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Abstract 
 

The systemic administration of nanomedicine formulations has been described as a 

promising treatment option for solid tumors at both preclinical and clinical stages. 

However, these treatments are currently limited to improved safety over the 

administration of free drugs, while improvements to efficacy have been limited by a noted 

low accumulation of nanoparticles in cancer cells. The mechanisms for nanoparticle 

delivery across tumor blood vessels into the tumor microenvironment are not fully 

understood as a result of the physical limitations of the current standard methods of 

visualizing nanoparticle accumulation and intracellular transport in cancer cells. Most 

intracellular vesicles typically involved with the transport of nanoparticles across tumor 

blood vessels are sized smaller than the spatial resolution limit of light microscopy (~200 

nm laterally), whereas electron microscopes, which provide sufficient lateral resolutions 

for visualizing these vesicles, are typically limited to thin biological samples, making it 

difficult to acquire three-dimensional (3D) visualizations of cells. To address these 

challenges, in this dissertation, quantitative 3D super-resolution light microscopy methods 

were applied to study the intracellular distribution of metallic and organic nanoparticle 

formulations in cultured cancer cells. We employed a method known as expansion 

microscopy, which involves embedding cell samples within swellable hydrogels to 

physically enlarge the sample >10X their original size for super-resolution imaging. 

Intracellular label-free metallic nanoparticles were visualized with light scattering imaging, 

while organic nanoparticles were visualized with internalized fluorescent tags. Since 

expansion microscopy is compatible with the labeling of intracellular features, this method 

enables the determination of the precise location of nanoparticles within cells, which can 
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be used for studying intracellular nanoparticle trafficking with high spatial resolution in 3D. 

The successful application of this method will empower new research in nanomedicine 

for the development of safer and more effective treatments.
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Objectives and Aims 
 

 This dissertation presents methods of visualizing and quantifying inorganic and 

organic nanoparticle distribution in cultured cancer cells with three-dimensional super-

resolution microscopy towards the goal of studying nanoparticle transport mechanisms 

across tumor blood vessels to improve the delivery of nanomedicines to solid tumors.    

 In Chapter 1, we review nanoparticle transport pathways and mechanisms across 

tumor blood vessels. Nanoparticle transport across tumor blood vessels is a key step in 

nanoparticle delivery to solid tumors. However, the specific pathways and mechanisms 

of this nanoparticle delivery process are not fully understood. Here, we explore the 

biological and physical characteristics of the tumor vasculature and the tumor 

microenvironment and discuss how these features affect nanoparticle transport across 

tumor blood vessels. We discuss biological and physical methods to deliver nanoparticles 

into tumors and explore paracellular and transcellular nanoparticle transport pathways.  

 In Chapter 2, our aim was to establish a method for visualizing label-free metallic 

nanoparticle distribution in cultured cells with three-dimensional super-resolution 

microscopy. Super-resolution microscopy can transform our understanding of 

nanoparticle-cell interactions. Here, we established a super-resolution imaging 

technology to visualize nanoparticle distributions inside mammalian cells through the use 

of protein-retention expansion microscopy (proExM). The cells were exposed to metallic 

nanoparticles and then embedded within different swellable hydrogels to enable 

quantitative three-dimensional (3D) imaging approaching electron microscopy-like 

resolution using a standard light microscope. By exploiting the nanoparticles’ light 
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scattering properties, we demonstrated label-free imaging of intracellular nanoparticles 

with ultrastructural context.  

 In Chapter 3, our aim was to improve the maximum spatial resolution that we had 

achieved in Chapter 2 for the quantitative analysis of metallic nanoparticle intracellular 

distribution. We adopted an alternative expansion microscopy protocol, pan-ExM, which 

provides significantly higher resolution than proExM, and allows for the quantitative 

analysis of label-free nanoparticle distribution within individual intracellular vesicles in 3D. 

We validated relative differences between nanoparticle cellular accumulation for various 

surface modifications using mass spectrometry and determined the intracellular 

nanoparticle spatial distribution in 3D for entire single cells.  

 In Chapter 4, our aim was to establish a method for visualizing organic nanoparticle 

distribution in cultured cells with three-dimensional super-resolution microscopy. Organic 

nanoparticles, particularly liposomes, are more clinically relevant for the treatment of 

cancers than metallic nanoparticles because of their improved biocompatibility and 

versatile cargo carrying capabilities. We adopted a new expansion microscopy protocol 

known as Magnify, which better retains lipids, the primary component of liposomes, in 

expanded cells than pan-ExM. Here, we demonstrated that Magnify allows for the 3D-

super-resolution visualization of fluorescent large-molecule cargo encapsulated in 

liposomes within intracellular vesicles of cell.  

 Finally, in Chapter 5, we conclude with a summary of our main findings and 

discussions of how our methods can be applied for studies towards improving the efficacy 

of nanomedicine for treating solid tumors, limitations, and future directions.  
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This super-resolution imaging platform technology may be broadly used to 

understand the nanoparticle intracellular fate in fundamental and applied studies to 

potentially inform the engineering of a new generation of safer and more effective 

nanomedicines.  
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Chapter 1: Strategies for Delivering Nanoparticles across Tumor Blood Vessels 
 

1.1. Introduction 
 

 There are over 10 million cancer related deaths worldwide each year with a 

projected increase in annual new cases.1 As a result, there is a need for safe and effective 

treatments. The four cancer treatment strategies that are commonly used in the clinic are: 

(i) cytoreductive surgery; (ii) radiation therapy; (iii) chemotherapy; and (iv) 

immunotherapy.2 Nanomedicine can be applied to each of these four treatment regimens 

at the preclinical and clinical stages. For example, nanoparticles have been applied in 

imaging guided surgery;3,4 as agents for localizing heat or radiation to tumors and 

overcoming radiation resistance; 5–7 as clinically approved chemotherapeutic drugs, such 

as Doxil® and Abraxane®;8 and in the development of safer and more effective 

immunotherapeutics.9 To elicit clinical benefits, all of these strategies have a common 

need for efficient nanoparticle tumor delivery. 

 The most direct way to deliver nanoparticles into a solid tumor is by intratumoral 

injection.10 While this approach may result in a large number of nanoparticles localized 

within the tumor, its usefulness and practicality are limited. For example, nanoparticles 

tend to distribute inhomogeneously throughout the tumor microenvironment upon local 

administration due to the relatively dense extracellular matrix that limits nanoparticle 

diffusion.11 In addition, it may not be feasible to treat metastatic tumors with many 

neoplastic lesions throughout the body via local injections, meaning that systemic 

administration is needed.12  
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Systemically administered nanoparticles have shown promise at both preclinical 

and clinical stages for diagnosis and treatment of cancer, however, there are several 

delivery barriers that nanoparticles need to overcome en route to solid tumors. Each 

barrier is tied to the distinct phase of the nanoparticle’s journey to reach its destination, 

outlined in the so-called CAPIR cascade. This 5-step cascade describes nanoparticles 

during: (i) circulation throughout the blood stream; (ii) accumulation in the tumor 

microenvironment; (iii) penetration deeper through tumor tissues; (iv) internalization into 

tumor cells; and (v) and release of their therapeutic payloads.13  

The typical nanoparticle tumor delivery efficiency has been quantified to be ~0.7% 

