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Abstract 

Nanoparticles are currently used in a wide range of applications including industrially 

processes, consumer products, and as drug delivery vehicles. The potential toxicity of these 

nanoparticles in living organisms is concerning due to their ever-expanding applications and 

accumulation in the environment. The effects of properties of the human body on the potential 

harmful nature of these nanoparticles must be understood in order to ensure safety in workplaces 

and at-home products. 

 In this thesis, the interactions between nanoparticles and the most abundant blood protein, 

serum albumin, were investigated. The effects of changing the aqueous environment was 

investigated over a range of different pH values and with different ionic salts dissolved in water. 

The effects of changing the nanoparticle substrate were investigated to determine if different 

nanoparticles affect proteins differently. Finally, the effects of changing the concentration of 

nanoparticles and the presence of protein were investigated in a model lung cell line in vitro. 

 The studies over different pH values revealed that serum albumin was able to adsorb to the 

silica nanoparticle surface, and retained its secondary structure both as a function of pH and 

adsorption in a 2-hour time frame. However, adsorption was greater on the titanium dioxide 

nanoparticle surface and the protein lost secondary structure at acidic pH (pH 2.0). Studies with 

different ionic salts revealed a possible correlation between BSA adsorption and nanoparticle 

aggregation in that the attractive interactions between nanoparticles were least when the least 

amount of protein was adsorbed to the nanoparticle surface. In vitro studies with A549 human 

adenocarcinoma lung cells were inconclusive in determining the potential toxicity of these 

nanoparticles, but preliminary results suggested that the addition of protein to the system decreased 

toxicity compared with nanoparticles alone. This research aims to inform the field of 
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nanotechnology via investigating the safety and efficacy of nanoparticles before they reach the 

consumer.  
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Public abstract 

The field of nanotechnology is rapidly growing and utilizes tiny particles for unique 

functions. The scientific advances in the field have led to an increase in nanoparticles used in 

common household products including: sunscreen, paints, and long-acting prescription drugs. 

However, harmful effects these nanoparticles may have on human health are widely unknown. The 

goal of this research is to investigate the properties of nanoparticles in the presence of the most-

abundant blood protein to improve the understanding of nano-bio interactions. Studies were 

completed using a variety of aqueous solutions and comparing properties such as nanoparticle 

aggregation, protein adsorption to the nanoparticle surfaces, and the protein structure to determine 

whether these nanoparticles are harmful to biological components. 

Silicon dioxide (silica) nanoparticles were chosen because they are used in all of the 

aforementioned products. The protein bovine serum albumin (BSA) was added to silica systems 

to investigate changes in the properties of the nanoparticles. Additionally, a model lung cell was 

used to determine the responses of the smallest living component to the human body. The results 

from this study suggest that silica nanoparticles are not harmful to human cells in low doses for 

short exposure times. 
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Chapter 1 Introduction 

1.1 Properties and applications of nanoparticles  

Nanotechnology offers many opportunities for improving materials and industries due to 

the unique properties at the nanoparticle surface. Nanoparticles are defined as particles with at 

least one dimension on the scale of 1 – 100 nm [1]. Due to their small size, nanoparticles behave 

differently than their bulk counterparts [2], and even particles in the micrometer size range [3]. 

These particles have a high surface area to volume ratio, resulting in a large amount of surface free 

energy [1, 4]. The surface properties of nanoparticles results in a wide range of applications, which 

are constantly growing and broadening [5, 6]. These applications can further be tailored by 

changing particle size and shape, as well as functionalizing nanoparticle surfaces [7-10].  

Nanoparticles may come from natural sources, including volcanic eruptions, forest fires, 

dust storms, and oceans [3, 11]. They may also come from man-made sources, such as diesel 

exhaust, drug delivery vehicles, cigarette smoke, or be made intentionally for various industries 

[3, 5, 11]. The disposal of these nanoparticles is not well controlled, and they may remain in the 

environment for long periods of time [5, 12-14]. As such, there is great potential for nanoparticles 

to interact with living organisms [12, 13, 15, 16], and their potential effects on human health are 

of increasing interest [2, 17]. 

Among the major disadvantages to increased nanoparticle use is their accumulation in solid 

and aqueous environments [5, 16]. In aqueous environments, metal and metal oxide nanoparticles 

may undergo dissolution and leach metal ions [4, 18-21]. They may also undergo aggregation, 

increasing the overall particle diameter, and decreasing nanoparticle stability in solution [4, 20-

23]. Intact nanoparticles have a complex surface morphology arising from different crystalline 
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structures, and as such, these particles have highly reactive surface sites [4]. This variety of crystal 

planes also increases the available surface energy at the surface of these nanoparticles [1, 4]. A 

number of more recent studies have also noted an increase in surface enthalpy of certain metal 

oxide nanoparticles, in addition to the increased surface energy [24, 25]. The increase in surface 

enthalpy of these particles, increases the affinity for other molecules towards the particle surface 

[24, 25].  

Engineered, or man-made, nanoparticles may be intentionally designed for human use. 

These materials include titanium dioxide in food additives [26], iron oxides for magnetic resonance 

imaging (MRI) [27], nano-silver for antimicrobial and biosensing applications, nano-gold for 

biosensing and drug delivery [27], and silicon dioxide (silica) for sustained-release drug delivery 

vehicles or food additives [28-30]. Nanoparticle-based drug delivery is an increasingly popular 

area of research for therapeutic applications, targeted gene delivery, and sustained release (long-

term) drug delivery systems [27, 31, 32].  

Inhaled, or nasal, delivery is advantageous for diseased lungs because drugs do not have to 

pass through the entire circulatory system before reaching the target organ [33], and they bypass 

the harsh environments of the stomach and intestines from oral delivery [34]. Furthermore, one of 

the most widely used cell lines for nanotoxicity, A549 cells, originate from diseased lungs [35]. 

However, there are still challenges that face pulmonary drug delivery which include: effectively 

reaching on the target site [36], particle processing after delivery [37], and uptake efficiency [38]. 

Additionally, A549 cells do not provide a good model for all lung diseases, or healthy lungs [39, 

40]. However, they are a good first step towards understanding what may occur in complex 

systems [41]. 
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 Cell culture models are a popular in vitro testing method to model complex systems which 

are inaccessible for such studies [42]. Additionally, physicochemical characterization of 

nanoparticles in biological fluids is popular for determining interactions between nanoparticles 

and biomolecules [43]. As a result of such studies, the biomolecule layer on a nanoparticle surface 

has been identified, and named the protein corona [43, 44]. 

1.2 Protein coronas on nanoparticle surfaces 

When nanoparticles enter biological systems, they are immediately coated with a protein 

corona [43, 44]. The protein corona consists of proteins, ions, lipids, and other biomolecules which 

mask the identity of the nanoparticle [45]. As a result, the protein corona interacts with the cells 

and tissues in the human body rather than the nanoparticle [46, 47]. As such, understanding the 

identity of the protein corona is crucial to assess human health risks associated with nanoparticle 

exposure [48, 49], as well as the safety and efficacy of drug-delivery vehicles [32, 46, 50, 51]. 

Recently, it has been established that the protein corona is made up of two parts: the “soft” 

and the “hard” coronas [52, 53]. The soft corona is comprised of abundant, low affinity proteins 

whereas the hard corona is comprised of sparse, high affinity proteins [50]. The protein corona 

varies in protein composition and quantity based on physicochemical properties of the particles 

and the biological fluid into which the particles enter [54, 55]. Properties of the nanoparticle 

surface such as the degree of hydrophilicity can promote the adsorption of specific proteins over 

others. Other factors include the curvature of the nanoparticle surface, influenced by nanoparticle 

size, and the surface charge of the nanoparticle [49]. The nanoparticle surface can be altered, such 

as via the use of targeting ligands to improve trafficking to desired sites; however, if these ligands 

do not mitigate corona formation, that effect is diminished [56, 57]. 
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Protein adsorption to the nanoparticle surface may influence the structure and function of 

adsorbed proteins, as well as affect the targeting of nanoparticles to biological components. Serum 

albumins are the most abundant protein in the blood, and as the cardiovascular system is spread 

throughout the entire body, these make good model proteins. One such serum albumin is bovine 

serum albumin which is 98% similar to the human analog, but much cheaper [58]. BSA has been 

widely characterized and studied in protein-substrate interactions. The structure of BSA is known 

to change as a function of pH [59, 60]. At acidic conditions near the isoelectric point, BSA begins 

to unfold. In acidic conditions, further from the isoelectric point, BSA assumes an extended 

structure, becoming almost linear rather than in the native heart shape. In basic conditions, BSA 

becomes more compact than its native structure. These changes have the potential to affect the 

proper function of BSA, such as if BSA adsorbed on a nanoparticle surface and carried out of the 

blood stream to a new pH environment, or if BSA assumed a new structure when adsorbed to the 

nanoparticle surface. 

Corona characterization has been completed using a variety of methods to test different 

aspects of nanoparticle-protein interactions. One of the most common techniques for assessing 

protein corona formation onto nanoparticle surfaces is Fourier transform infrared (FTIR) 

spectroscopy. Various forms of this exist, and attenuated total reflectance (ATR) is the most 

common today. ATR-FTIR allows for real-time in situ analysis of protein adsorption onto 

nanoparticle surfaces without perturbing the interface [61-65]. The resulting spectra from ATR-

FTIR can be processed to obtain more information, such as the subsequent protein structure after 

adsorption.  

In addition to ATR-FTIR, quantifying the protein corona based on protein quantity and 

protein identity can be done using thermal gravimetric analysis (TGA) or proteomics, respectively 
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[51, 63]. These techniques build upon the information obtained from ATR-FTIR to provide a better 

idea of the proteins in the protein corona on nanoparticles.  

1.3 Nanoparticle characterization 

The physicochemical properties of nanoparticles affect their behavior, both for their 

intended purposes and for human health responses. For example, crystalline silicon dioxide has 

long been accepted as toxic, but the toxicity of amorphous silicon dioxide particles is still under 

debate [66]. Furthermore, which proteins are attracted to the nanoparticle to form the protein 

corona vary based on the properties at the nanoparticle surface, including hydrophilicity [67-69] 

and net charge [70, 71].  These properties are inherent to the nanoparticle, but can also be mediated 

through surface functionalization [51, 72], or through adsorption of solution components [73]. 

There are countless forms of silicon dioxide nanoparticles even among just amorphous silicon 

dioxide. Mesoporous nano-silicon dioxide are used for drug delivery systems and commonly have 

surface functionalization to improve targeting [72]. 

The size, shape, and surface charge of the nanoparticle itself governs interactions in 

aqueous media [20]. Proteins exhibit different affinity towards hydrophobic and hydrophilic 

surfaces [58, 67, 68, 74, 75]. For non-functionalized silica nanoparticles, the surface oxygen 

groups provide a hydrophilic-like surface in the presence of water [76]. These groups provide 

potential hydrogen binding sites with the protein at close distances from the nanoparticle surface 

[77]. Furthermore, although nanoparticle surfaces are often thought of as smooth, flat surfaces, 

this is not the case. The surface curvature of nanoparticles changes strongly as a function of 

nanoparticle diameter, and this angle can affect nanoparticle-protein interactions [78]. Finally, 

metal oxide nanoparticles may contain impurities and/or multiple crystalline forms [79]. This is 

not a concern for the silica nanoparticles of interest, but should be addressed for other 
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nanoparticles. Therefore, an understanding of nanoparticle size, both primary and aggregate, 

shape, charge, and composition are necessary to properly analyze a system. 

1.4 Protein adsorption onto nanoparticle surfaces 

The use of IR for determining protein structure was first identified in the 1950s. Since then, 

IR has become an increasingly popular tool for assessing protein structure on nanoparticle surfaces 

and investigating protein adsorption in real time. Proteins exhibit major bands in the IR spectrum 

due to the repeated nature of the amino acid backbone. These include the amide I, II, and III bands 

at 1600-1700, 1500-1600, and 1200-1350 cm-1, respectively. The contributing motions to these 

bands are summarized in Table 1-1. Su, et al. investigated the adsorption of BSA onto a hydrophilic 

silicon dioxide/water interface near the isoelectric point [80]. Findings showed that at or near the 

isoelectric point of BSA, there was a surface excess of protein. However, moving away from the 

isoelectric point quickly decreased the amount of protein at the surface. Similar studies were 

completed by Wiśniewska, et al. and Fukuzaki, et al. with similar findings [81, 82]. 

