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Abstract 

For over two decades, nanoscale materials have been utilized as diagnostics and 

therapeutics. The successful clinical implementation of these platforms depends on well-

defined physicochemical properties. However, such nanoparticle characteristics diverge at 

the single particle level and fluctuate within biological systems. Moreover, single cell 

diversity often leads to unpredictable and heterogenous biological outcomes upon 

nanoparticle exposure. Together, these factors complicate and hinder widespread clinical 

application of nanomaterials. To that end, there exists a need to quantify both the dynamics 

of individual nanoparticle physicochemical properties and single cell interactions with 

nanoparticles. Insights from such fundamental studies could guide the design of novel 

nanomaterials with better controlled physicochemical properties potentially leading to 

improved clinical performance. To achieve this goal, quantitative analytical methods that 

capture both dynamic single nanoparticle transformations and single cell heterogeneity are 

required. Mass spectrometry based on elemental analysis can be applied to investigate such 

phenomenon. In the current dissertation, single particle inductively coupled plasma mass 

spectrometry (SP-ICP-MS) was utilized to quantify the mass, colloidal stability, and 

chemical composition of model nanoparticles in situ with high throughput. SP-ICP-MS 

was further applied to quantify the heterogeneous changes of individual nanoparticle 

physicochemical properties. With established elemental analysis techniques to track the 

evolution of single nanoparticle physicochemical properties, the cellular uptake of model 

nanoparticles was then quantified at the single cell level using human B cells. This 

elemental analysis approach represents a feasible method for measuring the single cell 

variety of nanoparticle cellular uptake. Collectively, these results represent a new readily 

accessible tool for the nanomedicine community that is capable of efficiently quantifying 
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nanoparticle mass, colloidal stability, chemical composition, and nanoparticle cellular 

uptake all on the same mass spectrometer. With this elemental analysis approach, future 

studies can develop strategies to modulate individual nanoparticle physicochemical 

properties within physiological settings to better control nanoparticle-cell interactions for 

improved clinical translation. 
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Chapter 1: Introduction 

 The long-term goal of this dissertation is the development of safe and effective 

nanoparticle systems for the treatment and diagnosis of disease guided by single 

nanoparticle and single cell elemental analysis. Nanoparticles consisting of various 

materials, sizes, and compositions have been successfully applied in various clinical 

settings such as cancer treatments, diagnostic imaging agents, immunoassays, and life-

saving vaccines. However, the clinical translation of nano-based platforms remains 

challenging as evidenced by the low number of FDA-approved platforms that utilize 

nanomaterials. As the biomedical success of these nano-based platforms hinges on well-

defined nanoparticle physicochemical characteristics (i.e., size, shape, surface charge, 

stability, etc.), effective clinical application of nanomaterials necessitates comprehensive 

characterization. Traditional techniques to probe such physicochemical properties often 

rely on ensemble measurements that provide average measurements for a population of 

nanoparticles. However, a given batch of nanoparticles contains a distribution of 

nanoparticles with varying sizes, composition, and surface chemistries that differ from 

nanoparticle to nanoparticle. Although ensemble characterization of nanoparticles is 

commonplace, fast, and cost-effective, data on individual nanoparticle heterogeneity is 

obscured. Moreover, such nanoparticle properties are dynamic and subject to change upon 

exposure to biological settings. These fluctuating facets of nanomaterials warrant high 

throughput methods to reveal and quantify dynamic single particle differences which may 

offer novel insights on the synthetic and biological identities of individual nanoparticles. 

Consequently, quantitative in situ elemental analysis at the single nanoparticle level has 

gained traction in the nanotechnology field to provide researchers real-time information on 
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such crucial phenomena. As opposed to other single particle techniques that require low-

throughput image analysis (i.e., electron microscopy) or only measure layers of hydration 

around single nanoparticles (i.e., nanoparticle tracking analysis), elemental analysis can 

provide fast and direct mass quantification of anisotropic nanoparticles that consist of 

transition metals. This type of analysis can enable biomedical researchers to investigate 

and eventually engineer nanoparticle physicochemical properties at the single nanoparticle 

level. Additionally, single nanoparticle elemental analysis permits the efficient 

quantification of changes to nanoparticle size, shape, composition, and surface chemistry 

without further sample preparation or complex data deconvolution. Single particle 

elemental analysis can provide better understanding leading to improved control over 

nanoparticle physicochemical parameters to engender groundbreaking nanotechnology 

applications. 

Like individual nanoparticle heterogeneity, cells possess vast phenotypic 

differences at the single cell level. Therefore, analytical techniques that also capture this 

natural biological diversity are essential for detailing how nanoparticles may interact with 

biological systems. To date, single cell elemental analysis has been applied in multiplexing 

phenotypic assays of single cells and has the potential to quantify nanoparticle-cell 

interactions. In tandem, both single nanoparticle and single cell elemental analysis can 

empower researchers to simultaneously enhance the design of next generation 

nanotechnologies while also revealing single cell biological outcomes. Currently, there is 

an unmet need for an economical and commonplace quantitative elemental analysis method 

that can quantify both single nanoparticle physicochemical properties and how single cells 

associate with said nanomaterials. Together these powerful techniques are poised to 
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provide the nanomedicine community a new tool for augmenting the clinical translation of 

even more nanomaterials in both diagnostic and therapeutic spaces.  

In the current dissertation, elemental analysis was applied to quantify different 

transformations of individual nanoparticles and further applied to measure nanoparticle 

interactions with single cells in the following three aims. The first aim established single 

particle inductively coupled plasma mass spectrometry (SP-ICP-MS) as a method for 

assessing nanoparticle colloidal stability as a function of surface modifications. The second 

aim was to develop a new SP-ICP-MS method to quantify chemical composition and 

reactions of bimetallic nanoparticles. The final third aim was to apply these findings to 

elucidate nanoparticle interactions with single B cells. The subsequent chapters detail these 

aims in chronological order. 

Chapter 2 is a review of the field’s current understanding of how nanoparticles 

interact with cellular systems. First, I provide an overview of nanomedicine and discuss 

nanomedicine’s translational obstacles. Next, I discuss major pathways on how 

nanoparticles gain access to cells and point to examples in the literature of how these 

pathways can be leveraged to study nanoparticle-cell interactions. Other pathways that 

bypass active transport mechanisms are also outlined. I then summarize key nanoparticle 

physicochemical properties that can be leveraged to favor uptake pathways, alter the 

intracellular fate of nanomaterials, and review potential biological outcomes. This synopsis 

provides the foundation that inspired the following experimental chapters. 

Chapter 3 addresses aim 1, where I established SP-ICP-MS as a high throughput 

technique to quantify the size and aggregation behavior of model engineered gold 

nanoparticles (AuNPs) in situ. First, SP-ICP-MS was validated as single particle method 
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for quantifying AuNPs mass and size by conventional methods like dynamic light 

scattering and transmission electron microscopy. Upon decorating AuNPs with various 

densities of polyethylene glycol (PEG), the colloidal stability of these surface-engineered 

nanoparticles was analyzed in situ using SP-ICP-MS.  

Chapter 4 addresses aim 2 where I developed an SP-ICP-MS method to quantify 

two isotopes on individual nanoparticles. Due to the limitations of quadrupole m/z filtering, 

efficient simultaneous measurement of two isotopes in single particle mode has not been 

possible. Several key instrument parameters were optimized to permit concurrent dual 

analyte quantification of model nanoparticles using quadrupole SP-ICP-MS. Dual analyte 

SP-ICP-MS was validated with mass cytometry and energy dispersive x ray spectroscopy. 

This new high throughput single particle analysis technique was applied to quantify two 

different chemical reactions with model bimetallic nanoparticles.  

Chapter 5 addresses aim 3 where the concepts of nanoparticle mass quantification 

and dual analyte detection were applied to measure nanoparticle-B cell interactions. First, 

B cells were labeled with transition metals to ensure accurate counting and detection of 

intact single cells. Next, the cellular internalization of AuNPs bearing two different surface 

charges was assessed using single cell ICP-MS and validated by confocal scanning laser 

microscopy. Lastly, these two techniques were used in concert to determine the percentage 

of B cells that had internalized gold nanoparticles. 

Chapter 6 summarizes the main findings of this dissertation, discusses the 

limitations, and provides directions for future work. 
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Chapter 2: Concepts of Nanoparticle Cellular Uptake and Corresponding 
Physicochemical Properties1 

 Abstract 

Nanoparticle-based therapeutics and diagnostics commonly referred to as nanomedicine 

have begun to significantly impact healthcare. However, the widespread clinical translation 

of nano-based platforms remains challenging. One of these challenges is the efficient 

delivery of nanoparticles to specific cell populations and subcellular targets within the body 

to elicit desired responses. Therefore, it is critical to understand the fundamental concepts 

of how nanoparticles interact with cellular systems to predict and control in vivo 

nanoparticle transport for improved clinical benefit. To that end, this chapter summarizes 

cellular internalization pathways and explores how nanoparticle physicochemical 

properties affect cellular uptake and intracellular trafficking. This chapter provides an 

overview of the field’s understanding which inspired subsequent studies that focused on 

characterizing single nanoparticle physicochemical transformations and nanoparticle-cell 

interactions with the goal to improve clinical translation of nanomedicines. 

 

1Published as: Donahue ND, Acar H, Wilhelm S, Concepts of nanoparticle cellular uptake, 
intracellular trafficking, and kinetics in nanomedicine Advanced Drug Delivery Reviews 
2019; 143 68-98 doi.org/10.1016/j.addr.2019.04.008 
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 Introduction 

The design and medical application of nanoparticles for diagnosis and treatment of diseases 

represent a flourishing area of current nanotechnology research. This research field has 

been widely referred to as nanomedicine.1 In nanomedicine, researchers engineer 

nanoparticles, for example, as delivery vehicles for therapeutics, vaccines, or imaging 

agents with the ultimate goal to positively impact people’s lives.2 Achieving this goal 

necessitates efficient delivery of nanoparticles to specific sites in the body with cellular 

specificity and oftentimes subcellular precision.3 To date, the COVID-19 pandemic has 

spawned the advent of lipid nanoparticle mRNA vaccines and has created a renaissance in 

the nanomedicine field. Prior to the worldwide administration of hundreds of millions of 

nanoparticle COVID-19 vaccines, nanotechnology had yet to achieve its breakthrough 

moment in the clinic. Although the first nanoparticle formulation was FDA approved in 

1995 for cancer treatment, nano-based platforms often underperform in clinical trials. The 

most major setback for nanomedicine’s clinical application is the poor delivery efficiency 

to diseased sites in vivo (i.e., tumors).4 Efficient and effective nanomedicine requires 

exquisite control over nanoparticle transport in the body. However, this level of control has 

proved difficult and is one of main reasons so few nanomaterials are used clinically.5  

To overcome this hurdle, tools that elucidate nanoparticle interactions with 

biological systems in concert with the rational design of nanomaterials have a dire unmet 

clinical need.6 These nanotechnology-biology (i.e., nano-bio) interactions are complex, 

dynamic, and multiparametric, and pose substantial obstacles for the engineering of more 

effective nanomedicines.7 Factors that contribute to this complexity are manifold and 

include: (i) a nanoparticle’s physicochemical properties, including size, shape, surface 
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chemistry, composition, architecture, density, and modulus; (ii) the biological and 

biochemical environments, including type of organ/tissue, biomolecular milieu and 

composition, pH, and other biochemical factors; and (iii) the interplay and interactions 

between these individual nanoparticle properties and biological/biochemical parameters, 

including the kinetics of nano-bio interactions.8 

While researchers are able to synthesize colloidal nanoparticles with precise 

physicochemical properties and functions, these deliberately designed nanoparticle 

characteristics oftentimes evolve upon introduction of nanoparticles into a biological 

environment.9,10 This phenomenon can be observed, for example, when nanoparticles are 

administered into the body through intravenous injection. Upon contact with blood, serum 

proteins adsorb non-specifically onto the nanoparticle surface to form a so-called protein 

corona.11,12 This protein corona alters nanoparticles’ physicochemical properties by 

providing them with a new, unintentional biological identity.13 Ultimately, this biological 

identity determines a nanoparticle’s interactions with biological systems, including organs, 

tissues, cells, and subcellular organelles.14–17 Therefore, nanoparticle in vivo transport and 

biodistribution are largely controlled by this biological identity rather than the deliberately 

engineered synthetic nanoparticle characteristics.4,18 

The fact that a nanoparticle’s physicochemical properties can change significantly 

upon biological exposure imposes major challenges for the engineering of nanomedicines. 

To advance our current understanding and to develop fundamental concepts needed for the 

design of more effective nanomedicines, researchers have started to describe and decipher 

essential mechanisms of how nanoparticles interact and change within biological systems. 

These studies can be divided into three categories: (i) nanoparticle interactions at organ 
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and tissue levels; (ii) nanoparticle interactions at cellular and subcellular levels; and (iii) 

nanoparticle interactions with biomolecules and biochemical parameters. This chapter 

focuses on the second category, i.e., cellular interactions of nanoparticles. 

To maximize clinical benefits of nanomedicines while minimizing side effects, 

researchers require profound understanding of nanoparticles’ cellular interactions.19 An 

intriguing example is the engineering of nanoparticles that are able to distinguish between 

healthy and diseased cells through the use of precise biomolecular recognition 

strategies.20,21 To achieve this level of cellular identification and discrimination, a 

nanoparticle surface can be decorated with specific biomolecular ligands that can recognize 

and bind to complementary cell surface receptors on targeted cells.22 The idea behind this 

concept is that upon recognition nanoparticles may deliver their payloads (e.g., active 

pharmaceutical ingredients; nucleic acids; and imaging agents) preferentially to diseased 

cells while leaving healthy cells mostly unaffected. As some types of nanoparticle payloads 

require delivery to specific intracellular targets for maximizing efficacy, it is critical for 

researchers to understand and explore nanoparticles’ cellular interactions, intracellular 

trafficking pathways, and corresponding kinetics to ensure targeted delivery.23–27 In this 

introductory chapter, the field’s understanding of two distinct aspects of nanoparticle-cell 

interactions are reviewed: (i) nanoparticle cellular uptake mechanisms; and (ii) 

physicochemical properties underlying cellular uptake and intracellular trafficking.  

 Cellular Uptake of Nanoparticles 

Cellular uptake of nanoparticles involves highly regulated mechanisms with 

complex biomolecular interactions to overcome the cell plasma membrane. This biological 

membrane acts as a barrier and separates a cell’s interior from the outside environment. 
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Structural and biomolecular membrane characteristics (i.e., phospholipid-based bilayer 

membrane littered with proteins and other biomolecules) result in an overall negative 

charge of the plasma membrane with few cationic domains and selective permeability to 

ions, (bio)molecules, and nanoparticles. For nanoparticles to achieve cellular entry, they 

need to overcome the cell plasma membrane. Knowing how nanoparticles enter cells is 

important, as the underlying uptake pathways can dictate a nanoparticle’s function, 

intracellular fate, and biological response.28–30 

Multiple different cellular entry routes are available for nanoparticles to cross a 

cell’s plasma membrane during in vivo and in vitro cell exposure. These routes can be 

categorized into two general groups: (i) endocytosis-based uptake pathways (Figure 2.1); 

and (ii) direct cellular entry of nanoparticles (Figure 2.2). The field’s understanding of 

these nanoparticle cell entry pathways is still evolving, as researchers seek to further 

elucidate fundamental mechanisms of how nanoparticles gain access into cells. This 

section summarizes the predominant cellular uptake pathways and provide examples on 

how nanoparticles enter cells. 

Endocytosis is an umbrella term used to describe multiple different pathways and 

mechanisms of how nanoparticles can enter cells. These pathways can be differentiated 

into five mechanistically distinct classes: (a) clathrin-dependent endocytosis; (b) caveolin-

dependent endocytosis; (c) clathrin- and caveolin-independent endocytosis; (d) 

phagocytosis; and (e) macropinocytosis (Figure 2.1). From a biomolecular perspective, 

these uptake pathways are highly regulated and mediated by different types of lipids and 

transport proteins (e.g., lipid rafts, clathrin, dynamin, caveolin, and pattern recognition 

receptors). Upon endocytosis, nanoparticles are typically confined within intracellular 



10 
 

vesicles, such as endosomes, phagosomes, or macropinosomes, and therefore do not have 

direct and immediate access to the cytoplasm or cellular organelles (Figure 2.1). 

Endosomal vesicles also play critical roles in innate and adaptive immunity as they are 

important sites for toll-like receptors and major histocompatibility complexes.31,32  

Clathrin-dependent endocytosis is a major pathway for nanoparticle cellular entry 

and is initiated by the clustering and binding of nanoparticle surface ligands to 

corresponding cell membrane receptors (Figure 2.1a). A wide variety of cell membrane 

receptors are shared across many cell types (e.g., transferrin receptors, low-density 

lipoprotein receptors, epidermal growth factor receptors, and β2 adrenergic receptors) and 

are involved in clathrin-dependent endocytosis.33 Clathrin-dependent endocytosis is a 

complex multistep process that includes: (i) nucleation of cytosolic proteins involved in 

endocytosis to form a coated pit; (ii) plasma membrane bending and invagination; (iii) 

scission (i.e., cutting and separation of the neck of invagination from the plasma membrane 

to form an intracellular vesicle); and (iv) uncoating and recovery of the endocytotic 

proteins from intracellular vesicle.34  

The clathrin-dependent endocytosis pathway results in the entrapment of 

nanoparticles in intracellular vesicles which exhibit sizes of approximately 100-500 nm.35 

Such vesicles are pinched off the membrane with the help of conformational changes from 

a GTPase enzyme known as dynamin.36 Upon scission from the membrane, these vesicles 

transport typically with the help of intracellular actin filaments to endosomes.37,38 

Endosomes are either recycled or eventually fuse with lysosomes leading to enzymatic 

breakdown of the engulfed vesicular contents and payloads. Therefore, clathrin-dependent 

endocytosis provides a pathway for nanoparticles to enter a cell’s endolysosomal system. 
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This pathway can be exploited as reported by Benyettou and coworkers. The researchers 

modified silver nanoparticles to deliver two anticancer therapeutics, doxorubicin and 

alendronate drugs, to HeLa cancer cells in vitro.39 Upon cellular uptake and lysosomal 

entrapment, the nanoparticles released their drug payloads in response to the low pH of 

lysosomes. The anti-cancer activity exhibited by this nano-based drug combination 

strategy outperformed the efficacy of both drugs when administered individually. Similar 

strategies have exploited the low pH and enzymatic activity of late stage 

endosomes/lysosomes to enhance therapeutic responses of intracellular nanoparticles.  

Caveolin-dependent endocytosis is another receptor specific nanoparticle 

internalization pathway that relies on caveolin-coated plasma membrane invaginations 

termed caveolae (Figure 2.1b).40,41 Caveolae are flask-shaped vesicles with diameters of 

50-100 nm that are stabilized by a caveolin protein based coat.42 Upon uptake and 

activation of a complex signaling cascade, caveolin-coated vesicles are transported through 

the cytoplasm. Typical intracellular destinations of caveolin-based vesicles include the 

Golgi apparatus and the endoplasmic reticulum.43 For this reason, caveolin-dependent 

nanoparticle endocytosis may be a valuable pathway to explore, if researchers seek to 

achieve intracellular/organelle targeting. Reports have shown that specific nanoparticle 

surface engineering strategies favor cellular internalization via caveolin-dependent 

endocytosis and typically use nanoparticle surface ligands such as folic acid, albumin, and 

cholesterol.19 Work by Xin el al. exploited caveolin-dependent endocytosis for efficient 

cytosolic delivery of microRNAs. These nucleic acids were able to bypass lysosomal 

entrapment to enter a cell’s cytosol for downstream inhibitory effects and silencing of 

KRAS.44 
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Caveolin-dependent endocytosis has also been reported to result in transcellular 

transport of caveolae. This transcellular transport is referred to as transcytosis. Recent 

studies have focused on exploring caveolin-mediated transcytosis in specific types of cells, 

including endothelial cells.45–48 As endothelial cells line the inner surface of blood vessels, 

these transcytosis-based pathways may allow systemically administered nanoparticles to 

enter endothelial cells via caveolae formation and to cross the endothelium by transcytosis. 

Such a caveolae-based shuttle mechanism could transport nanoparticles and corresponding 

payloads actively across the endothelial barrier and may benefit the delivery of therapeutic 

nanoparticles and their cargoes to diseased tissues in the body for improved efficacy.49,50  

Virus-like particles and other types of nanoparticles can penetrate the cell plasma 

membrane and enter cells without relying on clathrin- and caveolin-dependent pathways 

(Figure 2.1c). One suggested route for such clathrin- and caveolin-independent cellular 

entry involves lipid rafts, which are cholesterol and sphingolipid-rich domains within the 

plasma membrane that undergo endocytosis when prompted.51 Lipid raft-mediated 

endocytosis is a prevalent pathway in immunological scenarios, where lymphocytes 

internalize and process interleukins.42 Additionally, specific ligands, such as cholera toxin 

B and SIV40 bind to lipid rich areas on the cell plasma membrane that undergo lipid raft-

mediated endocytosis.52 Recent studies have pointed towards a lipid raft-mediated 

endocytosis pathway for the internalization of nanoparticles modified with particular cell-

penetrating peptide (CPPs) and nucleic acids.53,54 It has been suggested that lipid raft, actin 

cytoskeleton, and cholera toxin subunit B (CTB) mediated endocytosis may be summarized 

as actin cytoskeleton and cholera toxin subunit B (CTB) pathways.55 
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Phagocytosis is an uptake process exercised by immune cells, including 

macrophages, dendritic cells, neutrophils, and B cells. The main role of phagocytosis is to 

clear pathogens, diseased cells, and synthetic/biological materials that are foreign to the 

body.56 Nanoparticle phagocytosis is typically initiated by physical binding to phagocyte 

cell surface receptors (Figure 2.1d). Examples for these cell surface receptors include: Fc 

receptors, mannose receptors, scavenger receptors, and complement receptors. Armed with 

these different types of plasma membrane receptors, phagocytes readily recognize and 

clear nanoparticles with high efficiency from circulation.57,58 Recognition and clearance of 

nanoparticles by phagocytes is mediated by opsonization and adsorption of 

immunoglobulins, complement proteins and/or other serum proteins onto the nanoparticle 

surface. Following cellular uptake by phagocytes, nanoparticles are trapped within 

phagosome vesicles that eventually combine with a lysosome to form a structure known as 

a phagolysosome. Phagolysosomes are able to enzymatically and biochemically digest 

foreign “non-self” materials, including nanoparticles.59,60 

Since phagocytosis is a highly efficient clearance mechanism for opsonized 

nanoparticles, it represents a significant challenge for effective delivery of nanomedicines 

to different sites in vivo. Intravenously administered nanoparticles typically undergo rapid 

opsonization upon contact with blood.61,62 These opsonized nanoparticles are then 

efficiently and rapidly sequestered by macrophages and other phagocytic cells of the 

mononuclear phagocyte system (MPS).63 Up to 99% of a systemically administered 

nanoparticle bolus dose may be sequestered by the MPS system.61 Moreover, tissue 

resident macrophages, such as tumor-associated macrophages, have been shown to uptake 

cancer cell-targeted nanoparticles to a higher extent than malignant cells.18  
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To reduce nanoparticle MPS sequestration, nanoparticle surface modifications have 

been developed to minimize nanoparticle opsonization.17 One of these surface engineering 

strategies uses poly(ethylene) glycol (PEG) to coat nanoparticle surfaces.64 The PEG 

surface density and its degree of polymerization may affect nanoparticle opsonization and 

blood circulation times.65 PEGylation of model gold nanoparticles is further explored in 

chapters 3 and 5. A downside of using polymers, such as PEG, is their potential 

immunogenicity. Repeated administration of PEGylated nanoparticles may result in 

accelerated nanoparticle blood clearance due to the formation of PEG-specific antibodies 

66,67. Other recent work has shown that nanoparticles displaying “markers of self” surface 

ligands (e.g., CD47 peptides) can reduce phagocytotic nanoparticle uptake.68,69 While these 

strategies are intriguing approaches to control nanoparticle interactions with phagocytes, 

there is a need to explore new methods to further minimize immunogenicity and to control 

unintended phagocytosis of administered nanoparticles. 

Macropinocytosis represents a class of non-specific cellular uptake mechanisms 

that are characterized by engulfment of extracellular fluids and solutes through actin-

stabilized plasma membrane extensions (Figure 2.1e).70 Unlike other endocytotic pathways 

shown in Figure 2.1, macropinocytosis is initiated via actin signaling and subsequent 

membrane ruffling.42,71 Through this pathway, nanoparticles and other ingested 

components become trapped within vesicle structures termed macropinosomes. These 

vesicles may range in size from approximately 0.5 to 1.5 µm.72 Macropinosomes have been 

reported to be leaky intracellular vesicles which may allow entrapped nanoparticles to 

escape before lysosomal degradation.73,74  
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Macropinocytosis is an important mechanism required for the proper protective 

functions of the immune system. For instance, immature dendritic cells constitutively 

macropinocytose extracellular contents for antigen presentation as part of their sentinel 

function.75 By virtue of this behavior, immature dendritic cells are excellent candidates for 

vaccine targets. Hirosue and coworkers engineered a polymer-based nanoparticle vaccine 

linked to peptide antigens that indirectly targeted immature dendritic cells.76 The 

nanoparticle formulation enhanced antigen-cross presentation and boosted vaccine efficacy 

by relying on immature dendritic cells with strong macropinocytotic activity. Likewise, 

macrophages are also known to engage in macropinocytosis. Recently, Nab-paclitaxel (a 

nanoparticle albumin-bound formulation of the cancer drug paclitaxel) was shown to be 

engulfed by macrophages via macropinocytosis.77 Importantly, this form of uptake was 

reported to shift tumor-associated macrophage (TAMs) polarization towards the M1 

immunostimulatory phenotype. In vivo application of this strategy in mouse tumor models 

showed an increase in M1 phenotype-like TAMs upon administration of Nab-paclitaxel 

compared to control groups. Such nanoparticle platforms may have promising potential to 

diminish cancer’s ability to evade immune surveillance by intratumoral 

immunomodulation and leveraging specific cellular uptake pathways.  

Typically, direct access of nanoparticles to the cytoplasm is not observed upon 

endocytosis-based cellular entry. However, such direct access can be achieved by 

alternative nanoparticle delivery pathways as shown in Figure 2.2. Nanoparticles can cross 

the cell plasma membrane via biochemical or physical means to directly enter the 

cytoplasm. Nanoparticles that are freely dispersed within the cytoplasm can target and 

engage subcellular organelles and intracellular structures to elicit deliberate biological 
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responses and medical functions. These routes avoid endosomal entrapment and energy-

dependent transport mechanisms to gain access to the cell’s cytoplasm (Figure 2.2a).78  

Computational models have simulated and elucidated aspects of nanoparticle 

diffusion through lipid bilayer membranes.79–82 Based on these studies, researchers have 

been able to translate in silico information and modeling to in vitro findings. For example, 

polymeric nanoparticles with the same surface chemistry and various morphology 

exhibited different transport paths across the plasma membrane.83 It was found that both 

rod and worm-like nanoparticles diffused through the cell plasma membrane more 

efficiently than spherical micelles.  