(median) of the injected nanoparticle dose.14 As outlined in Figure 1.1, there are several 

reasons for this low nanoparticle delivery efficiency. Upon injection into the blood stream, 

nanoparticles are subject to proteins adsorbing onto their surfaces, forming what is known 

as a protein corona. The protein corona changes the nanoparticle physiochemical 

properties from a synthetic identity to a biological identity and may affect 

pharmacokinetics, biodistribution, and toxicity.15–18 Among these adsorbed proteins are 

opsonins, which may trigger phagocytosis in macrophages and other cells to swiftly 

remove circulating nanoparticles from the bloodstream.19,20 Nanoparticle accumulation in 

off-target organs greatly reduces the amount of nanoparticles that are in circulation.21 As 

a result, there has been much research focused on increasing the nanoparticle blood 

circulation time by reducing nanoparticle interactions with serum proteins and immune 

cells. The most common method to achieve this goal is coating nanoparticle surfaces with 

anti-fouling polymers, such as poly(ethylene glycol), PEG.22 Recently, nanoparticle 

surface modification with cellular membranes, such as membranes from red blood cells, 
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has emerged as an alternative method to camouflage nanoparticles and to increase blood 

circulation times.23 In addition, Chan et al. have shown that there is a nanoparticle dose 

threshold for clearance from circulation. By administering doses of nanoparticles above 

the threshold (> 1 trillion nanoparticles in mice), the nanoparticle uptake rates of liver 

phagocytes, such as Kupffer cells, can be overwhelmed to reduce liver clearance. This 

strategy has been reported to result in nanoparticle tumor delivery efficiencies of up to 

12% of the injected dose, with nanoparticles being found within 93% of tumor cells.24  
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Figure 1.1 Barriers to nanoparticle uptake into the tumor microenvironment. A) After 

nanoparticles are introduced to the bloodstream, various proteins adhere to their 

surfaces, forming what is known as the protein corona; among them are opsonins, which 

trigger the phagocytosis of the nanoparticles by immune cells such as free or fixed 

macrophages. B) Off target accumulation of nanoparticles in organs results in fewer 

nanoparticles reaching the tumor microenvironment. The liver and spleen are typically 

responsible for a majority of the nanoparticle accumulation, followed by the lungs. This 

accumulation is largely dependent on the size of the nanoparticle. Due to the filtration 

limit of kidneys being roughly 6 nm, larger nanoparticles do not greatly accumulate in 

kidneys, however, the kidneys have a much larger role in the accumulation of smaller 

nanoparticles.  
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The next barrier for nanoparticles is the extravasation from the tumor blood vessels 

into the tumor microenvironment.11,25 The longstanding paradigm of the enhanced 

permeability and retention (EPR) effect suggests that nanoparticles passively leak out 

from tumor vasculature between gaps in endothelial cells, coupled with poor lymphatic 

drainage of the tumor tissue.26 Nanoparticle extravasation through leaky vasculature may 

occur through convection and diffusion, and may be limited by the increased interstitial 

fluid pressure observed in solid tumors.27,28 In contrast to passive nanoparticle transport 

across tumor blood vessels as suggested by the EPR effect, transcytosis has been 

proposed as an active nanoparticle transport pathway since as early as the 1990s.29 Chan 

et al. reported that only 3%-25% of gold nanoparticles reach solid tumors by passive 

transport, depending on nanoparticle size, indicating that up to 75%-97% of nanoparticles 

undergo active transcytosis transport. Interestingly, these studies were done with gold 

nanoparticle doses higher than the dose threshold for improved tumor delivery of ~1 

trillion nanoparticles in mice as reported by Chan et al. in a later study, with nanoparticle 

doses ranging from 2x1012 - 1x1014 nanoparticles, depending on size.24,30 There may be 

a possibility that the nanoparticle extravasation mechanisms are affected by changes in 

nanoparticle dose. More research is needed to determine how nanoparticle dose may 

alter and affect extravasation mechanisms, pathways, and tumor delivery efficiency.  

In this chapter, we discuss the specific properties of the tumor microenvironment 

and vasculature that need be considered for effective nanoparticle transport and tumor 

delivery. We review the common endocytic pathways that nanoparticles may undergo for 

transcellular transport across tumor endothelial cells, and how these endocytic pathways 
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may be exploited by specific nanoparticle designs for delivering nanomedicines to solid 

tumors. 

 

1.2. The tumor microenvironment and vasculature 

 

1.2.1  The tumor microenvironment 
 

Solid tumors are generally composed of malignant parenchyma, and the 

surrounding benign tumor stroma.14 Although the isolated stroma cannot form tumors 

when planted into host animals, it is essential in supporting tumor growth and architecture 

of the tumor microenvironment.31 The tumor stroma is composed of diverse cell types, 

including cancer-associated fibroblasts and immune cells. Cancer-associated fibroblasts 

produce and remodel the extracellular matrix (ECM), and at the same time secret growth 

factors that induce angiogenesis or suppress immune cells with the goal to support tumor 

growth.  

Many types of immune cells are found in solid tumors and execute various 

functions. Briefly, CD8+ cytotoxic T Cells, CD4+ Th1 helper T cells, NK cells, M1 

macrophages and dendritic cells are generally considered as tumor inhibiting, while 

regulatory T cells (Treg), CD4+ Th2 helper T cells and M2 macrophages are immune 

suppressing, thus promoting angiogenesis, tumor growth, and metastasis.32,33 Tumor and 

stromal cells are embedded in the ECM composed of collagen, fibronectin, fibrin, 

hyaluronan, and proteoglycans, which provide the mechanical support of the tumor 

microenvironment. At the same time, plenty of functional cytokines and growth factors, 

such as vascular endothelial growth factor (VEGF), disperse throughout the entire tumor 
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forming the non-cellular stroma together with the ECM. In addition, solid tumors are 

characterized by abnormal vasculature, low pH, hypoxia, high interstitial pressure, and 

crosstalk between individual tumor cell types.11,34 All these complex components interplay 

in forming the tumor microenvironment and affect tumor development as well treatment 

responses (Figure 1.2). 
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Figure 1.2: Tumor architecture. A solid tumor is composed of malignant parenchyma 

and benign tumor stroma that supports tumor growth and structure. There are diverse 

types of stromal cells including cancer-associated fibroblasts, immune cells, and other 

cells forming the cellular part of tumor stroma. The noncellular parts of the tumor stroma 

including extracellular matrix and cytokines surround and interact with the embedded 

cells. An abnormal vascular network is always observed in a solid tumor, which is 

essential for tumor supply. In addition, low pH, hypoxia, and high interstitial pressure are 
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characteristics of solid tumors. All these tumor components interplay to form a complex 

microenvironment and drive the tumor development. B) The tumor vasculature is highly 

abnormal and at least six types of blood vessels with different characteristics have been 

distinguished.  
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Besides the complex composition of solid tumors, the phenotype and ratio of both 

tumor and stroma cells are highly heterogeneous between different patients, different loci 

within the same patient, and even different sites within the same tumor.35,36 The tumor 

development is dynamic and at different development stages, the microenvironment 

shows variable characteristics.37 For example, cell plasticity, i.e., the ability of tumor cells 

to transform and switch their phenotype, is a considerable challenge in the development 

of cell targeted therapies.38,39 Characteristics of the tumor microenvironment, as well as 

its interactions with nanoparticles, have been reviewed in greater detail by Mukherjee et 

al.11 

 

