITO@SiO2 were 

irradiated using a holmium (Ho):YAG laser (0.2 J/20 Hz, 1000 pulses). Samples were 

centrifuged (15 min, 4 °C, 14 000 rpm), and supernatants were collected. The 

concentrations of indium and tin in irradiated supernatant samples were compared 

against irradiated nanoparticle samples and non-irradiated supernatants. ICP-MS (7900; 

Agilent) was used to measure indium and tin concentrations in all samples. 

5.2.2 Cell culture 

 A murine epithelial cell line (mIMCD-3, ATCC, Manassas, VA) was used for all 

experiments. Cells were cultured in Dulbecco’s Modified Eagle Medium/Hams F-12 

(DMEM/F-12; pH 7.4, #11320033, Thermo Fisher, Waltham, MA), supplemented with 10 

% fetal bovine serum (FBS, #10437028, Thermo Fisher). Cells were grown at 5% CO2 at 37 

°C and passaged upon reaching 80% confluency with a maximum passage number of 20. 

5.2.3 MTT assay 

 MIMCD-3 cells were seeded onto sterile 24-well plates (#3524, Corning Inc, 

Corning NY) at a density of 150,000 cells per well. The cells were cultured overnight and 

incubated with ITO@SiO2 (0.25 wt.%) for 1 h or 24 h. Control cells were incubated in 

DMEM/F-12 media for the duration of the treatment. Incubation with Triton X-100 (10% 

in Dulbecco’s Phosphate Buffered Saline (PBS), 30 s exposure; X100-100ML, Millipore 
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Sigma, Burlington, MA) was used to damage cells, serving as a positive control. Cells 

were washed 3 times in PBS (pH 7.3-7.5, #28374, Thermo Fisher). Cells were incubated in 

DMEM (300 µl; #31053028, Thermo Fisher) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT, 0.5 mg ml-1, #V13154, Thermo Fisher) for 1 h. Media was 

aspirated, and cells were incubated in dimethyl sulfoxide (300 µl; DMSO, #D8418, 

Millipore Sigma) for 10 minutes in the dark. DMSO was transferred into a clear 96-well 

plate (#82050, VWR, Radnor, PA) and absorbance was measured at 580 nm using a plate 

reader (SpectraMax iD3, Molecular Devices, San Jose, CA). 

5.3 Results and Discussion  

5.3.1 ITO@SiO2 nanoparticles are stable in solution  

ITO@SiO2 nanoparticles were suspended in water after synthesis. The ITO@SiO2 

NPs were created ensuring colloidal stability. To investigate if the NPs were 

deteriorating while in solutions, we measured the concentrations of indium and tin 

present in supernatant samples. Supernatants were collected using two methods: 

centrifugation (Figure 5-1A) and dialysis (Figure 5-1B). ICP-MS was used to measure the 

concentrations of indium and tin in each sample.  
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Figure 5-1: Measuring indium and tin in ITO@SiO2 supernatant. Methods used 

included (A) washing nanoparticles by centrifugation x3 and (B) by using a dialysis 

device. 

Low concentrations of indium (12.0 µg/L) and tin (1.94 µg/L) were found in the 

first filtered wash (Table 5-1: Indium and tin concentrations in each sample collected by 

separating the nanoparticles from the supernatant using centrifugation and a dialysis 

device.. The second and third washes that followed contained concentrations that were 

below the limit of detection of the instrument. From this, we can infer that the first 

filtered wash contained nanoparticles that were able to permeate the spin column 

membrane. The remaining nanoparticles were caught by spin columns used to filter the 

second and the third wash. Indium and tin were also not detected in the supernatant 

collected using dialysis (Table 5-1). The undetectable concentrations of indium and tin 

confirm ITO@SiO2 nanoparticles do not dissolve in water after synthesis.  

Table 5-1: Indium and tin concentrations in each sample collected by separating the 

nanoparticles from the supernatant using centrifugation and a dialysis device. 