Table 1-1. Characteristic IR vibrational modes for proteins [62, 65, 83, 84]. 

Region Vibrational Frequency (cm-1) Vibrational Mode 
Amide I 1600-1700 νs(C=O)major, νs(C-N)minor 
Amide II 1500-1600 νs(C-N), δ(N-H)out of phase, νs(C-C)minor 
Amide III 1200-1350 νs(C-N), δ(N-H)in phase 
Amide A ~3300 νs(NH) 
Amide B ~3100 νs(NH) 

νs symmetric stretching motion 
δ bending mothing 

 

To improve the understanding of protein adsorption, several studies have been conducted 

with individual amino acids at different pH values [62, 85]. These studies elucidate known charge 

on the analyte (the amino acid) and highlight differences that occur in adsorption including amino 

acid orientation on the surface and adsorbed amino acid structure as a function of pH. For dissolved 
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L-lysine adsorbed to the silicon dioxide nanoparticle surface, no significant shifts in the IR spectra 

were noted, indicating that the amino acid structure remained stable in the adsorbed state. 

Furthermore, mono-cationic lysine (lysine1+) had the greatest adsorption to the silicon dioxide 

surface compared with di-cationic lysine, zwitterionic lysine, and anionic lysine [85]. This can be 

attributed to a negatively charged nanoparticle surface and charge-dependent interactions. Another 

study of lysine on silicon dioxide nanoparticles, largely based on solid-state NMR techniques, 

determined hydrogen bonding was the dominating interactive force between nanoparticle and 

amino acid, and that the structure of lysine is not necessarily maintained for all charged states [86]. 

These studies may aide in the understanding of BSA adsorption to the silicon dioxide surface as 

lysine is the third-most common amino acid present in BSA [87]. 

1.5 In vitro studies with nanoparticles and lung cells 

Many studies have focused on adverse health effects with cell models in vitro. A549 cells, 

human adenocarcinoma alveolar epithelial cells, are commonly chosen for these types of studies 

because they are a well-established cell line for toxicology studies [29, 88, 89]. Other cell lines 

which have been used extensively include RAW264.7 cells, which are mouse alveolar 

macrophages [90, 91], and NCI-H441 cells which are human lung adenocarcinoma [88, 92]. 

Nanoparticle size, shape, and composition have all been shown to have an effect on cellular 

responses to nanoparticle exposure [93-96]. A summary of observed cellular responses in A549 

cells is outlined in Table 1-2. 
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Table 1-2. A summary of existing literature on amorphous silicon dioxide nanoparticles and lung cell studies including 
particle diameter, the cell lines used, and a summary of these observed effects. 

Particle Diameter Cell line(s) Cellular Response Ref 
10 nm 
80 nm 

A549 
 

↓ cell viability 
↑ LDH, ROS, and membrane LPO 
↑ GSH levels 
↔ GR and GPx activity 

[97] 

5-15 nm A549 
NCI-H441 
THP-1 

↓ cell viability (THP-1 only) 
↔ IL-1β, IL-6, IL-8, TNF-α 

[88] 

5-15 nm A549 and THP-1 
co-culture 
NCI-H441 and 
THP-1 co-culture 

↔IL-6 (NCI-H441 co-culture) 
↔ TNF-α (both co-cultures) 

[88] 

15 nm 
46 nm 

A549 ↓cell viability 
↑ LDH and GSH 

[29] 

16 nm 
60 nm 
104 nm 

A549 ↓cell viability 
↑ micronuclei 
↑(weakly) DNA damage, chromosome 
breakage, chromosome loss 

[98] 

25 nm 
50 nm 

16HBE 
A549 

↓cell viability 
↑ ROS generation 
↑ IL-6, IL-8, IL-1β (A549, 25 nm, 24h) 
↑ IL-6, IL-8 (16HBE, 25 and 50 nm, 24 and 
48h) 

[89] 

50 nm A549 ↓ ATP in serum-free medium 
Morphological changes in serum-free 
medium 

[99] 

*Abbreviations used in this table: GSH- glutathione, GPx- glutathione peroxidase, GR- glutathione reductase, IL-
interleukin, LDH- lactate dehydrogenase, LPO- lipid peroxidation, ROS- reactive oxygen species, TNF- tumor 
necrosis factor 

**Cell lines used in this table: A549 human adenocarcinoma alveolar epithelial cells, 16HBE human bronchial 
epithelial cells, THP-1 alveolar macrophages, and NCI H411 human lung adenocarcinoma cells 

 

A549 cells were used for the studies in this thesis, however, they are not necessarily the 

best model for lung uptake, and they certainly are not the only model that should be used. The 

greatest benefit for A549 cells is the extensive literature available on toxicity studies, as previewed 

in Table 1-2. However, the cancerous nature of the cells makes them a poor model for healthy 

individuals. Additionally, the alveolar region is just one region in the lungs in which inhaled 
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nanoparticles may deposit. There are multiple bronchial cell lines, such as 16HBE cells, which can 

be used to investigate a different region of the lungs. Furthermore, certain toxic responses cannot 

be investigated in A549 cells accurately, such as cytokine release, as this is mediated in vivo by 

macrophages.  

1.6 Objectives 

 This thesis aims to improve the understanding of the nanoparticle-protein interactions 

between a hydrophilic, fumed silica nanoparticle approved for food and pharmaceutical use and a 

model protein. Crystalline silica is known to be toxic, but amorphous silica is believed to be non-

toxic. Even so, amorphous silica takes on many forms and the surface of these particles is easily 

functionalized for specific uses. The future of silica in bionanotechnology is promising, and 

therefore necessary studies on the nature of the silica surface in the presence of biological models 

and behavior in vitro provide necessary information towards the safety and efficacy of these 

particles.  The objectives for achieving this are as follows: 

Objective 1: Characterize the BSA protein corona on silica nanoparticles in terms of 

surface coverage and protein structure as a function of pH. 

Objective 2: Characterize the BSA protein corona on silica nanoparticles in terms of 

surface coverage and interparticle interactions as a function of solution ions. 

Objective 3: Evaluate the cytotoxic response of BSA-coated and uncoated silica 

nanoparticles in a model lung cell line.  
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Chapter 2 The effect of pH on the protein corona 

2.1 Introduction 

 Nanoparticles that enter the human body are immediately coated with a layer of 

biomolecules, known as the protein corona [43, 44]. This corona may vary based on the conditions 

of the aqueous environment surrounding the nanoparticle [81], as well as the physicochemical 

nature of the nanoparticle surface [67, 68]. As silica nanoparticles are used for a variety of 

applications including in food additives, cosmetics, and pharmaceuticals, the method of 

internalization and thus the target organ varies based on application [29, 30, 100]. 

 Although most of the human body is at pH 7.4, several organs operate at very different pH 

values. For example, the stomach is highly acidic with pH 2.0, whereas the pH is closer to 8.0 in 

the gastrointestinal tract [101]. There has been some research that the pH of the alveolar sacs in 

the lungs are more acidic with a pH of about 4.5 [102]. Therefore, investigating the protein corona 

as a function of pH is critical when determined the safety and efficacy of silica nanoparticles for 

consumer products. 

 Conducting a study in real biological fluids is difficult as there are many molecules which 

compete for binding sites on a nanoparticle surface, and the dynamic nature of the protein corona 

creates much variability in the precise composition at any time [52]. Furthermore, analyzing which 

protein or ion is adsorbed to the surface is difficult without trained scientists and expensive 

techniques [45, 103, 104]. Thus, a model protein can be used to investigate the nature of the protein 

corona in a simple aqueous medium to develop an understanding about the overall nature of the 

protein corona. 
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 In these studies, the model protein bovine serum albumin was chosen for its biological 

relevance and abundance in the blood stream. Serum albumins constitute more than half the 

proteins in the blood and are ubiquitous in biological fluids [58]. Serum albumins function mainly 

as transporter proteins to carry molecules from one location to another through the blood. The 

bovine serum albumin is 98% similar to the human analog and cheaper, making it a popular choice 

for laboratory studies. Serum albumins have been widely studied and characterized, and they are 

known to undergo conformational changes as a function of pH [105, 106]. Thus, the expected 

structure of free BSA at different pH values can be used to analyze conformational changes upon 

adsorption to the silica nanoparticle surface.  

2.2 Materials and methods 

Silica nanoparticles, CAB-O-SIL® HS-5, were gifted from the Cabot Corporation and used 

with no further processing. These hydrophilic, fumed silica powders have been approved for 

adhesives, coatings, food additives, pharmaceuticals, skin and beauty care products, among other 

uses as listed by the company.  The primary particle size of these particles was determined using 

transmission electron microscopy (TEM, JEOL JEM-1230) and ImageJ software. A 100 μg/mL 

solution of silica nanoparticles in isopropanol was prepared and sonicated at 40% amplitude for 

10 minutes, in 20 seconds on and 10 seconds off intervals. A single drop of this suspension was 

added to a Formvar-backed copper coated TEM grid and dried overnight. The specific surface area 

of these particles was confirmed against company specifications using the seven-point nitrogen 

adsorption isotherm BET analysis (Quantachrome BET Nova 4200e) using the average of three 

independent trials. 

Aggregation in aqueous media and the zeta potential were determined for these particles in 

water. Pure Optima® water (Fisher Chemical) was adjusted to the desired pH using 1M 
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hydrochloric acid (HCl, Fisher Scientific, certified ACS plus) or 0.8M sodium hydroxide (NaOH, 

Fisher Scientific, certified ACS plus).  Nanoparticle suspensions of 5 mg/mL silica in water were 

sonicated in a water bath sonicator for 20 minutes before being stored overnight at 4ºC for 24-

hours prior to analysis. A protein corona was created on the nanoparticle surface by mixing 5 

mg/mL silica nanoparticles with 1 mg/mL BSA (>96% purity, Sigma-Aldrich) solution. These 

solutions were sonicated and stored under the same conditions. Immediately before dynamic light 

scattering (DLS) and laser Doppler velocimetry (Beckman-Coulter Delsa Nano C) suspensions 

were sonicated for 10 minutes in a water bath sonicator. Measurements in the presence and absence 

of BSA were compared. Samples were run in triplicate and conditions were duplicated to ensure 

reproducibility. 

Thermogravimetric analysis (TGA, Pyris 1 TGA, Perkin-Elmer) was used to quantify BSA 

adsorption onto silica nanoparticles. Suspensions of 4 mg silica in 1 mL of 1 mg/mL BSA solution 

in were sonicated for 20 minutes and then incubated at 4ºC for 24 hours. Samples were centrifuged 

at 2,500 rpm to form a pellet, the supernatant was removed, nanoparticles were suspended in water, 

and samples were washed twice in this manner before drying partially covered in a chemical fume 

hood for two days. Once completely dry, samples were heated at 5°C/minute from room 

temperature to 700°C under a flow of air. Any mass loss at or below the boiling point of water was 

assumed to be free water. Any mass loss above the boiling point of water was assumed protein. 

Attenuated total reflectance Fourier Transform infrared (ATR-FTIR) spectroscopy was 

used for real-time in situ observation of protein adsorption onto the silica nanoparticle surface 

(Nicolet Nexus Spectrometer, Thermo Nicolet Corporation). Before experimental conditions were 

determined, a series of tests with a nanoparticle thin film and Optima® water in a horizontal flow 

cell were conducted. The purpose of these experiments was to obtain the maximum time frame for 
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experiments, without losing too much of the nanoparticle surface. The optimal experimental design 

follows in the next paragraph. 

First, a spectrum of the AMTIR crystal element (PIKE Technologies) was obtained. Then, 

a thin-film nanoparticle suspension was prepared using 8 mg silica nanoparticles in 1 mL Optima® 

water. This was sonicated in a bath sonicator for five minutes and added to the AMTIR crystal in 

an even layer. This layer was allowed to dry completely overnight before adding protein solution. 

The spectrum of the dried nanoparticle thin-film was obtained. Then, a horizontal flow cell was 

attached and Optima® water fed through to obtain a spectrum of the wet nanoparticle surface for 

subtraction in spectral processing. A 1 mg/mL solution of BSA passed through the flow cell at ~1 

mL/minute for 90 minutes. Spectra were collected every 10 minutes during this time. Finally, pure 

Optima® water, without any protein, was added to the flow cell for 60 minutes to determine 

whether adsorption was reversible or irreversible. Absorbance spectra were obtained by 

subtracting the wet nanoparticle film from each spectrum of BSA on the nanoparticle surface. This 

yields the absorbance of BSA, but includes any water bound within the protein. 