1.2.2  Angiogenesis and tumor vasculature 

Angiogenesis and neoangiogenesis are VEGF-dependent processes of forming 

new blood vessels from preexisting vessels to supply nutrients and oxygen to tumors for 

development and growth.40 In some tumors, tissue growth is so fast that tumor cells are 

located relatively far away from blood vessels, which induces hypoxia, i.e., oxygen 

deprivation. Hypoxic cells then overexpress VEGF leading to neoangiogenesis by 

recruitment of bone marrow derived endothelial progenitor cells to the tumor vascular 

bed, where these cells mature and release other pro-angiogenic growth factors.11,41 The 

newly formed tumor blood vessels are known to lack some of the structural integrity that 

is seen in healthy blood vessels. For example, tumor blood vessels may exhibit gaps 

between endothelial cells, and smooth muscle cells, pericytes, and basement membrane 

may be missing or exhibit discontinuity as a result of an abnormal expression of certain 

growth factors, such as angiopoietin-1.42  
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Dvorak et al. described six distinct types of tumor blood vessels: (i) mother vessels 

(MVs); (ii) glomeruloid microvascular proliferations (GMPs); (iii) capillaries; (iv) vascular 

malformations (VMs); (v) feeding arteries (FAs); and (vi) draining veins (DVs) (Figure 

1.2).43 Mother vessels are the first angiogenic blood vessels to form from existing venules 

and capillaries after the degradation of basement membrane, which provides structural 

support, and the detachment of pericytes, which help control blood flow.44 This process 

allows for blood vessel expansion through the intravascular hydrostatic pressure, given 

that the two aforementioned vessel features that prevent vessel growth are removed, 

resulting in a thinned and highly permeable endothelium. When MVs collapse, GMPs are 

formed that accumulate pericytes and macrophages, while also making new basement 

membrane. Alternatively, MVs can accumulate smooth muscle cells and perivascular 

collagen to become VMs, which effectively reduces their permeability. Through 

arteriovenogenesis, FAs and DVs are formed from existing healthy veins and arteries, to 

supply and drain blood to and from the other types of tumor blood vessels.31  

These differences in blood vessel structure are important to note for nanomedicine 

delivery purposes, as nanoparticles may likely interact with each type of blood vessel 

differently, which could result in varying nanoparticle delivery efficiencies throughout a 

single solid tumor. The differences could be potentially exploited, however, by designing 

nanoparticles that specifically target features that are present in some types of tumor 

vessels but not others, such as pericytes,45 for better tumor accumulation and localization.  

The intercellular gaps between endothelial cells in tumor blood vessels form the 

basis for nanoparticle extravasation according to the EPR effect. The EPR effect suggests 

that nanoparticles extravasate passively from tumor blood vessels to the tumor 
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microenvironment by convection and diffusion through the leaky vasculature. In addition, 

it is suggested that the impaired lymphatic system within solid tumors reduces 

nanoparticle clearance.26 However, it has recently been suggested that the peritumoral 

lymphatic system drains nanoparticles from tumors and returns them to blood circulation 

in a size dependent manner.46 The EPR effect has been a longstanding paradigm in 

cancer nanomedicine, and has been exploited as the main delivery mechanism for 

different types of nanoparticles to tumors, including inorganic (such as noble metal, oxide, 

upconversion and carbon-based nanoparticles) and organic nanoparticles (such as 

liposomes or lipid-based nanoparticles, polymeric nanoparticles and dendrimers).25,47–54 

However, it is not the only pathway for nanoparticles to cross tumor blood vessels, as 

depicted in Figure 1.3. In general, we can differentiate two nanoparticle transport 

pathways: (i) paracellular transport by diffusion through intercellular gaps; and (ii) 

transcellular nanoparticle transport by going through tumor endothelial cells. 
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Figure 1.3: Nanoparticles can extravasate from tumor vascular lumen into the 

tumor microenvironment by both paracellular 1) and 2–4) transcellular pathways. 

For the paracellular pathway, nanoparticles transport passively through gaps in the 

endothelium, i.e., between adjacent endothelial cells. These intercellular gaps (up to 2 

μm in size) result from the abnormal vessel structures caused by rapid tumor 

angiogenesis and are fundamental for the enhanced permeability and retention (EPR) 

effect. For transcellular pathways, nanoparticles get transported actively into the tumor 

microenvironment via intracellular vesicles or through transcellular pores. 2) When 

transported by intracellular vesicles, nanoparticles first enter the cell and locate in vesicles 

through endocytosis, then get transported across the cytoplasm, and finally exit the cell 

through exocytosis. 3) VVO and 4) fenestrae are both trans-endothelial pathways for 

nanoparticle transport. While VVOs are intracellular organelles composed of linked 

vesicles, fenestrae represent transcellular pores spanned by a fenestral diaphragm.  
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Transcellular nanoparticle transport is enabled by endocytic vesicles in tumor 

endothelial cells that deliver nanoparticles from the apical side of the cell to the basal 

side.55 Particularly, it has recently been found that specific subsets of tumor endothelial 

cells govern nanoparticle transport into solid tumors, which comprise about 21% of the 

tumor endothelium.56 While endocytosis is the primary mechanism and pathway for 

transcellular transport, there are a few alternatives. One of these alternative transcellular 

pathways may be mediated by vesiculo-vacuolar organelles (VVOs) inside tumor 

endothelial cells. Little is known about this VVO-mediated transport pathway. However, 

VVOs have been characterized by Dvorak et al. as membrane-bound, linked vesicles and 

vacuoles that create a channel for macromolecules to cross the endothelium.57 VVOs are 

rarely observed in cultured endothelial cells under standard culture methods and may 

occur at greater frequency in vivo.58 Further work is needed to determine if the VVO-

mediated pathway is a viable transport route for nanoparticles and nanomedicines. 

Another potential nanoparticle transport pathway is through fenestrae, i.e., transcellular 

pores that are typically found in liver sinusoidal and glomerular endothelial cells,59,60 which 

have also been observed and documented in tumor vessels, for example in mother 

vessels (MVs) and capillaries (Figure 1.3).61 To understand and probe the nanoparticle 

transport mechanisms across tumor vasculature, the use of 3D microfluidic models that 

more truthfully recapitulate the tumor microenvironment in vitro may be of value.62,63 
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1.3. The entry of nanoparticles into the tumor microenvironment 

 
 

1.3.1 Overview of existing paradigms 
 

 The field of cancer nanomedicine has gone through many advancements over the 

past few decades since the first electron micrograph of tumor cells in 1947, as 

summarized chronologically in Figure 1.4.64 The introduction of liposomes and their later 

conjugation with antibodies for specific, active targeting, known as immunoliposomes, 

further serve as major milestones in the origin of the field.65–67 In the 1970s and 1980s, 

methods of improving nanoparticle tumor delivery were already underway, as noted by 

the discovery that locally heating a tumor can cause an increase in nanoparticle 

extravasation until blood vessel destruction occurs.68,69 Reports of receptor mediated 

endocytic nanoparticle uptake into tumor cells opened the door to the possibility of 

controlling cell specific nanoparticle delivery.70 
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Figure 1.4: Timeline of different suggested nanoparticle-tumor accumulation 
pathways and methods. Since the first suggestion of nanotechnology, there have been 
many different pathways and methods suggested to explain and improve the 
extravasation of nanoparticles in to the TME. 
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  The longstanding delivery paradigm in cancer nanomedicine, the EPR effect, was 

introduced in 1986 to explain that nanoparticles accumulate in tumors as a result of 

vascular leakiness and poor lymphatic drainage.71 However, the well noted low 

nanoparticle tumor accumulation has brought the impact of the EPR effect into question.14 

Consequently, a variety of work has been done to find ways that improve nanoparticle 

tumor delivery and to understand the mechanisms behind it.  