In that vein, other researchers used semiconductor quantum dot nanoparticles with 

a size of approximately 8 nm and zwitterionic surface chemistry, and observed direct 

translocation in red blood cells.84 This quantum dot internalization process did not lead to 

visible pore formation within the red blood cell plasma membrane. Surface-enhanced 

infrared absorption spectroscopy data suggested that zwitterionic quantum dots entered by 

means of lipid bilayer softening resulting in subsequent flexible membrane confirmations.  

Other research relying on zwitterionic ligands used gold nanoparticles with 

diameters of 2-4 nm to observe direct diffusion through the plasma membrane of HeLa 

cells in vitro. Interestingly, slightly larger zwitterionic gold nanoparticles with diameters 

of approximately 6 nm were internalized via caveolin/lipid-raft endocytosis, indicating a 

nanoparticle size dependent effect on cellular internalization.85  

In a different sutdy, Jewell et al. sought to understand how the direct entry of 

monolayer nanoparticles was impacted by cargo size and  structure.86 First, the researchers 

coated ~5 nm gold nanoparticles with monolayers of a 1:1 mixture of 11-mercapto-1-
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undecanesulphonate and 1-octanethiol such that different nanoscale arrangements formed 

“striped” domains on the nanoparticle surface.87 Next, double stranded and single stranded 

DNA of varying lengths were chosen as model payloads that were then affixed to the 

monolayer gold nanoparticles through thiol linkages. After inhibiting endocytosis, the 

DNA-striped monolayer nanoparticles were internalized by murine melanoma cells. 

Ultimately, these nanoparticles were seen to deliver various lengths and types of DNA 

payloads to cells independent of endocytosis due to their unique surface chemistry.  

Another important strategy for direct nanoparticle translocation across the cell 

plasma membrane relies on the use of cell penetrating peptides (CPPs) as nanoparticle 

surface ligands. These CPPs ligands are short amino acid sequences (typically less than 40 

amino acids) that can traverse cell membranes.88 Much research has been conducted in 

recent years to elucidate the specific mechanisms for CPP-mediated nanoparticle entry into 

cells. Our understanding of these mechanisms is still evolving, but studies have suggested 

multiple different pathways to be involved in cellular uptake, including endocytosis and 

direct translocation. Factors that seem to regulate the relevance of these pathways include: 

(i) the type of nanoparticle that CPPs are attached to; and (ii) local concentrations of lipids 

and peptides in the plasma membrane.89–91 Frequently used examples of CPPs for 

biomedical applications are: TAT, penatratin, arginine-rich sequences, TP10, pVEC, and 

MPG.91–94 Upon endocytosis of CPP-decorated nanoparticles, endosomal escape may be 

achieved via CPP-mediated vesicle membrane disruption.95,96 This provides a pathway for 

endocytosed nanoparticles to enter a cell’s cytoplasm. Endosomal escape of endocytosed 

nanoparticles is a prerequisite for downstream intracellular targeting of subcellular 

organelles and other compartments. These examples highlight design parameters that affect 
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nanoparticle uptake and intracellular trafficking which will be discussed in more detail in 

the following section. 

Lipid fusion is the process by which some types of lipid bilayer coated fuse with a 

cell’s plasma membrane (Figure 2.2b).97 After membrane fusion, the encapsulated contents 

within the nanoparticle, for example, proteins, nucleotides, and small molecule payloads, 

are delivered directly to the cytoplasm.98,99 One group of researchers exploited this pathway 

for efficient gene knockdown via cytoplasmic siRNA delivery.100 Lipid fusion was 

accomplished with silicon nanoparticles that were shrouded in a fusogenic liposomal shell. 

With their construct, Kim et al. saw decreased levels of a proinflammatory marker in 

macrophages (IRF5) which enabled phagocytic clearance of Staphylococcus aureus 

pneumonia and enhanced survival in mice subjected to infection. Recent work probing the 

lipid-lipid fusion interface has demonstrated that nanoparticles with an amphiphilic organic 

shell and gold core exhibit a size-dependent lipid fusion behavior.101 In the event of 

endocytosis, Yuba and coworkers delivered immunotherapies to dendritic cells with a 

liposome antigen delivery system that fused with endosomal membranes for an effective 

therapy in a murine ovalbumin (OVA)-expressing lymphoma model.102 

Electroporation strategies physically disrupt a cell’s plasma membrane upon 

application of electrical pulses (Figure 2.2c). This leads to the formation of transient pores 

within the membrane through which nanoparticles can transport through from the 

extracellular space into the cytoplasm.103 Membrane pore formation generated via 

electroporation can be controlled through fine tuning the electrical pulse (e.g., pulse 

duration and voltage) such that the newly formed pores do not impact cell viability.104 

Electroporation has been shown to successfully deliver nanoparticles with applications in 
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imaging and genetic engineering. Kim et al. used mesoporous silica-coated hollow 

manganese oxide nanoparticles to label and track adipose derived mesenchymal stem 

cells.105 Upon electroporation with an electrical pulse of ~100 V followed by nanoparticle 

cell entry, the mesenchymal stem cells displayed enhanced contrast in magnetic resonance 

imaging (MRI) in vitro and in vivo over the course of 14 days. In a different study, lipid-

based nanoparticles efficiently delivered siRNA via electroporation (electrical pulse of 

~200 V) that silenced PD-L1 and PD-L2 expression on human-monocyte derived dendritic 

cells.106 To further demonstrate clinical utility of this method, researchers also reported 

successful delivery of target antigen mRNA that boosted antigen-specific CD8+ T-cell 

responses ex vivo. Studies have shown that electroporation and subsequent transfection can 

be performed in a high-throughput manner.107,108 Such technologies may facilitate 

experiments that require direct cytoplasmic delivery, including gene regulation studies, to 

help overcome intracellular delivery barriers, although in vivo translation of electroporation 

remains unfeasible.  

Lastly, microinjection strategies are characterized by directly injecting small 

volumes of nanoparticles into the cytoplasm with the help of specialized microinjectors.109 

With this strategy, cellular and intracellular membrane barriers can be overcome for 

immediate access of injected nanoparticles to the cytoplasm. As individual cells need to be 

injected with nanoparticles on a cell-per-cell basis, the throughput of this technique is 

limited. However, despite being a technically demanding, laborious, and difficult to 

execute method, microinjection can be a valuable tool to gain nanotoxicology information 

by excluding extracellular alteration of nanoparticle physicochemical properties (e.g., 

protein corona formation). This was seen by the microinjection of inorganic nanoparticles 
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into HeLa cancer cells which was used to evaluate the counteractive measures cells develop 

in the presence of foreign nanomaterials.110  

Microinjection was also used as a tool to investigate ligand density effects on 

organelle targeting, such as targeting of a cell’s nucleus with peptide-modified quantum 

dots.111 Additional work employing microinjection uncovered that nanoparticle-mediated 

gene delivery can be inhibited through lysosomal capturing triggered by autophagy.112  

This overview of major nanoparticle cell uptake pathways demonstrates that there 

are many different routes available for nanoparticles to enter cells. To further emphasize 

this point, Table 2.1 shows how model gold nanoparticles can enter cells through different 

pathways. The relative contribution of these pathways depends on many material designs 

such as surface chemistry, size, shape, and other biological factors as well. These data 

highlight the complexity of nano-bio interactions that are involved in cellular entry of 

nanoparticles. The relative importance and contribution of individual uptake pathways is 

not always clear and requires supplemental investigation for many studies. The next section 

of this introductory chapter explores nanoparticle design parameters and how these 

characteristics affect cellular entry of nanoparticles. 

Mediating nanoparticle cell uptake through material design 

As shown in Table 2.1 for gold nanoparticles, cells internalize nanoparticles 

through multiple different uptake routes even when the nanomaterial is kept constant. 

These findings suggest that material and biological factors play important roles in 

nanoparticle uptake pathways (Table 2.1). 

A study by Saha and coworkers showed that healthy and diseased cells uptake 

nanoparticles using different pathways. In more detail, healthy mammary epithelium cells 
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and cancerous HeLa cells were each incubated with four different 10-nm cationic 

monolayer-modified gold nanoparticles.113 The researchers demonstrated that HeLa cancer 

cells and healthy epithelium cells employed different mechanisms for nanoparticle 

internalization despite identical surface modifications of nanoparticles. Altogether, these 

data suggest that cancer cells may employ various pathways to internalize nanoparticles in 

contrast to non-malignant cells. This could potentially provide an avenue for improved 

nanoparticle-based cancer diagnostics and therapies. Additionally, recent reports indicate 

that female and male cells from various tissues exhibit different nanoparticle internalization 

patterns.114 

To better study and understand which specific pathway is crucial for nanoparticle 

uptake by cancer cells, researchers can reduce the activity of key proteins involved in 

endocytosis via siRNAs.115 For example, cancerous HeLa cells with reduced expression of 

the caveolin-1 protein experienced a ~30% reduction in PEGylated nanoparticle uptake. 

Meanwhile knocking down CDC42 (a key protein for macropinocytosis) reduced the 

uptake of PEGylated nanoparticles almost by half.115  

Considering such complex differences in cellular uptake among various types of 

cells, nanomedicine researchers focus on manipulating nanoparticles to exhibit deliberate 

nanoparticle-cell interactions by mediating physicochemical parameters. This section 

focuses on how nanoparticle physicochemical properties, including size, shape, and surface 

modifications, affect cellular uptake and intracellular trafficking.  

Nanoparticle Morphology and Cellular Uptake 

Nanoparticle physicochemical properties, such as size and shape, impact 

nanoparticle diffusivity, surface-to-cell membrane contact area, membrane adhesion, and 

strain energy required for membrane movement.116 In other words, nanoparticle 



22 
 

morphology is a critical physicochemical property that determine the extent and efficiency 

of initial nanoparticle-cell interactions.  

A study by Chithrani et al. reported in 2006 that 50-nm spherical gold nanoparticles 

exhibit highest uptake when exposed to HeLa cells in tissue culture compared to other 

nanoparticle sizes of 14 nm and 74 nm.117 While the importance of nanoparticle size for 

cellular interaction and uptake is well established 118, reported data suggest that there are 

many more parameters and variables at play that affect cellular entry, such as cell 

phenotype, nanoparticle rate of sedimentation, nanoparticle density, and protein corona 

formation.15,119–122  

To illustrate how multifaceted and complex nanoparticle-cell interactions are, we 

highlight a study by Albanese and Chan that compared nanoparticle cell uptake of 

monodispersed gold nanoparticles with hydrodynamic diameters of 30 nm to 170 nm to 

corresponding nanoparticle aggregates.123 The researchers reported that HeLa and A549 

cells internalized monodisperse gold nanoparticles more than the corresponding gold 

nanoparticle aggregates. On the other hand, a different cancer cell line (MDA-MB-435 

human melanoma cells) showed an increase in nanoparticle accumulation for gold 

nanoparticle aggregates compared to individual monodisperse nanoparticles. This 

underlines the importance of cell type on nanoparticle-cell interactions and exemplifies the 

central role of nanoparticle size and aggregation state on cellular uptake.123 Motivated by 

these findings, chapter 3 is dedicated to quantifying gold nanoparticle aggregation as a 

function of surface chemistry at the single aggregate level.124  

In addition to inorganic-based nanoparticles, organic nanoparticles have also been 

reported to exhibit size-dependent cellular uptake patterns. In one study, different sized 



23 
 

polymeric nanoparticles with diameters of 50 nm to 250 nm were used to probe size-

dependent trends of internalization pathways in human retinal pigment epithelium (ARPE-

19) cells.125 Suen and coworkers found that smaller nanoparticles (50 nm and 120 nm in 

size) were internalized through clathrin- and caveolae-dependent endocytosis, while larger 

nanoparticles (250 nm) were internalized only via caveolae-mediated endocytosis. 

Similarly, distinct uptake patterns were observed when block copolymer nanoparticles 

were synthesized with different sizes using different hydrophilic chain lengths.126 These 

nanoparticles formed micelles (34 nm and 49 nm in diameter) and vesicles (99 nm and 150 

nm in diameter) which were incubated with WiDr (human colon carcinoma cells). Upon 

flow cytometry analysis, smaller micelles were internalized more quickly than the larger 

vesicles, but after 6 hours the cells had internalized almost equal amounts of nanoparticles 

for both sizes. These studies suggest that nanoparticle size not only affects the underlying 

uptake kinetics but also the efficiency of nanoparticle delivery. Similar studies provided 

the rationale for chapter 4 where the development of an economical high throughput 

technique is discussed in detail to track individual nanoparticle transformations in response 

to chemical reactions. 

Besides nanoparticle size, both the shape anisotropy and orientation of the 

nanoparticle relative to the plasma membrane impact cellular uptake.79,127 For example, 

when comparing cellular uptake between rod-like shapes and spheres, it was found by 

Arnida and coworkers that 50-nm spherical gold nanoparticles had higher accumulation 

inside human prostate cancer cells compared to gold nanorods.128 Similarly, 

macropinocytosis-mediated cellular uptake of nanoparticles has been shown to exhibit a 

geometry-dependent correlation in both cancer and phagocytic cells.  
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In another study, HeLa cells and A549 cancer cells ingested rod-shaped 

mesoporous silica nanoparticles with varying aspect ratios via macropinocytosis.129 The 

rod-like nanoparticles with aspect ratios between 2.1-2.5 were engulfed in higher quantities 

than the ones with aspect ratios between 1.5-1.7 and 4-4.5. These data suggest that cells 

possess mechanosensitive processes that sense slight variations in nanoparticle aspect ratio 

and adapt their cellular uptake response accordingly. Further data on geometry-dependent 

macropinocytosis concluded that primary human blood phagocytes internalize rod-like 

stabilized gold nanoparticles (15 nm x 50 nm) more rapidly than stabilized spherical gold 

nanoparticles with diameters of either 15 nm or 50 nm.130 Nevertheless, uptake could be 

decreased through nanoparticle surface functionalization with 3-kDa poly(ethylene oxide). 

This highlights the importance of how nanoparticle surface modifications can be used as a 

strategy to avoid phagocytic clearance in vivo.  

Work by Li and coworkers showed that various shapes of polymeric nanoparticles 

decorated with mannose surface ligands exhibited different uptake patterns and 

inflammatory responses in macrophages.131 The researchers compared the uptake of 

mannose-decorated spherical and cylindrical micelles using RAW 264.7 macrophages. 

Spherical micelles were internalized through clathrin- and caveolin-dependent endocytosis 

and lead to a higher accumulation inside the macrophages when compared to cylindrical 

micelles. Interestingly, longer cylindrical micelles (215 nm x 47 nm) induced a strong 

inflammatory response that was linked to an increase in interleukin 6 expression.131 As 

pathogenic invaders exhibit many characteristic shapes and sizes on their surfaces, immune 

cells may be able to recognize a microorganism’s conserved topographic features.132  
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In a recent study, Wang et al. reported that nanofeatures can participate in the 

activation of the innate immune system.133 The group modified inorganic TiO2 

microparticles to bear “nanospikes” which exerted mechanical forces on innate immune 

cells during phagocytosis. In the presence of either monophosphorylate lipid A or 

lipopolysaccharide only spiky particles activated K+ efflux and inflammasomes while the 

non-spiky rough particles did not. Moreover, the spiky particles along with activation of 

TLR4 augmented dendritic cell maturation which boosted T-cell and humoral immune 

responses. These promising effects enhanced the efficacy of dendritic cell-based cancer 

immunotherapy and influenza vaccination in vivo. Ultimately, this work indicates that 

physical activation of immune responses through material design and particle shape could 

potentially be translated to other micro/nanomaterials in the future for designing more 

potent immunotherapies and vaccines. However, more work needs to be done to fully 

explore the translational potential of these results to different materials, such as polymer-

based micro/nanomaterials.  

The examples discussed in this section highlight how nanoparticle morphology 

affect cellular interactions. It is anticipated that nanoparticle physicochemical properties 

will have significant impact on triggering and controlling robust immune responses in the 

future. As the field of nano-immunoengineering continues to grow, advanced 

understanding of how physicochemical properties of nanoparticles affect immune 

responses may lead to more potent immunotherapies and novel nanoparticle vaccine 

strategies.  

Nanoparticle Surface Charge and Cellular Uptake 

Researchers can engineer synthetic nanoparticles with positive, negative, 

zwitterionic or neutral surface charge. The nanoparticle surface charge is typically 



26 
 

estimated by the so-called zeta potential. The zeta potential corresponds to the 

electrokinetic potential of a colloidal nanoparticle dispersion.134 Experimentally, the zeta 

potential of nanomedicines is quantified by electrophoretic mobility measurements of 

colloidal dispersions in aqueous media or buffer. Therefore, a nanoparticle’s zeta potential 

indicates the overall nanoparticle surface charge in the corresponding colloidal dispersion. 

The nanoparticle zeta potential is dynamic and may change significantly in 

response to environmental conditions. For example, Walkey et al. showed in a systematic 

study how protein corona formation affects nanoparticle surface charge and zeta 

potential.16 A library of gold and silver nanoparticles with positive, negative, and neutral 

surface charge were exposed to serum samples in vitro. Interestingly, regardless of the 

initial nanoparticle surface charge, the zeta potential was reported to be in the range from 

approximately -5 mV to -10 mV after incubation with serum proteins. These findings 

suggest that the formation of a serum protein corona around the nanoparticle surface leads 

to a “normalization” of the corresponding zeta potential. Normalization means that the 

adsorption of serum proteins often results in a slight overall negative surface charge of 

nanoparticles, regardless of their initial surface modification.16,135–141  

Since the cell plasma membrane is typically overall negatively charged, the 

nanoparticle zeta potential affects the likelihood of adhesion to the plasma membrane, 

cellular uptake, and downstream cytotoxicity. Based on Coulomb’s law, cationic 

nanoparticles are more likely to be electrostatically attracted by the negatively charged 

plasma membrane resulting in increased accumulation inside cells.85,142–145 However, 

several reports have demonstrated that nanoparticles with negative surface charges can also 

efficiently overcome the anionic cell plasma membrane and accumulate within cells.146–150 
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This suggests that nanoparticle surface charge is an important design parameter when 

engineering nanoparticles for efficient cellular interaction, but the processes involved in 

nanoparticle cellular uptake are more complicated and go well beyond the simplified notion 

of Coulomb-driven electrostatic interactions.15,151  

While both cationic and anionic nanoparticles have been reported to enter 

mammalian cells, their downstream biological effects may be significantly different. As 

reported by Lin and coworkers, an increase in cationic charge density on nanoparticle 

surfaces not only promotes cellular uptake, but also elicits cytotoxic effects.152 These 

adverse cytotoxic effects can be attributed to plasma membrane depolarization caused by 

cationic nanoparticles. This in turn can increase Ca2+ influx to inhibit cell proliferation.153 

Furthermore, intracellular accumulation of positively charged nanoparticles in lysosomes 

may result in lysosome damage, generation of reactive oxygen species (ROS), and damage 

of cell organelles, such as mitochondria, ultimately leading to apoptosis and cell death.154  

Other reports have demonstrated that gold nanorods displaying amine-terminated 

poly(ethylene oxide) promoted anti-inflammatory properties in macrophages, whereas 

carboxy-terminated poly(ethylene oxide) gold nanorods yielded pro-inflammatory 

markers.130 In vivo studies have also corroborated the impact of nanoparticle surface 

charges on biodistribution and toxicity. Mice that were intravenously injected with 

positively charged lipid nanoparticles experienced severe adverse effects, including 

hepatotoxicity, weight loss, and a pro-inflammatory response, compared to mice injected 

with neutral or negatively charged nanoparticles.155 Further studies are needed to better 

understand the mechanisms behind these observations and how nanoparticle surface charge 

affects nano-bio interactions at organ, cellular, and biomolecular levels. To probe how 
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surface charge affects nanoparticle-cell interactions, our group developed a facile synthesis 

strategy to reliably produce positively charged peptide-modified gold nanoparticles.156 We 

investigated how these cationic gold nanoparticles interacted with triple negative murine 

breast cancer cells and human umbilical vein endothelial cells in vitro. Our results showed 

that our model positively charged gold nanoparticles had 3 orders of magnitude more 

uptake compared to neutral gold nanoparticles. Building upon these findings, chapter 5 

investigates how these peptide-modified gold nanoparticles interacted with B cells at the 

single cell level.  

When both positive and negative charges are present on a nanoparticle’s surface, 

the resulting surface chemistry can be regarded as a zwitterionic surface modification.157 

The generation of a zwitterionic surface modification can be advantageous and result in 

significant reduction of protein corona formation. This may alter and affect nanoparticle 

biodistribution and cellular interactions in comparison to cationic and/or anionic 

nanoparticle designs.158  

In summary, surface charge should be considered carefully when designing 

nanoparticles for biological and medical applications. We emphasize that nanoparticle 

surface charges are dynamic and may change over time in response to environmental and 

biological conditions. These changes may affect specific nano-bio interactions resulting in 

unintentional biological responses of nanoparticles and therapeutic outcomes of 

nanomedicines.  

  
Nanoparticle Targeting Ligands and Cellular Uptake 

The surface of nanoparticles can be modified with so-called targeting ligands to 

enable specific interaction and binding of nanoparticles to cell surface receptors. This is a 
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prominent concept in nanomedicine and referred to as “active targeting”.159–162 Targeting 

ligands that are commonly used in nanomedicine include peptides, small molecules, 

proteins, antibodies, antibody fragments, and nucleic acids. Table 2.2 summarizes 

examples of nanoparticle targeting ligands that have been reported for in vitro and/or in 

vivo applications in nanomedicine. Many of these ligands recognize and bind cell surface 

receptors that are overexpressed on malignant cells. The rationale for this surface 

modification strategy is that targeting ligands may increase a nanoparticle’s cellular 

interaction, activate downstream cell signaling pathways leading to a desired biological 

response (e.g., cell apoptosis), or enhance cellular uptake of nanoparticles to deliver 

therapeutic and diagnostic payloads into the cell. To engineer active targeting 

nanoparticles, a number of design parameters need to be taken into account and optimized 

for efficient targeting. These parameters include target ligand length, target ligand density, 

hydrophobicity, and avidity.163–170 

Nanoparticles that do not exhibit specific surface targeting ligands are referred to 

as “passive targeting” nanoparticles. Passive targeting indicates that the interactions 

between nanoparticles and cells are non-specific. These non-specific interactions may 

facilitate nanoparticle uptake in healthy as well as diseased cells. In contrast to active 

targeting nanoparticles that have not advanced beyond clinical trial stages yet, passive 

targeting nanoparticles have been approved by the U.S. Food and Drug Administration 

(FDA) as cancer nanotherapeutics.171 

A challenge for passive and active targeting nanoparticles is that their deliberately 

designed surface chemistry may change upon exposure to a biological environment. For 

example, nanoparticles that are decorated with targeting ligands may undergo a change in 
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their targeting abilities upon introduction into a biological milieu, such as the blood stream. 

One of the reasons for this is the formation of a nanoparticle protein corona due to serum 

protein surface adsorption. This protein corona formation changes the deliberately 

designed synthetic identity of nanoparticles to a biological identity which often has 

significant impact on nanoparticle-cell interactions.11,172,173 Parameters that can affect 

formation and composition of nanoparticle protein coronae include incubation temperature, 

use of different protein/serum sources, human vs. animal plasma/serum, local temperature 

variations for plasmonic nanoparticles, which may facilitate the formation of unique, 

personalized protein coronae around nanoparticles.174 In human plasma, nanoparticles are 

exposed to high amounts of protein, which increases their size and may enhance their 

subsequent internalization by immune cells.175 Targeting ligands may be buried within the 

protein corona resulting in reduction or complete loss of specific targeting capabilities. In 

a study by Salvati et al, 50-nm silicon oxide nanoparticles were coated with transferrin, a 

popular protein-based ligand for active cancer cell targeting.176 However, the ability of 

transferrin moieties to maintain targeting specificity diminished under physiological 

conditions. This was largely attributed to a shielding effect around the transferrin ligands 

as a result of nanoparticle protein corona formation. 

To address the potential surface shielding effect of the protein corona, Tonigold 

and coworkers developed a pre-adsorption process to link targeting antibodies (anti-CD63) 

onto polystyrene carboxy-functionalized nanoparticles.177 Antibodies that simply adsorbed 

to the nanoparticle surface were compared with the antibodies that were coupled via 1-

Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide and N-hydroxysuccinimide (EDC-NHS) 

chemistry. Regardless of how the antibodies adhered to the nanoparticle surface, the 
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constructs had maintained similar properties in the absence of serum and were able to bind 

to CD63 antigen expressed on monocyte-derived dendritic cells. However, under 

physiological conditions (e.g., in plasma or serum), an impaired targeting efficiency 

correlated to the method of antibody attachment. The authors observed that in 100% 

emersion of serum or plasma, the nanoparticles that are covalently bound to the antibodies 

lost their targeting abilities, whereas the pre-absorbed antibody-nanoparticles were still 

able to efficiently target the CD63 antigen on monocyte-derived dendritic cells. 

A different approach to mitigate the negative impact of the protein corona on 

nanoparticle cell targeting was reported by Dai et al. in 2014 and is referred to as 

poly(ethylene glycol) (PEG) backfilling.64 Authors decorated gold nanoparticle surfaces 

with PEG molecules of different molecular weights and covalently conjugated these PEG 

molecules with trastuzumab, a monoclonal ErbB2 (HER2) targeting antibody. They 

concluded that the PEG chain length used to conjugate the targeting antibody affects 

nanoparticle targeting efficiency. In more detail, the PEG molecules used for surface 

backfilling need to be of lower molecular weight than the PEG molecules used to conjugate 

the targeting antibody. This backfilling strategy enabled specific targeting of nanoparticle 

surface conjugated trastuzumab antibodies to ErbB2 cell surface receptors. In addition, Dai 

et al. demonstrated that surface backfilling with low molecular weight PEG reduced the 

formation of a serum protein corona. Overall, this design improved targeting specificity of 

nanoparticles to ErbB2 expressing cells in serum-rich environments in comparison to other 

surface modification strategies. 

While the benefit of active targeting has been demonstrated for in vitro tissue 

culture studies through a large body of publications, it is less clear if the presence of active 
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targeting ligands on nanoparticle surfaces can result in increased specific cellular 

interaction in vivo. For example, a study by Chan and coworkers published in 2018 

demonstrated that there was no statistically significant difference in nanoparticle-cell 

interaction for 55-nm gold nanoparticles with and without ErbB2 targeting trastuzumab 

antibody surface modification in preclinical mouse models of human ovarian cancer 

SKOV-3 xenograft tumors.18 In addition, this study also demonstrated that intratumoral 

nanoparticles irrespective of surface modification are more likely to interact with tumor 

associated macrophages (TAMs) rather than targeted malignant cells. This finding is in 

line with reports by Weissleder and coworkers, which identified TAMs as major 

intratumoral biological barriers for targeted nanoparticle delivery to cancer cells.178–180  

Decorating nanoparticle surfaces with targeting ligands that are specific against cell 

surface receptors may increase cellular interactions. However, surface modification 

strategies need to be chosen judiciously and optimized for intended applications. Precise 

targeting of cell populations in vitro and in vivo requires that nanoparticle surface 

modifications can maintain their deliberately designed functions in dynamically changing 

biological environments. These findings open opportunities for researchers to develop 

nanoparticle surface designs that can address the above-mentioned challenges to improve 

specific delivery and interactions between nanoparticles and targeted cells. In this section, 

a number of nanoparticle physicochemical properties that are critical for enhanced 

nanoparticle-cell interactions were summarized. Nanoparticle size, shape, surface charge, 

surface ligands, and ligand density are important design criteria that researchers need to 

consider when engineering nanomedicines for studying cellular uptake. 
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Nanoparticle Modifications for Intracellular Delivery 

After cellular internalization, nanoparticles undergo transport and trafficking to 

reach their intracellular destinations. If nanoparticle cellular uptake occurs via endocytic 

pathways, nanoparticles are confined within a membrane-lined vesicle, such as an 

endosome (Figure 2.1). These vesicles transport throughout the cell in complex trafficking 

patterns. Currently used methods for probing the intracellular trafficking of nanoparticles 

include optical- and electron-based microscopy techniques, such as super resolution 

fluorescence microscopy, confocal laser scanning microscopy, dark-field microscopy, 

transmission electron microscopy, scanning electron microscopy, atomic force 

microscopy, flow cytometry, mass cytometry, photoacoustic microscopy, surface-

enhanced Raman scattering, laser-ablation inductively-coupled plasma mass spectrometry, 

and correlative microscopy.185–187 The later chapters in this dissertation focus on electron 

microscopy, inductively-coupled plasma mass spectrometry and confocal scanning laser 

microscopy.  