Curve fitting of the ATR-FTIR spectra was completed in Casa XPS using five component 

bands in the amide I region and a Gaussian-Lorentzian shape. The curve fit spectra were further 

modified to have a linear baseline at zero in the amide I region, and a peak maximum of exactly 

one absorbance unit in the amide I region. 

2.3 Nanoparticle characterization 

 The results from TEM and ImageJ indicate that silica nanoparticles were 14 ± 2 nm in 

diameter for the primary size (Figure 2-1). However, they were obtained in fused aggregates of 

200 – 300 nm. The specific surface area for these particles was 330 ± 24 m2/g. The relationship 

between primary particle size and specific surface area can be done mathematically [62], and 
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reveal that for 14 nm particles, the specific surface area should be about 194 m2/g. This is much 

lower than both the experimental data and company specifications, and suggests that the pores 

generated by fused particles enhances the available surface area. Thus, the binding of protein to 

these nanoparticle surfaces may behave more like mesoporous silica than other non-fumed, non-

porous silica samples to a degree.  

 A background spectrum for silica nanoparticles was obtained using ATR-FTIR 

spectroscopy. This spectrum reveals the characteristic peaks for silica nanoparticles in the IR 

region (Figure 2-2). Peak locations are characteristic of nano-silica due to silicon-oxygen 

interactions. 

Figure 2-1. TEM of silica nanoparticles suspended in isopropanol 
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2.4 Hydrodynamic diameter and zeta potential in aqueous media 

 We hypothesized that protein adsorption onto the nanoparticle surface would vary as a 

function of pH, based on previous studies within the Grassian group and the existing literature [20, 

22, 62, 81, 107]. Silica nanoparticles with and without BSA coating were suspended in pure water, 

pH-adjusted to the desired values. These solutions were analyzed for aggregate formation and zeta 

potential, to determine the effects of both BSA and of changing pH values. Adsorbed BSA will 

alter the zeta potential of bare silica nanoparticles by bringing it closer to the zeta potential of BSA 

at that pH. Thus, differences between the zeta potential provides information on protein adsorption. 

The hydrodynamic diameter was measured to assess aggregation (Figure 2-3) and the zeta potential 

was measured to assess adsorption and net charge on particles (Figure 2-4).  

Figure 2-2. ATR-FTIR thin film spectrum of dried silica 
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Results from a two-way ANOVA comparing the pristine particles to the BSA-coated 

particles revealed significant differences in aggregation for the pH values of: 3.0, 3.7, and 4.7, 

which is consistent with known isoelectric points. The isoelectric point of hydrophilic, fumed silica 

is between pH 2 and pH 3 [108], and the isoelectric point of BSA occurs at pH 4.7 [81, 109]. The 

isoelectric point of the BSA-silica complex, determined experimentally, occurs between these two 

pH values. The tendency for particles to agglomerate in solution is largely driven by electrostatic 

interactions. This is confirmed with the large aggregate diameters occurring near known isoelectric 

points. The two-way ANOVA test for silica with or without BSA revealed that the increase in 

hydrodynamic diameter in the presence of BSA at pH 3.7 is significant to all other measurements 

in the presence of BSA. Furthermore, all other comparisons in the presence of BSA show no 

significance. Nanoparticle aggregation in aqueous media presents difficulties with keeping 

Figure 2-3. Hydrodynamic diameter of nanoparticles in the presence and 
absence of BSA. Data is presented as the average of three trials with standard 
deviation. 
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particles suspended, as heavier particles are affected more readily by gravitational forces, and with 

proper dosing and delivery of particles in vitro and in vivo. 

Research has shown that the net charge a particle carries affects its interactions with cells. 

Specifically, charged particles show greater toxicity than neutral particles and positively charged 

nanoparticles are more cytotoxic than their negatively charged variants [71, 110]. Thus, 

understanding the charge that particles carry is important for assessing their potential for cellular 

uptake and subsequent toxicity. The zeta potential for these particles varies as a function of pH as 

expected, above the isoelectric point, the zeta potential is negative and below the isoelectric point, 

the zeta potential is positive.  

At pH 7.4, the zeta potential for silica nanoparticles in the presence or absence of BSA is 

almost the same. This cannot provide additional information on BSA adsorption to the surface, but 

it does suggest that there is good electrostatic repulsion in the system to avoid unwanted 

Figure 2-4. Zeta potential of nanoparticles in the presence and absence of BSA. 
Data is presented as the average of three trials with standard deviation. 
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aggregation. This is further supported by the similar hydrodynamic diameter, which is about the 

diameter of the fused aggregates for native silica. At the remaining pH values, BSA is adsorbing 

to the nanoparticle surface because the surface charge is closer to what is expected for free BSA 

than uncoated silica. Unfortunately, BSA monomers are beyond the detection limit of the 

instrument so this information must be extrapolated using the known isoelectric point of BSA. 

Protein adsorption to the nanoparticle surface was also assessed using spectroscopy. 

2.5 Real-time protein adsorption to the nanoparticle surface 

Protein adsorption onto the silica nanoparticle surface was investigated as a function of 

time and pH. The reversibility of adsorption was also investigated by removing additional protein 

from the flow system, and determining if protein was removed from the nanoparticle surface as a 

result. 

Determining the optimum time for experiments was necessary for these nanoparticles. The 

limitations on flow rate and time were determined experimentally using trial and error. For these 

silica nanoparticles, their adsorption to the AMTIR crystal was not strong enough for prolonged 

studies as have been reported in the literature [51, 62]. When the nanoparticle surface is coated 

with proteins a sharp negative peak characteristic of the nanoparticle surface may occur. However, 

this peak may also arise from the desorption of nanoparticles from the surface. Therefore, to 

determine if this observed peak was due to protein binding or due to nanoparticle desorption, pure 

water with no pH adjustment was run through the flow system until the negative peak was 

observed. From repeated experiments, it was determined that a maximum time of three hours could 

be used for experimental studies, without losing the silica nanoparticle thin film.  
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Spectra for free BSA (10 mg/mL) were obtained to determine the expected IR peak 

locations in the absence of conformational change (Figure 2-5). Both the overall intensity and the 

peak positions remain relatively constant in the solution phase, suggesting that conformational 

changes occur more slowly than the experimental process. The observed peaks arise from the 

repeated nature of the amino acid backbone of the protein, and were summarized in Table 1-1. An 

additional peak between 1700 and 1720 cm-1 arises when the carboxylic acid groups of the amino 

acid sequence are protonated, such as at low pH values. This is not observable for the concentration 

of BSA provided in the solution phase.  

 Upon adsorption to the nanoparticle surface, the intensity of the signal from the protein 

increases. This lowers the minimum protein concentration necessary to achieve detectable 

absorbance. A 1 mg/mL BSA solution was flowed over the nanoparticle thin film for one and a 

half hours. Spectra were collected every 10 minutes to visualize the real-time adsorption of BSA 

in terms of quantity (absorbance intensity) and conformation (peak locations). Select spectra are 

shown at each pH, with peak positions labeled consistently with the free BSA spectra (Figure 2-6). 

Figure 2-5. ATR-FTIR spectra for 10 mg/mL BSA in pH-adjusted water 
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An additional peak appears at 1714 cm-1 immediately at pH 2 and over time at pH 3 arises from 

the protonated carboxylic acid groups in the amino acid backbone. 

Figure 2-6. ATR-FTIR spectra for 1 mg/mL BSA adsorbed onto the silica 
nanoparticle surface as a function of pH. Labeled peak locations are 
from the solution phase BSA, and spectra for each pH are given at 30 

minutes (pink), 60 minutes (blue), 90 minutes (green), and 160 minutes 
(orange). 
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Peak shifts will occur in the event of changes in protein structure [111]. For both the 

solution phase and the adsorbed phase BSA, peak shifts are less than 5 cm-1 in either direction 

from the free BSA at neutral pH. This indicates that BSA does not undergo structural deformations 

upon adsorption to the silica nanoparticle surface. 

 For each pH, spectra are shown for 30 minutes (pink), 60 minutes (blue), 90 minutes 

(green), and 160 minutes (orange), which is 1-hour of desorption. At many of the chosen pH 

values, the final time point has a greater absorbance intensity than the final addition of BSA to the 

flow system. This phenomenon arises from protein structure rearrangement on the nanoparticle 

surface, specifically in the intermolecular hydrogen bonds [77]. The magnitude of this effect is 

greatest for pH 2 and pH 3, suggesting that the increase in pH between the adsorption and 

desorption phase causes more rearrangement when the difference between pH is greater. 

Although the general trend is for absorbance intensity to increase over time, as more BSA 

adsorbs to the silica nanoparticle surface, this is not always the case. For example, at pH 4.7, BSA 

adsorbs to the silica surface quickly and there is little change in absorbance intensity after 10 

minutes. The same effect is observed at pH 7.4, however, at pH 7.4 BSA desorbs from the 

nanoparticle surface. This difference in desorption is important when assessing the reversibility of 

protein adsorption, however, without also understanding the protein secondary structure, retained 

protein function cannot be assumed. The strong relationship between intermolecular bonds and 

absorbance intensity in this case makes it difficult, if not impossible, to quantify adsorbed protein 

from ATR-FTIR alone, and therefore TGA has been used for quantitative analyses.  
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2.6 Changes in adsorbed protein structure 

 The spectra obtained from ATR-FTIR spectroscopy were used to obtain information on the 

secondary structure of adsorbed and free protein. The amide I peak was fit to five-component 

bands characteristic of protein secondary structure [67, 68, 112]. The effects of both pH and 

adsorption on the protein secondary structure were investigated. In Figure 2-7, the spectra for free 

BSA and adsorbed BSA have been plotted side by side for each pH value. Statistical analysis 

comparing both pH and adsorption reveal no significant changes in proteins structure occur in this 

system. Thus, adsorption to the silica nanoparticle surface does not affect the secondary structure 

of BSA. 

 Upon adsorption to the nanoparticle surface, BSA is expected to lose most of its secondary 

structure in the alpha helices [67, 68]. Comparing the solution phase to the adsorbed phase after 

90 minutes, alpha helix content only decreases upon adsorption at pH 2.0. However, the alpha 

helix content does change as a function of time and pH (Figure 2-8). In most cases, pure water in 

the desorption phase of the study increases the solution pH. Increasing the pH from acidic to basic 

conditions is expected to increase the alpha helix content as BSA should return to its native 

conformation. This occurs for pH 2.0, but not for any other acidic pH. The pH of pure water is 

slightly lower than neutral pH, and therefore the values of pH 7.4 and 8.0 experience a decrease in 

pH upon switching to a pure-water system. Although a small decrease in alpha helix content is 

observed at pH 7.4, the alpha helix content over time is still relatively constant. The most consistent 
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Figure 2-7. Amide I band curve fitting for protein secondary structure with five components: beta sheet or beta 
turn (brown, dotted), alpha helix (green, dotted), random chains (purple, dotted), extended chains or beta sheets 

(orange, dotted), and side chain moieties (red, dotted). Additional lines shown for baseline (black, solid) and 
original spectra (black, dotted), as well as the overall fit (gray, solid) for the solution phase (left) and the 

adsorbed phase (right). 
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alpha helix content over all pH values occurs at pH 3.7. At this pH, the alpha helix content 

fluctuates slightly as a function of time, but the overall change is less than 5%.  

 The secondary structure of bovine serum albumin adsorbed to the silica nanoparticle 

surface varies more as a function of adsorption than as a function of pH. This is promising news 

for the potential use of silica nanoparticles as drug delivery carriers, as the protein corona may be 

able to withstand a wide variety of pH values in vivo. However, the loss of available protein to 

carry out basic biological processes is also a concern.  