One of the earlier methods was erythrocyte hitchhiking, which involved removing 

erythrocytes from a patient, loading them with drugs, and re-administering them back into 

the patient.72 This process has since evolved to have the removed erythrocytes 

conjugated to drug carrying nanoparticles, so that they would accumulate in the nearest 

downstream organ from the injection site.73 

The concept of vascular normalization was then proposed as an extension of 

typical anti-angiogenic treatments. These combined treatments aim to make the tumor 

vasculature more functionally similar to normal vasculature by removing excessive 

endothelial cells that make up immature blood vessels, resulting in a less constricted 

delivery of therapeutics to tumors. Anti-angiogenic treatments are then applied to constrict 

the tumor vasculature to starve the tumor of nutrients needed for its survival.74,75 It was 

recently shown that gold nanoparticles can accomplish this, along with inhibiting 

angiogenesis, by disrupting the signaling between tumor cells and endothelial cells.76,77  

The use of ultrasound has been explored, as the tensile pressure of ultrasonic 

waves on tumors can cause blood vessel perforation and micro-convection in the tumor 

interstitium, leading to higher nanoparticle extravasation.78 Later studies have shown that 
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ultrasound waves can be used to release drugs from liposomes79 and microbubbles, with 

the ability to convert the latter into nanobubbles.80  

Several years later, leukocyte hitchhiking was discussed, functioning similarly to 

erythrocyte hitchhiking, as it was shown that antigen-specific T cells can be removed and 

loaded with viral vectors, which will target tumors and transfer the viral vectors once re-

administered.81 It was shown that intravenously administered nanoparticles can be 

phagocytosed by monocytes, allowing for photothermal therapy to be applied. These cells 

will then travel to the tumor microenvironment and differentiate into tumor-associated 

macrophages (TAMs) to migrate into the hypoxic tumor core, where near-IR irradiation 

can destroy the TAMs and heat up the nanoparticles to destroy the surrounding tissue.7 

Recently, it was shown that photothermal therapy can be combined with vascular 

disruption agents that cause gold nanoparticles to aggregate at targeted locations, for an 

improved photothermal ablation of tumor cells.82  

The physical methods described here are summarized in Table 1.1, along with 

current advances in their applications. Others methods, such as electroporation and the 

use of magnetic fields, are summarized in greater detail in a recently published review 

article by Mitragotri et al.83  
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Table 1.1. Examples of nanoparticle delivery mechanisms across tumor vasculature 

Method  Year 
First 
Described  

Process  Description  Ref. 

Active targeting 
liposomes  

1979  Biological  Involves the attachment of specific 
antibodies or other molecules to 
the nanoparticle surface for 
targeting of complementary receptors on 
cancer cells. The tumor penetrating 
peptide, iRGD, and its derivatives, 
are widely used examples.   

66,67,84,85 

Heat 
Treatment  

1979  Physical  Local heating of tumors several degrees 
above the average temperature has 
been shown to significantly increase the 
extravasation of nanoparticles until 
vessel destruction 
occurs. Photosensitive and 
paramagnetic nanoparticles are being 
studied to improve these effects.   

68,69,86 

Erythrocyte 
Hitchhiking   

1987  Biological/Cell 
Mediated  

This process has evolved from 
erythrocytes being removed from the 
patient and loaded with drugs and 
readministered to removed erythrocytes 
being conjugated with drug carrying 
nanoparticles and readministered to 
localize at the nearest downstream 
organ from the injection site.   
  
Work has also been done on coating 
nanoparticles with intact membranes 
from erythrocytes containing the 
typically expressed surface proteins for 
improved circulation.  

23,72,73 

Vascular 
Normalization  

1996  Biological  This is an extension of typical anti-
angiogenic treatments which aim to 
make tumor vasculature more 
functionally similar to normal vasculature 
by removing excessive endothelial cells 
that make up immature blood vessels, 
for a less constricted delivery of 
therapeutics to tumors before cutting off 
the blood supply to the tumor.   
  
Anti-angiogenic nanoparticles loaded 
with anti-cancer drugs are being 
explored as a method of simultaneously 
normalizing tumor vasculature and 
deliver cytotoxic drugs.   

74,75,87 

Ultrasound  1999  Physical  The tensile pressure from ultrasonic 
waves directed at tumors have 
been shown to cause blood vessel 
perforation via cavitation, as well as 
microconvection that results in higher 
extravasation.  
  

78,79 
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Ultrasound has also been used to cause 
the release of drugs such as doxorubicin 
from liposomes upon insonation, 
possibly through the formation of 
transient pores or other membrane 
defects  

Leukocyte 
Hitchhiking  

2005  Biological/Cell 
Mediated  
  

Antigen-specific T cells can be removed 
and loaded with viral vectors, that once 
readministered, will target tumors and 
transfer the viral vectors.  
  
Intravenously administered 
nanoparticles can be phagocytosed by 
monocytes, which travel to the tumor 
microenvironment and differentiate in 
to tumor-associated macrophages 
(TAMs) to migrate in to the hypoxic 
tumor core. Near-IR irradiation can be 
directed towards the 
tumor, which destroys the TAMs and 
heats up the nanoparticles to destroy 
surrounding tissues.  
  
The membranes of leukocytes can be 
coated on to nanoparticles in a similar 
manner as discussed above with 
erythrocytes, which could be applied to 
tumor targeting.  

7,81,88 
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Significant work has also been done to describe the extravasation of nanoparticles 

from tumor vasculature based on the biological properties of endothelial cells. Leong et 

al. suggested that certain nanoparticles, such as titanium and gold nanoparticles, can 

induce the widening of gaps between endothelial cells by disrupting interactions between 

pairs of vascular endothelial cadherin, in a size and surface roughness dependent 

manner, allowing for nanoparticles to leak out of the vasculature, in a process they named 

NanoEL.89–91 A different paracellular pathway mechanism called vascular bursts was 

proposed by Kataoka et al., who suggested that dynamic vents open and close at 

endothelial cell junctions, causing fluid to flow outwards into the tumor interstitium and 

carrying nanoparticles with it.92 It has also been suggested that these types of vents can 

be induced by picosecond pulsed laser irradiation for improved nanoparticle transport 

across endothelial barriers.93  

In a recent paper by Chan et al., the contribution of paracellular nanoparticle 

transport across tumor blood vessels was quantified using a so-called Zombie model, a 

fixed tumor-bearing mouse model with blood artificially circulating with a peristaltic pump. 