Due to the complexity of nanoparticle intracellular trafficking patterns, it is 

challenging to paint a complete picture of all intracellular events and processes that take 

place once nanoparticles enter cells. Hence, in figure 2.3 a simplified overview of 

intracellular nanoparticle transport processes is presented. Similar to nanoparticle cellular 

uptake, nanoparticle intracellular trafficking is also dependent upon cell type and a 

nanoparticle’s physicochemical properties, including size, shape, and surface chemistry.  

To briefly review the dynamics of intracellular nanoparticle transport, we highlight 

findings reported by Al-Hajaj and coworkers. Using in vitro tissue culture experiments, the 

researchers compared differences of nanoparticle trafficking in liver cancer cells and non-

malignant kidney cells.184 In this study, researchers modified the surfaces of semiconductor 
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(quantum dots) nanoparticles made from CdSe@CdZnS with sizes of 8-10 nm and four 

different surface chemistries: (i) mercaptopropionic acid, (ii) dihydrolipoic acid, (iii) L-

cysteine, or (iv) cysteamine ligands. The overall size of quantum dots was not affected by 

these different surface chemistries. Interestingly, the highest cellular uptake in both liver 

and kidney cell lines was reported for quantum dots modified with cysteamine, potentially 

due to their overall cationic surface charge. However, after cellular uptake of these 

nanoparticles, p-glycoprotein transporters were shown to excrete between 60-70% of the 

initially accumulated quantum dots with cysteamine surface chemistry in both cell lines 

over the course of 6 hours. These data demonstrate that intracellular nanoparticles may be 

excreted from cells over time due to dynamic intracellular transport and trafficking 

processes. While these data have been obtained in tissue culture experiments, this 

information is important as liver and kidney cells are involved in degradation, metabolism, 

and elimination of administered nanoparticles, which are prime aspects of in vivo 

nanotoxicology.185–188  

Unless interrupted, cells process endocytosed nanoparticles in similar ways as 

internalized biomolecules (e.g., proteins, carbohydrates, nucleic acids, and lipids). Upon 

endocytosis, nanoparticles are typically entrapped in vesicular structures, such as 

endosomes (Figures 2.3a and 2.3b). Endosomes can undergo a variety of processes, such 

as vesicle aging, that can be briefly characterized by early- to late-stage vesicle 

transformation (Figures 2.3b-2.3d). These different stages of intracellular vesicle 

development are typically accompanied by changes in intra-vesicle pH (Figure 2.3ci). 

Eventually, the acidified endosome may fuse with lysosomal compartments for enzymatic 

digestion and degradation of vesicle contents (Figure 2.3d). Examples for these pathways 
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are the formation of phagolysosomes and macropinosomes.33,189 Endosomes can also be 

recycled and/or processed at the perinuclear region (Figure 2.3ciii). Viruses often exploit 

trafficking patterns that lead to the perinuclear region for pathogenesis.190,191 Endosomes 

can also be sent to the plasma membrane for downstream exocytosis (Figure 2.3civ). 

Pridgen et al. capitalized on this pathway for the transepithelial transport of 

nanoparticles.192 Nanoparticles bearing Fc regions of the IgG antibody were shown to 

target the neonatal Fc receptor which resulted in enhanced absorption efficiency after oral 

administration in vivo. 

More often than not, endosomal entrapment represents a major detriment to 

nanomedicine efforts. Once confined to intracellular vesicles, nanoparticles may be 

subjected to lysosomal degradation which can inhibit their intended biological and 

therapeutic functions. In consequence, some types of nanoparticles need to overcome the 

endosomal barrier before accessing the cell’s cytoplasm, intracellular organelles, and 

compartments (Figures 2.3e-2.3f). Physicochemical nanoparticle properties, such as 

surface charge and surface ligand display, can be engineered to facilitate endosomal escape 

with enhanced efficiency (Figures 2.3cii).193 Table 2.3 summarizes nanoparticle surface 

modifications that favor organelle targeting upon endosomal escape. 

Therapeutic and diagnostic success of nanomedicines often hinges on efficient 

intracellular transport of nanoparticles. While organelle targeting is a powerful approach 

to increase the potency of nanomedicines, further studies to improve endosomal escape and 

delivery of nanoparticles and their payloads to intracellular targets are needed. Successful 

organelle targeting in vivo proves to be a formidable challenge. First, nanoparticles need to 

overcome a multitude of biological and physical barriers to reach targeted cell populations 
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in the body. Second, once nanoparticles reach targeted cells, several cellular barriers need 

to be overcome before nanoparticles can interact with intracellular proteins and organelles. 

In addition to these hurdles, nanoparticles and/or their payloads need to accumulate in 

targeted cellular structures at sufficiently high concentrations to elicit the desired biological 

and/or therapeutic effect.  

In this section, we provided a concise overview of the complex intracellular 

environment that nanoparticles may experience. Effective strategies to elicit biological 

and/or therapeutic responses often require that nanoparticles can overcome intracellular 

barriers efficiently and interact with desired intracellular targets. This requires efficient 

intracellular transport and trafficking of nanoparticles. In summary, efficient intracellular 

delivery of nanoparticles and nanoparticle payloads is challenging with multiple different 

barriers that nanoparticles need to overcome to effectively interact with intracellular 

targets. Researchers need to consider additional intracellular challenges that are related to 

nanoparticle trafficking and pharmacokinetics, including rates of nanoparticle endocytosis, 

endosomal escape, intracellular transport, metabolism/degradation, and exocytosis. Further 

studies of intracellular nanoparticle PK/PD using in vivo systems may provide findings that 

go beyond tissue culture-based in vitro studies to better assess the translational potential of 

nanomedicines.  

 Discussion 

Nanoparticles can be engineered from inorganic and organic materials with unique 

physical, chemical, and biological properties for different biomedical applications. Once 

administered into the body, nanoparticles interact with different tissues and cells. While 

specific and efficient delivery of nanoparticles to diseased tissue sites and cells in the body 

is challenging, nanomedicine still offers the potential to transform diagnostic and 
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therapeutic strategies as demonstrated by the success of the COVID-19 lipid nanoparticle 

vaccines. With the resurging interest in lipid nanoparticle delivery, more quantitative 

studies that explore and assess essential mechanisms of nano-bio interactions in great detail 

are still needed to provide solutions for overcoming biological and physical barriers.  

This chapter provided an overview of fundamental interactions between 

nanoparticles and cells. Such understanding is important for researchers to design 

nanoparticles for enhanced cellular uptake and intracellular transport with defined 

pharmacokinetics and therapeutic/biological performance. Since interactions between 

nanoparticles and cells are complex and multiparametric, including parameters such as 

nanoparticle size, shape, surface charge, and biological characteristics of cells, better 

fundamental understanding of these essential nano-bio interactions is required at the single 

nanoparticle and single cell level. With the development of new analytical techniques in 

recent years, the dynamics of single nanoparticle transformations in biological settings can 

be elucidated. These approaches include single-particle and single cell elemental analysis 

as well as new methods for three-dimensional optical microscopy of intact organs and 

tissues with subcellular resolution.194–201 These new analytical methods provide researchers 

with powerful tools to study the fate of administered nanomedicines in vitro and in vivo 

with cellular and subcellular precision. Systematic quantitative studies at the single 

nanoparticle and single cell level that quantify mechanisms of interactions between 

individual nanoparticles and cellular systems offer new guiding principles for the design 

of more effective nanomedicines with the goal to overcome delivery barriers for better 

control the transport of nanoparticles in the body.  
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Chapter 3: Assessing Nanoparticle Colloidal Stability with Single Particle Inductively 
Coupled Plasma Mass Spectrometry2  

Abstract 

Biological interactions, toxicity, and environmental fate of engineered 

nanoparticles are affected by colloidal stability and aggregation. To assess nanoparticle 

aggregation, analytical methods are needed that allow quantification of individual 

nanoparticle aggregates. However, most techniques for nanoparticle aggregation analysis 

are limited to ensemble measurements or require harsh sample preparation that may 

introduce artifacts. An ideal method would analyze aggregate size in situ with single 

nanoparticle resolution. Here, we established and validated single particle inductively 

coupled plasma mass spectrometry (SP-ICP-MS) as an unbiased high throughout analytical 

technique to quantify nanoparticle size distributions and aggregation in situ. We induced 

nanoparticle aggregation by exposure to physiologically relevant saline conditions and 

applied SP-ICP-MS to quantify aggregate size and aggregation kinetics at the individual 

aggregate level. In situ SP-ICP-MS analysis revealed rational surface engineering 

principles for preparation of colloidally stable nanoparticles. Our quantitative SP-ICP-MS 

technique is a platform technology to evaluate aggregation characteristics of various types 

of surface engineered nanoparticles under physiologically relevant conditions. Potential 

widespread applications of this method may include the study of nanoparticle aggregation 

in environmental samples and the preparation of colloidally stable nanoparticle 

formulations for bioanalytical assays and nanomedicine. 

2Published as: Donahue ND, Francek ER, Kiyotake EA, Thomas EE, Yang W, Wang L, 
Detamore MS, Wilhelm S. Assessing nanoparticle colloidal stability with single-particle 
inductively coupled plasma mass spectrometry (SP-ICP-MS) Analytical and Bioanalytical 
Chemistry 2020 412 5205-5216. https://doi.org/10.1007/s00216-020-02783-6 
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 Introduction 

 In contrast to their corresponding bulk materials, nanoparticles exhibit unique size-

dependent optical, electric, magnetic, and biological properties that are exploited in various 

applications, including catalysis, display technology, energy generation and storage, and 

medicine.2,202,203 Therefore, the effective application of nanoparticles requires precise and 

accurate quantification of nanoparticle size, size distributions, colloidal stability and 

aggregation. Aggregation is a common nanoparticle transformation that changes 

nanoparticle size and surface chemistry leading to alterations in cellular uptake, 

biodistribution, pharmacokinetics, toxicity, and overall fate.204–207 Conventional analytical 

methods for measuring nanoparticle size and aggregation are often performed in batch 

mode and only provide population-averaged results.   

For a given nanoparticle sample, such averaged results can mask population 

heterogeneities (e.g., aggregation) that ultimately may affect the performance of 

nanoparticles in their respective applications. Examples of such batch analytical methods 

for nanoparticle size characterization include spectroscopy techniques, light scattering, 

differential centrifugal sedimentation, field flow fractionation, atomic force microscopy, 

and size exclusion chromatography.208–210 While batch analytical methods are well-

established and widespread, they are unable to measure individual nanoparticle and 

aggregate sizes. This limitation results in an inability to accurately assess the true size 

heterogeneity for a given nanoparticle population. An ideal analytical method should 

rapidly and precisely provide size information at the individual particle level. Several 

single particle resolution techniques are available and include electron microscopy 

methods, nanoparticle tracking analysis, and single particle spectroscopy.211–213 However, 



40 
 

in electron microscopy colloidal nanoparticle samples are typically analyzed after drying 

on support grids and complex image analysis algorithms are required to pinpoint clusters 

of nanoparticles over multiple fields of view,214 Meanwhile, light scattering techniques, 

such as nanoparticle tracking analysis, could potentially overestimate aggregate size by 

reporting hydrodynamic diameters and be skewed by changes in a dispersion’s viscosity, 

refractive index, and/or temperature.215 

One salient example of single particle analytical techniques that is able to detect and 

quantify individual nanoparticles via elemental analysis is single particle inductively 

coupled plasma mass spectrometry (SP-ICP-MS).216,217 In a SP-ICP-MS experiment, one 

nanoparticle at a time is introduced into the ICP-MS instrument via a microfluidic system 

with controlled flow rate. Each individual nanoparticle is then atomized and ionized by an 

argon plasma, and the resulting ion plume is analyzed by a quadrupole-based mass analyzer 

to quantify the corresponding nanoparticle mass. This SP-ICP-MS technique has been 

applied to quantify a variety of nanoparticle types and is being applied to quantify element 

concentrations inside intact individual cells.194,217,218  

Our motivation for studying nanoparticle aggregation via SP-ICP-MS is driven by the 

importance of evaluating nanoparticle colloidal stability and how this stability can be 

affected by nanoparticle surface engineering strategies.12,219–221 Understanding 

nanoparticle stability with single particle resolution is critical for determining the 

environmental and biological impact of nanoparticles.222–224 Aggregation and colloidal 

stability are therefore important parameters affecting nanoparticle physicochemical 

properties that need to be characterized when studying interactions between nanoparticles 

and ecological and biological systems, including cells, tissues, and organs.123,225,226  
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In the current study, we analyzed the size distributions of various in-house synthesized 

gold nanoparticles with conventional batch and single particle resolution techniques. We 

demonstrated and validated SP-ICP-MS to precisely quantify engineered nanoparticles 

consisting of multiple sizes and shapes. Additionally, we applied SP-ICP-MS to quantify 

engineered nanoparticle aggregation characteristics with single aggregate resolution in situ. 

These nanoparticle aggregates are clusters of multiple individual nanoparticles and 

detected by the ICP-MS as a single event exhibiting a mass that corresponds to a single 

nanoparticle mass multiplied by the number of nanoparticles per aggregate.227 This 

approach requires nanoparticles with narrow size distribution, and hence narrow mass 

distribution, which is typically the case for engineered nanoparticles. Our single particle 

analytical approach provides a quantitative tool for probing nanoparticle surface 

chemistries and corresponding colloidal stability in situ under physiologically relevant 

conditions. This reported SP-ICP-MS procedure could be widely applied to study 

nanoparticle environmental fate and to probe and establish surface engineering approaches 

leading to nanoparticle formulations with controlled colloidal stability to use in 

bioanalytical assays and nanomedicine.  
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Materials and Methods 

For all synthesis steps, glass Erlenmeyer flasks were cleaned before synthesis with 

Aqua Regia, i.e. 3:1 (v/v) mixture of hydrochloric acid (SigmaAldrich, ACS reagent, 37%, 

St. Louis, MO) and nitric acid (Sigma-Aldrich, ACS reagent, 70%) to remove potential 

contaminants. AuNPs with a nominal size of 16 nm were synthesized according to a 

previously published protocol.219 To synthesize 30- and 55-nm quasi spherical AuNPs, a 

seed-mediated synthesis protocol developed by Perrault and Chan was adopted using 16-

nm AuNPs as seed nanoparticles.228 Gold nanorods were synthesized according to 

previously published reports. 229,230  

The ZetaSizer Nano ZS (Malvern, UK) was used to measure the z-average 

hydrodynamic diameter of nanoparticles based on Dynamic Light Scattering (DLS) and 

zeta potential based on electrophoretic mobility. Transmission Electron Micrographs 

(TEM) were taken by a 200-kV field emission JEOL2010F (JEOL, USA) equipped with a 

Direct Electron DE-12 camera (Direct Electron, USA). ImageJ (NIH) software was used 

to determine the diameters of AuNPs in the TEM images. Agilent Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent, USA) was used to measure the visible spectrum of AuNPs 

from 400 nm - 700 nm in 1.5-mL PMMA cuvettes.   

Surface modifications of AuNPs were performed using HS(PEG)5kDa-methoxy 

(Laysan Bio, USA) and using a previously reported procedure.219 The successful 

conjugation of different PEG densities on the AuNPs was confirmed by DLS, zeta 

potential, and gel electrophoresis. 
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All SP-ICP-MS measurements were performed using the NexION 2000 B ICP-MS 

(PerkinElmer, USA) fitted with a commercially available High Efficiency Sample 

Introduction System pictured in Figure 3.2. The ICP-MS instrument was operated using 

the conditions summarized in Table 3.2. The SP-ICP-MS particle transport efficiency was 

determined using commercially available polystyrene microparticles (~3 µm in diameter) 

doped with Lu175 (Fluidigm, USA). A transport efficiency of 58.5 ± 3.9% was determined 

(Table 3.3). With the same instrument setup, Merrifield et al. demonstrated that transport 

efficiencies of polystyrene microparticles and standard AuNPs do not statistically differ.231 

Typical transport efficiencies for single particle/cell ICP-MS systems can range between 

9-70%.232–234 Our system’s transport efficiency is on the higher end of the range reported 

in the literature due to the high efficiency nebulizer and spray chamber which minimize 

sample loss and ensure robust sample introduction to the ICP-MS. With a high transport 

efficiency, micro-scale dwell time, no settling time, low nebulizer gas flow, the instrument 

was optimized to quantify transient ion signals from nanoparticles. Next, the mass detector 

was set to only analyze 197Au signal and the ICP-MS was calibrated with dissolved gold 

ion standards made from a stock solution consisting of 1,000 µg/mL (Au) ICP Single-

Component Standard in 2% HCl (High Purity Standards 100021-2-100, USA) via serial 

dilution. With our dissolved Au calibration curve, the measured pulse intensity from an ion 

plume was then used to back-calculate nanoparticle mass as described by Pace et al. 235 

To accurately analyze nanoparticle mass distributions with SP-ICP-MS, 

nanoparticle solutions were diluted to 1.66 x 10-16 M in nanopure water 18.2 MΩ cm from 

the initial concentration determined by UV-Vis. This concentration of 1.66 x 10-16 M was 

chosen as this is approximately 1 x 105 particles mL-1, which can virtually eliminate the 
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probability of overlapping events from multiple nanoparticles during a single dwell time 

of 50 µs based on the Poisson distribution outlined by Pace et al. 236 

For making a 1:1 mixture of nanoparticles, 50 µL of 1.66 x 10-15 M of each 

nanoparticle size were added to 900 µL of nanopure water 18.2 MΩ cm and analyzed 

immediately on SP-ICP-MS. For gold nanorod analysis, 2 µL of the solution containing 

citrate-coated nanorods was diluted into 10 mL of nanopure water 18.2 MΩ cm. This 

diluted mixture of nanorods was diluted again by taking 1 µL and adding that to 999 µL of 

nanopure water and immediately analyzed on SP-ICP-MS. For measuring T0 of 

aggregation on SP-ICP-MS, the concentrated nanoparticle and salt mixture were diluted to 

1.66 x 10-16 M and analyzed immediately after salt addition. For the later time point, the 

concentrated nanoparticles remained in salt and after 1 hour had elapsed, then mixture was 

diluted to 1.66 x 10-16 M and analyzed immediately. For all nanoparticle samples, the mass 

detector was set to analyze 197Au signal. 

 All nanoparticle events were collected within 60 seconds. Syngistix software 

(PerkinElmer, USA) was used in SP-ICP-MS mode to acquire single particle elemental 

analysis data. Statistical analyses were performed with GraphPad Prism (GraphPad, USA) 

Results and Discussion 

We synthesized three different batches of quasi spherical citrate-coated colloidal 

gold nanoparticles (AuNPs) in house with nominal diameters of: (i) 16 nm, (ii) 30 nm, and 

(iii) 55 nm, and characterized these AuNPs with three commonly used analytical 

techniques: (i) dynamic light scattering (DLS); (ii) UV-Vis spectrophotometry (UV-Vis); 

and (iii) transmission electron microscopy (TEM). Two of these methods, i.e. DLS and 

UV-Vis, are batch methods that analyze AuNP physicochemical and photophysical 
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properties for an entire ensemble of nanoparticles, while TEM allows AuNP 

characterization at the single nanoparticle level.   

The nanoparticle hydrodynamic diameters obtained by DLS measurements are 

summarized in Figure 3.1A. It is worth noting that hydrodynamic diameters take into 

account nanoparticle surface bound ions and molecules as well as the layer of hydration 

around a nanoparticle surface. Hence, the synthesized 16-nm, 30-nm, and 55-nm citrate-

coated AuNPs exhibited average hydrodynamic diameters of 18.0 ± 1.0 nm, 37.6 ± 2.6 nm, 

and 54.4 ± 3.8 nm, respectively. Our DLS results demonstrate that the nanoparticle size 

distributions are narrow (<10% size deviation) with polydispersity indices (PDI) below 0.1 

indicating colloidal stability without detectable nanoparticle aggregation.  

Next, we used UV-Vis spectrophotometry to measure the nanoparticle size 

dependent light absorption spectra of our in-house synthesized colloidal AuNPs. Observed 

spectra are a result of AuNPs light absorption due to the surface plasmon resonance (SPR) 

effect and light scattering due to the particle nature of the AuNPs.237 Since nanoparticles 

with diameters below 100 nm were used, light absorption rather than light scattering is the 

dominant factor accounting for the light extinction spectra seen in Figure 3.1B.198 

Compared to smaller AuNPs, larger sized AuNPs exhibited a red-shifted light absorption 

peak with λmax 518 nm for 16-nm AuNPs, λmax 526 nm for 30-nm AuNPs, and λmax 532 nm 

for 55-nm AuNPs (Figure 3.1B). This observation can be explained by nanoparticle size-

dependent changes in SPR frequencies.238 The obtained UV-Vis spectra corroborated our 

DLS experiments to further confirm the colloidal stability and narrow size distribution of 

our synthesized AuNPs. Despite the limitations associated with ensemble light-based 
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techniques, DLS and UV-Vis provide rapid quantitative and qualitative information on 

nanoparticle size and colloidal stability.  

Since DLS and UV-Vis spectrophotometry methods do not provide single particle 

resolution, we used TEM to measure single nanoparticles (Figure 3.1C). Quantitative 

image analysis of TEM micrographs revealed average sizes of AuNPs of 16.3 ± 1.2 nm 

(16-nm sample), 30.6 ± 5.4 nm (30-nm sample), and 52.2 ± 9.1 nm (55-nm sample). The 

corresponding size distribution histograms are shown in Figure 3.1D-3.1F. The TEM 

characterization studies confirmed our results obtained by DLS and UV-Vis methods and 

demonstrated that our in-house synthesized AuNPs were monodisperse without detectable 

nanoparticle aggregation. Although TEM provides direct images of AuNPs, it requires 

harsh conditions (i.e. sample drying on TEM grids, high vacuum conditions) and post-

image analysis, which prevent high throughput in situ characterization.   

Next, we performed SP-ICP-MS on all three citrate-coated AuNPs colloidal 

samples using a PerkinElmer NexION 2000 ICP-MS. The SP-ICP-MS method is an 

elemental analysis technique that allows mass quantification of individual nanoparticles, 

one nanoparticle at a time. To prepare the AuNPs samples for SP-ICP-MS analysis, we 

quantified the corresponding nanoparticle molar concentrations of AuNPs stock 

dispersions by UV-Vis spectrophotometry using the nanoparticle size dependent molar 

decadic extinction coefficients listed in Table 3.1. We then diluted the AuNPs to a 

nanoparticle concentration of 1.66x10-16 M (1.0x105 AuNPs mL-1) in nanopure water. To 

analyze individual AuNPs, the ICP-MS was set up and calibrated according to the 

parameters listed in Figure 3.2 and Table 3.2.   
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Individual AuNPs were introduced into the ICP-MS by a commercially available 

microfluidics autosampler connected to a high efficiency nebulizer and spray chamber for 

efficient aerosol generation of the aqueous nanoparticle dispersions (Figure 3.2). Individual 

AuNPs then pass through the argon plasma and become atomized and ionized, resulting in 

a transient gold ion plume that is analyzed by a quadrupole mass analyzer and detected 

with ultrafast microsecond dwell times, which enables precise quantification of 

nanoparticle size.239 The intensities of the detected gold ion plumes correspond to 

individual AuNP masses that were then displayed as mass histograms (Figure 3.3A-3.3C).   

Based on our TEM imaging results (Figure 3.1C), we approximated the shape of 

our in-house synthesized AuNPs to be spherical. This approximation allowed us to estimate 

the diameter of an individual AuNP by converting the reported SP-ICP-MS AuNP mass 

according to Equation 3.1:   

 

Equation 3.1    𝑑𝑑 [𝑛𝑛𝑛𝑛] =  �6 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝜋𝜋∙𝜌𝜌

3
 

 

with MassNP as the reported SP-ICP-MS mass in [g] unit of a single individual AuNP, and 

⍴ is the density of gold (19.3 g/cm3). The obtained SP-ICP-MS based AuNP size 

distribution histograms are shown in Figure 3.3D-3.3F.   

  The SP-ICP-MS method accurately determined the size distributions of the three 

different colloidal AuNP batches that we synthesized in house at a rate of ≥ 200 

particles/minute. Interestingly, with the SP-ICP-MS technique, we were able to quantify 

AuNPs with masses as small as 20 ag (corresponding to spherical nanoparticles with ~13 

nm in diameter) which closely resembles the limits of detection mentioned in other SP-
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ICP-MS reports.240 When compared with conventional nanoparticle characterization 

techniques, such as DLS, UV-Vis, and TEM (Figure 3.3), SP-ICP-MS yielded overall 

comparable results. Table 3.4 provides a succinct head-to-head comparison of the results 

obtained from DLS, TEM and SP-ICP-MS. All three methods provide similar nanoparticle 

mean diameters and standard deviations of analyzed AuNPs batches (Table 3.4). These 

results validated SP-ICP-MS as a high throughput, accurate, in situ quantitative analytical 

method to determine the size distribution of individual AuNPs.   

After successfully determining the mass and size distributions of AuNPs with 

different sizes, we used SP-ICP-MS to differentiate between nanoparticles of different 

sizes in mixtures. We prepared a 1:1 mixture of in-house synthesized spherical citrate-

coated 30-nm and 55-nm AuNPs. We analyzed this 1:1 nanoparticle mixture with SP-ICP-

MS and observed two clearly separated nanoparticle populations in the SP-ICP-MS mass 

distribution histogram as well as the corresponding calculated size distribution histogram 

(Figure 3.4). From the SP-ICP-MS analysis results of the 1:1 AuNPs mixture, the 30-nm 

and 55-nm AuNPs mean diameters were calculated to be 30.8 nm and 57.9 nm, 

respectively. In addition, SP-ICP-MS also accurately determined that the AuNPs mixture 

was indeed made from a 1:1 mixture of 30-nm and 55-nm AuNPs with 268 particles 

determined as 30-nm AuNPs and 234 particles determined as 55-nm AuNPs. This result 

indicated AuNPs recovery of ~90% from the original 1:1 mixture. We also confirmed that 

the mean diameters and standard deviations of the AuNPs measured in the mixture were 

not different from the AuNPs measurement results reported in Table 3.4 for pure, unmixed 

AuNPs samples. As shown in Figure 3.5, the nanoparticle diameters calculated from the 

SP-ICP-MS analysis of the 1:1 AuNPs mixture were not statistically significant different 
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(p<0.01) compared to the pure, unmixed AuNPs. Our results confirmed that SP-ICP-MS 

can simultaneously and precisely measure AuNPs mass distributions of multiple 

nanoparticle sub-populations for a given nanoparticle mixture and points to the possibility 

of analyzing complex nanoparticle mixtures with single particle resolution.   