2.7 Quantitative analysis of protein adsorption to nanoparticle surfaces 

Thermogravimetric analysis is a useful mass-based tool for assessing changing in sample 

composition. The temperature of vaporization differs for different molecules, and therefore the 

temperature of mass loss can be connected to the components present in the system. Water boils 

at 100ºC, therefore any mass loss below 100ºC is free water. Unbound BSA protein vaporizes 

between 400-500ºC, whereas bound BSA vaporizes at slightly higher temperatures. Thus, any 

additional mass lost below 600ºC is protein. Using the initial mass, mass after water loss, and mass 

Figure 2-8. Alpha helix content at select pH highlighting the changes over time 
for adsorption (green) and desorption (red).  
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after protein loss, the amount of silica nanoparticles present can be determined. Then, this mass is 

combined with the BET specific surface area measured experimentally to obtain the surface area 

onto which the BSA was bound. Presenting the data as molecules of protein per surface area of 

nanoparticles allows for normalization across different runs at the same and at different pH values.  

These data (Figure 2-9) revealed that the most BSA binds at pH 3.7, which is consistent 

with the results obtained from ATR-FTIR spectroscopy. Second and third to this are BSA bound 

at pH 3.0 and pH 4.7, which are in line with the literature assumption that the most protein binds 

at either the protein or the substrate isoelectric point. A one-way ANOVA was conducted to 

determine whether the differences in adsorbed protein were statistically significant. Only the 

difference between adsorption at pH 2.0 and pH 3.0 returned significant values. This is likely due 

to the large error bar at pH 3.7. 

An additional set of measurements were taken at pH 3.7 to determine if the error could be 

reduced by increasing the number of samples. Results were that the error could not be decreased 

Figure 2-9. Adsorbed BSA on the silica nanoparticle surface in units of BSA 
molecules per surface area of silica nanoparticles. 
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nor increased by increasing the number of trials. Therefore, it may be reasonable to assume that 

the kinetics of BSA adsorption to the silica nanoparticle surface are altered as a function of pH, 

and the time necessary to obtain a uniform protein corona is not the same for all conditions. 

The maximum adsorption of protein to the nanoparticle surface is expected to occur at an 

isoelectric point. This could be the isoelectric point of the substrate [82, 113], or the protein [81, 

107]. However, these results indicated that the maximum adsorption occurs at the isoelectric point 

of the complex for the nanoparticle-protein system. This may be different in buffered and/or saline 

solutions, as ions can alter the surface characteristics of the nanoparticles and influence protein 

adsorption [73].  

2.8 Conclusion 

 These studies determined that the silica nanoparticle-bovine serum albumin protein corona 

is narrowly influenced by changing pH values. Changing pH values impacts aggregation at the 

isoelectric point and the zeta potential of the silica nanoparticles in the presence and absence of 

BSA. It is possible that pH also influences the kinetics driving protein binding to the nanoparticle 

surface. 

The quantity of BSA adsorbed to the silica nanoparticle surface varies as a function of pH, 

with the least BSA adsorbing at pH 2.0 and the greatest BSA adsorption at the silica-BSA complex 

isoelectric point of pH 3.7. The maximum adsorption is consistent with absorbance intensity in 

ATR-FTIR spectra, however, the lowest absorbance intensity occurred for pH 7.4 rather than pH 

2.0. This may be a result of protein rearrangement on the nanoparticle surface affecting the 

absorbance intensity.  
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The secondary structure of BSA changes slightly between the free BSA and the adsorbed 

BSA, with the greatest observed changes in the random chains. The greatest change is expected to 

be in the alpha helix content, and pH 2.0 exhibited the largest decrease. However, for most pH 

values, the greatest change is in the beta structures rather than the alpha helices. This is common 

for other protein types, but not BSA. 

Although these results are highly informative for in vitro and in vivo administration of silica 

nanoparticles for tests regarding food and pharmaceutical safety, the relevance to the human body 

is lacking. Pure water does not exist biologically, and therefore studies with ionic solutions must 

be done to improve the biological relevance of these experiments. Furthermore, a recent study of 

BSA adsorption onto surface-functionalize mesoporous silica for drug delivery applications in cell 

culture media reported that only 10% alpha helix structure remained upon adsorption [51]. 

Therefore, evidence exists that the observed responses of BSA are influenced by the solution 

components and the nanoparticle substrate. Further studies presented in this thesis investigate other 

media and substrates in addition to water to begin to tease out the driving forces for these effects.  

 

This chapter was formatted based on the following publication: Givens, B.E., et al, Adsorption of 

bovine serum albumin on silicon dioxide nanoparticles: Impact of pH on nanoparticle-protein 

interactions. Biointerphases, 2017. 12(2): DOI: 10.1116/1.4982598 
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Chapter 3 The effect of pH and nanoparticle substrate on protein corona 

formation 

3.1 Introduction 

Among the most prevalent metal oxides are titanium dioxide (TiO2) and silicon dioxide 

(silica) [6, 114]. Both nanoparticles are critical materials in pigments and are used as food additives 

[26, 29, 30, 115-117]. Despite their benefits to these industries, there is evidence showing that 

internalized nanoparticles are harmful towards human health [118, 119]. Furthermore, protein 

adsorption from the body to the nanoparticle surface may result in protein denaturation and 

subsequently loss of protein function [67]. 

The protein corona that forms on the nanoparticle surface changes as a function of pH, as 

demonstrated in Chapter 2. However, this corona also be substrate-dependent. Therefore, studies 

were done at two pH values, pH 7.4, the physiological pH, and pH 2.0, the pH in the stomach to 

aide in digestion, with TiO2 and silica nanoparticles. Additionally, these pH values highlight two 

distinct conformations of BSA, the normal form and the extended form. In these forms, BSA 

measures 8.0 × 8.0 × 3.0 Å  or 2.1 × 2.1 × 25.0 Å , respectively [105, 106]. 

In order to monitor protein adsorption and assess protein conformation, ATR-FTIR 

spectroscopy was used for real-time adsorption of BSA to each nanoparticle surface and the 

resulting spectra were further analyzed to obtain the secondary structure of BSA. During the ATR-

FTIR experiments, saturation on the nanoparticle surface could not be obtained for silica 

nanoparticles, therefore, TGA was used to quantity BSA adsorption to the nanoparticle surfaces 

[111], rather than the Langmuir isotherm method which has been used previously with TiO2 [62]. 
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3.2 Materials and methods 

The hydrophilic fumed silica nanoparticles, CAB-O-SIL® HS-5, were gifted from the 

Cabot Corporation and used with no further processing. TiO2 nanoparticles were purchased from 

Sigma-Aldrich. The crystallinity of these nanoparticles was determined from powder x-ray 

diffraction (XRD, Bruker D8 Advance). TEM (JEOL JEM-1230) and ImageJ were used to obtain 

primary particle size. For TEM images, a 100 µg/mL solution of nanoparticles in isopropanol 

(silica) or ethanol (TiO2) was prepared and sonicated for several minutes. These samples were 

deposited dropwise onto TEM copper grids and dried overnight before imaging. The specific 

surface area of the nanoparticles was determined using nitrogen adsorption with seven-point BET 

analysis (Quantachrome BET Nova 4200e). Nanoparticles were allowed to degas overnight at 

300ºC prior to analysis. The average and standard deviation of three independent trials is reported. 

Laser Doppler velocimetry (Beckman-Coulter Nano C and Zetasizer Nano ZS90) was used 

to determine the zeta potential as a function of pH for silica and TiO2 nanoparticles. The zeta 

potential values were further used to calculate the isoelectric point by plotting the zeta potential as 

a function of pH and fitting this to a linear trend line. The pH value at which the trend line was 

equivalent to zero was then calculated. Samples were prepared by mixing 5 mg of silica or TiO2 

with 5 mL of Optima water and adjusted to the desired pH with 1 M HCL or 800 mM NaOH 

solution. Measurements in the presence and absence of 1 mg/mL of BSA (98% purity, Sigma-

Aldrich) were obtained across a wide range of pHs, including those of interest at pH 2.0 and 7.4, 

in order to determine the isoelectric point as described above. Samples were run in triplicate and 

conditions were duplicated to ensure reliability.  

The ATR-FTIR spectra for solution phase BSA at the pH values of interest were collected 

on a clean AMTIR crystal (PIKE Technologies) with a BSA concentration of 10 mg/mL. The 
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adsorption of BSA was measured on both nanoparticle surfaces by depositing a thin nanoparticle 

film of 2.5 mg TiO2 in 1 mL Optima water or 8.0 mg silica in 1 mL Optima water. The nanoparticle 

suspension for these films were sonicated for 5 minutes to obtain a uniform mixture. After 

depositing on the AMTIR crystal element, the films were dried overnight. A horizontal flow cell 

(PIKE Technologies) was used to slowly flow (~1 mL/min) Optima water at the pH of interest 

above the nanoparticle thin film to remove loosely bound particles and to collect a background 

spectrum. Then a solution containing BSA (Sigma-Aldrich; 1 mg/mL; pH 2.0, pH 7.4) was 

introduced and a slow flow over the nanoparticle coated crystal was established while collecting 

spectra every ten minutes for one and a half hours. 

Spectral processing was completed in the OMNIC™ Series Software (Thermo Fisher 

Scientific). Overall absorbance spectra were obtained by subtracting the water on nanoparticle film 

spectrum from each time-dependent spectrum of BSA adsorption. The resulting absorbance 

spectra were fit to a Gaussian-Lorentzian shape with five component bands in the amide I region. 

The initial guess for these five components was obtained from literature values [67, 112], and the 

fit for the solution phase BSA at each pH. All spectra were further processed to have a linear 

baseline at zero and a maximum peak height equal to 1.0 for direct comparisons across different 

conditions 

Quantification of the protein adsorbed onto the nanoparticle surface was done through 

thermogravimetric analysis (TGA, Pyris 1 TGA, Perkin-Elmer). Triplicate trials were completed 

and averaged for each nanoparticle at each pH of interest. A 4 mg/mL solution of silica was 

prepared in 1 mg/mL BSA and a 2.5 mg/mL solution of TiO2 was prepared in 1 mg/mL BSA. A 

total of 1 mL was prepared for each trial. Nanoparticles in protein solution were sonicated in a 

water bath sonicator for 20 minutes to ensure both nanoparticles and proteins were suspended, and 
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samples were then incubated at 4ºC overnight to coat the nanoparticles and prevent protein 

denaturation. Samples were then washed three times in pure water via centrifugation. Washed 

samples were allowed to dry partially covered in a fume hood for 2-3 days, or until water had 

visibly evaporated. Dried samples were crushed into a fine powder and placed on a platinum pan 

in as close to a single layer as possible, using the maximum amount of surface area for desorption. 

Samples were heated from room temperature to 700ºC at a rate of 5ºC per minute. The quantity of 

protein adsorbed to the nanoparticle surface was determined by calculating the mass of the protein 

lost from 100 – 600ºC and the initial mass of the nanoparticle loaded by subtracting the total mass 

loss from the initial mass.  

All experiments on the TiO2 substrate were prepared and conducted by Zhenzhu Xu.   

3.3 Nanoparticle characterization 

The primary size of the nanoparticles were 22 ± 1 nm for TiO2, and 14 ± 2 nm for silica 

determined from TEM (Figure 3-1). The specific surface area for these particles was 50 ± 8 m2/g 

and 330 ± 24 m2/g for TiO2 and silica, respectively. The phase state for TiO2 nanoparticles was 

Figure 3-1. Transmission electron micrographs of a) silica nanoparticles and b) TiO2 nanoparticles 
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determined from XRD, and the TiO2 was 86% anatase and 14% rutile. The isoelectric point of 

these materials was determined using zeta potential values over a range of pH (Figure 3-2), and 

occurred at pH 6.5 or pH 2.7 for TiO2 and silica, respectively. 

The experimental determination of the nanoparticle isoelectric point is useful in predicting 

differences in protein behavior on nanoparticle surfaces. Although there are literature reported 

isoelectric points of similar or the same nanoparticles [108, 113], the behavior of the specific lot 

of nanoparticle and the experimental conditions can alter this value [107]. Understanding that the 

isoelectric point of silica is in the acidic range, and the isoelectric point of TiO2 is in the neutral 

range, suggests that protein adsorption will be greater on the two nanoparticle surfaces at different 

pH values.   