Given that fixed cells cannot perform active transport, the only nanoparticles that could 

accumulate in a solid tumor were those that passively leaked from intercellular gaps. The 

passive paracellular transport pathway was found to only contribute to 3%-25% of the 

total nanoparticle tumor accumulation seen in living control tumor-bearing mice.30 

Combined with transmission electron micrographs of nanoparticles inside intracellular 

vesicles within tumor endothelial cells, this study suggests that nanoparticles primarily 

take active transcellular routes to transport from tumor blood vessels into the tumor 

microenvironment. 
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1.3.2  Endocytosis mechanisms of tumor endothelial cells 
 

 For nanoparticles to transcytose across the tumor endothelium, they first need to 

endocytose into tumor endothelial cells. There are many different pathways that have 

been defined for endocytosis, but not all of them may be useful for transcytosis. The most 

common of these pathways are clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, and macropinocytosis (Figure 1.5). While caveolae-mediated endocytosis is 

the pathway that is most associated with transcytosis across endothelial barriers, clathrin-

mediated endocytosis is well-noted as a transcytotic mechanism for crossing the blood-

brain barrier. It has also been suggested that both clathrin-mediated and 

macropinocytosis contribute to blood vessel permeability as well.94–96 Several groups 

have reported the endocytic cell uptake of various nanoparticles, with suggestions that 

nanoparticles take multiple different uptake routes.97,98 Understanding the mechanisms 

behind these endocytosis pathways will allow for targeting of specific transport routes to 

deliver nanomedicines more efficiently into tumors. 
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Figure 1.5. Common endocytic pathway mechanisms in endothelial cells. The 

specific pathways that nanoparticles take to enter endothelial cells vary, with the 

receptors that trigger the pathways as well as the nanoparticles’ destination varying with 

the pathways themselves. Cell membrane invaginations are a typical occurrence for the 

receptor-mediated endocytic pathways of caveolae-mediated endocytosis and clathrin-
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mediated endocytosis, however, caveolar vesicles are typically trafficked to the 

endoplasmic reticulum before being exocytosed, while clathrin coated vesicles are 

typically trafficked to lysosomes for degradation. The growth factor triggered 

macropinocytosis involves a heavy actin remodeling to nonspecifically engulf fluid in the 

area, packaging any contents in to a macropinosomes, which are also typically trafficked 

to lysosomes for degradation. 
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1.3.2.1 Clathrin-mediated endocytosis 
 

 Clathrin-mediated endocytosis is a receptor specific form of endocytosis that uses 

vesicles coated with the triskelion protein, clathrin, to internalize materials that bind to its 

surface receptors.99 Clathrin does not directly bind to the cell membrane or its specific 

receptors, and as such, requires several other proteins for binding and vesicle 

formation.100 Specific proteins of note are the AP-2 complex, which serves as an 

intermediate between the cell membrane and clathrin,101 the clathrin assembly lymphoid 

myeloid leukemia protein (CALM), which helps control vesicle size,102 and dynamin, which 

regulates the maturation of clathrin coated pits and also catalyzes the snipping of the 

vesicle from the membrane.103 The vesicles formed in this process are typically sized at 

around 80 – 100 nm. However, it has been shown that nanoparticles (522 nm in size) 

conjugated with transferrin, a clathrin-mediated endocytosis tracer, have been uptaken 

by clathrin coated vesicles in HeLa cells, indicating that there is a potential variability in 

the vesicle size.102,104  

Following the snipping of the vesicles, the clathrin coat is disassembled, allowing 

the removed proteins to be reused for other clathrin-mediated endocytosis events.105 At 

this stage, the vesicles are sorted based on their ligand and receptor contents to early 

endosomes for trafficking to either late endosomes and are transported to lysosomes for 

degradation (seen with the epidermal growth factor), or are recycled back to the 

membrane with the contents exocytosed (seen with the transferrin).106–108 The recycling 

endosome has been shown to traffic to either the apical surface or the basal/basolateral 

surfaces in other cell types such as blood-brain barrier endothelial cells and epithelial 

cells, which could be useful as a transcytotic pathway for nanoparticle tumor 
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delivery.109,110 Clathrin-mediated endocytosis has been of particular interest for blood-

brain barrier permeability,111,112 though it may still be relevant for nanoparticle 

extravasation in tumor vasculature. This concept is evidenced by Bendas et al., who used 

liposomes conjugated with antibodies against vascular cell adhesion molecule 1 (VCAM-

1), which is expressed on activated tumor endothelial cells, to access a clathrin-mediated 

uptake pathway in a mouse xenograft tumor model (Colo677 - human lung cancer).113 

Further research is needed to determine if a basal recycling endosome pathway can be 

exploited for the transcytotic delivery of nanomedicine across tumor blood vessels.  

 

1.3.2.2 Caveolae-mediated endocytosis 
 

 Caveolae-mediated endocytosis is another form of receptor specific endocytosis 

that is based on caveolae, membrane invaginations that are furnished with cholesterol 

and sphingolipids.114 Caveolae are not ubiquitous; most cell types contain caveolae; 

however, they are more prevalent in endothelial cells, epithelial cells, smooth and striated 

muscle cells, adipocytes, and fibroblasts.115 Alongside their endocytic capabilities, they 

have several other functions, including reducing the tension a cell experiences under 

mechanical stress 116, regulating intracellular signal transduction,117 and mediating 

neurovascular coupling.118  

The caveolin family of proteins serve major roles in the functions of caveolae. 

Caveolin-1 is a cholesterol-binding structural protein that surrounds the invaginations and 

is necessary for the formation of caveolae.119 Caveolin-2 has a role in signal regulation 

and is dependent upon caveolin-1.120 Caveolin-3 is similar to caveolin-1, however, it is 
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mostly found in muscle cells.121 The more recently discovered cavin family of proteins 

also serve essential structural roles for the formation of caveolae.122 Dynamin has also 

been shown to be involved in the scission of the endocytic vesicle of caveolae from the 

plasma membrane, as it does in clathrin-mediated endocytosis, forming vesicles that are 

typically 50-100 nm wide.55,123 While caveolin coats do not disassemble before fusing with 

endosomes unlike clathrin, their vesicles share a similarity in having multiple destinations 

based on their cargo.108,124 These endosomes can be trafficked to lysosomes for 

degradation or trafficked to the Golgi bodies and endoplasmic reticulum for transcytotic 

purposes.125,126 This characteristic makes caveolar endocytosis particularly attractive for 

the delivery of nanoparticles across tumor vasculature.   

Malik et al. have demonstrated the targeting of caveolae-mediated endocytosis in 

bovine lung microvessel endothelial cells using polymer nanoparticles coated with 

fluorescently tagged albumin, a caveolae-mediated endocytosis tracer.127 Similarly, 

Astilean et al. have shown the specific targeting of caveolae-mediated endocytosis in 

NIH:OVCAR-3 cells (human ovarian cancer) using nanoparticles made of albumin, 

conjugated with folic acid for folate receptor alpha targeting, as this marker is 

overexpressed on these cells.128,129 In vivo targeting of caveolae has been demonstrated 

by Schnitzer et al., who used gold nanoparticles conjugated with aminopeptidase P 

antibodies to target caveolae in the lung endothelium of rats,130 or gold nanoparticles 

conjugated with annexin A1 antibodies to target caveolae in the tumorous lung 

endothelium of rats.131 These experiments have shown that nanoparticles can be 

modified in specific ways to target and to exploit transcytosis in tumor endothelial cells 

using different transport mechanisms, including caveolae mediated transport. 
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1.3.2.3 Macropinocytosis 
 