Next, we wondered whether SP-ICP-MS could be used for the quantitative analysis 

of non-spherical nanoparticles that exhibit an aspect ratio. As a model nanoparticle system, 

we synthesized citrate-capped gold nanorods in house. We analyzed the size distribution 

of the synthesized gold nanorods with TEM and quantified length and width of individual 

gold nanorods from corresponding micrographs with ImageJ. The average lengths and 

widths of the gold nanorods were 63.5 nm and 9.0 nm, respectively (Figure 3.6). Based on 

the TEM micrographs, we assumed a cylindrical geometry of the gold nanorods and 

estimated the average nanoparticle mass to be ~313 ag. We then used SP-ICP-MS to 

characterize individual gold nanorods from diluted aqueous dispersions. Our SP-ICP-MS 

analysis revealed an average nanoparticle mass of ~319 ag (Figure 3.6), which is in close 

agreement with the estimated mass after TEM analysis (Figure 3.6). Our results corroborate 

previous reports that SP-ICP-MS is not limited to nanoparticles with spherical shape, but 

can additionally be used to accurately determine mass, and hence size distributions, of non-

spherical and anisotropic nanoparticles.241,242 

Since SP-ICP-MS was able to determine nanoparticle mass in mixtures and of 

different sizes, we determined whether we could quantify aggregation of our colloidal 

nanoparticles with single particle (i.e. single aggregate) resolution using SP-ICP-MS. We 

defined aggregation as an irreversible process that results in nanoparticle clusters of two or 

more individual nanoparticles. To generate aggregates of AuNPs, we exposed citrate-
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coated 16-nm AuNPs model nanoparticles with narrow size distribution to physiologically 

relevant saline concentrations (~150 mM NaCl). Upon exposure to high ionic strength 

conditions, electrostatically stabilized citrate-coated AuNPs experience substantial 

screening of their overall negative surface charges.243 The process of ionic strength 

mediated surface charge screening causes colloidal citrate coated AuNPs to irreversibly 

aggregate.244 Aggregation of AuNPs results in a visible color change from red to blue. 

Using UV-Vis spectrophotometry, we monitored aggregation kinetics of citrate-coated 16-

nm AuNPs exposed to 150-mM NaCl over a time period of 60 minutes (Figure 3.8). The 

observed increase in AuNP light absorption around 600 nm over time (~110% change after 

60 minutes, Figure 3.8) is due to surface plasmon resonance (SPR) frequency changes as a 

result of AuNP aggregation. Additional DLS measurements confirmed the observed 

nanoparticle aggregation behavior with increases in hydrodynamic diameter and PDI and 

verified our UV-Vis spectrophotometry results (Table 3.5). We further performed TEM to 

visualize the aggregation of citrate coated 16-nm AuNPs upon addition of 150-mM NaCl 

(Figure 3.9).   

After establishing the aggregation characteristics and kinetics of citrate-coated 16-

nm AuNPs with UV-Vis spectrophotometry and DLS batch methods, we quantified the 

corresponding aggregation states with SP-ICP-MS at the individual aggregate level. First, 

AuNP aggregates were formed under the same conditions used for UV-Vis and DLS 

analysis. Immediately prior to SP-ICP-MS analysis, AuNPs in the NaCl solution were 

diluted with nanopure water to obtain an AuNP concentration 1.66x10-16 M which 

mitigated potential matrix effects from NaCl and maintained the integrity of AuNP 

aggregates. It is unlikely that the attractive van der Waals forces that bind the nanoparticles 
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in an aggregated state would be compromised to make nanoparticle aggregates fall apart.245 

Given that the mean mass of our monodisperse 16-nm AuNPs was determined to be 50 ag 

(Figure 3.3), we assumed that 100 ag corresponded to an aggregate consisting of 2 AuNPs, 

150 ag corresponded to an aggregate consisting of 3 nanoparticles, and so forth, according 

to Equation 3.2. It is important to note that in Figure 3.3, few particles had a mass above 

100 ag. In our study, the probability of detecting an individual nanoparticle with a true 

mass above 100 ag rather than an aggregate was only ~2% due to the narrow size 

distribution of our engineered nanoparticles.   

Equation 3.2   𝑁𝑁𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝 𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝𝐴𝐴𝑀𝑀𝐴𝐴𝑝𝑝 =  𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑚𝑚𝑁𝑁𝑁𝑁
 

With NNPs per Aggregate as number of nanoparticles (NPs) per aggregate, mAggregate as the 

detected mass for an event, i.e. aggregate, ≥100 ag, and mNP as the mean mass of an 

individual 16-nm AuNP (i.e. 50 ag). 

 

As shown in the mass histogram in Figure 3.7A, citrate-coated 16-nm AuNPs 

exhibited a slight increase in mass upon exposure to saline solution in as little as 5 minutes. 

(Note: 5 minutes after salt exposure was the earliest time point that we could physically 

acquire due to the time required for AuNPs sample dilution and introduction into the ICP-

MS). However, after 60 minutes, multiple events with masses ≥200 ag were detected. 

These higher masses indicated the generation and presence of AuNPs aggregates. From the 

mass histograms, we quantified the number of nanoparticles per aggregate at the two time 

points (Figure 3.7B). Interestingly, the number of aggregates consisting of 2 and 3 

nanoparticles were the most frequent aggregates after 60 minutes. It appeared that the 

generation of AuNPs aggregates occurred within 5 minutes, as the number of single 
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individual particles slightly decreased by ~ 6% while the masses corresponding to 2 and 3 

nanoparticles per aggregate slightly increased by ~6% (Figure 3.7C). This increase in 

number of aggregates was clearly seen after 60 minutes where the number of detected 

individual single AuNPs decreased by 70% when compared to AuNPs in the initial 

measurement without saline. The number of events with masses ≥100 ag was calculated to 

be ~73% out of the total events detected (Figure 3.7C). Within this group, more than half 

(52%) were comprised of 2-5 AuNPs per aggregate while only ~21% of the detected 

aggregates consisted of 5 or more AuNPs (Figure 3.7D). This result indicated that the 

formation of larger aggregates could depend on the initial generation kinetics and 

frequency of smaller AuNPs aggregates. Our data also suggest that salt induced AuNP 

aggregation is irreversible since the frequency of individual nanoparticle masses decreased 

over time.    

Our SP-ICP-MS experiments confirmed the findings from DLS and UV-Vis 

spectrophotometry and showed the rapid progression of salt-induced AuNPs aggregation. 

However, in stark contrast to ensemble methods and other single particle techniques, we 

could determine individual masses of AuNP aggregates in situ without the need for harsh 

sample preparation conditions as is required for electron microscopy. When compared to 

light scattering techniques, SP-ICP-MS results were not skewed by larger nanoparticles 

and did not account for the extra layer of hydration, as we only measured the gold 

atoms/ions of the AuNPs. In summary, SP-ICP-MS allowed high throughput quantitative 

analysis (200+ aggregates per minute) making it an attractive tool to monitor and study 

nanoparticle aggregation characteristics.   
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To mitigate nanoparticle aggregation, we hypothesized that the PEGylation of colloidal 

AuNPs, i.e. the decoration of nanoparticle surfaces with polyethylene glycol (PEG) 

polymers, could be adopted for our study as a robust and efficient nanoparticle surface 

engineering technique to control and reduce AuNPs aggregation upon exposure to 

physiological saline concentrations. PEG polymers are typically used to provide steric 

stabilization of nanoparticles to physically reduce nanoparticle aggregation.246–248 

Nanoparticles can be engineered to exhibit different PEG surface densities that affect 

nanoparticle colloidal stability and functionality upon environmental and biological 

exposure.249,250 We prepared 16-nm AuNPs modified with various surface densities of 

thiol-PEG5kDa-methoxy and summarized our AuNPs physicochemical characterization 

results (Figure 3.10). Increasing PEG densities led to increases in hydrodynamic diameter, 

zeta potential, and decreases in nanoparticle mobility in gel electrophoresis. Our results 

demonstrated that the AuNPs with varying degrees of PEG were monodisperse without 

any detectable aggregation (i.e. PDI <0.1, Figure 3.10). We then tested if the amount of 

PEG added on the AuNPs surface played a role in colloidal stability and aggregation. We 

want to emphasize that the amount of PEG added to AuNPs does not necessarily represent 

the amount of PEG attached to AuNPs.   

We exposed the PEGylated AuNPs to 150-mM NaCl and measured the 

corresponding UV-Vis absorption spectra over the course of 60 minutes. In stark contrast 

to citrate coated 16-nm AuNPs (Figure 3.8C), we observed only a small increase (~10%) 

in light absorption at 600 nm over a time period of 60 minutes for PEGylated AuNPs (0.010 

PEG per nm2 of nanoparticle surface area corresponding to ~6 PEG polymers per AuNP) 

upon exposure to 150-mM NaCl (Figure 3.8B, 3.8C). This observation was confirmed by 
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DLS measurements that showed a small increase in hydrodynamic diameter of ~3 nm and 

a more pronounced 4-fold increase in PDI indicative of slight nanoparticle aggregation 

(Table 3.5). It is worth noting that under the same experimental conditions, AuNPs with 

higher PEG surface densities (i.e. 0.025 PEG/nm2 and 0.050 PEG/nm2) were less affected 

by aggregation as demonstrated by UV-Vis spectrophotometry (data not shown) and DLS 

measurements (Table 3.5). Based on our collective UV-Vis spectrophotometry and DLS 

results, we concluded that PEGylation of 16-nm AuNPs, even at PEG surface densities of 

only 6-30 PEG molecules per AuNP, effectively reduced nanoparticle aggregation upon 

exposure to physiologically relevant NaCl concentrations (Table 3.5, Figure 3.8).   

To obtain a deeper understanding of the reduced aggregation behavior seen with 

DLS and UV-Vis spectrophotometry, we used SP-ICP-MS to obtain mass distributions of 

the PEGylated AuNPs exposed to saline solution (Figure 3.11). The masses of the 

PEGylated AuNPs after 5 minutes primarily exhibited 197Au masses below 100 ag (Figure 

3.11A). Interestingly, AuNPs with the lowest PEG surface density (0.010 PEG/nm2) 

exhibited a small (~10%) decrease in the number of single nanoparticles similar to the 

AuNPs with 0 PEG/nm2 (Figure 3.11C). On the other hand, AuNPs with higher densities 

of PEG, such as 0.025PEG/nm2, only experienced a ~5% decrease in observed single 

particles. Meanwhile, AuNPs with the highest density of PEG (0.050 PEG/nm2) had only 

~ 2% of all detected events above 100 ag similar to what was observed for AuNPs in Figure 

3.3 without exposure to salt. These findings corroborated our observations that the onset 

nanoparticle aggregation occurred within 5 minutes after saline exposure. In addition, 

surface modifications like PEG can be used to physically hinder the rapid onset of salt-

induced aggregation in a PEG surface density-dependent fashion. For a more concise 
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comparison, the mean masses and standard deviations of the PEGylated AuNPs in saline 

solutions are shown in Figure 3.12.  

As the effects of aggregation were time dependent as shown in Figures 3.7, 3.10, 

and Table 3.5, we analyzed the PEGylated AuNPs in saline solution, after 60 minutes via 

SP-ICP-MS. Upon analysis, we observed that 98% of all detected events for the PEGylated 

AuNPs had masses below 150 ag (Figure 3.11B). Remarkably, AuNPs modified with 0.050 

PEG/nm2 had 2-fold less events above 150 ag when compared to the AuNPs with 0.010 

and 0.025 PEG/nm2. This finding indicated that the formation of larger aggregates (3 or 

more nanoparticles) was virtually completely inhibited by PEG. After 60 minutes in saline, 

more than 90% of all detected events were detected as individual nanoparticles for each 

PEG surface density compared to the 27% of individual nanoparticles observed for citrate-

coated AuNPs. AuNPs modified with 0.010 and 0.025 PEG/nm2 had similar amounts of 

masses >100 ag (~6% out of all detected events). On the other hand, for AuNPs modified 

with 0.050 PEG/nm2, 97% of detected events were below a mass of 100 ag indicating 

negligible (if any) aggregation in the saline solution after 60 minutes. For AuNPs with 

0.050 PEG/nm2, the number of events with masses > 100 ag were nearly identical to the 

baseline of observed events with true masses > 100 ag at both t5min and t60min indicating 

that high PEG surface densities preserved the monodisperse character and colloidal 

stability of AuNPs in saline conditions over time. Our SP-ICP-MS results for the 

PEGylated AuNPs were corroborated by DLS measurements in Table 3.5 that showed 

lower PEG surface (0.010 and 0.025 PEG/nm2) had PDI >0.1, while only the AuNPs with 

0.050 PEG/nm2 had a PDI <0.1 after 60 minutes in saline solution. Our SP-ICP-MS 

findings confirmed that, based on our testing conditions, the addition of as little as 0.010 
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PEG/nm2 was sufficient for reducing the time dependent effects of aggregation for 

monodisperse 16-nm model AuNPs. Moreover, our results indicated that higher PEG 

surface densities better passivate AuNPs to reduce nanoparticle aggregation likely due to 

improved steric stabilization by neutral PEG polymers. 

 Conclusion 

We established and validated SP-ICP-MS as a viable quantitative high throughput 

analytical technique that enables the rapid and precise measurement of engineered 

nanomaterials with single particle resolution. Our SP-ICP-MS results were corroborated 

by both conventional ensemble nanoparticle characterization methods, such as UV-Vis 

spectrophotometry and DLS, as well as the single particle data from TEM. With our SP-

ICP-MS approach, we were able to precisely detect and quantify the heterogeneity of 

AuNPs with high throughput (200+ nanoparticles/minute) and recovery (>90%). 

Additionally, we used SP-ICP-MS to accurately quantify AuNPs with various shapes and 

different nanoparticle size populations from nanoparticle mixtures. Furthermore, we 

applied SP-ICP-MS as an in situ technique to quantify the colloidal stability of AuNPs in 

physiologically relevant saline conditions and showed the mass distributions of AuNP 

aggregates with single aggregate resolution. Through rational surface engineering 

strategies, we demonstrated that increasing nanoparticle PEG surface densities could 

efficiently attenuate irreversible nanoparticle aggregation through steric stabilization. The 

work presented in this study has potential far reaching implications for researchers who 

seek to understand how engineered nanoparticles aggregate over time in biologically 

relevant environments and how surface modifications affect nanoparticle colloidal 

stability. 
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Chapter 4: Quantifying Chemical Composition and Reaction Kinetics of Individual 
Colloidally Dispersed Nanoparticles3 

Abstract 

To control a nanoparticle’s chemical composition and thus function, researchers require 

readily-accessible and economical characterization methods that provide quantitative in 

situ analysis of individual nanoparticles with high throughput. Here, we established dual 

analyte single particle inductively coupled plasma quadrupole mass spectrometry to 

quantify the chemical composition and reaction kinetics of individual colloidally dispersed 

nanoparticles. We determined individual bimetallic nanoparticle mass and chemical 

composition changes during two different chemical reactions: (i) nanoparticle etching, and 

(ii) element deposition on nanoparticles at a rate of 300+ nanoparticles/minute. Our results 

revealed the heterogeneity of chemical reactions at the single nanoparticle level. This 

proof-of-concept study serves as a framework to quantitatively understand the dynamic 

changes of physicochemical properties that individual nanoparticles undergo during 

chemical reactions using a commonly-available mass spectrometer. Such methods will 

broadly empower and inform the synthesis and development of safer, more effective, and 

more efficient nanotechnologies that use nanoparticles with defined functions. 

3Under review: Donahue ND, Kanapilly S, Stephan C, Marlin MC, Francek ER, Haddad 
M, Guthridge J, Wilhelm S. Quantifying Chemical Composition and Reaction Kinetics of 
Individual Colloidally Dispersed Nanoparticles   
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 Introduction 

Chemical composition governs nanoparticles’ optical, magnetic, catalytic, and 

toxicological characteristics.202,251–253 For effective nanotechnology applications, cost-

effective techniques that provide quantitative chemical composition data with single 

nanoparticle resolution at a fast rate in stiu are essential. To that end, single particle 

inductively coupled plasma mass spectrometry (SP-ICP-MS) offers high throughput in situ 

mass quantification of intact colloidally dispersed individual nanoparticles.124,216,254 Due to 

their affordability and cost-efficiency, a majority of ICP-MS instruments rely on 

quadrupole mass analyzers.255 However, in single particle mode, these quadrupole systems 

permit the analysis of only one analyte (or isotope) per nanoparticle.256 While quadrupole 

SP-ICP-MS systems have obtained qualitative detection of multielement nanoparticle 

solutions, these approaches have not been efficient in simultaneously detecting two 

isotopes thus lacking data on individual nanoparticle mass, chemical composition, and 

chemical kinetics.257–259 Other ICPMS systems, like ICP-time-of-flight MS (ICP-TOF-MS) 

are unparralled in their abilities to efficiently analyze in a multielement fashion both 

engineered and naturally occuring nanoparticles.260–262 Unfortunately, ICP-TOF-MS 

instruments can be cost-prohibitive and are less accessible compared to quadrupole 

ICPMS. 

Other elemental analysis techniques like energy-dispersive X-ray spectroscopy 

(EDS) combined with scanning transmission electron microscopy (STEM) provides 

valuable elemental mapping of individual nanoparticles.263 However, EDS/STEM analyses 

require dried samples and are limited by the number of nanoparticles within a field of view, 
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which restricts sample size.264 Although gaining traction, in situ electron microscopy 

analysis of nanoparticle composition remains technically challenging and may expose 

nanoparticle samples to free radicals from the high energy electron beam, which may 

complicate monitoring chemical reactions at the single nanoparticle level.265,266 

Consequently, we established in situ dual analyte quadrupole SP-ICP-MS as a 

readily-accessible analytical tool for quantifying the chemical composition and reaction 

kinetics of individual colloidally dispersed nanoparticles. For this study, we used a 

commonly-available quadrupole-based ICP-MS instrument to simultaneously quantify the 

mass of two different isotopes in individual nanoparticles. We validated the quadrupole 

mass analyzer’s capabilities with ICP-MS-TOF and EDS/STEM. We show the feasibility 

of dual analyte quadrupole SP-ICP-MS to quantify chemical transformations and reaction 

kinetics at the individual nanoparticle level in situ for hundreds of bimetallic nanoparticles 

within seconds.  

 Methods and Materials 

All SP-ICP-MS measurements were performed using the NexION 2000 B ICP-MS 

(PerkinElmer, USA) fitted with a high-efficiency sample introduction system using the 

conditions outlined in Table 4.1. Syngistix(V.2.5) and PerkinElmer's Nano application 

(V.3.0) were used to conduct all SP-ICP-MS measurements. To perform dual analyte SP-

ICP-MS we systematically changed three instrument parameters: 1) collision cell 

parameters 2) quadrupole mass analyzer settling time, and 3) detector dwell time.   

First, we sought to increase the overall duration time of the transient nanoparticle 

ion cloud by using collision cell technology fitted with ammonia (NH3(g)) gas (Figure 4.1). 

Previous reports showed that NH3(g) molecules in an ICP-MS collision cell could interact 



61 
 

with transient nanoparticle ion clouds, extending their overall duration.267 To ensure that 

the transient nanoparticle ion cloud remained intact and continuous during the interaction 

with NH3(g), we applied an axial field technology voltage to generate a supplementary 

electric potential that shortened the ion passage time through the collision cell.268 Changing 

the NH3(g) gas flow rates and the axial field technology voltages stretched the 

corresponding transient nanoparticle ion cloud up to several milliseconds. (Figures 4.2 and 

4.3) Peak shapes were acquired in the Nano application based on a minimum of 150 

nanoparticles within 30 second scan time. The use of the collision cell did not impact the 

transport efficiency of our SP-ICP-MS measurements (Table 4.2). Without the use of the 

collision cell, transient ion clouds cannot be paired; however, when the collision cell is 

used transient ion clouds are stretched and efficiently paired (Figure 4.4).   

Our next step was to optimize the quadrupole mass analyzer to enable efficient m/z 

switching between two analytes of interest within a single transient nanoparticle ion cloud 

for isotope quantification. To accomplish this goal, we manually adjusted the quadrupole 

mass analyzer settling time for a given pair of isotopes. The settling time is a specific 

amount of time that a quadrupole mass analyzer needs to equilibrate after switching from 

one m/z value to another m/z value for optimal isotope filtering.217 By systematically 

changing the quadrupole settling time, we ensured that two different isotopes from an 

individual transient nanoparticle ion cloud reached the detector for accurate quantification.  

To select a quadrupole mass analyzer settling time, in-house synthesized gold and 

silver nanoparticles of known diameters and concentrations were used as calibration 

standards (see Table 4.5 & Figure 4.14, Figures 4.6 and 4.8 for characterization). These 

particle standards were introduced into the ICP-MS with optimized collision reaction cell 
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conditions while the quadrupole settling time was manually changed in the Nano 

application. A quadrupole settling time was used to analyze unknown samples once the 

known diameters for the gold and silver nanoparticle standards were simultaneously 

obtained. For example, a quadrupole settling time of 300 µs was used since that settling 

time accurately provided the mass and size distributions of previously characterized citrate-

coated 65 nm gold nanoparticles and citrate-coated 70 nm silver nanoparticles. Meanwhile, 

a quadrupole settling time of 400 µs was found to accurately provide the correct mass and 

size for known citrate-coated 100 nm gold and silver nanoparticles. 

As the third instrument parameter, we selected 50µs as the detector dwell times to 

accurately quantify two isotopes concurrently from a single transient nanoparticle ion 

cloud. Microsecond detector dwell times enable accurate and precise quantification of 

nanoparticle mass.269 Moreover, based on Poisson statistics, microsecond detector dwell 

times minimize the probability of incorrectly measuring overlapping nanoparticle ion 

clouds for a given molar concentration of colloidal nanoparticles.270 

Optimized dual analyte quadrupole SP-ICP-MS conditions are listed in Table 4.3. 

Before SP-ICP-MS analysis, all nanoparticle samples were diluted in nanopure water 18.2 

MΩ cm from the initial stock solution and analyzed immediately. Given our transport 

efficiency (40%), flow rate (0.01 mL min-1), detector dwell time (50 µs), and low particle 

concentrations, we ensured that both analyte signals obtained were from discrete individual 

nanoparticles as opposed to multiple overlapping nanoparticles based on the Poisson 

distribution outlined by Pace et al.236 To obtain nanoparticle mass distributions, the Nano 

application automatically converted measured signal intensities from nanoparticle samples 
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to mass based on the known intensities and masses from our in-house synthesized 

nanoparticle standards. The percent paired events were quantified using Equation 4.1:  

 

Equation 4.1:  

 % 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑 𝑃𝑃𝑒𝑒𝑃𝑃𝑛𝑛𝑒𝑒𝑒𝑒 = �((# 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 1 𝑝𝑝𝑒𝑒𝑝𝑝𝑒𝑒𝐴𝐴𝑀𝑀 + # 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 2 𝑝𝑝𝑒𝑒𝑝𝑝𝑒𝑒𝐴𝐴𝑀𝑀)÷2)
𝑇𝑇𝑜𝑜𝐴𝐴𝑀𝑀𝑇𝑇 # 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑃𝑃𝑝𝑝𝑝𝑝𝑃𝑃 𝐸𝐸𝑒𝑒𝑝𝑝𝑒𝑒𝐴𝐴𝑀𝑀

�*100% 

Further data and statistical analyses were performed with GraphPad Prism (GraphPad, 

USA) and OriginPro (OriginLab, USA).   

For all synthesis steps, glass Erlenmeyer flasks and magnetic stir bars were cleaned 

before synthesis with Aqua Regia, i.e., 3:1 (v/v) mixture of hydrochloric acid (Sigma-

Aldrich, ACS reagent, 37%, St. Louis, MO) and nitric acid (Sigma-Aldrich, ACS reagent, 

70%) to remove potential contaminants. The following reagents were used for all 

nanoparticle experiments: sodium citrate tribasic dihydrate (SigmaAldrich S4641), 

gold(III)chloride trihydrate (SigmaAldrich 520918), silver(I)nitrate (SigmaAldrich 

S209139), potassium iodide (SigmaAldrich 22194), iodine (SigmaAldrich 207772).   

According to a previously published protocol, citrate-capped 65-nm and 100-nm 

gold nanoparticles (AuNPs) were synthesized using a seed-mediated approach.156 AuNPs 

were characterized by DLS (Table 4.5), TEM (Figure 4.8), and UV-VIS (Figure 4.6).   

30-nm, 50-nm, 70-nm, and 100-nm citrate-capped silver nanoparticles (AgNPs) 

were synthesized using a modified one-pot method based on two previously published 

protocols.271,272 To synthesize 50-nm citrate AgNPs, 5 mM of tannic acid and 5 mM of 

sodium citrate tribasic dihydrate were brought to a boil in 100 mL of nanopure water and 

allowed to stir for 15 minutes vigorously. Then, 0.1 mL of 250 mM AgNO3 was injected 

immediately and allowed to react for another 15 minutes while the solution boiled.   
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To make 30-nm citrate-capped AgNPs, 12.2 mM sodium citrate tribasic dihydrate 

and 47 µM were prepared in 10 mL of nanopure water. This solution was heated in a water 

bath to 60oC for 10 minutes. A separate solution of 1.33 mM AgNO3 was prepared in 40 

mL of nanopure water and heated in a 60oC water bath for 10 minutes. Next, the solutions 

were mixed in an Erlenmeyer flask and kept at 60oC under vigorous stirring for 5 minutes, 

then brought to a rolling boil for 20 minutes. The same procedure with different 

concentrations of tannic acid and sodium citrate was used (while 1.33 mM of AgNO3 was 

used for all three sizes) to make 70-nm and 100-nm citrate-capped AgNPs. To make 70-

nm citrate capped AgNPs, 1.7 mM of sodium citrate tribasic dihydrate and 1.11 mM of 

tannic acid were prepared in 10 mL of nanopure water. To synthesize 100-nm AgNPs, we 

used 680 µM of citrate and 1.76 mM of tannic acid. The solutions were then combined 

respectively in Erlenmeyer flasks and stirred vigorously for 5 minutes at 60oC then brought 

to a rolling boil for 20 minutes.  

Citrate-capped gold-silver alloy nanoparticles of various compositions were 

synthesized according to the seed-mediated protocols detailed by Rioux et al.273 Briefly, a 

series of specified volumes containing 30-mM HAuCl4, 30-mM AgNO3, and 170-mM 

sodium citrate were added simultaneously with vigorous stirring to a boiling solution 

containing 14-nm citrate capped AuNPs over the course of several steps resulting in gold-

silver alloy nanoparticles of various diameters and compositions. 

An Agilent Cary 5000 UV-Vis-NIR spectrophotometer (Agilent, USA) was used 

to measure the visible spectrum of nanoparticles in 1.5-mL PMMA cuvettes. Transmission 

electron micrographs (TEM) were taken by a 200-kV field emission JEOL2010F 

microscope (JEOL, USA) equipped with a Direct Electron DE-12 camera (Direct Electron, 
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USA) and an Oxford X-ray Detector (Oxford Instruments, USA) for energy-dispersive X-

ray spectroscopy (EDS). ImageJ (NIH) software was used for measuring nanoparticle size 

and all post imaging analyses.   