3.4 ATR-FTIR monitoring of protein adsorption to the nanoparticle surfaces 

The characteristic IR peaks for proteins are independent of the nanoparticle substrate 

(Table 1-1). However, the interactions between the nanoparticle and the protein may change, and 

can be visualized by peak shifts to different wavenumbers. The ATR-FTIR spectra for 10 mg/mL 

BSA in solution at pH 7.4 and pH 2.0 in the amide regions is presented in Figure 3-3 [61, 83, 84, 

Figure 3-2. Zeta potential measurements from pH 2.0 to pH 8.0 for both silica 
and TiO2 in water to determine the isoelectric point of each nanoparticle 
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120, 121]. As compared with the spectrum at pH 7.4, the pH 2.0 spectrum contains an additional 

peak at 1712 cm-1 which corresponds to a carbonyl stretch associated with the protonation of COO- 

groups in amino acids to form COOH [61, 62]. Additionally, the peak intensity of the 1399 cm-1 

peak is greater at pH 7.4 than pH 2.0 due to the C-O carboxylate stretch of deprotonated amino 

acids [83]. 

 

In the presence of a nanoparticle substrate, the absorbance intensity of BSA is enhanced 

by the intermolecular interactions between protein and nanoparticles (Figure 3-4). There were also 

small shifts in frequency due to changes in the interaction with the surface and other co-adsorbed 

BSA molecules. In particular, hydrogen bonds cause peak shifts to lower wavenumbers [122], and 

increased beta units in the protein secondary structure cause peak shifts to higher wavenumbers 

Figure 3-3. Spectra for 10 mg/mL BSA in solution at pH 7.4 and pH 2.0 in the 
amide regions. Labeled peaks are: the protonated carboxyl group (1712 cm-1), 
the amide I peak (1650 cm-1), the amide II peak (1546 cm-1), and the amide II 
peaks (1453 and 1399 cm-1). 
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[123]. Figure 3-4 displays the ATR spectra for BSA adsorption to nanoparticle surfaces over time 

at pH 7.4 (right hand side) and pH 2.0 (left hand side).  

Initially, absorbance signal for adsorbed BSA and qualitatively BSA adsorption was 

greater on the TiO2 surface than the silica surface. At both pH values, the spectra for BSA adsorbed 

onto silica did not undergo large peak shifts in either direction. However, at pH 2.0 on the TiO2 

surface, the IR peaks underwent broadening, increased intensity, and frequency shifts in the amide 

regions. These changes are indicative of protein unfolding and/or denaturing on the nanoparticle 

surface [67, 124]. A new peak arose at 1411 cm-1 at pH 2.0 on the TiO2 surface as well as a result 

Figure 3-4. Absorbance of 1 mg/mL BSA onto silica and titanium dioxide nanoparticle surfaces as a function of time at 
two different pH values. Spectra are given for four time points: 10 minutes (pink), 30 minutes (green), 60 minutes (blue), 
and 90 minutes (orange).  
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of the symmetric stretching mode of COO- in BSA attached to the highly hydroxylated TiO2 

surface at acidic pH [61, 125, 126].  Additionally, the amide I peak separates into two peaks due 

to the asymmetric stretching mode of NH3
+ in highly charged amino acids of BSA [61, 126]. 

Qualitative information about the protein secondary structure may be obtained from the 

amide II/amide I peak ratio [68]. The relative intensities of these two peaks, the amide I/II ratio, 

changes when protein adsorbs to a nanoparticle surface. Along with the knowledge of amide I peak 

shifts in IR spectra, the amide I/II ratio implies BSA conformational changes at a single pH differed 

due to the nanoparticle substrate. More specifically, the conformational change of BSA arose from 

changes in the beta sheet and beta turn structures, consistent with the literature [123]. 

3.5 Secondary structure analysis of free and adsorbed BSA  

To further determine changes in protein structure upon adsorption, spectra for BSA in the 

solution phase, adsorbed on TiO2 nanoparticles, and adsorbed on silica nanoparticles at pH 7.4 and 

pH 2.0 were curve fit using five component bands representative of the protein secondary structure 

[67, 68, 112]. The amide I bands were curve fit for BSA in solution and BSA adsorbed to either 

nanoparticle surface and then normalized to have a linear baseline and a peak height of exactly 1.0 

absolute absorbance units (Figure 3-5). These normalized spectra can be directly compared for 

percent secondary structure content of BSA, which are presented in Table 3-1. The literature values 

for the secondary structure elements of BSA vary over a range of approximately 10%, however, 

the native alpha helix content of BSA in standard conditions is about 60-65% of the total secondary 

structure [51, 112, 127-131]. Therefore, for these studies, changes in secondary structure greater 

than 10% from the solution phase to the adsorbed phase at the same pH were considered 

significant. 
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Comparing solely the solution phase BSA at pH 7.4 and pH 2.0 reveals that BSA has 

decreased alpha helix content at pH 2.0, which is consistent with the literature [132, 133]. This is 

expected as BSA assumes the extended conformation at lowered pH and therefore loses the tight 

Figure 3-5. Amide I band curve fitting for protein secondary structure of BSA free in solution 
and adsorbed to either nanoparticle surface. The peaks were fit with five components: beta sheet 
or beta turn (brown, dotted), alpha helix (green, dotted), random chains (purple, dotted), 
extended chains or beta sheets (orange, dotted), and side chain moieties (red, dotted). Additional 
lines shown for baseline (black, solid) and original spectra (black, dotted), as well as the overall 
fit (gray, solid) for the solution phase (left) and the adsorbed phase (right). 
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secondary structures that form the native heart-shaped molecule [105, 106]. Likewise, adsorbed 

BSA at pH 2.0 had lower alpha helix content than adsorbed BSA at pH 7.4 on either nanoparticle 

surface. However, adsorption to the TiO2 surface caused a much higher decrease in alpha helix 

content, approximately double that compared to the silica surface at pH 2.0.  At the physiological 

pH, adsorption to the nanoparticle surfaces caused an increase in random chain content and a 

decrease in alpha helix content on both surfaces. In addition to the loss of alpha helical structure 

upon adsorption to the silica nanoparticle surface, BSA also loses some of the extended chain and 

beta sheet structures.  

Table 3-1. The secondary structure content (%) in BSA determined via curve fitting for BSA in solution and after 
adsorption on to the nanoparticle surfaces; silica and TiO2. (Reproduced with permission from Elsevier, B. E. 
Givens, Z. Xu, J. Fiegel, and V. H. Grassian, J Colloid and Interface Sci, 493, 2017, 334-341, Table 3.) 

pH Secondary structure Solution phase 
BSA 

Adsorbed BSA  
on silica 

(Δ from 
solution)a 

Adsorbed BSA  
on TiO2 
(Δ from 

solution)a 
7.4 β-sheets/turns 5 9 (+4) 9 (+4) 

α-helices 68 59 (-9) 51 (-17) 
Random chains 4 15 (+11) 13 (+9) 
Extended chains/β-sheets 20 12 (-8) 23 (+3) 
Side chain moieties 3 5 (+2) 4 (+1) 

2.0 β-sheets/turns 6 5 (-1) 2 (-4) 
α-helices 60 48 (-12) 30 (-30) 
Random chains 9 15 (+6) 8 (-1) 
Extended chains/β-sheets 19 25 (+16) 24 (+15) 
Side chain moieties 6 7 (+1) 36 (+30) 

a – difference between adsorbed and solution phase structure content 

According to the literature, loss of alpha helix structure is balanced by an increase in beta 

structures, due to higher relative stability [68].  However, the greatest loss of alpha helix structure 

was observed when BSA adsorbed to the TiO2 nanoparticle surface, and the major increase was in 

the side chain moieties, which are due to the unique R groups for each amino acid, rather than the 
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repeated units in amino acids [67, 68]. This suggests that the side chains became exposed upon 

protein adsorption to the nanoparticle surface and is therefore indicative of protein denaturation. 

On the silica surface, the increase was in the beta structures and there was relatively no change in 

the side chain moieties at pH 2.0. Thus, protein denaturation is more a surface effect than a pH 

effect. 

These data on the changes in secondary structure of BSA are consistent with the frequency 

shifts of the adsorption bands in the ATR-FTIR spectra (Figure 3-4). BSA adsorbed to the silica 

nanoparticle surface had very small peak shifts in location, and these peaks maintained their 

normal shape. However, on the TiO2 nanoparticle surface, peak shifts to different wavenumbers 

were greater, and the peaks became broader and less defined. These observations can be attributed 

to the hydrogen bonds with surface hydroxyl groups [122, 125].  

Although both metal oxide nanoparticles have hydroxyl groups present on their surfaces, 

TiO2 nanoparticles have a higher surface density of hydroxyl groups than silica nanoparticles [76]. 

Furthermore, as the number of surface hydroxyl groups increases, so does the affinity for the 

protein to adsorb to the nanoparticle surface [76, 125, 134]. Therefore, on a hydrated nanoparticle 

surface, as was the case in these ATR-FTIR studies, BSA has a greater affinity and binding strength 

to the TiO2 surface than the silica surface. In addition to hydrogen bonds, which can be confirmed 

from peak shifts in the IR region, electrostatic interactions between the protein and nanoparticle 

have been reported to influence protein adsorption [135]. Specifically, the deprotonated carboxylic 

acid group and the protonated amine groups in the amino acid backbone interact with nanoparticle 

surfaces in a charge-dependent manner [135].  

This leads to a discussion of whether BSA binds to these nanoparticle surfaces as part of 

their hard or soft protein corona. The soft corona contains proteins that adsorb quickly, but 
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reversibly to the nanoparticle surface. The hard corona contains proteins that adsorb slowly, but 

irreversibly to the nanoparticle surface [43, 136]. Additionally, proteins that are in a hard corona 

state tend to undergo greater conformational changes on the nanoparticle surface than soft corona 

proteins [69, 136]. Given the protein secondary structure information and the changes in peak 

location and peak shape in ATR-FTIR, it is probable that BSA is part of a hard corona in the TiO2 

surface, but the soft corona on the silica nanoparticle surface. 

Previously, ATR-FTIR spectra have been used to quantify the adsorption of proteins and 

amino acids to the nanoparticle surfaces [22, 61, 62, 137]. However, this technique requires 

saturation of the protein on the nanoparticle surface, which could not be achieved for either silica 

or TiO2 nanoparticles. Therefore, the thermogravimetric analysis technique was used to quantify 

protein adsorption to the nanoparticle surface [51].  

3.6 Quantification of protein adsorption onto the nanoparticle surfaces 

Quantitative protein adsorption was obtained through thermal desorption of protein from 

the nanoparticle surfaces. Particles were incubated with protein for 24 hours at 4ºC, at which point 

an equilibrium was assumed for BSA on the nanoparticle surface, although this does not account 

for multi-layer protein adsorption. The literature values for BSA adsorption onto similar silica or 

TiO2 nanoparticles are usually on the order of 1011 molecules BSA/cm2 nanoparticle surface [82, 

124, 138, 139]. In these studies, surface coverage was also on the order of 1011 molecules (Table 

3-2), with the adsorption to the TiO2 surface at pH 7.4 being the greatest and on the order of 1012. 

 

 Surface coverage (molecules/cm2) 
 pH 7.4 pH 2.0 

BSA on TiO2 1.7 ± 0.3 × 1012 4.6 ± 0.7 × 1011 

BSA on Silica 1.9 ± 0.3 × 1011 1.5 ± 0.2 × 1011 

Table 3-2. Surface coverage for BSA on nanoparticle surfaces 
at two pH values 
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The differences observed for TiO2 and silica nanoparticles at the same pH, and at different 

pH values may be due to the availability of binding sites, specifically for hydrogen bonds between 

protein and nanoparticle surface [50, 140]. Silica nanoparticles have about half the hydroxyl 

density as TiO2 nanoparticles [76], which corresponds with lower quantities of protein adsorption, 

as observed. For fumed silica, this difference may be even greater as the presence of carbon due 

to combustion further decreases surface hydroxylation [76]. Furthermore, the terminal hydroxyl 

groups on the nanoparticle surfaces are affected by the solution pH, with lower numbers of these 

groups at lower pH where they become protonated [50]. 

The literature cites both the isoelectric point of the substrate and the protein as important 

values that mediate adsorption [50, 123, 138, 141]. With these data, it is clear that pH plays a role 

in adsorption at other pH values as well. An additional consideration not fully investigated through 

these studies is the number of surface sites occupied by BSA in the normal versus the extended 

conformation. It is expected that the extended conformation would occupy more surface sites than 

the normal conformation, and thus could be an additional factor in decreased adsorption on each 

nanoparticle surface compared with the physiological pH [142].  