 Macropinocytosis is a nonspecific form of fluid phase endocytosis that involves 

membrane extensions for relatively large-volume engulfment.132 This process is triggered 

and controlled by growth factor signaling, which causes the remodeling of actin in the 

cytoskeleton to create membrane ruffles that then close back in towards the rest of the 

membrane.133,134 The resulting vesicles, known as macropinosomes, vary greatly in size, 

typically ranging from 500 nm to 2,500 nm, though sizes as low as 200 nm and as high 

as 5,000 nm are also possible.135,136  

Similarly to clathrin coated vesicles, macropinosomes can either mature from early 

endosomes to late endosomes before trafficking to lysosomes for degradation or can 

recycle their contents back to the apical or basal/basolateral membrane.109,137 The 

visualization of macropinosomes is somewhat less direct than the previously discussed 

vesicles; while clathrin-coated vesicles and caveolae can be visualized optically with 

fluorescently tagged antibodies against clathrin heavy/light chain and caveolin-1, 

macropinosomes have no such marker.132 Consequently, alternative methods had to be 

employed, with the most commonly used of them being visualizing the uptake of 

fluorescently tagged dextran,138 an established macropinocytosis tracer, or by visualizing 

the rearrangement of fluorescently tagged f-actin.139 Receptor tyrosine kinase activation 

and the oncogene RAS have been established as macropinocytosis triggers, with the 

process usually being positively regulated by environmental factors, such as nutrient 

availability through the amino acid activated mammalian target of rapamycin complex 1 

(mTORC1).140,141 Macropinocytosis has been suggested to be highly upregulated in 

cancers occurring from RAS mutations and serves the cancer cells’ primary method for 
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their increased nutrient collection needs.142 The increased level of uptaken proteins 

results in a higher availability of amino acids following lysosomal degradation, leading to 

higher mTORC1 activity.143  

 

1.3.2.4 Other endocytic or transcellular pathways 
 

 The described endocytic pathways are major cell uptake routes, but they are not 

the only endocytic or transcytotic pathways that occur in endothelial cells. One of these 

endocytic pathways is phagocytosis, which is typically associated with immune cells, such 

as macrophages, neutrophils, and dendritic cells, with an endosome formation and 

intracellular fate that is relatively similar to that of macropinocytosis.144 While 

phagocytosis is not a niche for endothelial cells, they are still capable of performing 

it.145,146  

Certain clathrin and caveolae independent pathways that are also independent of 

dynamin and lack a defined protein coat for encapsulating endocytic cargo.147 One of 

these pathways is termed the clathrin independent carriers and GPI enriched endocytic 

compartments (CLIC/GEEC) pathway, which is used for the endocytosis of many 

glycosylphosphatidylinositol anchored proteins, and certain toxins and viruses. 

CLIC/GEEC endosomes are formed through the activation of the ADP-ribosylation factor 

1 (ARF1), where CLICs are formed at the front of migratory cells, and the GEECs that are 

formed from this fuse with early endosomes.148,149 A similar pathway is dependent on the 

ADP-ribosylation factor 6 (ARF6), known as the ARF6-associated pathway. Here, ARF6 

is activated and inactivated to control membrane trafficking and recycling. It is currently 
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unknown whether the ARF6-associated pathway and the CLIC/GEEC pathway are truly 

distinct pathways.147  

Another endocytic pathway that is potentially prevalent in endothelial cells is lipid 

raft mediated endocytosis. This pathway is based on cholesterol and sphingolipid rich 

microdomains on the cell membrane. However, the existence of lipids rafts is a matter of 

debate in the literature given that they have not been visualized yet in vivo.150,151 

One pathway that is particularly important for cancer nanomedicine delivery is 

known as the C-end Rule (CendR) pathway, a neuropilin-1 mediated uptake that is similar 

to macropinocytosis, and is specific to peptides with a C-terminal arginine or lysine, and 

is the method that the tumor penetrating peptide, iRGD, takes after it is cleaved by αV 

integrins on the surface of tumor cells.152,153 The previously mentioned VVOs and 

fenestrae are also possible routes, though more work will be needed to determine their 

feasibilities for nanomedicine delivery purposes.  

 

1.4. Tools and techniques to investigate nanoparticle transport pathways 

across tumor endothelial cells  

 
 The specific targeting of endocytic pathways would be the first step in designing 

nanoparticles that transcytose through tumor blood vessel endothelial cells. A common 

method of accomplishing this is through the modification of the nanoparticle surfaces with 

protein or peptide ligands that are specific to endocytic receptors, along with necessary 

intermediates, as previously mentioned with the transferrin, albumin, and folic acid 

conjugations.104,127,128,154–156 Table 1.2 lists several common nanoparticle surface ligands, 
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the receptors that these ligands target, and the pathways these ligands are internalized 

by cells. 
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Table 1.2. Surface receptors for targeting specific endocytic pathways in vitro and in 

vivo. 

Surface 

Receptor 

Target  

Targeting 

Molecule  

Pathway Specificity Nanoparticle 

Examples 

Ref. 

Annexin A1 mAnnA1 Caveolae  mAnnA1 is 

specific to 

Annexin A1 

on caveolae 

of tumor 

endothelium 

in humans, 

rats, and 

mice, Annexin 

A1 is not 

prevalent in 

caveolae from 

healthy 

tissues 

-Conjugated to 

AuNPs for targeting 

tumor endothelium 

in rats injected with 

13762 mammary 

adenocarcinoma 

cells 

131 

GP60 Albumin Caveolae GP60 is 

specific for 

albumin 

across the 

continuous 

endothelium 

-Conjugated to 

polymer NPs for 

targeting BLMVECs  

-Conjugated to iron 

oxide NPs for 

targeting U87MG 

tumors in mice 

 

127,157–

159 

Folate receptor 

alpha (FRα) 

Folic acid Caveolae FRα is 

overexpresse

d in epithelial 

malignancies, 

has limited 

expression in 

healthy cells 

-Conjugated to 

albumin NPs for 

targeting 

NIH:OVCAR3 cells 

128 

Aminopeptidas

e P (APP) 

mAPP Caveolae APP is 

expressed in 

the 

endothelium 

of lungs, 

kidneys, and 

livers 

-Conjugated to 

AuNPs for targeting 

the lung 

endothelium of 

athymic, nude mice 

130 
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CD36 –

Scavenger 

Receptor Class 

B (SR-B) 

A variety of 

ligands including 

LDLs and 

thrombospondin   

Caveolae CD36 is 

located on 

many types of 

cells past 

endothelial 

cells, such as 

macrophages 

and platelets, 

and binds to 

many different 

ligands 

-

Phosphatidylcholin

e conjugated to 

lipid NPs for 

targeting 

macrophages in 

C57BL/6 mice  

119,160 

CD204 - 

Scavenger 

Receptor Class 

A (SR-A) 

A variety of 

ligands including 

acetylated LDLs 

and 

lipopolysaccharid

e      

Caveolae and 

Clathrin 

CD204 is 

located on 

many types of 

cells past 

endothelial 

cells such as 

macrophages 

and epithelial 

cells, and 

binds to many 

different 

ligands.  