 Results and Discussion 

Figure 4.1 depicts the critical steps of our dual analyte SP-ICP-MS method. Briefly, 

a dispersion of individual intact particles is introduced into an inductively coupled argon 

plasma where particles are atomized and ionized, resulting in a discrete ion cluster for each 

particle termed the transient ion cloud. Depending on particle size, transient ion clouds last 

only hundreds of microseconds.274 For quadrupole ICP-MS, microsecond duration times 

of transient ion clouds impede efficient quantification of more than one isotope (or analyte) 

per nanoparticle. To enable simultaneous dual isotope quantification on single 

nanoparticles using quadrupole ICP-MS, we therefore optimized three ICP-MS 

parameters: 1) collision cell parameters, 2) quadrupole mass analyzer settling time, and 3) 

detector dwell time.  

To validate our established quadrupole ICP-MS’s dual analyte capabilities at the 

single particle level, we used ICP-MS-TOF, i.e., CyTOF (Helios, Fluidigm) and 

commercially available polymer beads doped with various lanthanide isotopes. We 

compared the simultaneous detection of two isotopes per bead for three different isotope 

pairs: (i) 175Lu and 140Ce; (ii) 175Lu and 153Eu; and (iii) 175Lu and 165Ho. Using optimized 

dual analyte SP-ICP-MS conditions, ~97% of detected beads were positive for each isotope 

for all three pairs of isotopes (Figure 4.5, Table 4.4). Similarly, CyTOF determined ~99% 

of detected beads were positive for each isotope for the same three isotope pairs (Figure 

4.6). Notably, both techniques provided nearly equivalent results, validating our newly 
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established and economical SP-ICP-MS approach for the simultaneous detection of two 

different isotopes with single particle resolution. 

Upon validating the dual analyte quadrupole SP-ICP-MS approach with CyTOF, we 

then quantified paired isotope events originating from single nanoparticles consisting of 

two different isotopes (Figure 4.10A). As model nanoparticles, we used in-house 

synthesized 100-nm silver nanoparticles (AgNPs) that naturally contain both 107Ag and 

109Ag in nearly equal amounts.275 Table 4.5 and Figure 4.7 provide the physicochemical 

characterization of AgNPs. We observed that >95% of detected events were positive for 

both silver isotopes at a nanoparticle concentration of 1x105 AgNPs per mL (Figure 4.10C). 

Figure 4.8 shows the real-time signal overlap of both silver isotopes for the corresponding 

transient AgNP ion clouds. At high nanoparticle concentrations (>3x105 nanoparticles per 

mL), paired 107Ag and 109Ag events were lower than 90% of the total events (Figure 1C). 

At these high nanoparticle concentrations based on the Poisson model, multiple 

overlapping nanoparticles are more likely to be reaching the detector.276 The large amount 

of overlapping ion signals coming from both isotopes of multiple nanoparticles would 

prevent the Syngistix software from distinguishing discrete paired isotope events from the 

same nanoparticle. In order to be a paired event, 3 pulse signals for each isotope are 

required to be 3σ above background. At these high nanoparticle concentrations, it is more 

likely that the two different isotope ions “spill over” from one event to the next, causing an 

increase in event length and an increase in the background signal leading to a decrease in 

detected paired events. Therefore, these limitations indicate that nanoparticle 

concentrations of ~1x105 nanoparticles per mL are optimal for simultaneously detecting 

two isotopes per nanoparticle.   
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To further establish optimal sample parameters, we then quantified the number of 

paired events from a 1:1 mixture of gold nanoparticles (AuNPs) and AgNPs, i.e., events 

positive for 197Au and 107Ag. We hypothesized that since these isotopes originated from 

different nanoparticles the detected events would remain unpaired (Figure 4.10B). In Table 

4.5, Figures 4.7 and 4.9, we provide characterization of the AuNPs. The real-time SP-ICP-

MS signals in Figure 4.11 show non-overlapping transient ion clouds for both AuNPs and 

AgNPs. Our dual analyte SP-ICP-MS results confirmed that the nanoparticle mixture was 

indeed 1:1 for all nanoparticle concentrations used in this experiment (Figure 4.10D). 

However, we observed an increase in detected paired isotope events with increasing 

nanoparticle concentrations indicating false-positive paired isotope events (Figure 4.10E). 

These results indicate that ions from multiple AgNPs and AuNPs were sufficiently above 

the background signal to be automatically paired which is related to the observed the 

decrease in paired events with pure AgNPs. These values represent the linear range in 

particle concentration attainable with dual analyte SP-ICP-MS. Overall, our AgNP and 

AuNP mixture results and AgNPs only data suggested that ≤1x105 nanoparticles per mL 

minimized false-positive paired isotope events, which enabled the accurate measurement 

of ~300 individual nanoparticles per minute.   

After establishing optimal instrument and sample parameters, we then applied our 

dual analyte SP-ICP-MS method to quantify AgNP mass and size. We first synthesized 

and characterized four differently sized AgNPs (30-, 50-, 70-, and 100-nm AgNPs) (Figure 

4.7 and Table 4.5). We observed increased transient nanoparticle ion cloud duration times 

and intensities for both silver isotopes as AgNP size increased (Figure 4.12). Interestingly, 

30-nm AgNPs had 75% paired events for both 107Ag and 109Ag (Figure 4.13). This indicates 
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a size limit of nanoparticles ≤ 30 nm in dual analyte mode. As a nanoparticle event is only 

registered when a pulse signal is 3σ above the background signal, 25% of the signals for 

the 30-nm AuNPs were not above the threshold determined by the software. The observed 

loss in these nanoparticle events could be due to the microsecond detector dwell time that 

reduces the intensity within a sampling event causing ≤ 30nm nanoparticle signal to be lost 

to the background signal.256 Our results indicate that particle mass is the main parameter 

affecting particle detection in dual analyte mode. In single analyte mode, however, we and 

others have found that nanoparticles of ~15 nm can be efficiently quantified with minimal 

effects from the background signal.277,278 

However, for 50-, 70-, and 100-nm AgNPs, our dual analyte SP-ICP-MS results in 

Figure 4.14 show that the ratio of 107Ag and 109Ag positive events was approximately 1:1 

and that 95% of the detected events were positive for both 107Ag and 109Ag. Median masses 

for all differently sized AgNPs are reported in Table 4.6. To obtain the nanoparticle size 

distributions based on the measured masses, we assumed AgNPs exhibited a spherical 

geometry and used Equation 4.2 to calculate the corresponding diameters:  

Equation 4.2   𝑑𝑑[𝑛𝑛𝑛𝑛] =  �6∙𝑀𝑀𝑀𝑀𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀
𝜋𝜋∙𝜌𝜌

3    

Where NPmass is the reported SP-ICP-MS mass in [g] unit of a single AgNP for one 

isotope, and ⍴ is the density of silver (10.49 g/cm3).  

By applying Equation 4.2 to the mass distributions in Figures 4.14A-C, we obtained 

size distributions for the three differently sized AgNPs (Figures 4.14D-F). To confirm these 

results, we analyzed the same nanoparticles using transmission electron microscopy (TEM) 

(Figures 4.14G-I). and found that the nanoparticle size distributions obtained with TEM 

corresponded well to the dual analyte SP-ICP-MS findings. We also determined that 
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surface modifications such as the addition of polyethylene glycol on the surfaces of AgNPs 

did not affect dual analyte SP-ICP-MS measurements (Figure 4.15). In summary, our dual 

analyte SP-ICP-MS method accurately quantified two isotopes per nanoparticle in situ at a 

rate of over 300 particles per minute, which was corroborated by TEM image analysis. 

After simultaneously quantifying two different isotopes of the same element within 

single nanoparticles, we used dual analyte SP-ICP-MS to quantify masses of different 

elements within the same nanoparticle. To accomplish this, we used in-house synthesized 

bimetallic gold-silver alloy nanoparticles. EDS/STEM confirmed that synthesized alloy 

nanoparticles were composed of both gold and silver (Figures 4.17A-D) with a composition 

of ~60 % atomic gold and ~40% atomic silver (Table 4.7). TEM size analysis of the alloy 

nanoparticles revealed the average nanoparticle diameter to be 77.1±10.2 nm (Figure 

4.17E). Conventional ensemble measurements (i.e., dynamic light scattering and UV-Vis) 

were in line with previous reports and confirmed the successful synthesis of monodisperse 

gold-silver alloy nanoparticles (Table 4.5) (Figure 4.7).279,280 

We then performed dual analyte SP-ICP-MS on these gold-silver alloy 

nanoparticles (Figure 4.17F). Real-time SP-ICP-MS signals of the transient ion clouds 

(Figure 4.16) and the high positivity rate (> 95%) for both 197Au and 107Ag in individual 

events confirmed the bimetallic nature of these alloy nanoparticles in line with our EDS 

results (Figures 4.17A-D). The mass distribution results in Figure 3F represent ~300 

individual gold-silver alloy nanoparticles with absolute amounts of 197Au and 107Ag 

indicating a heterogeneous composition for individual gold-silver alloy nanoparticles.  

We determined the median 197Au and 107Ag masses to be 3,261 ag and 1,925 ag, 

respectively. Based on these single nanoparticle mass distributions, we quantified the 
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elemental distribution of 197Au and 107Ag isotopes for each gold-silver alloy nanoparticle 

as shown in Figure 4.17G using Equations 4.3 and 4.4:  

  

Equation 4.3   %𝐼𝐼𝑒𝑒𝐼𝐼𝑒𝑒𝐼𝐼𝐼𝐼𝑃𝑃 1 = � 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 1+𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 2

�× 100%  

 

Equation 4.4   %𝐼𝐼𝑒𝑒𝐼𝐼𝑒𝑒𝐼𝐼𝐼𝐼𝑃𝑃 2 = � 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 2
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 1+𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝑀𝑀𝑜𝑜𝐴𝐴𝑜𝑜𝑝𝑝𝑝𝑝 2

�× 100%   

  

At the single nanoparticle level, the average gold and silver element composition was 60% 

and 40%, respectively (Figure 4.17G), which was previously confirmed by our quantitative 

EDS/STEM results.   

  To further explore the capabilities of our dual analyte SP-ICP-MS method, we 

analyzed nanoparticles of similar size made with two different compositions: (i) 70% Au / 

30% Ag, and (ii) 30% Au / 70% Ag (Figure 4.18). Our dual analyte SP-ICP-MS 

measurements revealed that these alloy nanoparticles had average compositions of 69% Au 

/ 31% Ag and 25% Au / 75% Ag, respectively, which was also corroborated with 

quantitative EDS/STEM analysis (Table 4.7). Dual analyte SP-ICP-MS provided accurate 

and robust mass and elemental distribution data for hundreds of individual bimetallic 

nanoparticles with varying compositions in situ within seconds. 

Inspired by our dual analyte SP-ICP-MS results, we sought to quantify 

compositional transformations in individual nanoparticles. As a model system, we exposed 

80-nm gold-silver alloy nanoparticles to KI/I2 solution, which efficiently dissolves AuNPs. 

We started by evaluating the gold-silver alloy nanoparticle composition upon exposure to 

different KI/I2 etchant concentrations with EDS/STEM (Figures 4.19A-D). EDS/STEM 
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results showed a gradual decrease in gold signal (red) and a more pronounced silver signal 

(cyan) on the outer edges of the nanoparticles with increasing KI/I2 etchant concentrations 

(Figure 4.20). Quantitative analysis of the EDS/STEM images revealed that the atomic 

percentage of gold decreased by ~3%, ~15%, and ~33% when we exposed the gold-silver 

alloy nanoparticles to 68-µM, 102-µM, and 136-µM KI/I2 etchant, respectively (Figures 

4.19A-D, Table 4.7). These results demonstrated the concentration-dependent KI/I2 

etching of gold from the gold-silver alloy nanoparticles.   

We then used dual analyte SP-ICP-MS to obtain the mass distributions for 197Au 

and 107Ag isotopes from hundreds of individual gold-silver alloy nanoparticles exposed to 

different KI/I2 etchant concentrations within one minute in situ (Figures 4.19E-H). Figure 

4.19I provides the average masses of 107Ag and 197Au from five independent dual analyte 

SP-ICP-MS measurements. On average, approximately 353 ag of silver was removed from 

individual gold-silver alloy nanoparticles at the highest concentration of KI/I2 etchant, 

while approximately 2,305 ag of gold was etched away per nanoparticle (Figure 4.19I). At 

68- and 102-µM KI/I2 etchant concentrations, the average mass of silver removed was ~51 

ag and ~331 ag per gold-silver alloy nanoparticle, respectively. In comparison, the same 

KI/I2 etchant concentrations resulted in an average decrease of gold mass of ~1,400 ag and 

~1,600 ag per gold-silver alloy nanoparticle, respectively (Figure 4.19I). Interestingly, gold 

was not completely removed from gold-silver alloy nanoparticles upon KI/I2 etchant which 

could indicate surface passivation.281 However, at the highest etchant concentration used, 

Ag+ and Au+ events decreased to ~ 68% of total detected events (Figure 4H). These 

findings may indicate that ~30% of alloy nanoparticles were etched below our dual analyte 

limit of detection. This could be due to the potential effects of an increased Au background 
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with increasing etchant concentration. As both 107Ag and 197Au signals need to have 

consecutive pulses that are 3σ above the background to be automatically paired by the 

Syngistix software, an increased Au background would likely impede the pairing process. 

On the other hand, the increase in Au background did not appear to affect the detection of 

single 197Au events at the etchant concentrations used. These results indicate that although 

the higher Au background prevented pairing, this dissolved background was not high 

enough to prevent the detection of individual 197Au events. Control experiments with a 1:1 

mixture of similarly sized AuNPs and AgNPs exposed to etchant solution demonstrated 

the near-complete dissolution of AuNPs and a slight decrease in AgNPs mass upon etchant 

exposure (Figure 4.21).   

To compare our dual analyte SP-ICP-MS and EDS/STEM results, we used 

Equations 4.2 and 4.3 to calculate the elemental composition of individual gold-silver alloy 

nanoparticles based on the obtained isotope mass distributions shown in Figures 4.19E-H. 

The average 197Au isotope mass decreases were 3%, 10%, and 26% for gold-silver alloy 

nanoparticles exposed 68-µM, 102-µM, and 136-µM etchant, respectively, which we 

corroborated by EDS/STEM analysis. Figure 4.19J summarizes the obtained 197Au mass 

distributions for hundreds of individual gold-silver alloy nanoparticles upon exposure to 

different KI/I2 etchant concentrations. As shown by our dual analyte SP-ICP-MS data in 

Figure 4.19, individual gold-silver alloy nanoparticles underwent chemical etching 

reactions with various levels of efficiency. 

We then sought to quantify the kinetics of metal deposition on individual 

colloidally dispersed nanoparticles with dual analyte SP-ICP-MS in situ. As a model 

nanoparticle system, we selected gold-silver alloy nanoparticles and quantified the 
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simultaneous deposition of gold and silver on these nanoparticles over time. Figure 4.24A, 

shows the process of adding Au(III) and Ag(I) ions to gold-silver alloy nanoparticles 

resulting in growth and thus a mass increase of individual nanoparticles over time.   

We used 55-nm gold-silver alloy nanoparticles as the starting material for the seed-

mediated nanoparticle growth (Figure 4.24A-B). TEM analysis confirmed that these gold-

silver alloy nanoparticle seeds exhibited an average diameter of 56.3±5.2 nm (Figures 

4.24B and 4.22). Dual analyte SP-ICP-MS reported that the average masses of 197Au and 

107Ag in individual 55-nm gold-silver alloy nanoparticles were 1,882 ag and 1,070 ag, 

respectively, with an initial composition of 61% and 39%, respectively (Figures 4.23 and 

4.25).   

To increase the size of gold-silver alloy nanoparticles from 55 nm to 70 nm, we 

simultaneously added equal molar amounts of Au(III) and Ag(I) ions to a boiling aqueous 

dispersion containing colloidal 55-nm gold-silver alloy nanoparticles in the presence of the 

reducing agent sodium citrate (Figure 4.24A).273 At specified time points during the 

chemical reaction, we analyzed the nanoparticle reaction mixture with dual analyte SP-

ICP-MS to quantify the deposition of gold and silver onto the 55-nm alloy nanoparticle 

seeds. We show in Figure 4.25 the mass distribution dot plots for 197Au and 107Ag. In 

Figures 4.24C-D, we summarized our dual analyte SP-ICP-MS results by showing 197Au 

(Figure 4.24C) and 107Ag (Figure 4.24D) isotope mass distributions for individual 

nanoparticles over time.  Figures 4.24C and 4.24D show a decreased frequency in lower 

masses and a gradual increase in events with higher masses as the reaction proceeded. 

These data demonstrate the heterogeneity of gold and silver deposition at the single particle 

level. 
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Based on the isotope mass distributions, we obtained the average alloy nanoparticle 

elemental composition at specified time points. One minute after adding Au(III) and Ag(I) 

ions, the nanoparticle composition changed by 5% resulting in an average composition 

consisting of 66% gold and 34% silver (Figure 4.24E). We corroborated the relatively fast 

deposition of gold by UV-Vis spectrophotometry of the colloidal nanoparticle dispersion 

where the absorption maximum from 480 nm at tzero red-shifted to 512 nm one minute 

after the addition of Au(III) and Au(I) ions to the nanoparticle seeds, indicating gold 

deposition (Figure 4.26).   

At t2min, the average alloy nanoparticle composition decreased to ~30% for silver, 

whereas the average nanoparticle composition for gold increased to ~70% (Figure 4.24E). 

Five minutes into the reaction, an increase in silver deposition was observed leading to an 

average elemental composition of 65% gold and 35% silver (Figure 4.24E). The element 

compositions obtained from the isotope mass distributions show that after 10 minutes the 

average gold composition remained ~64%, whereas the average silver composition 

remained at ~36% (Figure 4.24E). These results were corroborated by the UV-Vis 

absorbance measurements which stabilized at a wavelength of 500 nm after 15 minutes 

(Figure 4.26). These results suggest that this reaction was completed within 15 minutes. 

To obtain a better understanding of the deposition reaction, using the nanoparticle 

mass distributions in Figures 4.24C and 4.24D, we plotted the total detected mass of 197Au 

and 107Ag of the analyzed alloy nanoparticles as a function of time (Figure 4.24F). With 

this data, we calculated the rate constants for gold and silver depositing onto alloy 
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nanoparticles using Equation 4.5, which accounts for an exponential growth phase 

followed by a plateau in mass. 

Equation 4.5   𝑀𝑀𝑃𝑃𝑒𝑒𝑒𝑒𝑇𝑇𝑒𝑒 = 𝑀𝑀𝑃𝑃𝑒𝑒𝑒𝑒𝑇𝑇60 − (𝑀𝑀𝑃𝑃𝑒𝑒𝑒𝑒𝑇𝑇60 − 𝑀𝑀𝑃𝑃𝑒𝑒𝑒𝑒𝑇𝑇0) ∗ 𝑃𝑃−𝑘𝑘∗𝑇𝑇𝑛𝑛 

 Where MassTn is the total isotope mass of all detected nanoparticles at a specific 

time point; MassT60 is the total isotope mass of all detected nanoparticles at 60 minutes; 

MassT0 is the total isotope mass of all detected nanoparticles before the reaction; K is the 

rate constant for a specific isotope; Tn is time in units of minutes. 

The rate constant K based on Equation 4.5 determined that gold deposition was ~2 

times faster than the deposition of silver with rate constants of 0.08 and 0.13 min-1, 

respectively. The faster deposition of gold onto the alloy nanoparticles is likely due to the 

differences in reduction potential of Au3+/Au and Ag+/Ag.282 Our single particle analysis 

also suggests that gold deposition was 50% complete within 5 minutes, whereas silver 

deposition was 50% complete within 9 minutes which indicates the total reaction was 

virtually complete near the 15 minute mark as previously observed with 

spectrophotometry. Taken together, these results showcase the feasibility for 

simultaneously quantifying chemical reaction kinetics of two different metals on individual 

nanoparticles in a high-throughput manner with easily accessible quadrupole ICP-MS 

technology. 

 Conclusions 

In summary, we established dual analyte SP-ICP-MS as a quantitative high-

throughput analytical technique that enables the simultaneous quantification of two 

analytes (or isotopes) per nanoparticle in situ. Our dual analyte SP-ICP-MS results were 

obtained using a commonly available quadrupole-based ICP-MS system which was 
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corroborated by time-of-flight mass spectrometry and EDS/STEM. With our SP-ICP-MS 

approach, we quantified AgNP size, and the heterogeneity of bimetallic gold-silver alloy 

nanoparticles undergoing chemical reactions with high throughput (300+ 

nanoparticles/minute) in situ. Our economical elemental analysis method has the potential 

to transform the understanding of nanoparticle transformations in environmental and 

biological milieus to inform the design of safer, more effective, and more efficient 

nanotechnologies that use nanoparticles with defined compositions. 
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Chapter 5: Single cell elemental analysis for quantification of nanoparticle 
interactions with individual B cells4 

Abstract 

Detailing nanoparticle interactions with single cells has the potential to enhance clinical 

translation of nano-based therapies and diagnostics. To that end, we visualized and 

quantified nanoparticle uptake using model gold nanoparticles (AuNPs) with single cell 

resolution using human B cells. First, we demonstrated efficient elemental detection of 

individual B cells with single cell quadrupole inductively coupled plasma mass 

spectrometry (SC-ICP-MS). We then determined that colloidally stable positively charged 

AuNPs associate 100-fold more with B cells compared to neutral charged AuNPs. We 

further applied SC-ICP-MS and light scattering confocal microscopy to assess AuNP 

uptake by B cells. With these two techniques, we simultaneously measured a pan surface 

marker for B cells and AuNPs to determine that >80% of single B cells had internalized 

AuNPs. Our study highlights the application of accessible single cell techniques to reveal 

nanoparticle-B cell interactions with broad applicability for biomedical applications.  

 
4In preparation as: Donahue ND, Sheth V, Frickenstein AF, Holden A, Wilhelm S. Single 
cell elemental analysis for quantification of nanoparticle interactions with individual B 
cells   
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Introduction 

Currently, single cell analysis of nanoparticle can be performed with few 

techniques such as flow cytometry, microscopy, or mass spectrometry. To determine 

nanoparticle-cell interactions using flow cytometry nanoparticles oftentimes require 

fluorophore labels that may alter a nanoparticle’s surface chemistry therefore affecting 

cellular uptake and association.283,284 Fluorophore-free measurements with flow cytometry 

using side scattering analysis of cells exposed to nanoparticles has been successfully 

demonstrated, but have yet to be used for quantifying nanoparticles within single cells and 

rely on nanoparticles with sizes > 20 nm.285–287 Like flow cytometry, microscopy-based 

analysis of nanoparticle-cell interactions encounters similar obstacles and suffers from 

low-throughput.288,289 On the other hand, mass spectrometry (e.g., CyTOF) has been widely 

applied to quantify nanoparticle-cell interactions at the single cell level with the multi-

element capabilities used for phenotyping different cell populations.290–292 As an auxiliary 

and economical tool to these existing techniques, single cell inductively coupled plasma 

quadrupole mass spectrometry (SC-ICP-MS) is a promising analytical tool for quantifying 

single cell nanoparticle interactions. Previous reports have successfully used SC-ICP-MS 

to probe nanoparticle interactions with algae, yeast, and bacteria.231,293,294 Other studies 

using SC-ICP-MS have investigated intrinsic biological metals and metallodrugs within 

various types of human cell lines.218,295 In this report, we extend the versatility of SC-ICP-

MS to quantify the interactions between in-house surface engineered gold nanoparticle 

(AuNPs) and human B cells. We chose B cells as a model cell line due to their importance 

in the context of nano-based vaccines.296–298 In addition to playing a key role in long-lasting 

immunity, B cells can also directly interact with nanoparticles within the liver, spleen, and 



79 
 

lymph nodes in vivo.63,299,300 Therefore, quantifying nanoparticle interactions at the single 

B cell level may provide novel insights on nanoparticle cellular uptake, intracellular 

trafficking, and nanoparticle physicochemical properties that safely favor B cell 

association. Such findings could be applied to inform the rational design of novel 

nanomaterials for enhancing B cell-nanoparticle interactions. 

Here we demonstrated that quadrupole SC-ICP-MS efficiently detected individual 

B cells by using a routine intracellular stain used in mass cytometry and a pan B cell surface 

marker labeled with quantum dots. Our results indicate that the quantum dot labeling of B 

cells enhanced signal intensity 3-fold compared to the ionic iridium staining. We also 

demonstrated that B cells efficiently entered the ICP-MS as single cells with a transport 

efficiency of ~50% and can be detected at a rate of 30 cells per second. Having confirmed 

the detection of two different metals associated with B cells, we then used in-house 

synthesized AuNPs as a model nanoparticle to quantify nanoparticle-B cell interactions at 

the single cell level. We prepared model 13-nm AuNPs with different surface charges and 

demonstrated with SC-ICP-MS and confocal laser scanning microscopy that positively 

charged AuNPs efficiently enter B cells through an energy dependent endocytic pathway. 

Lastly, we demonstrated our quantum dot labeling of B cells facilitated the simultaneous 

detection of individual B cells and internalized AuNPs using confocal microscopy and SC-

ICP-MS. These findings indicate that > 80% of B cells internalized positively charged 

AuNPs. Ultimately, this study provides a framework for utilizing cost-effective quadrupole 

mass spectrometry and label-free confocal laser scanning microscopy technology to 

measure single B cell-nanoparticle interactions. We envision that this approach far-
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reaching implications for researchers interested in single cell elemental analysis, 

nanotoxicology, and nanoparticle delivery to immune cells. 

 
 Materials and Methods 

 All SC-ICP-MS measurements were performed with the NexION 2000 equipped 

with a commercially available single cell introduction system and single cell software 

(PerkinElmer, USA) using the conditions outlined in Table 5.1. AuNPs of known sizes 

were used as calibration standards and used to acquire 197Au mass distributions. Mass 

histograms of cell suspensions were collected and analyzed using PerkinElmer’s single cell 

software. Dual analyte data on B cells was collected using PerkinElmer’s dual analyte 

Nano application using the conditions in Table 5.1 along with the collision cell and 

quadrupole mass filter settings Table 5.4. For 114Cd and 193Ir analysis in Figures 5.1 and 

5.4 thresholds were applied to cell samples based on the background counts per Laborda 

et al.301 For 197Au analysis in Figures 5.12 and 5.15 thresholds were not applied and the 

acquisition included all gold events. In Figure 5.17, thresholds were applied to 197Au to 

exclude single nanoparticles based on the peak intensities of single 13-nm gold 

nanoparticles. Scan times were 30 seconds for Figures 5.1 and 5.17. For Figures 5.12 and 

5.15 scan times were adjusted to collect a minimum of 500 197Au events. Further data 

analysis was performed in GraphPad Prism. 