3.7 Conclusion 

The data obtained from these experiments provide information on the effects of the 

nanoparticle substrate on protein corona formation, rather than the effects of proteins and their 

suspending solutions. The pH values chosen for these studies highlight two important regions of 

the body: the majority of the body which operates at pH 7.4 and the stomach which operates at pH 

2.0 and contributes to the majority of food digestion. As a function of pH, with a consistent model 

protein, these nanoparticle substrates lead to distinct responses. In particular: 
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1. Protein conformation changes as a function of pH both in solution and when adsorption 

onto nanoparticle surface, 

2. Protein conformation differs on the metal oxide nanoparticle surfaces compared to that 

of protein in solution at both pH values, 

3. Protein interactions are stronger with the TiO2 surface than with the silica surface 

determined from increased surface coverage and changes in protein conformation. 

These studies also show that pH can influence protein-nanoparticle interactions, where 

acidic pH values lead to greater protein denaturation when adsorbed to a nanoparticle surface. 

However, pH is not necessarily a driving force for protein denaturation, which depends on the 

strength of interactions with the nanoparticle surface. There is now evidence that the strength of 

interactions between BSA and metal oxide nanoparticles may be predicted by the surface hydroxyl 

group density on the nanoparticle surface. A larger amount of surface hydroxyl groups resulted in 

stronger interactions between the protein and the nanoparticle surface. However, this is not 

necessarily the only predictor of nanoparticle-protein interactions. 

Although these novel studies showed a new phenomenon of nanoparticle-protein 

interactions, the literature states that electrostatic interactions are a large driving force for such 

attraction [74, 125, 143]. Thus, further studies investigated the adsorption of BSA dissolved in 

various ionic salt solutions onto the silica nanoparticle surface. 

This chapter was formatted based on the following publication: Givens, B.E., et al, Bovine serum 
albumin adsorption on SiO2 and TiO2 nanoparticle surfaces at circumneutral and acidic pH: A 
tale of two nano-bio surface interactions, Journal of Colloid and Interface Science, 2017. 493: p. 
334-41. 
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Chapter 4 The effect of solution ions on the protein corona 

4.1 Introduction 

Protein adsorption onto nanoparticle surfaces was shown to vary as a function of both pH 

and the nanoparticle substrate in this work. However, there is also evidence that other solution 

components alter protein adsorption to nanoparticle surfaces [99, 144]. Additionally, different ion 

solutions have been shown to shift the isoelectric point of BSA and other proteins [107], which 

then may alter the adsorption of BSA to nanoparticle surfaces. Therefore, we investigated the effect 

of changing ionic salts on nanoparticle aggregation, zeta potential, and adsorption of BSA to the 

silica nanoparticle surface.  

First, PBS and acetate buffer were used to determine if effects in water at the pH of greatest 

adsorption, pH 3.7, and the physiological pH, pH 7.4, were maintained in a more complex solution. 

Then, salt solutions were prepared based on the ionic concentration found in phosphate buffered 

saline, as a commonly used buffer for biological solutions. The salts chosen for these studies were 

also influenced by periodic table groups. There has been research showing aggregation of silica 

nanoparticles is reduced in Group 2 chlorides due to the electrostatic double layer formed on the 

nanoparticles, compared with Group 1 chlorides [23, 145]. Thus, both a group 1 chloride and a 

group 2 chloride were used, but concentrations vary based on the largest relevant unit of PBS. 

Many of the chosen solutions were previously investigated with other metal oxide 

nanoparticles, and it was found that phosphate competitively adsorbs with protein to the 

nanoparticle surface [73]. Unfortunately, the primary ATR-FTIR peak for silica overlaps with the 

primary phosphate peak [73, 146], therefore ATR-FTIR studies were not conducted for this effect. 

The studies that were chosen, including DLS, laser Doppler velocimetry, TGA, and the Derjaguin-
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Landau-Verwey-Overbeek (DLVO) model, were done so to improve the understanding of the 

driving forces behind protein corona formation in vivo. The use of simple solutions, rather than 

the true human fluids, are necessary in order to determine the forces acting upon the nanoparticle 

and protein. However, without advancing to the complex solutions and in vivo studies, a complete 

understanding is not possible.  

4.2 Materials and methods 

To confirm results that were presented in chapter 2, two buffered solutions at the 

physiological pH and at the pH of greatest adsorption were prepared. Acetate buffer was prepared 

with acetic acid and sodium acetate and adjusted to pH 3.7 using 1M HCl and 0.8M NaOH. 

Phosphate buffered saline (PBS) was prepared using both sodium and potassium salts and adjusted 

to pH 7.4 with 1M HCl and 0.8M NaOH. To study the effects of ions and ionic strength, additional 

solutions were prepared using the ion concentration in PBS as a guide: (a) 10 mM sodium chloride, 

(b) 130 mM sodium chloride, (c) 70 mM calcium chloride, and (d) 12 mM sodium phosphate.  

DLVO theory was used to predict which solution would perform best at resisting the 

natural tendency for aggregation. The net interparticle forces, Vnet, for the different solution types 

were found with DLVO theory, explained in Equations 1-4 [102]. 

𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒     (1) 

 

Vvdw is the attractive forces (J) of the particles and Velec is the repulsive forces (J) of the 

particles, given by Equations 2 and 3, respectively. 

𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 =
−𝐴𝐴𝐻𝐻
12

× �
𝑦𝑦

𝑥𝑥2 + 𝑥𝑥𝑥𝑥 + 𝑥𝑥
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𝑥𝑥2 + 𝑥𝑥𝑥𝑥 + 𝑥𝑥 + 𝑦𝑦

+ 2 ln�
𝑥𝑥2 + 𝑥𝑥𝑦𝑦 + 𝑥𝑥

𝑥𝑥2 + 𝑥𝑥𝑥𝑥 + 𝑥𝑥 + 𝑦𝑦��
 

(2) 
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AH is the Hamaker’s constant for silica in water, 4.6 x 10-21 J [147]. For silica nanoparticles 

of constant size, y = 1 and x = d/(2R), where d is the distance between particle surfaces (m) and R 

is the particle radius (m). 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 = 2𝜋𝜋𝜀𝜀𝑟𝑟𝜀𝜀0𝛹𝛹02𝑅𝑅𝑘𝑘𝐵𝐵𝑇𝑇 × ln(1 + exp(−𝜅𝜅𝑑𝑑))        (3) 

 

εr is the relative dielectric constant of the liquid (80.1 for water) and ε0 is the permittivity 

of a vacuum, 8.85 x 10-12 C2/J-m. The measured zeta potential, in volts, was used for the value of 

Ψ. kB is Boltzmann constant, 1.38 x 10-23 J/K. T is temperature, given in units of Kelvin. κ was 

calculated from e (elementary charge, 1.6 x 10-19 C), NA (Avogadro constant, 6.02 x 1023 mol-1), 

and I (ionic strength of the solution in mol/m3): 

κ = �𝑒𝑒
2𝑁𝑁𝐴𝐴(2𝐼𝐼)
𝜀𝜀𝑟𝑟𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇

�
0.5

     (4) 

 

The extended DLVO model has been developed to include forces due to interparticle 

interactions between adsorbed surface ligands, rather than the nanoparticle surfaces [23]. The 

osmotic force depends upon the molecular volume of the solvent (𝑣𝑣1), volume fraction of polymer 

within the coating layer (𝛷𝛷𝑝𝑝), the Flory-Huggins interaction parameter (𝜒𝜒), the particle radius (𝑅𝑅), 

the polymer layer thickness (𝑤𝑤), and the separation distance between particles (𝑑𝑑), and varies for 

three different regions (Equations 5-7). 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 = 0 𝑓𝑓𝑓𝑓𝑓𝑓 (2𝑤𝑤 ≤ 𝑑𝑑) (5) 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 =
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(6) 
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(7) 
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The elastic repulsive energy is due to entropy loss that occurs upon compression of the 

coating layer and is considered to give a significant contribution when the distance between 

particles is less than the particle diameter [102, 148, 149].  

𝑉𝑉𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 = 0                                                                                                𝑓𝑓𝑓𝑓𝑓𝑓 (𝑤𝑤 ≤ 𝑑𝑑) (8) 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
2𝜋𝜋𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇
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                                                                                                        𝑓𝑓𝑓𝑓𝑓𝑓 (𝑤𝑤 > 𝑑𝑑) (9) 

 

Thus, including the extended DLVO model, the total interaction energy becomes 

𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (10). 

 

This model is advantageous to this study as we confirm BSA is adsorbed to the nanoparticle 

surface.  
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4.3 Aggregate diameter and zeta potential in aqueous media 

The hydrodynamic diameter (Figure 4-1) and zeta potential (Figure 4-2) of particles in 

solution can be compared across various concentrations of ions and between bare particles and 

coated particles. The two-way ANOVA analysis comparing the uncoated silica to the coated silica 

revealed statistical significance for differences in hydrodynamic diameter in all solutions to a p 

value less than 0.0001 except sodium phosphate solution. The changes in zeta potential in each 

solution with the addition of BSA are significant to p < 0.0001 for both sodium chloride solutions, 

and acetate buffer. Therefore, BSA does not alter aggregation or zeta potential in sodium phosphate 

solution. Furthermore, the lowest observed hydrodynamic diameter and zeta potential values were 

in the presence of BSA was in sodium phosphate solution. 

Figure 4-1. Hydrodynamic diameter of silica nanoparticle in the presence and 
absence of BSA as a function of solution ions 
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The differences between hydrodynamic diameter and zeta potential for either silica or silica 

coated with BSA in difference solutions are more complicated. In the presence of BSA, by two-

way ANOVA, there is a significant difference between zeta potential for all combinations of 

solution comparision, except 10 mM NaCl and 130 mM NaCl. This suggests that the concentration 

of NaCl in solution does not affect the zeta potential of the protein, and could warrant further 

investigation. Additionally, both in the presence and absence of BSA, all solutions exhibited  

significant differences from PBS, which was the primary solution from which all others were 

chosen. 

A comparison between water at the same pH of the buffered solutions, pH 7.4 and pH 3.7, 

was conducted to determine if the presence of ions in solution has an effect apart from the pH 

effect on the hydrodynamic diameter (Figure 4-3) and the zeta potential (Figure 4-4). In the 

Figure 4-2. Zeta potential of silica nanoparticles with and without BSA coatings 
as a function of solution ions 



www.manaraa.com

 48  
 

presence of BSA, aggregation in the buffered solutions is at least 10-times greater than in pH-

adjusted water. The zeta potential measurements are similar for PBS as with water, and in the 

presence of BSA the error is too large to discern any differences. In acetate buffer, silica 

nanoparticles exhibit almost exactly the same zeta potential as in pH-adjusted water, and both have 

very low error associated with them. This suggests that any effects of pH and/or ions occurs on the 

protein rather than the nanoparticle. 

From this information, it is unclear whether ions further affect protein adsorption to the 

nanoparticle surface. In one school of thought, if the ions adsorb to the nanoparticle surface, they 

occupy available surface sites onto which the protein would otherwise bind. Similarly, the presence 

Figure 4-3. Hydrodynamic diameter of silica nanoparticles in the presence and 
absence of BSA in pH-adjusted water and buffered solutions 
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of ions and protein affects the tendency towards aggregation, thus other nanoparticles may also 

occupy otherwise available surface sites.  

4.4 Quantifying protein adsorption to the nanoparticle surface in different mediums 

Comparing pH-adjusted water to buffered solutions at the same pH values revealed that 

greater protein adsorption occurred in the presence of ions (Figure 4-5). This suggests that the 

affinity for the protein towards the nanoparticle surface is in fact altered in ion-containing 

solutions. An important consideration dominating these interactions is that ions are charged 

particles; therefore, any adsorption of an ion to the nanoparticle surface will alter the surface charge 

of the nanoparticle. Since it is known that both hydrophilicity and net charge of the nanoparticle 

Figure 4-4. Zeta potential measurements for silica and silica coated with BSA 
in pH-adjusted water and buffered solutions 



www.manaraa.com

 50  
 

surface influence protein adsorption [67, 68, 70, 71], this could explain differences between salt 

solutions and water.  