-anti-CD204 

conjugated to 

micelles for 

targeting 

macrophages in 

mice 

161–163 

LDL Receptor 

Family 

A variety of 

ligands including 

LDLs and 

lactoferrin 

Caveolae and 

Clathrin 

LDL receptors 

are located on 

many types of 

cells past 

endothelial 

cells such as 

macrophages 

and epithelial 

cells, 

overexpresse

d in liver 

tumors, and 

binds to many 

different 

ligands. 

-Apolipoprotein-B 

lipid NPs for 

targeting HepG2 

tumors in mice 

164–166 

Neonatal FC 

Receptor 

IgG FC, 

Albumin 

Clathrin Neonatal FC 

receptor is 

specific to 

epithelial and 

endothelial 

cells in 

humans and 

mice 

-Conjugated to 

PLA-PEG-MAL 

NPs for crossing 

the intestinal 

epithelium after oral 

administration in 

mice 

167–169 
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Transferrin 

Receptor 

Transferrin Clathrin Highly 

expressed in 

solid tumor 

cells, as well 

as in blood 

brain barrier 

endothelial 

cells  

-Conjugated to 

PLGA NPs for 

targeting brain 

capillary endothelial 

cells and astrocytes 

-Conjugated to 

AuNPs for targeting 

S.C. Neuro2A 

tumors in mice 

 

170–173 

Vascular cell 

adhesion 

molecule 

(VCAM-1) 

Anti-VCAM-1 Clathrin VCAM-1 is 

expressed on 

activated 

endothelial 

cells in tumors 

and during 

inflammation 

-Conjugated to 

PEG-liposomes for 

targeting bEnd.3 

cells and tumor 

vasculature in a 

CD1 nude, human 

Colo 677 xenograft 

mouse model 

113 

Epidermal 

Growth Factor 

Receptor 

(EGFR) 

Epidermal Growth 

Factor 

Macropinocytosi

s 

Present 

across many 

different cell 

types in the 

body but is 

overexpresse

d in many 

tumor cell 

lines. EGFR 

also binds to 

many other 

types of 

growth factors 

-Conjugated to 

AuNPs for targeting 

EMT-6 mammary 

carcinomas in mice  

174,175 

αV Integrins  iRGD C-end Rule 

(CendR)  

Specific to αV 

integrins on 

tumor 

endothelium 

as well as 

angiogenic 

endothelium  

After binding 

to αV 

integrins, 

iRGD is 

cleaved in to 

CRDGK/R 

and then 

-Conjugated to 

micelles for 

targeting 22Rv1, 

PC-3, PPC1, MIA 

PaCa-2, and 

BT474 tumors in 

mice 

152,153,17

6 
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binds to 

neuropilin-1 

 

Abbreviations: AuNP – gold nanoparticle; LDL – low-density lipoprotein; MAL-

maleimide; NP – nanoparticle; PEG; poly(ethylene glycol); PLA – polylactic acid; PLGA -  

poly(lactic-co-glycolic acid) 
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A solid understanding of how the different pathways function and contribute to 

nanoparticle cellular uptake is necessary for exploiting them for efficient nanomedicine 

delivery. Methods for isolating a pathway’s contribution to the total uptake via pathway 

inhibition, pathway visualization methods, and models for more accurate uptake studies 

are discussed in this section.  

 

1.4.1 Inhibiting endocytic pathways  
 

 Many methods have been employed for studying the pathways that nanoparticles 

take, both with and without active targeting. The use of small molecule inhibitors has been 

a popular method for blocking an endocytic pathway and observing changes in cellular 

uptake, through methods such as fluorescent microscopy analysis,177 flow cytometry,178 

inductively coupled plasma mass spectrometry,179–181 and radioactive decay 

measurements.182 A common control for these studies is cooling the cells being studied 

to 4°C, as this nonspecifically inhibits all endocytosis.183 Table 1.3 lists several 

endocytosis inhibitors that have been studied, the pathways they inhibit, their mechanism 

of action, and their reported efficiency. However, direct comparisons of the inhibitors listed 

here are difficult because of the differences in cell types, nanoparticles, and inhibitor 

concentrations used, leading to the need for further studies that directly test the 

efficiencies of many different inhibitors on the uptake of multiple tracers for each pathway.   
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Table 1.3. Small molecule endocytosis inhibitors and their effectiveness. 

Inhibitory  

Agent 

Pathway 

Inhibited 

Inhibition  

Mechanism 

Uptake Inhibition  

Effectiveness 

Considerations Ref.  

Methyl-β-

cyclodextrin 

(MβCD)  

Caveolae 

Mediated 

Endocytosis and 

Clathrin Mediated 

Endocytosis  

Removes 

cholesterol 

from the 

plasma 

membrane  

-53% inhibition of 
lactosylceramide in 
HUVECs  
-56% inhibition of 
transferrin in 
HUVECs  
-80 % inhibition of 
20 nm & 40 nm 
polystyrene NPs in 
HUVECs  
-36 % inhibition of 
100 nm & 200 nm 
polystyrene NPs in 
HUVECs  
  

This has been 
shown to affect 
multiple 
pathways   

  
  

184–186 
 

N-ethylmaleimide 

(NEM)   

Caveolae 

Mediated 

Endocytosis  

Inactivating 

the ATPase 

NEM-

sensitive 

factor   

-75% inhibition of 
albumin gold 
complex in 
BLMVECs and 
BAECs  
-<80% inhibition of 

cationic liposomes 

in Cos-7 cells   

Has been shown 

to stimulate 

macropinocytosis 

in various 

epithelial cell line

s  

187–191 
 

Filipin  Caveolae 

Mediated 

Endocytosis  

Removes 

cholesterol 

from the 

plasma 

membrane  

-70% inhibition of 
albumin-gold 
complexes in 
BLMVECs, BAECs, 
and RFCs  
-40% inhibition in 

WGA-PEG-PLA 

NPs 

encapsulating CdS

e/ZnS quantum 

dots in CaCo-2 

cells  

Sterols and 

sphingolipids 

likely play a role 

in clathrin 

mediated 

endocytosis  

98,182,192,1

93 

 
 

Nystatin   Caveolae 

Mediated 

Endocytosis  

Removes 

cholesterol 

from the 

plasma 

membrane  

-80% inhibition of 
BODIPY-LacCer in 
rat fibroblasts  
-No significant 

inhibition of PEG-

PHDCA NPs in rat 

brain endothelial 

cells  

Sterols and 

sphingolipids 

likely play a role 

in clathrin 

mediated 

endocytosis  

177,192–196 
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Genistein  Caveolae 

Mediated 

Endocytosis  

Tyrosine 

kinase 

inhibitor, and 

also inhibits 

the 

recruitment of 

dynamin II.  

-80% inhibition of 
BODIPY-LacCer in 
rat fibroblasts  
-15% inhibition 
of heparosan based 
micelles in B16 
cells  
-No significant 

inhibition 

of heparosan based 

micelles in A549 or 

MGC80-3 cells  

This can also 

inhibit clathrin 

mediated 

endocytosis and 

clathrin and 

caveolae 

independent 

endocytosis 

pathways that are 

dependent on 

tyrosine kinase 

phosphorylation 

or dynamin II  

97,177,195,1

97–199 

  

  

Fumonisin B1 

(FB1)  

Caveolae 

Mediated 

Endocytosis  

Blocks 

glycosphingol

ipid formation 

by inhibiting 

the 

acetylation of 

sphingosine 

and dihydros

phingosine,.  