The B cell lymphoma line (Raji ATCC #CCL-86) were kindly given by Drs. Darrell 

Irvine and Mariane B. Melo at MIT. B cells were cultured in RPMI 1640 containing (2 mM 

L-Glu, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L 

sodium bicarbonate) supplemented with 10% FBS and 1% penicillin and streptomycin. B 

cells (a suspension cell line) were maintained in T-75cm2
 tissue culture flasks at 37°C in a 



81 
 

humidified incubator with 5% CO2 and passaged every other day. Prior to nanoparticle 

exposure, cells were spun down at 500 xg for 5 minutes, counted and placed in 6 well plates 

at a density of 1 million cells per well in a volume of 1.5mL of RPMI media. Cells were 

exposed to a final concentration of 0.56 nM (determined by UV-Vis) of 13-nm AuNPs for 

all experiments. We prepared our B cells for SC-ICP-MS based on protocols routinely used 

in mass cytometry.302,303 Following nanoparticle exposure, cells were pipetted from 6 well 

plates and spun down at 500 xg for 5 minutes, resuspended in 4% paraformaldehyde and 

allowed to fix overnight at 4 °C. The next day, cells were spun down at 800 xg for 5 minutes 

then resuspended in 1 mL of 1x PBS and counted. These cells were stained with 125 µM 

Cell-IDTM Intercalator Ir (Fluidigm) using 3 µL staining solution per 1 million cells for 1 

hour at room temperature. Following iridium staining, cells were spun down at 800 xg for 

5 minutes, resuspended in 0.5 mL of nanopure water, counted on a hemocytometer, and 

analyzed on ICP-MS immediately. For etching experiments, 4 µL of gold etchant solution 

(Sigma Aldrich 651842) was added to the cell media after nanoparticle exposure. The 

etchant solution was well-mixed with cells and then immediately spun down at 500 xg for 

5 minutes and resuspended in 4% paraformaldehyde to fix overnight. Following overnight 

fixation, AuNP-exposed B cells were spun down at 800 xg for 5 minutes, resuspended in 

1mL of nanopure water and washed once more before being resuspended in 0.5 mL of 

nanopure water. This solution was diluted two-fold, and analyzed on ICP-MS. Scan times 

for analyzing 197Au were adjusted to collect a minimum of 500 197Au events. 

Following nanoparticle exposure, B cells were spun down at 500 g for 5 minutes. 

A master mix of 2% FBS in 1x PBS containing biotinylated anti-human CD-19 antibody 

(Clone: HIB19 BioLegend) was prepared using a 100-fold dilution of biotinylated 
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antibody. After the initial centrifugation, the media containing nanoparticles was aspirated 

and B cells were resuspended in 100µL of the biotinylated antibody solution and incubated 

on ice for 15 minutes. After the incubation, 1mL of 2% FBS in 1x PBS was added to the 

cells then the cells were centrifuged at 600 g for 6 minutes. A master mix solution of 

streptavidin quantum dots (ThermoFisher Scientific Q10123MP) was prepared using a 

100-fold dilution of quantum dots in 1X PBS with 2% FBS. Next B cells were resuspended 

in 100µL of the quantum dot solution and incubated on ice for 1 hour. After the incubation, 

1 mL of 2% FBS in 1x PBS was added to the cells and then followed by another round of 

centrifugation at 600 g for 6 minutes. The quantum dot-labeled B cells were then 

resuspended in 1 mL of 4% PFA and allowed to fix overnight at 4°C. Prior to ICP-MS 

analysis, fixed quantum dot-labeled B cells were spun down at 800 g for 6 minutes and 

resuspended in 1 mL nanopure water. Cells were spun once more at 800 g for 6 minutes, 

resuspended in 0.5 mL nanopure water, counted, and immediately analyzed by ICP-MS. 

To PEGylate gold nanoparticles with OPSS-(PEG)5kDa-MAL (MW 5 kDa, Laysan 

Bio), a constant nanoparticle surface-area-to-volume ratio was maintained, i.e., 10 cm2 in 

500 μL of total volume. Figure 5.10 is a schematic representation of the PEGylation 

strategy. The following example is described for PEGylating 13-nm gold nanoparticles 

(nanoparticle concentration of 20 nM) with a desired surface density of 0.5 OPSS-

(PEG)5kDa-MAL/nm2. Briefly, 13-nm citrate AuNPs were reacted with orthopyridyl-

polyethylene glycol-maleimide (OPSS-(PEG)5kDa-Mal) (Laysan Bio Al, USA) at a 

coating density of 0.5 PEG/nm2 for 30 minutes. Next, these nanoparticles were reacted with 

OPSS-(PEG)2kDa-OCH3 (Laysan Bio Al, USA) at a density of 5 PEG/nm2 for 30 minutes 

to enhance colloidal stability through backfilling.304 Following this, the nanoparticles were 
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spun down at 15,000 g for 30 minutes and resuspended in nanopure water with either 

(KKKKKKKC) or SH-(PEG)1kDA-OCH3 at a ratio of 5 SH-Ligand/nm2. The following 

day, the AuNPs were spun down at 15,000 g for 30 minutes to remove unreacted thiolated 

ligands, resuspended in nanopure water, and analyzed on UV-VIS to determine 

nanoparticle concentration.  
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Fixed B cells were simultaneously stained with CF633 (WGA, cat# 29024, 

Biotium) and NucBlue DAPI (cat# R37606, Thermo Fisher) in 1x HBSS for 15 minutes at 

37°C to label the cell surface or the nuclei, respectively. To label endocytic vesicles, live 

B cells were incubated with Dextran-TRITC for 8 hours during the nanoparticle exposure 

experiments. (Sigma-Aldrich 42874). Confocal images were taken with a 40X (NA 1.3), 

63X (1.4), and 100X (NA 1.4). oil immersion objective on a ZEISS LSM 880 inverted 

confocal microscope using photomultiplier tube detectors with a 405nm diode laser and a 

633 nm helium-neon laser for fluorescent channels through a main beam splitter 

488/561/633 filter. Cell nuclei were imaged using an excitation and emission wavelength 

of 405 and 445 nm, respectively. Cell membranes were imaged using an excitation and 

emission wavelength of 488 and 528 nm, respectively. AuNPs were imaged using light 

scattering with a 561 nm diode-pumped solid-state laser and an MBS T80/R20 filter. 

Endocytic vesicles were imaged using an excitation and emission wavelength of 561 and 

633 nm, respectively. Quantum dots were imaged using an excitation and emission 

wavelength of 405 and 690 nm, respectively. Further processing was performed using 

ImageJ. 
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 Results and Discussion 

To quantify nanoparticle interactions with B cells at the single cell level, we used 

two different strategies (i. iridium staining and ii. quantum dot labeling) for the detection 

of intact and individual B cells using SC-ICP-MS. We hypothesized that labeling B cells 

with quantum dots would generate more ions per cell thus improving the detection signal 

of single B cells using quadrupole SC-ICP-MS. To test this hypothesis, we first stained B 

cells with an intracellular iridium DNA intercalator as a marker for nucleated single cells 

as is common practice in mass cytometry (Figure 5.1A).305 For labeling B cells with 

quantum dots, we leveraged the ubiquitous pan expression of the clinically relevant target 

CD-19.306,307 To detect single B cells using SC-ICP-MS via CD-19, we first incubated B 

cells with a biotinylated anti-CD-19 antibody and then used commercially-available 

streptavidin-coated quantum dots to selectively bind to the biotinylated B cells (Figure 

5.1B).308,309 The streptavidin-coated quantum dots  consisted of a nanocrystal core made of 

CdSe and a shell of ZnS and were ~15 nm in size (Figure 5.2). We observed strong time 

resolved 114Cd signals on ICP-MS only when streptavidin quantum dots were clustered 

with biotinylated antibodies (Figure 5.3). Additionally, due to the fluorescent nature of 

quantum dots, this labeling procedure permitted the fluorescent detection of B cells using 

confocal microscopy which confirmed efficient surface labeling of B cells with quantum 

dots (Figure 5.4).  

To compare the two different metal stains on quadrupole SC-ICP-MS, we obtained 

the transient ion peak shapes of the labeled B cells. We observed that iridium-stained B 

cells produced discrete transient iridium ion signals of ~15 counts for 193Ir (Figure 5.1C). 

In contrast to the iridium-stained B cells, quantum dot labeled B cells produced transient 
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ion signals of ~42 counts for 114Cd. (Figure 5.1D). These transient ion signals and 

corresponding intensities indicate that quantum-dot labeling of B cells enhanced B cell 

intensities by 3-fold on quadrupole ICP-MS due to the larger number of ions per cell from 

15 nm quantum dots attached to B cells compared to iridium staining.  

After confirming two different metal cellular stains produce discrete transient ion 

signals, we then confirmed that intact and individual metal-stained B cells enter the ICP-

MS. To do this, we sequentially measured 114Cd and 193Ir events as a function of B cell 

concentration. Figure 5.5 shows a representative hemocytometer image of the single cell 

stock solutions containing fixed and metal-labeled B cells. We observed that both isotopes 

provided the same number of detected events at the same cell concentrations and had strong 

linear relationships (r2 = 0.99) with cell concentration (Figure 5.1E). We confirmed that 

these detected events corresponded to single intact cells by showing that B cells remain 

intact upon entry into the ICP-MS with epifluorescence microscopy (Figure 5.6). 

Quantitative analysis of epifluorescent microscope images showed that the B cell 

membrane and nucleus had strong correlation pre- and post- nebulization with Pearson 

correlation values of 0.9. Taken together, these results indicate that intact B cells containing 

intracellular metal ions and surface-bound quantum dots are introduced intact into the ICP-

MS and are accurately detected using quadrupole ICP-MS at the single cell level. Our data 

also show that for quadrupole SC-ICP-MS, quantum dot labeling is preferred due to the 3-

fold higher ion signal intensity compared to iridium staining. 

Based on the detected 114Cd and 193Ir events in Figure 1E, we then used Equation 1 

to calculate the transport efficiency of B cells (Figure 5.1F). Calculating the cellular 

transport efficiency enabled us to accurately determine how many cells would be detected 
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upon entry into the mass spectrometer and was later applied for the mass quantification of 

analytes in individual B cells.310 Using equation 5.1, we found that the transport efficiency 

for B cells was ~50% for both iridium staining and quantum dot labeling at all 

concentrations used.  

Equation 5.1  � 𝐸𝐸𝑒𝑒𝑝𝑝𝑒𝑒𝐴𝐴𝑀𝑀 𝑃𝑃𝑝𝑝𝐴𝐴𝑝𝑝𝑑𝑑𝐴𝐴𝑝𝑝𝑃𝑃
𝑀𝑀𝑁𝑁𝑚𝑚𝑁𝑁𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑑𝑑𝑝𝑝𝑇𝑇𝑇𝑇𝑀𝑀 𝑃𝑃𝑒𝑒 6.5 µL

� ∗ 100%   

Where events detected are the detected events within a 30 second scan time, divided 

by the theoretical number of cells in 6.5 µL which is based on a scan time of 30 seconds 

and a flow rate of 13 µL per minute.  

To date, this high cellular transport efficiency using human cells that are ~15µm 

with an analysis rate of 30 single B cells per second has yet to be achieved using quadrupole 

ICP-MS in single cell mode.311 These single B cell results were further validated by 

detecting events from commercially available micron-sized lanthanide doped polymer 

beads. At similar concentrations, the lanthanide-doped beads had a maximum analysis rate 

of ~40 beads per second with an average transport efficiency of ~60% (Figure 5.7). We 

emphasize that with microsecond detector dwell times, a sample flow rate of 13.0 

µL/minute, B cell concentrations ≤ 3 x 105 cells/mL, a transport efficiency of 50%, and 

visible single B cell suspensions (Figures 5.5 and 5.6), the probability of measuring 

overlapping/multiple cell events was reliably minimized which can be further confirmed 

using Poisson statistics.270 Collectively, these results ensured consistent detection of 

intracellular and surface bound metals on single B cells. With these parameters, we next 

wondered whether we could quantify nanoparticle interactions at the single B cell level. 
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To model nanoparticle B cell interactions, we used in-house synthesized 13-nm 

AuNPs due to the facile aqueous synthesis that produces biocompatible narrowly 

distributed AuNPs that have tunable surface chemistry.228 Single particle ICP-MS revealed 

that our in-house synthesized 13-nm AuNPs had a narrow mass distribution where ~93% 

of 197Au events had a mass of 24 ag corresponding to a diameter of 13 nm and produced 

transient 197Au signals with intensities of ~4 counts (Figure 5.8). Transmission electron 

microscopy, dynamic light scattering, and UV-Vis spectrophotometry corroborated the 

single particle ICP-MS findings indicating that these particles were 13-nm with a narrow 

size distribution (Figures 5.8, 5.9 and Table 5.2). To probe how surface charge impacts 

nanoparticle association with B cells, we surface engineered 13-nm AuNPs with either i. 

Positively charged peptide (K7C); or ii. Neutral polyethylene glycol ((PEG)1kDA-mPEG) 

following a previous protocol (Figure 5.10).156 These surface modifications produced 13-

nm AuNPs with equivalent hydrodynamic diameters but with different electrokinetic 

potentials of ~18 mV (Table 5.3). To ensure that these surface modifications resulted in 

colloidally stable nanoparticles, we measured the mass of the surface-modified 13-nm 

AuNPs under cell culture conditions without B cells. Our mass distribution data show that 

the most frequent and average mass for both surface-modified AuNPs was still 24 ag 

indicating that surface modifications do not cause aggregation and that these AuNPs 

remain as single colloidally stable 13-nm nanoparticles in cell culture media at 37 °C 

(Figure 5.11).124  

Having confirmed that our surface modified AuNPs remain as individual 

nanoparticles under cell culture conditions, we investigated how two different surface 

modifications (i. 7 lysine residue modified AuNPs and ii. methoxy terminated PEGylated 
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AuNPs) may associate with B cells. We first assessed nanoparticle association with B cells 

using SC-ICP-MS to quantify the average amount of 197Au associated per B cell upon 

exposure to the differently charged 13-nm AuNPs under the same AuNP exposure 

conditions (Figure 5.12A). For B cells exposed to mPEG-modified AuNPs, the average 

197Au mass per cell was 315 ag which corresponds to ~13 AuNPs per cell. Conversely, B 

cells treated with the same concentration of K7C-modified 13-nm AuNPs had an average 

197Au mass of 30117 ag per cell which corresponds to ~1250 AuNPs per cell. These results 

indicate that the positively charged peptide induced nearly two orders of magnitude more 

association with B cells than the neutral PEGylated AuNPs.  

To obtain a better understanding of how surface charge affects B cell interactions 

with nanoparticles, we obtained the single cell 197Au mass distribution of B cells exposed 

to either 13-nm K7C AuNPs or 13-nm mPEG AuNPs (Figure 5.12B). Interestingly, the 

most frequent mass observed for B cells exposed to mPEG-modified AuNPs was 24 ag, 

which is the same mass of a single 13-nm AuNP (Figures 5.8 and 5.11). Only 4% of the 

total 197Au events were above 24 ag for B cells exposed to 13-nm mPEG AuNPs with a 

maximum detected mass of 13000 ag per cell. On the other hand, ~95% of 197Au events 

were above 24 ag for B cells exposed to 13-nm K7C AuNPs. We measured a maximum 

197Au mass of 50000 ag per cell, which was the maximum mass our software could detect. 

Taken together, our quantitative SC-ICP-MS results indicate that K7C-AuNPs enhanced B 

cell nanoparticle association ~100-fold compared to mPEG-AuNPs.  

 We then qualitatively assessed nanoparticle association with B cells with confocal 

laser scanning microscopy utilizing a label-free light scattering approach to visualize 

AuNPs associated with B cells.312 Due to the ability of metallic nanoparticles to scatter 
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light, additional surface modifications (e.g.,fluorophores) were not required which can alter 

the nanoparticles’ surface chemistry. Interestingly, only B cells exposed to K7C-modified 

AuNPs had detectable scattering signal within B cells (Figure 5.12C).  On the other hand, 

B cells exposed to mPEG-modified AuNPs (Figure 5.12D) lacked scattering signal similar 

to B cells not exposed to AuNPs (Figures 5.12E). These qualitative label-free microscopy 

results corroborate the SP-ICP-MS results and demonstrate how nanoparticle surface 

charge governs nanoparticle- B cell interactions. To ensure biocompatibility of the K7C 

AuNPs, we evaluated the viability of B cells exposed to several concentrations of K7C 

AuNPs (Figure 5.13). The viability assay confirms that the 13-nm K7C AuNPs were non-

toxic to B cells demonstrating that our model cationic nanoparticles are a safe model to 

further investigate nanoparticle-B cell interactions. Given that positively charged AuNPs 

safely associate with B cells, we then determined to examine the internalization of K7C-

AuNPs to better understand nanoparticle cellular uptake at the single B cell level. 

Previous groups have used KI/I2 etching to remove free uninternalized AuNPs in 

in vitro cell culture experiments.313 We wondered whether this approach could be applied 

for quantifying internalized AuNPs at the single B cell level. We confirmed that upon 

exposure to etchant solution, 13-nm AuNPs were undetectable using DLS and no longer 

had surface plasmon resonance indicating dissolution of the AuNPs (Table 5.3 and Figure 

5.14). To ensure that this process was conducive with B cells, we first examined B cells 

exposed to AuNPs with and without KI/I2 using confocal laser scanning microscopy. To 

help identify internalized AuNPs, we fluorescently labeled endocytic vesicles and acquired 

Z stacks on confocal microscopy of B cells exposed to 13-nm K7C-modified AuNPs 

(Figure 5.15). The representative Z projection in Figure 3A shows colocalization between 
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the AuNP scattering signal and fluorescent endocytic vesicles. Upon exposing B cells to 

etchant, nanoparticles were still localized within endocytic vesicles (Figures 5.15B). Our 

confocal results indicate that B cells internalize nanoparticles within endocytic vesicles and 

are not affected upon etchant solution exposure. 

 Upon qualitatively confirming that K7C-modified AuNPs enter endocytic vesicles 

within B cells, we then used SC-ICP-MS to quantify internalized AuNPs per B cell. We 

first obtained the average 197Au mass of B cells exposed to 13-nm K7C-modified AuNPs 

with and without iodine etchant (Figure 5.15D). The average 197Au mass decreased by 

~3000 ag after B cells were exposed to etchant indicating majority of AuNPs were 

internalized and that up to ~125 AuNPs had been etched away. These results validated by 

confocal laser scanning microscopy suggest that K7C-modified AuNPs are internalized 

within cells as opposed to remaining on the cell membrane. To confirm the etchant’s ability 

to remove uninternalized AuNPs, we exposed B cells to K7C-modified AuNPs at 4 °C. 

This temperature reduces a cell’s membrane fluidity and activity to inhibit endocytosis.207 

We observed that B cells kept at 4 °C had ~10000 ag of associated 197Au, however after 

cells were exposed to etchant, the number of 197Au events decreased and over 9000 ag of 

197Au was removed. Similarly, B cells that were fixed prior to AuNP exposure had ~10000 

ag of associated 197Au. Upon etchant exposure, these fixed B cells also experienced a 

decrease in 197Au events and lost over 9000 ag of 197Au. Our single cell data show that 

although K7C-modified AuNPs efficiently associate with B cells ~95% of uninternalized 

AuNPs can be removed upon chemical etching without affecting internalized AuNPs. 

These results were further corroborated by the mass distribution of B cells before and after 

etching (Figure 5.15E). Our etching results reveal that K7C-modified AuNPs accumulate 
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inside B cells through an energy dependent mechanism and can be quantified at the single 

cell level.  

However, since quadrupole SC-ICP-MS is limited to detecting one element per cell 

event, cells without AuNPs are not detected. To overcome this limitation, we sought to 

simultaneously measure B cell events (e.g., 114Cd or 193Ir) and 197Au events using 

quadrupole SC-ICP-MS. First, we compared the transient ion signals of iridium-stained B 

cells and quantum dot labeled B cells under optimized conditions that enable the 

simultaneous detection of two isotopes per event on quadrupole ICP-MS (Table 5.4). 

Figure 4A shows that the transient ion cloud for quantum dot labeled B cells extends up to 

5 milliseconds with a maximum intensity of ~35 counts, whereas the iridium-stained B 

cells have 5-fold less counts and barely last 2 milliseconds (Figure 5.17A). We also showed 

that B cells exposed to K7C AuNPs had transient 197Au signal durations > 5 milliseconds 

with intensities over 100 counts under optimized dual analyte conditions (Figure 5.16). 

These millisecond transient ion signals point to the possibility of efficient quadrupole 

switching between a metal B cell stain and internalized AuNPs thus enabling the 

simultaneous detection of B cells that are positive for AuNPs using quadrupole ICP-MS. 

We found that only quantum dot labeled B cells enabled accurate simultaneous 

determination of individual B cells that had internalized AuNPs in dual analyte mode 

(Figure 5.17B). When 114Cd and 197Au were measured sequentially (i.e., one isotope then 

the next) 81.1 ± 8.9% of B cells were AuNP+. Similarly, when 114Cd and 197Au were 

measured simultaneously (both isotopes detected at the same time under optimized dual 

analyte conditions) 79.6 ± 11.1% of B cells were AuNP+. We only found similar results 

when 193Ir and 197Au were measured sequentially (83.2 ± 6.1%, Figure 5.17C). However, 
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when 193Ir and 197Au were measured simultaneously, the number of 193Ir events decreased 

by ~50% which prohibited the accurate simultaneous detection of individual B cells and 

internalized AuNPs (Figure 5.17C). These results indicate that although iridium staining 

works well in mass cytometry and in single analyte mode on quadrupole SC-ICP-MS, high 

intensity and millisecond transient ion signals (e.g., quantum dots and AuNPs) are needed 

for the accurate simultaneous measurement of two different analytes in cells. 

 We corroborated our dual analyte SC-ICP-MS results with confocal laser scanning 

microscopy and showed that B cells labeled with quantum dots and exposed to K7C AuNPs 

could be visualized using confocal laser scanning microscopy (Figure 5.17D). To provide 

a better understanding of how many B cells had AuNPs, we counted 96 quantum dot-

labeled B cells from multiple fields of view and determined that 83 of those B cells had 

AuNP scattering intensity indicating that ~87% of B cells had internalized AuNPs (Figure 

5.17E).  

Conclusion 

In conclusion, we show that B cells labeled with either an intracellular metal stain 

(iridium) or a surface bound label (quantum dots) enable the efficient detection of 

individual B cells on quadrupole ICP-MS with an average transport efficiency of ~50%. 

We demonstrated that these labeling procedures enable the accurate detection of B cells at 

a maximum rate of 30 cells per second and validated this acquisition rate with micron-sized 

beads doped with lanthanides. Having established that B cells can be detected either with 

intracellular or surface bound metals, we then quantified AuNP association with B cells 

and observed that positively charged AuNPs enhance B cell association 100-fold compared 

to neutral AuNPs without cytotoxicity. Our SC-ICP-MS results were corroborated by label-

free light scattering confocal microscopy. We further demonstrated the ability to quantify 
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internalized positively charged AuNPs and showed that these nanoparticles enter B cells 

through an active endocytic pathway and localize within endocytic vesicles with a 

maximum detectable mass of 50000 ag. Lastly, we determined that >80% of B cells had 

internalized AuNPs by using our quantum dot labeling approach which was also confirmed 

with confocal microscopy and single analyte SC-ICP-MS. Our single B cell results using 

conventional quadrupole mass spectrometry and label free confocal laser scanning 

microscopy provide a framework for researchers who seek to utilize commonly available 

methods to quantify and visualize nanoparticle-cell interactions.  
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Chapter 6: Conclusion 

Successful clinical translation of nanoparticles requires thorough characterization of 

nanoparticle physicochemical properties, fluctuations in such properties, and 

corresponding nanoparticle-cell interactions. Although batch-based measurements of these 

phenomena have been widespread and utilitarian, these approaches loose valuable 

information that could be used to inform the rational design of next generation 

nanomaterials. Due to the inherent diversities that exist among single nanoparticles and 

single cells, there exists a need for methods to capture both of these heterogenous 

phenomena. To that end, single nanoparticle and single cell techniques have the potential 

to further augment the development of novel nanotechnologies for controlling nanoparticle 

properties and subsequent cellular interactions. However, current methods to accomplish 

this type of analysis are either cost prohibitive, semi-quantitative, low throughput, ex situ 

and or require labor-intensive data deconvolution processes. Unfortunately, an economical 

analytical technique capable of simultaneously quantifying both individual nanoparticle 

transformations and single cell-nanoparticle interactions has yet to make headway in the 

nanomedicine community. To meet this need, in the current work, single particle and single 

cell quadrupole inductively coupled plasma mass spectrometry was established to quantify 

individual nanoparticle transformations and single cell nanoparticle interactions. Using the 

same mass spectrometer and instrument settings, nanoparticle colloidal stability and 

chemical reactions were quantified with single nanoparticle resolution. These elemental 

analysis methods were then used to guide the measurements of nanoparticle-interactions 

with single B cells.  



96 
 

In aim 1, SP-ICP-MS was established as a high throughput in situ method to determine 

the mass and size of model engineered gold nanoparticles (AuNPs). These data facilitated 

the quantification of nanoparticle colloidal stability as a function of surface chemistry. 

First, SP-ICP-MS was investigated as a technique for quantifying the size of 3 different 

batches of quasi-spherical AuNPs with nominal diameters of 16-, 30-, and 55-nm. Based 

on the mass distributions, the size distributions were calculated and validated by 

transmission electron microscopy, dynamic light scattering, and UV-Vis 

spectrophotometry. These findings established that SP-ICP-MS is a high-throughput single 

particle technique capable of efficiently quantifying the heterogenous mass of engineered 

nanoparticle at a rate of ~300 particles per minute. Next, 30- and 55-nm AuNPs were mixed 

in a 1:1 ratio and analyzed on SP-ICP-MS. The results show that SP-ICP-MS could 

simultaneously analyze both differently sized AuNPs and accurately determined that the 

mixture was in a 1:1 ratio. Additionally, SP-ICP-MS was demonstrated to quantify 

anisotropic gold nanorods and was validated by the image analysis of TEM micrographs 

of gold nanorods. 

Given that SP-ICP-MS could reliably quantify the mass of different sizes of AuNPs 

with varying geometry, the aggregation behavior of 16-nm citrate coated AuNPs was 

measured upon exposure to 150-mM NaCl. SP-ICP-MS and the other conventional 

techniques confirmed an increase in average nanoparticle size. However, only SP-ICP-MS 

was able to quantify the number of nanoparticles per aggregate. SP-ICP-MS of AuNPs 

exposed to 150-Mm NaCl show that this aggregation behavior was time-dependent and led 

to aggregates consisting of a diverse number of nanoparticles. To passivate aggregation 

upon exposure to saline conditions, thiolated 5kDA PEG polymers with terminal methoxy 
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groups were added at varying densities to the 16-nm AuNPs. Zeta potential, gel 

electrophoresis, and DLS confirmed that the AuNPs had different densities of PEG. When 

immersed into saline solution, the PEGylated AuNPs experienced significantly less 

aggregation when compared to the citrate coated AuNPs. The highest density of PEG 

successfully inhibited aggregation altogether whereas lower densities of PEG had marginal 

increases in nanoparticle size as confirmed by DLS and SP-ICP-MS after 1 hour in saline 

solution. These results demonstrate that with varying densities of PEG we can tune the 

kinetics of nanoparticle stability and quantify aggregation behavior in situ at the single 

particle level with high throughput. Ultimately, this novel platform approach of quantifying 

individual nanoparticle transformations as a function of surface chemistry can be applied 

to improve our understanding of how single nanoparticle physicochemical properties 

change under physiological conditions.  