  [Indium] (µg/L) [Tin] (µg/L) 

Centrifuging 

Filtered wash 1 12.0 1.94 

Filtered wash 2 <1.00 <1.00 

Filtered wash 3 <1.00 <1.00 

Dialysis Supernatant <1.00 <1.00 
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5.3.2 Indium and tin are not released from ITO@SiO2 nanoparticles 

following irradiation 

The laser lithotripsy procedure will require the ITO@SiO2 to withstand the 

energy and frequency needed to fragment kidney stones. The structure of the ITO@SiO2 

nanoparticles must be retained to avoid the release of indium and tin into the kidneys. 

We investigated the effects of laser exposure by irradiating 1 wt% of ITO with a Ho:YAG 

laser at 0.2 J/20 Hz for 1000 pulses. After irradiation, the composition of the 

nanoparticles and the supernatant were analyzed using ICP-MS (Figure 5-2). The 

supernatant was collected by centrifuging the irradiated to separate the nanoparticles 

from the suspension solution. Concentrations of indium and tin were compared against 

the supernatant of a non-irradiated sample, as a control. Additionally, the concentration 

of indium and tin in a sample of an irradiated ITO@SiO2 nanoparticles was measured to 

contextualize the concentrations in the supernatants.  

 

Figure 5-2: Schematic of collecting supernatant and ITO@SiO2 following irradiation. 
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Indium and tin concentrations in supernatant from irradiated samples were 

similar to the concentrations in the control supernatant (Table 5-2). The concentration of 

tin in the supernatant of irradiated samples was 3.0 ± 0.1 mg L-1 compared to 3.6 ± 0.1 mg 

L-1 in the control supernatant. Likewise, the concentration of indium between irradiated 

(38.1 ± 1.9 mg L-1) and control (39.1 ± 2.0 mg L-1) supernatants are comparable. 

Furthermore, the concentrations of indium and tin in the irradiated supernatant are over 

100x lower than the concentrations measured in the irradiated nanoparticles. This 

demonstrates that the concentrations of indium and tin measured in the irradiated NP 

samples were from intact ITO@SiO2 NPs, rather than the decomposition of the NPs into 

indium and tin (elemental) fragments. The presence of both elements in the control and 

irradiated supernatants indicated that there was likely trace amounts ITO@SiO2 NPs that 

were unable to remain a part of pellet formed by centrifugation. Because there is no 

filtering process following the introduction of the sample into the ICP-MS instrument, 

the instrument measured the concentration of indium and tin in the trace amounts of 

ITO@SiO2 NPs, rather than any decomposition of the NPs. It is important to understand 

the dissolution behavior of this nanofluid, especially in the context of laser interactions. 

Decomposition of the NPs can affect the toxicity of the fluid to surrounding tissues. 

Therefore, investigating the composition of ITO@SiO2 following irradiation will allow us 

to understand the biological effects of using this nanofluid during laser lithotripsy. 

 



 

68 

Table 5-2: Concentration of indium and tin in supernatant and NPs following 

irradiation. A Ho:YAG laser was used at 0.2 J/20 Hz for 1000 pulses. Irradiated 

samples were compared to a control supernatant (n=2 for each condition). 

 Control Irradiated 
 Supernatant Supernatant Nanoparticles 

Tin (mg/L) 3.6 ± 0.1 3.0 ± 0.1 326.3 ± 0.9 

Indium (mg/L) 39.1 ± 2.0 38.1 ± 1.9 6279.6 ± 7.6 

 

5.3.3 Cells health is maintained following exposure to bare ITO 

nanoparticles  

The toxicity of ITO NPs without a silicon dioxide (SiO2) coating (bare ITO) must 

be investigated before the application of ITO@SiO2 in clinical practices. The ITO NPs 

used designed for laser lithotripsy treatment will have a SiO2 coating. In the case, that 

the thickness of coating is becomes inconsistent during the synthesis process or that the 

coating is damaged during the treatment, we need to analyze the biological effects of 

bare ITO NP exposure. We incubated murine epithelial cells with a 0.25 wt% bare ITO 

solution for 1 hour and 24 hours. The cell viability results from the experiment are 

summarized in Figure 5-3. Should the SiO2 coating on the ITO@SiO2 NPs become 

damaged, the bare ITO NPs demonstrate a non-significant amount of toxicity to human 

kidney tissues. 
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Figure 5-3: Viability of mIMCD-3 cells, measured with a MTT assay, after incubation 

with 0.25 wt% bare ITO. Exposure to triton X-100 (10% in PBS, 30 s) was used as a 

positive control to decrease cell viability. (A) 1 h incubation. (B) 24 h incubation. 