4.5 Theoretical model of inter-particle interactions 

The DLVO theory was used to model potential interparticle interactions in aqueous 

solutions (Figure 4-6). This theory has been used by others to model the interaction energy in 

colloidal suspensions, particularly biomolecule-nanoparticle interactions [20, 74, 102]. As 

nanoparticle size affects biological interactions, and these particles are present in fused aggregates, 

models using both the primary particle size (a, b) and the aggregate diameter were investigated (c, 

d). The energy barrier, or the height of the interaction energy, is the primary factor determining 

colloidal stability. In order for particles to remain separate, the interaction energy must be higher 

than the energy of Brownian motion, around 1.5kT [102]. In these studies, sodium phosphate 

solution always had a higher interaction energy than that of Brownian motion, and therefore 

Figure 4-5. TGA analysis for the surface coverage of BSA on silica 
nanoparticles in molecules protein per nanoparticle surface area 
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particle aggregation was reduced. This was confirmed with results from DLS when the addition of 

BSA to the nanoparticle suspension did not result in further aggregation. This is also true regardless 

of which primary nanoparticle size was used for calculations.  

The larger assumed nanoparticle diameter, 250 nm, resulted in greater energy barriers than 

the smaller particles. This is logical as nanoparticles are less stable in solution than their bulk 

counterparts [150]. Additionally, the presence of BSA decreases repulsive interactions as 

compared with silica alone in solution. This agrees well with the hydrodynamic diameter 

measurements, which show consistent diameters for silica in all solutions, which are also 

consistent with the measured aggregate diameter in TEM. However, in the presence of BSA, 

Figure 4-6. DLVO model for interactions between nanoparticles of size 14 nm without a protein corona (a) and 
with a protein corona (b), and particles of 250 nm in diameter without a protein corona (c) and with a protein 
corona (d). Data are presented for 10 mM NaCl (pink), 130 mM NaCl (blue), 70 mM CaCl2 (purple), 12 mM 
Na2HPO4 (green), and PBS (orange).   
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aggregation increases dramatically with these salt solutions and therefore attractive interactions 

must also be increasing.  

Furthermore, in the presence of BSA, the range of values for the energy barriers narrows. 

That is, there is greater variability in the stability of silica nanoparticles in the absence of BSA 

than in the presence of the protein. Even so, there are some solutions, which consistently show 

interactions will always be attractive, that is, the energy barrier is always negative. This occurs for 

calcium chloride and 130 mM sodium chloride, suggesting that aggregation can never be 

eliminated in these solutions. In the absence of BSA, this is also true of 10 mM NaCl, however, 

with the addition of BSA, this energy barrier exceeds that for PBS. The energy barrier for particles 

in PBS does not change upon the introduction of BSA. 

The extended DLVO model is advantageous for systems in which a new layer of surface 

ligands is generated on the nanoparticle surface [148]. This model depends on additional 

parameters, and takes into account additional interactive forces which may be imparted on the 

system by the surface ligands; in particular, this model accounts for the additional steric 

interactions [102]. The downfall to this model in protein-nanoparticle systems, is choosing the 

correct parameters in the extended model to correctly model the system. In particular, the volume 

fraction of polymer within the coating layer (𝛷𝛷𝑝𝑝), the Flory-Huggins interaction parameter (𝜒𝜒), 

and the polymer layer thickness (𝑤𝑤) presented issues with this system. 

The Flory-Huggins interaction parameter is a thermodynamic parameter which accounts 

for interactions between a polymer molecule and its nearest neighbors [151]. According to the 

Flory-Huggins model, the boundary between a good solvent and a poor solvent occurs at 𝜒𝜒 = 0.5 
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[151, 152]. In the literature, this parameter is generally assumed to be 0.45 [102, 149], slightly 

within the range of a good solvent [151, 152].  

The volume fraction and the polymer layer thickness both must be determined 

experimentally, which can be done using particle sizing techniques such as TEM [102]. TEM was 

not completed for these coated particles, and assessing the protein coating on an aggregate of 

particles is challenging. Determining whether to use the fraction of coating on the individual 

particles or the aggregate is difficult, particularly when trying to consider the outermost layer, or 

all of the pores between individual nanoparticles. Therefore, it was determined that although the 

extended DLVO model is advantageous for describing a nanoparticle with a protein corona, these 

nanoparticles are not well suited for this analysis. 

4.6 Conclusion 

A model system for determining protein-nanoparticle interactions is useful in determining 

the small-scale driving forces for these interactions. In this chapter, the model system was silica 

nanoparticles, bovine serum albumin protein, and various salt solutions. Previous literature has 

shown that certain ions, such as phosphate, may competitively adsorb to a metal oxide nanoparticle 

surface [73]. Other literature has shown that the molecular weight and/or the periodic group affect 

aggregation [23, 145]. These studies were designed to highlight these differences and compare 

them. 

Results indicated that sodium phosphate provides the greatest repulsion of silica 

nanoparticles in the presence of BSA, and no additional aggregation occurs with the addition of 

BSA, unlike the other solutions. We also found that protein adsorption onto the silica nanoparticle 

surface was greater in the presence of ions than in pure water at the same pH value, which indicates 

that the ions generate a more favorable surface for protein binding. The implications of increased 
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affinity for proteins to adsorb to the nanoparticle surface as well as aggregation are significant for 

the field of bionanotechnology. As the true biological fluid these nanoparticles will be dispersed 

in has more ions than pure water, these differences are critical to understand when developing 

drugs, sensors, or other biological applications for silica nanoparticles.  

 

This chapter was formatted based on the following publication: Givens, B.E., et al, The Effect of 

Solution Properties on Protein Corona Formation, 2017. In preparation. 
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Chapter 5 Toxicity in vitro of nanoparticles with and without a protein 

corona in A549 cells 

5.1 Introduction 

The potential for nanoparticles to induce cytotoxicity in target organs is of great concern 

for occupational health, environmental health, and drug delivery [38]. Thus, assessing the toxicity 

of nanoparticles, which have been approved for pharmaceutical and food use in human cells is a 

necessary step towards assessing their safety and efficacy in these applications.  

A549 cells are a commonly used toxicity model, and are an excellent starting point for 

studies because they have been so widely used. Most of these toxicity tests include a dose-

dependent response, in which a wide range of nanoparticle doses are exposed to cells in vitro and 

the cytotoxicity is compared across this dose range [29, 153]. In particular, one study showed that 

serum-free culture media has a greater dose-dependent effect than complete medium, which 

showed no dose-dependence [99]. Dose-dependence is an important concept in the toxicity realm 

because the minimum effective dose and the minimum toxic dose are both of critical importance 

with safe design [19, 154, 155]. 

Metal oxide nanoparticles are typically used in toxicity studies because they can readily 

oxidize to different states [156], and/or they can leach ions into the biological environment 

inducing toxicity [97]. There is evidence in the literature that silica nanoparticles can cause toxic 

responses in cell lines, despite the common belief that amorphous silica is nontoxic [29, 66, 72, 

97, 157-162]. In particular, the presence of proteins on the nanoparticle surface is shown to 

enhance adverse responses by the cells [163, 164]. However, certain protein coronas may mitigate 

the toxic effects of silica  [165].  
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For the studies presented herein, we aimed to investigate both the dose-dependent response 

of A549 human adenocarcinoma lung cells to silica nanoparticles with and without a bovine serum 

albumin protein corona. We hypothesized that higher doses of nanoparticles would lead to greater 

cytotoxicity regardless of the presence of serum, and that the cytotoxicity for the same dose would 

be greater in complete serum-free conditions compared with nanoparticles coated with a BSA 

corona.  

5.2 Materials and methods 

A549 adenocarcinoma lung cells were gifted from Peter Thorne. Cells were maintained in 

T75 flasks and passaged every 4-6 days. Cell culture media was prepared using Roswell Park 

Memorial Institute (RPMI, Gibco) media supplemented with 10% fetal bovine serum (FBS, 

Atlanta Biologicals) and 1% penicillin/streptomycin (Life Technologies). For nanoparticle 

exposure experiments passage numbers 25-29 were utilized, and cells were plated in a 96-well 

plate at 1 x 104 cells/well and allowed to grow overnight before nanoparticle exposure. In these 

experiments, serum-free RPMI was used as the cell culture medium. 

Silica nanoparticles were suspended in serum-free RPMI media supplemented with 1% 

penicillin/streptomycin, and allowed to sit overnight at 4ºC to prevent protein denaturation. For 

particles with a protein corona, 1 mg/mL of BSA was prepared in serum-free RPMI media to which 

the silica nanoparticles were added. Stock solutions of 200 µg/mL silica were prepared and diluted 

in serum-free RPMI to other desired concentrations: 150, 100, 50, 25, and 10 µg/mL. Each dose 

was repeated in triplicate and added to wells in a volume of 100 µL. 24-hours following exposure, 

nanoparticle toxicity was assessed. 

The release of lactate dehydrogenase (LDH) from the cells into the supernatant was 

measured using the Pierce LDH cytotoxicity assay kit (Thermo Scientific), following the protocol 
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for chemical-compound mediated cytotoxicity. Briefly, the supernatant was removed from cells 

and placed in a new 96-well plate. An equal volume of the reaction mixture was added, and the 

plate was allowed to incubate protected from light at room temperature for 30 minutes before 

conducting absorbance measurements at 490 nm and 680 nm. The values used for the provided 

equation (Equation 11) was the absorbance at 680 nm subtracted from the absorbance at 490 nm. 

Controls for maximum LDH release and spontaneous LDH release were included.  

% 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

  (11) 

 The same cells used for LDH cytotoxicity were treated with 100 µL serum-free RPMI 

media and 20 µL of MTS reagent (CellTiter 96® AQueous one solution cell proliferation assay, 

Promega), and incubated for 4 hours at 37ºC, 5% CO2. After 4 hours, cells were centrifuged at 

500-g for 20 minutes and 70 µL of the supernatant was removed and placed in a new 96-well plate 

to reduce interference from nanoparticles and serum albumin. Absorbance was measured at 490-

nm. The cell viability as a percent of the control was calculated by taking the average absorbance 

for the control groups and dividing each measurement by that average.  

The aggregate diameter and zeta potential of the nanoparticles dosed to the cells were 

measuring using a Malvern ZetaSizer (Nano ZS). These measurements were made from the same 

solutions that were used for cell exposure, and measurements were taken approximately 24 hours 

after preparation. Measurements were conducted in triplicate. 

5.3 Aggregate diameter and zeta potential of dosed particles  

The aggregation and zeta potential were of interest in these studies as nanoparticle size can 

influence uptake into cells, tissues, and organs [93, 166, 167]. Additionally, the influence of the 

presence of BSA in cell culture medium was expected to differ from other studies with pH and 
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solution components. However, these studies were not a primary focus for this work and therefore, 

only select doses of nanoparticles were investigated (Figure 5-1). Zeta potentials were 

approximately -11 mV for all conditions, and individual values have not been reported here. 

Aggregation beyond that which is expected of the native particles did not occur for all conditions, 

nor did it follow a clear nanoparticle dose-dependent trend. No aggregation was noted for 10 or 50 

µg/mL silica in RPMI, and very little aggregation was noted for 50 µg/mL silica and 1 mg/mL 

BSA in RPMI. However, at 10 µg/mL silica with 1 mg/mL BSA, the average hydrodynamic 

diameter was very close to 400-nm which could indicate the formation of dimers, although this 

cannot be confirmed without further analysis. Significant aggregation, over 1 µm, was observed 

for 200 µg/mL silica with and without 1 mg/mL BSA in RPMI, and 100 µg/mL silica in RPMI. 

These results suggest that the presence of serum is not the only component of cell culture media, 

which leads to aggregation for these silica nanoparticles [54, 55].  

Figure 5-1 Hydrodynamic diameter average ± standard deviation for silica in the presence 
and absence of BSA in serum-free RPMI 
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. 

5.4 Cell viability 

Two assays were used to assess nanoparticle toxicity on A549 cells, the LDH leakage assay 

and the MTS metabolic activity assay. The percent cytotoxicity elicited in the cells can be 

calculated from the measured absorbance in each of these colorimetric assays. The LDH leakage 

assay (Figure 5-2) showed negative cytotoxicity for both control types, indicating that the lysed 

cells had less absorbance than the control group. This may be evidence towards interference of 

nanoparticles and/or residual BSA in solution with the reagent. For other treatment groups, the 

error displayed within each condition renders drawing conclusions on a dose-dependent or BSA-

dependent response difficult. The average value at each condition suggests there may be a dose-

dependent response where higher doses of nanoparticles lead to greater cytotoxicity.  