As aim 1 was a proof-of-concept study for demonstrating the ability of SP-ICP-MS to 

quantify nanoparticle transformations, future studies should include later time points to 

determine when nanoparticle aggregation equilibrium is reached. Another potential avenue 

using aim 1’s approach could investigate the aggregation kinetics of AuNPs with different 

sizes and or geometries in saline solution. Moreover, different salt solutions that are better 

approximation for physiological conditions should be explored, as well as the effects of 

temperature. To further model nanoparticle transformations in simulated biological 

conditions, the addition of serum proteins would also be valuable. For example, SP-ICP-

MS could be used to study how adsorbed proteins on nanoparticle surfaces impact the 

colloidal stability of AuNPs. In terms of surface modifications, PEG polymers with 

different chain lengths or terminal functional groups could also be investigated using the 
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methodology described in aim 1. However, due to the potential immunogenicity of PEG, 

there exists a need to investigate alternative polymers that offer the same stabilizing and 

anti-fouling benefits as PEG.  

In addition to detailing fundamental nanoparticle transformations, recent studies have 

leveraged AuNP aggregation for sensing antibodies and enzymatic activity.314,315 Using 

SP-ICP-MS to quantify AuNP aggregation as a readout for a diagnostic assay could 

dramatically increase resolution and enable the precise detection of biomolecules (i.e., 

antibodies, nucleic acids, etc). Although SP-ICP-MS could reliably provide diagnostic 

information based on AuNP aggregation, such a high-resolution technique may be 

excessive for clinical settings, along with its high operating costs and limited accessibility 

when compared to current standardized diagnostics. Another limitation in aim 1 was that 

only one isotope per nanoparticle could be analyzed in single particle mode therefore 

limiting the types of nanoparticles and physicochemical properties that could be analyzed. 

To address this limitation, aim 2 details the method development of simultaneous 

quantification of two isotopes per nanoparticle. 

Building upon the quantification of AuNPs using SP-ICP-MS, in aim 2 silver 

nanoparticles (AgNPs) and bimetallic alloy nanoparticles were chosen as model 

nanoparticles to establish dual analyte quadrupole SP-ICP-MS. Due to the nature of 

quadrupole mass filters, the simultaneous analysis of two isotopes per nanoparticle has not 

been possible. To overcome this limitation, three major parameters were refined. First, the 

transient ion clouds of nanoparticles were elongated using the reaction cell fitted with 

NH3(g) and equipped with axial field technology voltage. Here nanoparticle transient ion 

clouds were elongated to last milliseconds as opposed to microseconds. Next, the 
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quadrupole mass analyzer was adjusted to efficiently switch between to different isotopes 

per nanoparticle event. Lastly, microsecond detector dwell times were selected to ensure 

single nanoparticle events were efficiently detected. To confirm the multielement detection 

of individual particles, dual analyte SP-ICP-MS was compared against ICP-TOF-MS using 

polymer beads doped with various lanthanide isotopes. Both instruments provided similar 

dual isotope detection results of 3 different pairs of isotopes from the lanthanide doped 

beads. Having confirmed the efficient detection of two isotopes per polymeric bead with 

similar results to the gold standard ICP-TOF-MS, in-house synthesized AgNPs that 

naturally contain only two isotopes 107Ag and 109Ag were then used to probe the 

quantitative capabilities of dual analyte SP-ICP-MS. Dual analyte SP-ICP-MS accurately 

obtained the masses of 107Ag and 109Ag for 3 different sizes of in-house synthesized AgNPs 

which was confirmed by TEM. Having quantified two different isotopes of the same 

element, model alloy nanoparticles containing two different elements (i.e., 107Ag and 

197Au) were then quantified using dual analyte SP-ICP-MS. SP-ICP-MS simultaneously 

quantified the mass of 107Ag and 197Au in alloy nanoparticles consisting of various Ag/Au 

compositions. Interestingly, dual analyte SP-ICP-MS revealed that the alloy nanoparticles 

had heterogenous elemental compositions. These mass spectrometry results were 

confirmed using EDS/STEM. However, ICP-MS directly quantified the elemental 

composition of hundreds alloy nanoparticles within seconds in situ. Upon validating dual 

analyte SP-ICP-MS as a new way to quantify two different isotopes in individual 

nanoparticles, the feasibility of quantifying nanoparticle transformations was assessed. 

First alloy nanoparticles were exposed to an iodine-based etchant that selectively removed 

gold from the bimetallic Ag/Au nanoparticles. Dual analyte SP-ICP-MS successfully 
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monitored the specific yet heterogenous removal of gold from these bimetallic 

nanoparticles which was corroborated by EDS/STEM. These results demonstrate the 

ability of dual analyte SP-ICP-MS to detect and quantify individual nanoparticles 

undergoing selective chemical etching in situ and with high throughput. Lastly, the 

simultaneous deposition of silver and gold onto alloy nanoparticles was then quantified as 

a function of time. Dual analyte SP-ICP-MS revealed that this reaction was heterogenous 

at the single particle level and that gold deposited onto nanoparticles 5x faster than silver. 

In summary, this aim established a new single particle elemental analysis method using a 

commonly available mass spectrometer for the quantification of chemical transformations 

in situ at a rate of over 300 particles per minute. With this high throughput platform, 

researchers can elucidate how key nanoparticle physicochemical properties such as mass, 

size, and chemical composition evolve in response to chemical or potentially biological 

stimuli. 

With dual analyte quadrupole ICP-MS having been developed, several limitations and 

new avenues should be addressed. One of the limitations for dual analyte SP-ICP-MS was 

that nanoparticles ≤ 30 nm were not efficiently detected. Unfortunately, multielement 

nanoparticles such as quantum dots and upconversion nanoparticles are often smaller than 

30 nm. Therefore, for analyzing these types of nanoparticles, one would need to further 

optimize reaction gases, quadrupole settling time, and detector dwell time. In addition to 

the size limitation, only two elements with similar masses and ionization efficiencies can 

be analyzed simultaneously. This limitation prevents the simultaneous analysis of lighter 

elements such as magnesium or phosphorus with heavier elements like gold or platinum. 

A potential solution to this limitation could involve using different reactive gasses such as 
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oxygen in lieu of ammonia. For example, oxygen could be used to react with lighter 

elements like phosphorous to form 31P16O+ that would then be detected at a m/z of 47 which 

may facilitate the simultaneous analysis of heavier elements found in metallic 

nanoparticles. Another potential avenue for dual analyte SP-ICP-MS could be to explore 

how nanoparticle surface modifications (i.e., PEGylation or protein corona formation) 

affect the efficiency of chemical etching or metal deposition. In addition to gold and silver 

nanoparticles, other metallic alloy nanoparticles consisting of different transition metals 

with varying compositions could be explored with dual analyte SP-ICP-MS for novel 

theranostic applications. Dual analyte SP-ICP-MS could be used to quantify the time-

dependent deposition or leeching of metallic payloads at the single particle level. Like the 

aggregation-based diagnostic assay suggested for aim 1, dual analyte SP-ICP-MS also has 

the potential to be used for multiplexed high throughput diagnostic assays that could 

contain multiple multielement nanoparticles that would be “paired” in the presence of a 

biomolecule such as a nucleic acid or an antibody. In summary, this aim established dual 

analyte SP-ICP-MS as a new readily accessible tool for quantifying chemical 

transformations on individual nanoparticles. As the first two aims solely analyzed single 

nanoparticle transformations, the last aim investigated how single nanoparticles interact 

with single B cells.  

In aim 3, the methodology detailed in aims 1 and 2 were combined to quantify 

nanoparticle-cell interactions with single cell resolution. To do this Raji cells which are 

suspension human B cell line were used as a model cell line. To determine optimal B cell 

sample parameters and cellular transport efficiency, B cells were labeled with either an 

iridium-based DNA intercalator or quantum dots. Quantum dot labeling of B cells was 
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accomplished by using a biotinylated anti-CD19 antibody that binds to the pan surface 

marker CD19. Following this, streptavidin quantum dots were then incubated with the 

biotinylated B cells leading to quantum dot labeled B cells. Quantum dot-labeled B cells 

had higher signal intensity compared when compared to the iridium-stained B cells due to 

the higher number of ions per quantum dot compared to the ionic iridium stain. With these 

two metal labels, a cellular transport efficiency of ~50% along with an analysis rate of 30 

single cells per second was achieved which has not been achieved using human cells on a 

quadrupole ICP-MS operating in single cell mode. Next two different surface modified 13-

nm AuNPs (i. K7C peptide modified AuNPs or ii. methoxy PEG modified AuNPs) were 

administered to B cells. ICP-MS of the individual B cells revealed that the positively 

charged peptide-modified AuNPs associated 100-fold more with the B cells than the 

neutral PEGylated AuNPs. In line with aim 1, SP-ICP-MS revealed that these surface-

modified AuNPs were colloidally stable under cell culture conditions. The quantitative 

single B cell ICP-MS results were further corroborated with confocal scanning laser 

microscopy which employed label free light scattering to visually confirm enhanced 

AuNP-cellular association with the positively charged AuNPs. Moreover, single B cell 

elemental analysis also revealed that these positively charged AuNPs were internalized 

through an energy-dependent pathway while confocal microscopy revealed the AuNPs 

localized within endocytic vesicles. Lastly using the dual analyte SP-ICP-MS approach as 

described in aim 2, the percent of B cells that had internalized AuNPs was determined. 

This was accomplished by simultaneously monitoring the 114Cd events (from quantum dot 

labeled B cells) and 197Au events (from AuNPs associated with B cells). It was found that 

>80% of B cells analyzed were positive for AuNPs. Confocal microscopy corroborated the 
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ICP-MS results by analyzing B cells in multiple fields of view that had been exposed to 

AuNPs and labeled with quantum dots. These data showcase new capabilities for 

quadrupole ICP-MS to quantify nanoparticle-cell interactions at the single B cell level.  

In this aim, the simultaneous detection of two isotopes per cell event using a 

quadrupole-based mass spectrometer was performed at a rate of 30 cells per second with a 

transport efficiency of ~50%. Conversely, TOF instruments (e.g., CyTOF) are designed to 

effortlessly detect 40+ isotopes simultaneously per cell at a rate of ~250-500 cells per 

second. Moreover, CyTOF has been utilized to quantify nanoparticle cell interactions in 

vitro and in vivo.195,291,316 As TOF technology continues to improve its dynamic linear 

range to accommodate events with a high number of ions (i.e., nanoparticles), 

multiparametric high dimensional studies on nanoparticle-cell interactions utilizing TOF 

instrumentation will become even more feasible. However, quadrupole ICP-MS systems 

will remain as a readily accessible and economical tool for measuring single cell 

nanoparticle interactions. Ultimately, aim 3 establishes quadrupole ICP-MS as a facile 

approach that provides straightforward quantitative single cell results without the need for 

complex data processing approaches or expensive metal-tagged antibodies as required in 

CyTOF.  

For demonstrating SC-ICP-MS as an accessible method for quantifying nanoparticle-

cell interactions, B cells were exclusively investigated due to their non-adherent and single 

cell nature. In addition to looking at how other B cell lines (i.e., Ramos cells) associate 

with model nanoparticles, other immune cells such as T cells, dendritic cells, or 

macrophages would be worthwhile to investigate in future studies. Further quantification 

of nanoparticles and their interactions with immune cells at the single cell level could 
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augment the development of immunotherapy treatments. For example, clinically relevant 

B cell surface receptors like CD-19 or CD-20 could be quantified on a cell-by-cell basis 

with SC-ICP-MS using the biotinylated antibody and streptavidin quantum dots protocol. 

Currently techniques such as RNA sequencing or flow cytometry are unable to quantify 

the actual number of expressed surface markers on individual B cells. The quantum dot 

labeling approach with SC-ICP-MS could be used to meet this need. Such an approach 

could be potentially applied to monitor genetic drift of surface markers or be used in patient 

samples to quantify if clinically relevant surface markers are overexpressed. Moreover, this 

approach could determine how heterogenous the expression of surface markers is on a 

single cell level which may help guide clinicians treat cancers such as leukemia. This 

approach could be accomplished with different compositions of streptavidin quantum dots 

consisting of indium gallium nitride or streptavidin silver nanoparticles as opposed to 

cadmium selenide. These nanomaterials have elements with more abundant isotopes (115In 

~96% abundance or 107Ag ~51% abundance) that would enhance the signal intensities on 

single cells compared to the eight isotopes of cadmium that have a maximum abundance 

of ~30%. In short, single cell ICP-MS offers researchers a simple quantitative method for 

analyzing nanoparticle-cell interactions that can facilitate the clinical translation of more 

nano-based therapies and diagnostics.  

In this dissertation, unique elemental analysis protocols were developed to quantify 

alterations in the physicochemical properties of engineered nanoparticles. SP-ICP-MS was 

employed to quantify a diverse array of individual nanoparticle sizes, masses, aggregation 

states, and chemical compositions. To date, changes to these critical physicochemical 

nanoparticle properties in response to chemical stimuli had yet to be quantified in situ with 
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high throughput. These novel findings detailed the heterogeneity of engineered 

nanoparticles and the diversity of their corresponding transformations. In addition to 

measuring single nanoparticle physicochemical properties, the cellular uptake of 

engineered nanoparticles was quantified with single cell resolution. In conclusion, the data 

from these newly established elemental analysis procedures can be used to fine tune single 

nanoparticle properties and their subsequent cellular interactions which can enhance the 

clinical translation of future nanomaterials.   
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Appendix A: Figures 

 
Figure 2.1. Schematic overview of nanoparticle uptake pathways via endocytosis. 
Multiple different pathways for cellular entry of nanoparticles via endocytosis mechanisms 
exist: (a) clathrin-dependent; (b) caveolin-dependent; (c) clathrin- and caveolin-
independent; (d) phagocytosis; and (e) macropinocytosis pathways. These nanoparticle cell 
uptake pathways are mechanistically distinct and highly regulated at the biomolecular 
level. The pathway by which nanoparticles enter cells is important, as it determines 
intracellular nanoparticle transport and corresponding biological response and therapeutic 
effect. 
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Figure 2.2. Schematic overview of nanoparticle cytoplasmic delivery pathways and 
strategies. Major pathways and strategies for nanoparticles to cross the cell plasma 
membrane for direct cytoplasmic entry include: (a) direct translocation; (b) lipid fusion; 
(c) electroporation; and (d) microinjection. Each of these pathways allows nanoparticles to 
directly enter the cell’s cytoplasm. Direct translocation and lipid fusion are dependent upon 
physicochemical properties of the nanoparticles. Electroporation strategies use electrical 
pulses to disrupt the cell plasma membrane, while for microinjection strategies the plasma 
membrane is punctured by a microscopic needle to inject nanoparticles directly into the 
cytoplasm.   
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Figure 2.3. Simplified overview of main nanoparticle intracellular trafficking 
pathways and mechanisms. (a) Cellular entry of nanoparticles often occurs through an 
endocytotic pathway. (b) After internalization, nanoparticles are typically trafficked to a 
sorting/early endosome which can undertake several intracellular transformations. (ci) The 
sorting/early endosome forms a late endosome as the pH decreases that then fuses with 
other components to become a lysosome (d) from which nanoparticles can either escape 
for subsequent intracellular targeting (f) or in which nanoparticles can get degraded or 
exocytosed (g). An alternative to lysosome formation can either be (cii) endosomal escape 
and subsequent intracellular targeting (f), or (ciii) a recycling process through a recycling 
endosome located near the perinuclear region, or even (civ/g) rapid recycling directly to 
the plasma membrane. 
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Figure 3.1: Nanoparticle characterization of three different batches of citrate coated 
AuNPs. (A) Hydrodynamic diameters as obtained by DLS. Bars represent mean values and 
standard deviation (n=3). (B) UV-Vis spectrophotometry spectra. (C) Transmission 
electron micrographs. Scale bars indicate 50 nm, 100 nm, and 200 nm, respectively (top to 
bottom). (D-F) Nanoparticle size distribution histograms based on TEM image analysis 
using ImageJ. The AuNP distributions (black lines) were fitted using a Gaussian 
distribution in GraphPad Prism. 
  



140 
 

 
Figure 3.2: Single Particle Inductively Coupled Plasma Mass Spectrometer (SP-ICP-MS). 
(A) Overall instrument setup with 1: ICP-MS, and 2: autosampler. (B) ICP-MS sample 
introduction setup with 1: inductively coupled argon plasma, 2: spray chamber, 3: high 
efficiency nebulizer, 4: microfluidics sample introduction lines, 5: nebulizer gas line, 6: 
makeup gas flow line. 
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Figure 3.3: Nanoparticle size characterization based on SP-ICP-MS. Panels A-C show SP-
ICP-MS mass histograms for 16-nm AuNPs (A), 30-nm AuNPs (B), and 55-nm AuNPs 
(C). In panels D-F, the masses of A-C histograms are converted into corresponding 
nanoparticle diameters. The AuNP distributions (black lines) were fitted using a Gaussian 
distribution in GraphPad Prism. 
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Figure 3.4: SP-ICP-MS analysis of 1:1 mixture of AuNPs. (A) Mass histogram of 1:1 
mixtures of 30-nm (blue population) and 55-nm (green population) AuNPs obtained by 
SP-ICP-MS. (B) Mass histogram from panel A is converted into diameter histogram. The 
total number of AuNPs analyzed were 502, with 268 particles determined as 30-nm AuNPs 
(blue) and 234 particles determined as 55-nm (green) AuNPs by SP-ICP-MS. The AuNP 
distributions (black lines) were fitted using a Gaussian distribution in GraphPad Prism. The 
AuNP distributions were statistically significant different based on an unpaired T test (t = 
52.28, df = 500, p <0.0001). 
 

 
Figure 3.5: Comparison of nanoparticle mean diameters measured pure versus in a 1:1 
mixture of 30-nm and 55-nm AuNPs. No statistical significance was observed (p<0.01) for 
nanoparticles measured pure versus in a mixture using an unpaired T test. 
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Figure 3.6: (A) Transmission electron micrograph of citrate gold nanorods, scale bar 
represents 100 nm. (B) SP-ICP-MS mass histogram of gold nanorods. (C) Comparison of 
estimated gold nanorod masses from TEM (converted from obtained length and width 
measurements) and measured gold nanorod masses by SP-ICP-MS. Masses are provided 
as mean values +/- standard deviation. 
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Figure 3.7: SP-ICP-MS to assess citrate coated AuNPs aggregation. (A) Mass histograms 
of citrate coated 16-nm colloidal AuNPs exposed to 150-mM aqueous NaCl solution over 
time. (B) Detected mass distribution in panel A is converted into number of nanoparticles 
per aggregate (Bin size = 50 ag). (C) Percentage of individual nanoparticles are compared 
to masses >100 ag, a mass which is equal to >2 nanoparticles per aggregate (i.e. detected 
event). (D) Breakdown of AuNPs aggregates into bins of 2-5 and >5 AuNPs per aggregate 
(i.e. detected event). 
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Figure 3.8: Monitoring nanoparticle aggregation kinetics via UV-Vis spectrophotometry. 
(A) Normalized UV-Vis absorption spectra (overlap of 6 individual spectra) of 16-nm 
AuNPs without PEG surface modification (0 PEG/nm2) over time. (B) Normalized UV-
Vis absorption spectra (overlap of 6 individual spectra) of 16-nm AuNPs surface modified 
with 0.01 PEG/nm2 over time. (C) Quantitative comparison of normalized absorbance at 
600 nm over time for both nanoparticle groups shown in panels A and B. 
 

 
Figure 3.9: Representative transmission electron micrographs. (A) TEM micrograph of 
16-nm citrate coated AuNPs without addition of saline solution. (B) TEM micrograph of 
aggregated 16-nm citrate coated AuNPs upon addition of 150-mM NaCl. Scale bar: 50 nm. 
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Figure 3.10: (A) Gel electrophoresis of PEGylated 16 nm gold nanoparticles with 
increasing PEG density 0, 0.010, 0.025, 0.050 PEG/nm2 from left to right. Dashed lines 
represent wells. (B) DLS measurements of 16-nm AuNPs with increasing PEG density are 
provided as mean values +/- standard deviation (n =3). (C) Zeta potential measurements of 
16-nm AuNPs in DI water with increasing PEG density are provided as mean values +/- 
standard deviation (n =3). 
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Figure 3.11: SP-ICP-MS to evaluate aggregation characteristics of PEGylated 16-nm 
AuNPs exposed to 150-mM NaCl. Mass histograms of PEGylated 16-nm AuNPs at t5min 
in saline solution (A), and t60min in saline solution (B). Percentages of individual 
nanoparticles of total detected nanoparticle events are plotted at t5min (C) and t60min (D) for 
PEGylated AuNPs in 150-mM NaCl. 
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Figure 3.12: Comparison of the mean nanoparticle masses from SP-ICP-MS of PEGylated 
16-nm AuNPs in 150-mM NaCl at T0min (A) and at T60min (B) after exposure. Error bars 
indicate standard deviation. As a control group, 16-nm citrate-coated AuNPs are 
represented that were not exposed to NaCl. For each group, a minimum of 400 events were 
collected by SP-ICP-MS.   
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Figure 4.1: Overview of dual analyte (isotope) analysis with quadrupole ICP-MS 
technology in single particle mode. i. An intact, single nanoparticle containing two 
different isotopes, (blue and green) is introduced into an inductively coupled argon plasma, 
where the nanoparticle is atomized and ionized. ii. Initially, a short-lasting (µs range) 
transient nanoparticle ion cloud (t0-t1) is produced. iii. The transient nanoparticle ion cloud 
enters the collision cell, where it interacts with NH3 gas. Through axial field technology 
(AFT) voltage application, ion passage time is increased. iv. The interactions between the 
transient nanoparticle ion cloud, the NH3 gas, and the AFT result in an ion cloud stretching 
(from µs to ms; t0-t2). v. The stretched ion cloud then enters the quadrupole mass filter. 
Due to the long duration time of the nanoparticle ion cloud, the quadrupole mass filter can 
be switched between different m/z ratios to allow simultaneous quantification of two 
analytes (or isotopes) of interest per ion cloud, which is enabled by sufficiently short 
microseconds detector dwell times. 
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Figure 4.2: Effects of Axial Field Technology (AFT) voltage and NH3 gas flow on duration 
of transient ion cloud. 175Lu from the commercially available lanthanide-ion doped 
polymer beads was analyzed at a particle concentration of 1E5 particles per mL. 
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Figure 4.3: A-D Average transient particle ion cloud duration of each isotope from the 
commercially available lanthanide-ion doped polymer beads in standard (blue) mode, and 
when the collision cell is used (green) at a particle concentration of 1E5 particles per mL. 
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Figure 4.4: Realtime signal of commercially available lanthanide-ion doped polymer 
beads when: A. the collision cell is not operational; B. optimized collision cell parameters 
are used. 
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Figure 4.5: Dual analyte intensity distributions of lanthanide beads using optimized dual 
analyte SP ICP MS. A. Paired isotope events of 175Lu and 140Ce. B. Paired isotope events 
of 175Lu and 153Eu. C. Paired isotope events of 175Lu and 165Ho. 
 
 
 

 
 
Figure 4.6: FlowJo analysis of commercially available lanthanide-ion doped polymer 
beads analyzed on CyTOF. A. Paired isotope events of 175Lu and 140Ce. B. Paired isotope 
events of 175Lu and 153Eu. C. Paired isotope events of 175Lu and 165Ho. Gates were placed 
on 103 counts for all isotopes. ~99% paired events were observed for each pair of isotopes. 
~1000 events were collected for each isotope. 
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Figure 4.7: UV-Vis spectra of in-house synthesized silver, gold, and Ag/Au alloy 
nanoparticles. 
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Figure 4.8: Realtime dual analyte SP-ICP-MS signals of overlapping transient 
nanoparticle ion clouds from 100-nm AgNPs for both silver isotopes using optimized 
collision reaction cell conditions. 
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Figure 4.9: TEM micrographs of A. 65-nm AuNPs; B. 100-nm AuNPs. Scale bars 
represent 65 and 100 nm, respectively. C. Size analysis of TEM micrographs of 65-nm 
AuNPs. D. Size analysis of TEM micrographs of 100-nm AuNPs. Values represent the 
means values and standard deviations. 
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Figure 4.10: Quantifying paired and unpaired isotope events in dual analyte 
quadrupole SP-ICP-MS mode for individual nanoparticles. A. Schematic 
representation of paired events for two different isotopes (blue and green) in the same 
nanoparticle, where TD is the detector dwell time and Ts is the quadrupole mass filter 
settling time. B. Schematic representation of unpaired events for two different isotopes 
(blue and red) in different nanoparticles (blue and red). C. Detection of paired isotope 
events (107Ag and 109Ag) using 100-nm silver nanoparticles (AgNPs) as a function of 
nanoparticle concentration; mean +/- StD, n=5. D. Detected particles of a 1:1 mixture of 
100-nm AgNPs and 100-nm gold nanoparticles (AuNPs) as a function of nanoparticle 
concentration; mean +/- StD, n=5. E. Detected paired isotope events from the 1:1 mixture 
of 100-nm AgNPs and AuNPs as a function of nanoparticle concentration; mean +/- StD, 
n=5. For all measurements, the scan time was 30 seconds. 
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Figure 4.11: Realtime dual analyte SP-ICP-MS signals of non-overlapping transient 
nanoparticle ion clouds from a nanoparticle mixture containing 100-nm AgNPs (blue) and 
100-nm AuNPs (green). 
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Figure 4.12: Transient ion cloud duration time of AgNPs for silver isotopes 107Ag (blue) 
and 109Ag (green) with nominal diameters of:  A. 30 nm; B. 50 nm; C. 70 nm; D. 100 nm. 
 
 
 

 
 
Figure 4.13: Dual isotope mass distribution of 30-nm AgNPs for 107Ag and 109Ag using 
optimized dual analyte ICP-MS conditions. 
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Figure 4.14: Single particle analysis of 50-nm, 70-nm, and 100-nm silver nanoparticles 
(AgNPs) using dual analyte SP-ICP-MS mode. A-C. Mass distributions of differently 
sized AgNPs based on both silver isotopes (107Ag and 109Ag). D-F. Size distribution 
histograms of differently sized AgNPs for both silver isotopes based on dual analyte SP-
ICP-MS mass distributions values represent averages and standard deviations. G-I. 
Nanoparticle size distribution histograms based on TEM with representative micrographs 
values represent averages and standard deviations. Scale bars represent 50 nm, 70 nm, and 
100 nm, respectively. Gaussian curves were fitted to frequency distributions in GraphPad 
Prism. 
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Figure 4.15: Single Particle Analysis of Surface Engineered 70-nm AgNPs. A. Mass 
distribution for both silver isotopes of PEGylated AgNPs. Median 107Ag mass: 1,928 ag; 
Median 109Ag mass: 1,700 ag. B. Size distribution histogram of PEGylated AgNPs by 
combining the sizes from both silver isotopes based on mass distributions; average size 
and StD: 69.3 +/- 6.8 nm. 
 