Significance was measured using a 1-way ANOVA with Dunnett’s multiple 

comparisons post hoc. ns – not significant. 

5.3.4 Cells remain healthy after interactions with ITO@SiO2 NPs  

The nanoparticles intended to be utilized during laser lithotripsy treatments are 

ITO@SiO2. In order for these particles to be used during treatments, the nanofluid must 

allow for physician to maintain optical view of the kidney cavity with an endoscope and 

it must be biologically safe. Optical transparency was achieved at concentrations of 0.25 

wt% and lower. Biocompatibility was addressed by the addition of a SiO2 coating on the 

ITO NPs. We tested the viability of murine epithelial (mIMCD-3) cells 0.25 wt% 

ITO@SiO2 after a 1-hour and a 24-hour incubation. The duration for laser lithotripsy 

procedures will typically not exceed 1 hour. Therefore, testing a 24-hour incubation 



 

70 

serves as a benchmark for an extreme condition. The results demonstrated that the cell 

viability was not significantly affected by 1-hour or 24-hour interactions with 0.25 wt% 

ITO@SiO2 (Figure 5-4). Given the duration of laser lithotripsy and the moderate 

concentration, the use of ITO@SiO2 suggests limited toxicity to kidney tissues.  

 

Figure 5-4: Viability of mIMCD-3 cells, measured with a MTT assay, after incubation 

with 0.25 wt% ITO@SiO2. Exposure to triton X-100 (10% in PBS, 30 s) was used as a 

positive control to decrease cell viability. (A) 1 h incubation. (B) 24 h incubation. 

Significance was measured using a 1-way ANOVA with Dunnett’s multiple 

comparisons post hoc. ns – not significant. 

5.4 Conclusions 

The nanofluid designed to reduce thermal damage to tissues surrounding the 

kidneys during laser lithotripsy treatments consists of ITO@SiO2 NPs. To determine the 

stability of the ITO@SiO2 NPs in solution, we measured the concentrations of indium 
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and tin in the supernatant samples. The absence of detectable indium and tin 

concentrations in the supernatant confirms that ITO@SiO2 NPs remain stable and do not 

dissolve in water after synthesis. The stability of ITO@SiO2 nanoparticles was 

investigated after laser exposure by irradiating 1 wt% of ITO@SiO2 nanoparticles with a 

Ho:YAG laser at 0.2 J/20 Hz for 1000 pulses. Results showed that the structure ITO@SiO2 

NPs were unharmed after laser exposure.  

We also tested the cytotoxicity of bare ITO and ITO@SiO2 nanoparticles on 

murine epithelial cells. If the SiO2 coating on the ITO@SiO2 nanoparticles is damaged, 

the exposed ITO NPs exhibit minimal toxicity to human kidney tissues. A concentration 

of 0.25 wt% was used for cytotoxicity test because of the optical transparency of this 

concentration. For the nanofluid to be effective during laser lithotripsy, the nanofluid 

must enable the physician to maintain an optical view of the kidney cavity using an 

endoscope, while also ensuring biological safety. The results for both bare and silica 

coated ITO NPs revealed minimal cell toxicity at 0.25 wt%. Future experiments should 

focus on examining the possibility of internalization of ITO@SiO2 by cells, characterizing 

the interactions of ITO@SiO2 with synthetic urine, and measuring the cytotoxicity of 

ITO@SiO2 at increasing concentrations.  
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6. Conclusion  