Figure 5-2. LDH leakage assay cytotoxicity towards cells in the presence and 
absence of BSA. Data are presented as the mean with standard deviation. Control 
with BSA does not include silica nanoparticles 
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The MTS assay was also used to assess the metabolic activity in the cells (Figure 5-3). 

Again, the standard deviation for these measurements is too great to determine whether there is a 

dose-dependent or BSA-dependent response. However, using the mean values once again suggest 

there is a dose-dependent response with higher doses leader to greater toxicity. The least variability 

for this assay was observed in the 150 and 100 µg/mL silica with 1 mg/mL BSA groups. Each of 

these conditions exhibited a low amount of cell viability with small standard deviations. This 

contradicts the hypothesis that the presence of serum from BSA aids in cell proliferation in serum-

free RPMI. 

The relative degree of cytotoxicity is consistent between the two assays; therefore, a greater 

number of replicates or improved standardization of dosing may be required to obtain accurate 

data. Although the 150 and 100 µg/mL protein-coated silica doses show unexplained decreases in 

Figure 5-3. MTS metabolic activity in cells as a percent of the control activity in 
the presence and absence of BSA. Data presented for mean with standard deviation. 
Control with BSA does not include silica nanoparticles. 
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cytotoxicity, which do not follow the general dose- or serum-presence response, they are consistent 

between both cytotoxicity assays.  

Although these assays provided agreeable cytotoxicity data, there is a major pitfall to 

colorimetric assays. The nanoparticles have the ability to bind with the dyes used in the assays and 

alter the absolute absorbance, as well as the interference of optically  active nanoparticles at the 

measured absorbance values [168-170]. Particles can be removed from solution via centrifugation 

before the absorbance measurements, but this does not eliminate interference during incubation 

periods. Additionally, the raw absorbance values (not shown) suggest the absorbance may be 

affected by changing serum concentrations in the test conditions.  

5.5 Conclusion 

These studies demonstrated a potential dose-dependent response of A549 human 

adenocarcinoma lung cells to silica nanoparticle with and without an existing protein corona. 

Nanoparticles in serum-free RPMI or RPMI with 1 mg/mL BSA were administered to cells in a 

dose-dependent manner. Although the cell culture media was serum-free and BSA could 

potentially provide the cells with a nutrient known to aide in cell proliferation and integrity, greater 

cytotoxic responses were observed in the presence of BSA compared to the bare nanoparticles at 

two doses.  

These studies are not sufficient to determine the mechanism of cytotoxicity, but the assays 

used provided information on cell integrity. Although proliferation was not directly measured, the 

high percent cytotoxicity for doses greater than or equal to 100 µg/mL silica from the LDH assay 

indicate that cells had compromised membrane integrity. The resulting viability from MTS, or the 

metabolic activity of these same cells, revealed that the magnitude of toxicity in LDH was not 

predictive for impaired mitochondrial function. Therefore, additional studies on nanoparticle 



www.manaraa.com

 62  
 

uptake and other measures of cytotoxicity are necessary to determine the mechanism of action and 

the severity of toxic responses in this system. 

Toxicity testing in vitro may differ from tests in vivo for several reasons, including the 

increased complexity of an organism over cells, and retention time in tissues [171]. Thus, there is 

still significant work to be done in this area in assessing the toxicity of silica nanoparticles for food 

and pharmaceutics. Furthermore, administration in vivo is a critical component in determining 

toxicity, and these lung epithelial cells only provide information for inhaled drug delivery. Thus, 

while these studies are informative, they are merely a starting point for further experiments.  
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Chapter 6 Conclusion and Future Directions 

6.1 Conclusion 

The presence of nanoparticles in the environment and the potential growth of nanoparticle 

use in biotechnology generate concerns over the human health impacts of nanoparticle exposure. 

The field of nanotoxicology to assess these potential impacts is still in its infancy and much work 

still needs to be done. The physicochemical properties of a nanoparticle impact the protein corona 

and cellular responses in vitro. Thus, it is difficult to determine a universal “rule” for how 

nanoparticles will behave in the body and much testing still needs to be done. Using the current 

knowledge in the field, we have investigated a commercial silicon dioxide nanoparticle approved 

for food and pharmaceutical use in various aqueous environments by pH, including that in the 

stomach, lung, blood stream, and GI tract. Furthermore, we have investigated behavior of these 

nanoparticles in various saline solutions to improve understanding of how different regions of the 

body might respond to nanoparticles. Ultimately, these ideas should be integrated and further 

expanded upon to complete the picture of human responses to nanoparticles.  

The goal of this work was to improve the understanding of the effect the environment has 

on nanoparticle properties and subsequent cellular responses. Chapter 2 focused on the pH-

dependent effects on protein-nanoparticle interactions of BSA and silica. The silica nanoparticles 

were present as fused aggregates, and did not aggregate further in aqueous solution independent 

of protein, except near the isoelectric point. The zeta potential of these particles changed as a 

function of pH, however, at the physiological pH the zeta potential of silica was approximately 

equal in the presence and absence of BSA.  ATR-FTIR was used to monitor the real-time 

adsorption of BSA to the nanoparticle surface and assess protein conformational change on the 

nanoparticle surface. The characteristic peaks for proteins in the IR spectrum did not shift for BSA 
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in solution as a function of pH, nor did they shift as a function of BSA adsorption to the 

nanoparticle surface. BSA continued to adsorb to the nanoparticle surface as a function of time, 

evidenced by an increase in absolute absorbance. In some cases, the desorption band has a greater 

intensity than the final adsorption band, which can be explained by conformational changes on the 

nanoparticle surface. The conformation of BSA on the silica surface was assessed using curve 

fitting of the amide I peak. The alpha helix content underwent the greatest amount of change of all 

the structures, and decreased below the typical range for BSA (60-65%) during adsorption, and 

increased above that range during desorption. At other pH values, the alpha helix content was 

fairly constant as a function of time and fell within the expected range. The amount of protein 

adsorbed to the nanoparticle surface was quantified using TGA, and does not vary significantly as 

a function of pH, except between pH 2.0 and pH 3.0. The maximum adsorption for protein on the 

nanoparticle surface was at the protein-nanoparticle isoelectric point of pH 3.7 and closely 

followed by the isoelectric points of the substrate and the protein, respectively. The adsorption at 

pH 2.0 was the least, which disagrees with the absolute absorbance in ATR which is least at pH 

7.4. This discrepancy highlights the importance of using multiple methods to assess protein-

nanoparticle interactions between compounding effects can mask true effects. 

To build upon the effects observed as a function of pH with BSA on silica, we compared 

the effects of BSA adsorbed to silica nanoparticles and titanium dioxide nanoparticles as described 

in chapter 3. The TiO2 nanoparticles also formed aggregated, but in smaller clusters than silica 

nanoparticles. The isoelectric point of both materials was experimentally determined using zeta 

potential values and found to be pH 6.5 and pH 2.7 for TiO2 and silica, respectively. These values 

are expected to generate the greatest amount of protein adsorption, according to the previous 

studies. However, since neither value was investigated for this study, we expected the protein 
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adsorption to be greater on silica at low pH and greater on TiO2 at neutral pH. Surface coverage 

was greatest for BSA on TiO2 at pH 7.4, however the lowest surface coverage occurred for BSA 

on silica at pH 2.0. Thus, isoelectric point alone is not a good indicator of protein adsorption, 

suggesting that electrostatic interactions are not necessarily the driving force for protein adsorption 

to nanoparticle surfaces. The secondary structure of BSA changed more on the TiO2 surface than 

the silica surface, particularly in a decrease in alpha helix structures. BSA also gained extended 

chains or beta sheets on both particle surfaces, except for silica at pH 7.4. These changes in protein 

secondary structure suggest BSA is folding on the nanoparticle surface. At pH 2.0, the side chain 

structures gain a large percentage of the curve fitting area on the TiO2 surface, which suggests that 

the protein is severely denatured and exposing the unique R groups to each amino acid, rather than 

the repeated structure, which provides both the characteristic IR peaks and arranged protein 

structure. Therefore, the effects of pH on protein adsorption are more severe for TiO2 nanoparticles 

than for silica nanoparticles, which has important implications for two nanoparticles used as food 

additives.  

In addition to pH, the concentration and types of ions in the body differ by location. The 

effects of different ions in solution was the focus of chapter 4. In the presence of ions and BSA, 

silica aggregates in aqueous solution, unlike in water as a function of pH when aggregation was 

only observed at the isoelectric point. This was confirmed using two buffered solutions at the pH 

values 7.4 and 3.7 to compare with water at the same pH values. Aggregation was much greater in 

buffered solutions compared with pH-adjusted water, but the zeta potentials were approximately 

equal. Although aggregation increased in the presence of salts, there was one solution that did not 

cause aggregation or changes in the zeta potential upon the addition of BSA: sodium phosphate. 

The DLVO theory was used to model the electrostatic and van der Waals interactions between 
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neighboring nanoparticles in different aqueous solutions with and without BSA. The DLVO 

calculations revealed the greatest repulsive interactions occurred for particles suspended in sodium 

phosphate, consistent with the reduced aggregate diameter observed from DLS. PBS also offered 

some repulsive interactions, but none as strong as sodium phosphate. Additionally, the strength of 

repulsive interactions was greater for silica nanoparticles in the absence of BSA than in the 

presence of BSA. Protein adsorption was quantified using TGA and sodium phosphate solution 

resulted in the least amount of protein adsorption to the nanoparticle surface. These results suggest 

that sodium phosphate may be an important solution in reducing protein corona formation, 

nanoparticle aggregation, while maintaining the zeta potential. 

The in vitro toxicity of silica nanoparticles with and without a protein corona was 

investigated for chapter 5. The aggregate diameter of nanoparticles in cell culture media as a 

function of nanoparticle aggregation was measured, and at low concentrations of nanoparticles in 

culture media there is no additional aggregation, however, at higher concentrations aggregation 

increases to the micrometer range in the absence of BSA. After nanoparticle exposure, the cell 

viability was assessed by membrane integrity and metabolic activity. The error associated with 

these studies was too great to determine whether or not a dose-dependent response existed, which 

is due to deviation within a single study and repeated trials. In general, it seems that lower 

concentrations of silica nanoparticles induce less toxicity than higher concentrations.   

6.2 Recommendations and future directions 

Many of the presented studies have room for growth. The nanoparticle-protein interactions 

in water were determined to be substrate-dependent as shown in chapter 3. Therefore, these types 

of studies must be conducted for each nanoparticle and applications, particularly in the 

nanobiotechnology industry. Additionally, the effects of aggregation differed in water, buffered 
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solutions, salines, and cell culture media, therefore the dispersant for these nanoparticles is of 

critical importance. In order to simplify the system and hone in on certain effects, many of these 

studies were done in water, and no studies were completed in human biological fluids such as 

whole blood, plasma, or lung fluids. These complex fluids contain a variety of proteins and ions, 

which will affect the formation and composition of the protein corona. Therefore, once the basic 

information has been obtained, these fluids are necessary in truly understanding the goings on of 

nanoparticles in the human body. Furthermore, as mentioned with the cell models, these fluids are 

in constant motion, and therefore studies which mimic the dynamics of these fluids are also 

important. 

The primary, and ultimate, concern for nanoparticles leached into the environment and/or 

used for biomedical applications, is how they interact with the human body. Human evidence can 

only be studied epidemiologically due to ethical and moral reasons, therefore, model systems for 

the human body are necessary to determine the potential harmful effects of nanoparticles. For this 

work, an in vitro model for the lung was chosen based on its prevalence in the literature, A549 

adenocarcinoma human epithelial lung cells from the alveolar region. However, this model has 

significant disadvantages: (a) cancerous cells cannot accurately model healthy systems, (b) a 

single-cell model does not accurately represent the complex human environment, and (c) the static 

lung cell system does not accurately model the mechanical properties in the lung. Therefore, 

studies with other lung cell lines, co-culture models of the lung, and dynamic models of the lung 

are all important modifications to this work for future studies. Another important consideration 

with this model is the deposition of inhaled particles in the lungs. Deposition models agree that 

particles which are 200 – 300 µm in diameter, have very low deposition in all of the airways, 

making this nanoparticle aggregate a poor model for lung cells.  
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