 
Figure 4.16: Realtime dual analyte SP-ICP-MS signals of overlapping transient 
nanoparticle ion clouds from 80-nm gold-silver alloy nanoparticles where silver signal 
107Ag is blue and gold signal 197Au is green. 
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Figure 4.17: Compositional analysis of individual 80-nm gold/silver alloy 
nanoparticles (Au/AgNPs). A-D. EDS/STEM of 80-nm Au/AgNPs, where A. represents 
the EDS/STEM signal from silver in cyan; B. represents the EDS/STEM signal from gold 
in red; C. represents the overlay of gold and silver EDS/STEM signals. D. STEM image 
of 80-nm Au/AgNPs. Scale bar represents 100 nm. E. Size distribution histogram of 80-
nm Au/AgNPs obtained from TEM imaging values represent averages and standard 
deviation. F. Mass distribution of individual 80-nm Au/AgNPs obtained with dual analyte 
SP-ICP-MS mode. G. Mass % distribution of silver and gold isotopes for individual 80-
nm Au/AgNPs obtained with dual analyte SP-ICP-MS. 
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Figure 4.18: Elemental analysis of different compositions of gold-silver alloy 
nanoparticles. A. Dot plot mass distribution of 70-nm 30% silver 70% gold alloy 
nanoparticles with an average mass of gold and silver of 7,096 ag and 2,559 ag, 
respectively. B. Element distribution of 30% silver 70% gold alloy nanoparticles based on 
SP-ICP-MS mass histogram with an average silver mass% of 31% and average gold mass% 
of 69%. C. EDS/STEM image of 30% silver 70% gold alloy nanoparticles, where red signal 
is gold and cyan is silver. D. Dot plot mass distribution of 70-nm 70% silver 30% gold 
alloy nanoparticles with average mass of silver and gold 4,103 ag and 1,338 ag, 
respectively. E. Elemental distribution of 70% silver 30% gold alloy nanoparticles based 
on SP-ICP-MS mass histogram with an average silver mass% of 75% and average gold 
mass% of 25%. F. EDS/STEM image of 70% silver 30% gold alloy nanoparticles, where 
red signal is gold and cyan is silver. 
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Figure 4.19: Quantifying gold etching using KI/I2 in individual gold/silver alloy 
nanoparticles (Au/AgNPs) in situ. Gold/silver alloy nanoparticles with an average 
diameter of 80 nm were exposed to various concentrations of KI/I2. A-D. STEM/EDS of 
Au/Ag alloy nanoparticles exposed to 0-µM, 68-µM, 102-µM, and 136-µM KI/I2, 
respectively. Scale bars represent 100 nm. E-H. Mass distributions of individual 80-nm 
Au/Ag alloy nanoparticles exposed to 0-µM, 68-µM, 102-µM, and 136-µM KI/I2, 
respectively, as obtained using dual analyte SP-ICP-MS mode. I. Average masses of 
individual Au/Ag alloy nanoparticles particles. Bars represent the mean values and 
standard deviations of five measurements. J. Mass % distribution of 197Au remaining in 
individual Au/Ag alloy nanoparticles based on dual analyte SP-ICP-MS mass distributions 
from panels (E-H). 
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Figure 4.20: Line analysis of EDS/STEM images for gold-silver alloy nanoparticles 
exposed to different molar concentrations of KI/I2 etchant. A-D. STEM/EDS of Au/Ag 
alloy nanoparticles exposed to 0-µM, 68-µM, 102-µM, and 136-µM KI/I2, respectively. 
Scale bars represent 100 nm. E-H Pixel intensity for gold (red) and silver (blue), where 
white line intersects gold-silver alloy nanoparticles in EDS/STEM images. 
  



166 
 

 
 
Figure 4.21: A. Nanoparticle size distribution of 65-nm AuNPs and 70-nm AuNPs mixed 
in a 1:1 ratio and analyzed using optimized conditions on dual analyte SP-ICP-MS in 
nanopure water. Mean diameter of AuNPs and AgNPs were both 67 nm. B. The same 
mixture of AuNPs and AgNPs exposed to etchant solution. In etchant solution the mean 
diameter of AuNPs decreased to 32 nm while the mean diameter of AgNPs was 56 nm. 
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Figure 4.22: Size distribution histogram based on TEM analysis of in-house synthesized 
55-nm Ag/Au alloy nanoparticles. Mean +/- StD. 
 

 
 
Figure 4.23: Elemental distribution based on dual analyte SP-ICP-MS mass histogram for 
55-nm Au/Ag alloy seed nanoparticles. 
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Figure 4.24: Quantifying metal deposition kinetics on individual gold/silver alloy 
nanoparticles in situ. A. Schematic representation of seed-mediated nanoparticle growth 
using 55-nm gold/silver alloy nanoparticles as seeds. B. TEM micrographs of (left) 55-nm 
gold/silver alloy nanoparticles (scale bar represents 55 nm), and (right) 70-nm gold/silver 
alloy nanoparticles (scale bar represents 70 nm). C,D. Mass distributions of 197Au (C) and 
107Ag (D) deposition on individual alloy nanoparticles as a function of time obtained with 
SP-ICPMS. E. Average elemental composition of individual gold/silver alloy 
nanoparticles as a function of time during seed-mediated growth calculated from mass 
distributions in panels C and D where values represent averages and standard deviations. 
F. Summation of detected nanoparticle masses from panels C and D.197Au (red; r2 = 0.92) 
and 107Ag (blue; r2 = 0.99)  
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Figure 4.25: Mass dot plots obtained with dual analyte SP-ICP-MS of Au/Ag deposition 
onto 55-nm Au/Ag alloy nanoparticles at different time points. A-H: 0, 1, 2 5, 10, 15, 30, 
and 60 minutes, respectively.   
 

 



170 
 

Figure 4.26: Maximum UV-Vis absorbance wavelength for seed-mediated growth of gold-
silver alloy nanoparticles over time. 
 
 

 
Figure 5.1: Detecting individual metal-labeled B cells. A. Schematic representation of 
iridium staining of B cells B. Schematic representation of labeling B cells with quantum 
dots. C. Transient 193Ir ion signal of iridium-stained B cells. D. Transient 114Cd ion signal 
of quantum dot labeled B cells.  E. Detected events as a function of cell concentration for 
114Cd (r2 = 0.99) and 193Ir (r2 = 0.99); Values represent averages and standard deviations of 
3 independent measurements. Scan time = 30 seconds. F. Transport efficiency of B cells 
based on detected events in Panel E and equation 1. 
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Figure 5.2 TEM micrograph of commercially available streptavidin-coated quantum dots. 
Scale bar represents 15 nm. Micrograph was acquired using the JEOL 2000-FX. 
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Figure 5.3 Time resolved SC-ICP-MS signal and peak shapes of streptavidin quantum 
dots. Scan times were 30 seconds. A. Time resolved 114Cd signal of streptavidin quantum 
dots without biotinylated antibody. B. Transient ion signal of streptavidin quantum dots 
alone based on 114Cd signal. C. Time resolved 114Cd signal of streptavidin quantum dots 
mixed with biotinylated antibody. The same biotinylated antibody/quantum dot ratio was 
used as described above. D. Transient ion signal of streptavidin quantum dots mixed with 
biotinylated antibody based on 114Cd signal. 
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Figure 5.4 A. Representative confocal image of B cells without quantum dot labeling. B. 
Representative confocal image of B cells labeled with quantum dots. Scale bars represent 
20 microns.  
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Figure 5.5 Hemocytometer image of a stock solution containing metal-stained B cells in 
nanopure water. Circles indicate individual Ir-stained B cells. Total number 38. Ir-stained 
cells were diluted to achieve a final concentration of 300,000 cells per mL 
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Figure 5.6 Fluorescence images of fixed B cells pre nebulization (top row: A-D) and post 
nebulization (bottom row: E-H). Scale bars are 20 microns. 
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Figure 5.7 Detection of lanthanide doped micron-sized beads. A. Commercially available 
lanthanide-doped beads (Fluidigm) were serially diluted and 165Ho and 175Lu events were 
measured sequentially with a scan time of 30 seconds; r2 = 0.99 for both isotopes. Values 
represent averages and standard deviations of 3 independent measurements. B. Transport 
efficiency of the beads was calculated for both isotopes based on detected events in Panel 
A and equation 1. 
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Figure 5.8: Schematic representation of maleimide-based nanoparticle surface 
functionalization. (i) OPSS-(PEG)5kDa-Mal is conjugated to the surface of citrate-
stabilized gold nanoparticles (depicted by red surface) via a ligand exchange reaction to 
form maleimide-functionalized nanoparticles. (ii) Maleimide-functionalized nanoparticles 
are then purified by centrifugation to remove excess OPSS-(PEG)5kDa-Mal. (iii) Virtually 
any molecule with accessible thiol groups can then be conjugated to the nanoparticles via 
maleimide-thiol chemistry.  
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Figure 5.9 A. Transient ion peak shape of 13-nm AuNPs. B. Mass distribution of 13-nm 

AuNPs using single particle ICP-MS. C. Mass distributions from panel B converted to 

diameter assuming a spherical geometry.  
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Figure 5.10 TEM micrograph of 13-nm AuNPs. Image was acquired on the JEOL 2010F. 

Scale bar represents 50 nm. 
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Figure 5.11 Mass distribution of K7C-modified AuNPs (orange), and m-PEG-modified 
AuNPs (black) in RPMI with 10% FBS at 37°C for 12 hours. 
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Figure 5.12: Quantifying and visualizing nanoparticle-cellular association. A. Average 
197Au masses of B cells exposed to 13-nm K7C AuNPs, 13-nm mPEG AuNPs, or no 
AuNPs for 12 hours. Bars represent the average of 3 independent measurements. B. Mass 
distribution of B cells exposed to either 13-nm K7C conjugated AuNPs (green), 13-nm 
mPEG conjugated AuNPs (orange), or no AuNPs (pink) for 12 hours. C. Confocal 
microscopy of B cells exposed to 13-nm K7C-modified AuNPs for 12 hours. D. Confocal 
microscopy of B cells exposed to 13-nm mPEG-modified AuNPs for 12 hours. E Confocal 
microscopy of B cells without AuNPs. Scale bars represent 20 microns. 
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Figure 5.13 B cell viability exposed to various concentrations of K7C AuNPs for 8 hours 
determined by XTT assay. 
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Figure 5.14 UV-Vis spectrum of 13-nM AuNPs without etchant (blue) and with etchant 
(red). 



184 
 

 
Figure 5.15: Visualizing and quantifying internalized 13-nm K7C AuNPs. A Z projections 
of B cells exposed to 13-nm K7C AuNPs for 8 hours without etchant. B. Z projections of 
B cells exposed to 13-nm K7C AuNPs for 8 hours with etchant. C. Z projections of B cells 
without AuNPs. Scale bars represent 20 microns. D. Average 197Au masses of B cells 
exposed to 13-nm K7C AuNPs under different conditions for 8 hours without etchant (blue) 
and with etchant (red). Bars represent the average of 3 independent measurements. E. 197Au 
mass distribution based on B cells exposed to 13-nm K7C AuNPs without etchant (blue) 
and with etchant (red).  
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Figure 5.16 Transient ion signals of B cells exposed to K7C AuNPs under different 
reaction cell conditions. 
  



186 
 

 

 
Figure 5.17: Determining AuNP+ B cells. A. Representative confocal microscopy image 
of B cells exposed to 13-nm K7C AuNPs for 8 hours labeled with quantum dots. Scale bar 
represents 20 microns. B. Number of quantum dot labeled B cells and cells with AuNP 
scattering intensity from multiple fields of view using 40x objective. C. Transient ion peak 
shapes of cadmium and iridium labeled B cells using optimized dual analyte conditions. D. 
SC-ICP-MS determination of B cells AuNP+ with sequential and simultaneous analysis of 
114Cd and 197Au. Values represent 3 independent measurements. E. SC-ICP-MS 
determination of B cells AuNP+ with sequential and simultaneous analysis of 193Ir and 
197Au. Values represent 3 independent measurements. 
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Appendix B: Tables 

Table 2.1. Examples of different cellular uptake pathways of gold nanoparticles in tissue 
culture for both cancerous and non-cancerous cells. 

 

Abbreviations: CDE: Clathrin-dependent endocytosis, CVE: Caveolin-dependent endocytosis, CCIE: 
Clathrin/caveolin-independent endocytosis, HeLa: human cervical cancer cells, C166: mouse endothelial 
cells, A549: adenocarcinoma human alveolar basal epithelial cells, MRC-5: human lung fibroblasts, 
HUVEC: human umbilical vein vascular endothelium cells, HCT-116: human colorectal carcinoma, 
NIH/3T3: mouse embryo fibroblasts, K562 human chronic myelogenous leukemia,  L-DOPA: (S)-2-amino-

Major Uptake 
Pathways Cell Line 

Nanoparticle 
Surface 

Modification 

Gold 
Nanoparticle 

Core Size [nm] 
Ref. 

CVE HeLa Cysteine-Cyan5 4.5 317 

CVE HeLa Cationic 
monolayer 2 113 

CVE and Lipid 
Rafts C166 Nucleic acids 10 318 

CVE, 
Macropinocytosis A549 

Poly(isobutylen
e-alt-maleic 
anhydride) 

13 319 

CDE MRC-5, 
 

Coating with 
fetal bovine 
serum (FBS) 

20 320 

CDE, CCIE HUVEC Citrate 80 321 

CDE MCF10 Cationic 
monolayer 2 113 

CCIE HeLa Cationic 
monolayer 2 113 

Phagocytosis 

Murine 
peritoneal-

isolated 
macrophag

es 

5-aminovaleric 
acid, 

L-DOPA, 
Melatonin, 

Serotonin-HCl, 

30-50 322 

Direct 
Translocation 

Mouse 
dendritic 

cells 

MUS/OT with 
“striped” 
domains 

4-5 323 

Direct 
Translocation HCT-116 Glutathione/Glu

cose 5 324 

Electroporation NIH/3T3 
K562 

Polyethyleneimi
ne + DNA 
plasmids, 

siRNA 

5-40 325 

Microinjection 
Murine 2-

cell 
embryos 

“Ligand free”; 
no deliberate 

surface 
modification 

11 326 
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3-(3,4-dihydroxyphenyl)propanoic acid, Melatonin: N-acetyl-5-methoxytryptamine, Serotonin HCl: 5-
hydroxytryptamine hydrochloride, MUS/OT: 11-mercapto-1-undecanesulphonate and 1-octanethiol, siRNA: 
small interfering Ribonucleic Acids 
 
 
 
 
 
 
 
 

Table 2.2 Examples of different types of nanoparticle targeting ligands for enhanced 
nanoparticle cellular interaction with targeted cell types. 
 

Targeting 
Ligand 

Nanoparticle 
Core 

Material 

Targeted Cell 
Types 

Used for Cell 
Targeting in 

vitro or in vivo 
Ref. 

Peptides     
CLT1 peptide 

for 
fibronectins 

PEG-PLA C6 glioma 
cells 

In vitro and in 
vivo 327 

CREKA 
Pentapeptide 
sequence for 

fibrin 

DSPE-
PEG2000 

GL261 glioma 
cells In vivo 328 

M2-
Macrophage 

targeting 
peptide 

HPMA 
polymer 

Tumor 
associated 

macrophages 

In vitro and in 
vivo 

329 
330 

RGD Motif 
for integrin 

binding 

Mesoporous 
Silica 

SCC-7 Mouse 
squamous cell 

carcinoma 
HT-29 Human 
colon cancer 

cells 

In vitro 331 

P160 
targeting 

peptide found 
through phage 

display 

Cadmium-
selenide core 
zinc-sulfide 

shell Quantum 
dots 

MCF-7 Human 
breast cancer 

cells 
In vitro 332 

Chlorotoxin 
peptide for 

MMP2 
Silver U87MG 

glioblastoma 
In vitro and in 

vivo 333 

Glycoproteins     
Transferrin to 
cross blood 
brain barrier 

DSPC-
Cholesterol-

POPG 

U87MG 
glioblastoma 

In vitro and in 
vivo 334 
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GL261 glioma 
cells 

Antibodies 
and antibody 

fragments 
    

Anti-CD8a 
F(ab’)2 PLGA-PEG CD8+ T-cells In vitro and in 

vivo 335 

HuA33 
monoclonal 

antibody 

Poly(methacry
lic) acid 

LIM1889, 
LIM2405+, 
LIM2405- 

human colon 
cancer cells 

In vitro 336 

HER2 
monoclonal 

antibody 

Gold 
plasmonic 
vesicles 

SKBR-3 
Human breast 

cancers 
In vitro 337 

Anti-
epidermal 

growth factor 
receptor 

Quantum dots 

MDA-MB-231 
mammary 

adenocarcinom
a 

BxPC-3 
pancreatic 

adenocarcinom
a 

In vitro 338 

Nucleic acids     
Single-
stranded 

oligonucleotid
e-based 

aptamers 

Quantum dots 
A549 lung 

adenocarcinom
a 

In vitro 339 

Anti-cMet 
DNA aptamer 

Lipidated 
aptamer-based 
nanocarriers 
loaded with 
doxorubicin 

H1838 Non-
small cell lung In vitro 340 

G- rich DNA 
aptamer 

Zinc 
gallogermanat

e 

4T1 mammary 
carcinoma In vivo 341 

Small 
molecules     

Folic acid for 
folate 

receptors 

Mesoporous 
Silica 

U20 
osteosarcoma In vitro 342 

 
Abbreviations:  
CTL1: fibronectin targeting peptide, CREKA: fibrin binding peptide cysteine, arginine, glutamic acid, lysine, 
aspartic acid, RGD: arginine, glycine aspartic acid, MMP2- Matrix metalloproteinase, PEG-PLA: 
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poly(ethylene glycol)-poly(lactide), DSPE-PEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000], HPMA: poly(N-(2-hydroxypropyl) methacrylamide), DSPC: 1,2-
distearoyl-sn-glycero-3-phosphocholine, POPG: 1,2-distearoyl-sn-glycero-3-phosphocholine, PLGA-PEG: 
poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol 
  



191 
 

Table 2.3. Nanoparticle Surface Modifications and Surface Ligands for Intracellular 
Organelle Targeting. 
 

Nanoparticle Surface Modification Organelle 
Destination(s) 

Ref. 

Folic Acid Nucleus 342 
RGD + CGGGPKKKRKVGG peptide Nucleus 343 
3,4-diphenylacetic acid-MYIEALDKYAC-
COOH peptide 

Nucleus 344 

DRQIKIWFQNRRMKWKK peptide Nucleus 345 
Triamcinolone acetonide Nucleus 346 
Nuclear Localization Sequence (NLS) 
peptide 

Nucleus 347 

Triphenoylphosphonium Mitochondria 348–
350 

D[KLAKLAK]2 peptide Mitochondria 351 
RGD + MLALLGWWWFFSRKKC peptide Mitochondria 352 
MVSGSSGLAAARLLSRTFLLQQNGIRH
GSYC peptide 

Mitochondria 353 

Dmt-D-Arg-Phe-Lys-NH2 peptide Mitochondria 354 
Octaarginine peptide Golgi apparatus, 

Mitochondria 
43, 
355 

TAT peptide CALNNAGRKKRRQRRR Golgi apparatus, 
Nucleus 

356, 
357 

L-cysteine moieties Golgi apparatus 358 
KDEL peptide Endoplasmic 

Reticulum 
359 

mi-R29b + PEI Endoplasmic 
Reticulum 

360 
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Table 3.1: Gold Nanoparticle Molar Decadic Extinction Coefficients 
Gold Nanoparticle 

Size (nm) 

Peak Absorbance 

Wavelength (nm) 

Molar Decadic Extinction 

Coefficient (M-1 cm-1) 

16 518 4.52E+8 

30 526 3.36E+9 

55 532 2.33E+10 

 
Table 3.2: Single Particle ICP-MS Conditions 
RF Power [W] 1600 

Nebulizer Gas Flow [mL min-1] 0.4 

Make up Gas Flow [mL min-1] 0.7 

Sample Flow Rate [mL min-1] 0.010 

Sample Volume [μL] 150 

Dwell Time [μs] 50 

Scan time [s] 60 

Transport Efficiency [%], Mean ± StD 58.5 ± 3.9 

 
Table 3.3: Determining Transport Efficiency 
Particles 

Detected  

Instrument Calculated Particles mL-1 

193 33003 

195 33516 

197 33687 
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Table 3.4: Comparison of Nanoparticle Measurements 
Sample Hydrodynami

c Diameter 
[nm] 

Nanoparticle 
Core 
Diameter 
[nm]  

Mean 
Nanoparticle  
Mass [ag]  

Calculated 
Nanoparticl
e Diameter 
[nm] 

16-nm AuNPs 18.0 ± 1.0 16.3 ± 1.2 53.2 ± 16.0 17.2 ± 1.7 
30-nm AuNPs 37.6 ± 2.6 30.6 ± 5.4 290.7 ± 164.4 29.7 ± 5.5 
55-nm AuNPs 54.4 ± 3.8 52.2 ± 9.1 1952.1 ± 643.6 57.1 ± 6.1 

Diameters and masses are provided as mean values +/- standard deviation. 
 
 
 
 
Table 3.5: DLS of 16-nm AuNPs in Saline Solution 
Time 
[minutes] 

Citrate 
0 mM 
NaCl 
HDD,  
PDI 

Citrate 
150mM 
NaCl 
HDD,  
PDI 

0.010 
PEG/nm2 
150mM 
NaCl 
HDD,  
PDI 

0.025 
PEG/nm2 
150 mM 
NaCl 
HDD,  
PDI 

0.050 
PEG/nm2 
150mM 
NaCl 
HDD,  
PDI 

0 23.9 ± 0.4 
nm, 0.04 

28.9 ± 0.2 
nm, 0.3 

25.7 ± 0.2 
nm, 0.08 

26.6 ± 0.5 
nm, 0.06 

28.1 ± 0.2 
nm, 0.06 

60 23.8 ± 0.2 
nm, 0.04 

41.2 ± 0.4 
nm, 0.3 

26.6 ± 0.7 
nm, 0.16 

26.9 ± 0.3 
nm, 0.11 

29.8 ± 0.5 
nm, 0.05 

Diameters are provided as mean values +/- standard deviation (n=3). 
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Table 4.1: Optimized conditions for Single Particle ICP-MS  
RF Power [W] 1600 
Nebulizer Gas Flow [mL min 1] 0.44 
Make up Gas Flow [mL min-1] 0.75 
Sample Flow Rate [mL min-1] 0.010 
Sample Volume [µL] 150 
Detector Dwell Time [µs] 50 

 
Table 4.2: Transport efficiency based on the number of events detected from a known 
particle concentration (100,000 particles per mL) diluted from a stock of 175Lu-doped beads 
with an initial concentration of 330,000 particles per mL. Paired T test found no statistically 
significant difference between the transport efficiency when the optimized collision cell 
parameters were applied. Values represent averages and standard deviations of 5 
measurements. 
 
Standard Mode Transport Efficiency  Transport Efficiency using Collision Cell 
39.8 ± 3.1 % 40.4 ± 2.2 % 

 
Table 4.3: Collision cell mode conditions for dual analyte SP-ICP-MS analysis in single 
particle mode. 
Isotopes Analyzed 
Simultaneously 

NH3 Gas 
Flow [mL 
min-1] 

Axial Field 
Technology 
[V] 

RPq*  Quadrupole 
Settling Time 
[µs] 

140Ce & 175Lu  0.5 300 0.31 & 0.25 150 
153Eu & 175Lu  0.5 300 0.29 & 0.25 150 
165Ho & 175Lu 0.5 300 0.27 & 0.25 150 
107Ag & 109Ag 0.4 100 0.25 & 0.25 150 
107Ag & 197Au  
100nm mixture 

0.4 100 0.46 & 0.25 400 

107Ag & 197Au  
Alloys 

0.4 100 0.46 & 0.25 300  

*RPq- rejection parameters for quadrupole mass filter  
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Table 4.4: Paired isotope events of 3 pairs of isotopes in standard mode, optimized 
collision cell conditions, quadrupole settling time 150 µs, and on CyTOF.  
Lanthanide 
isotopes 
detected 
concurrently 

% Paired isotope events 
detected via SP-ICP-MS 
without peak stretching* 

% Paired isotope 
events detected via 
optimized dual 
analyte SP-ICP-MS** 

% Paired 
isotope events 
detected via 
CyTOF** 

175Lu & 140Ce 53.8 ± 0.7 % 96.5 ± 1.0% 99.6 ± 0.4% 
175Lu & 153Eu 54.8 ± 1.8 % 96.8 ± 1.5% 99.6 ± 0.4% 
175Lu & 165Ho 37.8 ± 1.3% 97.2 ± 0.6% 99.6 ± 0.4% 

* Values represent the means and standard deviations of three independent 
measurements. 
** Values represent the means and standard deviations of five independent 
measurements. 
 
Table 4.5: Summary of Dynamic Light Scattering Results of Nanoparticles. 
Sample Hydrodynamic 

Diameter [nm] 
Polydispersity 
Index 

30 nm AgNPs 42.3 ± 0.5 0.11 
50 nm AgNPs 63.4 ± 2.5 0.12 
70 nm AgNPs 77.4 ± 2.0 0.06 
PEGylated 70 nm AgNPs 110.1 ± 1.5 0.06 
100 nm AgNPs 112.0 ± 2.7 0.04 
100 nm AuNPs 119.4 ± 1.1 0.03 
Alloy nanoparticle seeds 69.4 ± 0.5 0.05 
80 nm Alloy nanoparticles 88.1 ± 0.9 0.03 

* Measurements represent the averages of three measurements and standard deviations. 
 
Table 4.6: Median masses of both silver isotopes in differently sized AgNPs 
Nominal AgNP Diameter 
[nm] 

Median 107Ag 
Mass [ag] 

Median 109Ag 
Mass [ag] 

30 246 228 
50 652 720 
70 1,562 1,599 
100 5,186 5,352 

 
Table 4.7: EDS/STEM quantification of gold-silver alloy nanoparticle composition. 
Sample Atomic % Ag Atomic % Au 
30% Ag 70% Au Alloys 35.1% 64.9% 
80-nm Ag/Au Alloys (0-µM KI/I2) 40.6% 59.4% 
70% Ag 30% Au Alloys 75.5% 24.5% 
80-nm Ag/Au Alloys + 68-µM KI/I2 43.3% 56.7% 
80-nm Ag/Au Alloys + 102-µM KI/I2 54.7% 45.3% 
80-nm Ag/Au Alloys + 136-µM KI/I2 72.3% 27.7% 
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Table 5.1: Optimized conditions for Single Cell ICP-MS 

RF Power [W] 1600 
Nebulizer Gas Flow [mL min 1] 0.44 
Make up Gas Flow [mL min-1] 0.75 
Sample Flow Rate [mL min-1] 0.013 
Detector Dwell Time [µs] 50 

 

Table 5.2: DLS and Zeta Potential of differently surface modified AuNPs 

Surface Modification Hydrodynamic Diameter 
[nm]* 

PDI Zeta 
Potential 
[mV]* 

Citrate w/ Tween 20 25.1 ± 0.4 0.03 -26.5 ± 3.0 
0.5 OPSS-PEG-MAL/nm2 36.1 ± 0.6 0.06 -10.0 ± 3.0 
OPSS-PEG-MAL-K7C 45.5 ± 0.7 0.10 17.1 ± 3.9 
OPSS-PEG-MAL-SH-mPEG 45.6 ± 0.5 0.10 -1.5 ± 0.1 

*Values represent averages and standard deviations of 3 independent measurements. 

 
Table 5.3: DLS of etched 13-nm AuNPs 

Sample Hydrodynamic 
diameter [nm] 

PDI Scattering 
[KCPS] 

13-nm AuNPs no Etchant 18.8 ± 0.4 0.03 175 ± 25 
13-nm AuNPs with Etchant 1248 ± 523 0.9 30± 10 

Values indicate averages and standard deviations of 3 independent measurements. 

Table 5.4 Dual analyte single cell parameters 

Isotopes Analyzed 
Simultaneously 

NH3 Gas Flow 
[mL min-1] 

Axial Field 
Technology 
[V] 

RPq* Quadrupole 
Settling 
Time [µs] 

114Cd & 197Au 0.4 150 0.43 & 0.25 300 
193Ir & 197Au 0.1 50 0.25 & 0.26 150 

*RPq- rejection parameters for quadrupole mass filter 
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