6.1 Summary Work 

One goal of this work was to model real-world exposure to MWCNTs by 

examining the interaction between HDM proteins and MWCNTs. Using a combination 

of XPS, gel electrophoresis, protein concentration assays, western blotting, and 

proteomics, we observed that HDM proteins adsorb onto the surface of MWCNTs, 

forming a protein corona. The protein corona formed will dictate the biological response 

to nanomaterials. We hypothesize that the HDM corona will influence the cellular and in 

vivo response to HDM–MWCNT interactions. Our findings show that Der p 2, a major 

HDM allergen, becomes highly concentrated on the MWCNT surface. Der p 2 remains 

abundant even after HDM-MWCNT interact with BALF or BSA, a representing lung 

fluid protein. This suggests that lung fluid is unlikely to mitigate the physiological 

response triggered by the high concentration of Der p 2.  

We aimed to understand the allergic potential of the Der p 2 abundant HDM 

corona by analyzing the enzyme activity of interactions between HDM and MWCNTs. 

HDM contains cysteine and serine proteases, enzymes that break down protein, that 

contribute to the pathophysiology of allergic airway diseases when active. To quantify 

the activity of these proteases, we measured the enzyme concentration of HDM free in 

solution, HDM mixed with MWCNTs, and HDM adsorbed on to the surface of 

MWCNTs. The results from this comparison showed that HDM-MWCNT contained the 

lowest concentration of active enzymes, which could suggest that HDM adsorbed on to 
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MWCNTs will not exacerbate allergic airway diseases. Isolated cysteine and serine 

protease interactions with MWCNTs and PS NPs were also investigated by comparing 

the active concentration enzyme concentration of free enzymes against the active 

enzyme concentration of the proteases adsorbed onto each nanomaterial. Free enzymes 

contained a higher concentration of active compared to enzyme coronas. Lack of high 

enzyme activity in both enzyme-MWCNT and enzyme-PS coronas suggests the 

structure of papain and trypsin proteases contributed to loss of enzyme activity along 

with the electrostatic interactions between the enzymes and nanomaterials.  

To study the effects of inhaling MWCNTs, we analyzed the concentration of 

albumin adsorbed to pristine, purified, and functionalized MWCNTs. The protein 

concentration albumin coronas were analyzed as a function of initial protein 

concentration. The concentration of albumin proteins on the surface of pristine, purified, 

and functionalized MWCNTs was unique to each type of MWCNT. In addition of BSA 

proteins, the concentration of HDM proteins on pristine, CP, and TP MWCNTs was 

compared. There were no statically significant differences between the concentration of 

HDM adsorbed on to each type of MWCNTs. Composition of the coronas was also 

compared across pristine, CP, and TP MWCNT using gel electrophoresis. Although no 

notable differences were found, a 15 kDa band, likely Der p 2, was shown in relatively 

high abundance in all coronas.  

A final aim of this work was to demonstrate the potential nanomaterials have 

toward advancing medical treatments. We characterized indium tin oxide nanoparticles 
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coated with silica dioxide (ITO@SiO2 nanofluid) to reduce thermal damage during 

kidney stone laser lithotripsy. Stability tests showed no evidence of nanoparticle 

disintegration in solution or under extreme laser exposure. Cytotoxicity testing at 0.25 

wt% indicated low risks to cell viability. These findings suggest MWCNT interactions 

with lung proteins and allergens are complex, and that ITO@SiO2 nanofluid is 

promising for lithotripsy, demonstrating the versatile applications and relative safety of 

nanomaterials.  

6.2 Future Work 

Future work will extend to analyzing allergen adsorption on MWCNTs 

following common purification methods and chemical functionalizations to determine if 

these results are general. Proteomic analysis of HDM-MWCNT, using purified and 

functionalized MWCNTs would provide greater insight to the effects of surface 

modification on the composition of MWCNT corona. Experiments should also focus on 

examining the possible of internalization of ITO@SiO2 by cells, characterizing the 

interactions of ITO@SiO2 with synthetic urine, and measuring the cytotoxicity of 

ITO@SiO2 at increasing concentrations. 
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