   

-60-80% inhibition 
of BODIPY-
LacCer in CHO-K1 
cells  
  

Sterols and 

sphingolipids 

likely play a role 

in clathrin 

mediated 

endocytosis  

193,199–201 

 

 

Indomethacin  Caveolae 

Mediated 

Endocytosis  

Increases the 

amount of 

arachidonate 

in the cell, 

preventing 

plasmalemm

al vesicles 

from being 

formed, while 

also causing 

existing 

vesicles to 

resurface.  

-50% inhibition of 
[3H] folic acid in 
monkey kidney 
epithelial cells  
-No significant 

inhibition 

of heparosan based 

micelles in A549, 

MGC80-3, or B16 

cells  

This may 

stimulate the 

caveolae 

independent 

endocytosis in 

certain cell types  

97,202–205 

  

Chlorpromazine  Clathrin Mediated 

Endocytosis  

Translocates 

clathrin and 

AP-2 in to 

intracellular 

vesicles from 

the plasma 

membrane.  

-80% inhibition of 
transferrin in rat 
fibroblasts  
-20% inhibition 
of heparosan based 
micelles in A549 
cells  
-25% inhibition 
of heparosan based 
micelles in MGC80-
3 cells  
-20% inhibition 

of heparosan based 

Cells can 

possibly quickly 

adapt to 

chlorpromazine in 

the presence of 

transferrin to use 

alternative uptake 

pathways, limiting 

the inhibitory 

effect   

97,177,194,2

06 
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micelles in B16 

cells  

Potassium 

Depletion  

Clathrin Mediated 

Endocytosis  

Dissociates 

clathrin 

lattices on 

the plasma 

membrane.  

-80% inhibition of 
transferrin in rat 
fibroblasts  
-50% inhibition of 

chitosan 

nanoparticles in 

A549 cells  

This has been 

suggested to 

slightly inhibit 

clathrin 

independent 

pathways, though 

the mechanism 

by which it might 

is unknown  

177,197,207 

 
 

Dynasore  Clathrin Mediated 

Endocytosis and 

Caveolae 

Mediated 

Endocytosis  

Inhibits the 

GTPase 

activity of 

dynamin  

-<75% inhibition of 
transferrin in HeLa 
cells  
-<60% inhibition of 

carboxylate-

modified 

polystyrene beads 

in HeLa cells  

This has been 
shown to affect 
multiple 
pathways   
  
This has been 

shown to 

enhance 

TGFβ signaling, 

which could have 

off-target effects 

in certain studies  

123,208–210 
 

Chloroquine  Clathrin Mediated 

Endocytosis  

Prevents the 

transition of 

type 2 

clathrin 

coated pits to 

type 3 

clathrin 

coated pits, 

preventing 

the formation 

of clathrin 

coated 

vesicles.  

-85% inhibition of 
TGFβ1 in Mv1Lu 
cells  
-<80% inhibition of 

cationic liposomes 

in Cos-7 cells  

This has been 

shown to 

enhance 

TGFβ signaling, 

which could have 

off-target effects 

in certain studies  

189,210 
 

Cytochalasin D  Macropinocytosis  Binds to actin 

filaments, 

preventing 

the 

association 

and 

disassociatio

n of subunits 

at the binding 

sites.   

-<60 inhibition of 
FITC-dextran in 
monocyte derived 
dendritic cells  
-50% inhibition of 

50-50 PLGA NPs in 

rabbit conjunctival 

epithelial cells   

This also inhibits 

phagocytosis and 

other actin 

polymerization 

dependent 

processes  

178,211–213 
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5-(N-Ethyl-N-
Isopropyl)  
Amiloride (EIPA)  

Macropinocytosis  Inhibits 

Na+/H+ excha

nge to disrupt 

actin 

polymerizatio

n   

-90% inhibition of 
TMR-dextran in T24 
cells  
-60% inhibition of 

positively charged 

polystyrene NPs in 

HeLa cells  

This also inhibits 

phagocytosis and 

other actin 

polymerization 

dependent 

processes  

142,178,214,

215 

  

  

Wortmannin  Macropinocytosis  Blocks the 
activity of the 
phosphoinosi
tide 3-kinase 
(PI3), which 
prevents 
membrane 
ruffling  
   
   

-<90% inhibition of 
fluorescein dextran 
in murine bone 
marrow-derived 
macrophages  
-60% inhibition of 

PFBT NPs in 

J774A.1 cells  

This also inhibits 

phagocytosis, 

and possibly also 

clathrin mediatae

d endocytosis  

134,178,216,

217 
 

Imipramine  Macropinocytosis  Inhibits the 

ruffling of 

plasma 

membranes, 

and 

potentially inh

ibits redox 

signaling.   

-95% inhibition of 
FITC-dextran in 
RAW 264.7 
macrophages  
-50% inhibition of 

AuNPs 

in Madin Darby 

canine kidney cells  

The mechanism 

of inhibition for 

this inhibitor is 

not yet fully 

understood  

178,218 
 

Colchicine  Macropinocytosis 

and Macrophage 

Endocytosis   

Decreases 

cell motility 

by preventing 

tubulin 

polymerizatio

n to block 

microtubule 

formation.  

-37% inhibition of 
intratracheally 
delivered gold 
colloids in 
macrophages of 
Syrian golden 
hamsters  
-15% inhibition 
of heparosan based 
micelles in A549 
cells  
-15% inhibition 
of heparosan based 
micelles in MGC80-
3 cells  
-11% inhibition 

of heparosan based 

micelles in B16 

cells  

This has been 
shown to affect 
multiple 
pathways   
  

97,219,220 

  

Rottlerin  Macropinocytosis 

and Fluid Phase 

Endocytosis   

Inhibits 

protein 

kinase C 

-<90 inhibition of 

lucifer yellow in 

monocyte derived 

dendritic cells  

This has been 
shown to affect 
multiple 
pathways   
  

211,221 
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delta (PKCδ) 

activity  

Brefeldin A  Vesicle 

Trafficking   

Inhibits the 
formation of 
COP1 coats 
on 
vesicles to pr
event ER-
Golgi 
trafficking  
  

-99.6% inhibition 
of lunasin in THP-1 
macrophages  
-40% inhibition in 

WGA-PEG-PLA 

NPs 

encapsulating CdS

e/ZnS quantum dots 

in CaCo-2 cells  

This has been 

shown to inhibit 

transcytosis and 

has been 

suggested to also 

inhibit 

endocytosis  

98,222–224 
 

Dextran Sulfate  Scavenger 

Receptor 

Mediated 

Endocytosis  

Competitively 

binds to 

scavenger 

receptors on 

endothelial 

cells, such a 

stabilin-1 and 

stabilin-2.  

-42% inhibition 
of succinylated bovi
ne serum albumin 
in BMECs  
-66% inhibition of 
DOPG liposomes 
and a 75% 
inhibition of DOPC 
liposomes in 
venular endothelial 
cells of zebrafish 
embryo compared 
to arterial 
endothelial cells  
  

This is not a 

specific binding, 

as dextran sulfate 

will also bind to 

the mannose 

receptor  

225–228 
 

 

Abbreviations: CHO – Chinese hamster ovary cells; NP – nanoparticle; AuNP – gold 

nanoparticle; HUVECs – human umbilical vein endothelial cells; BLMVECs – bovine lung 

microvessel endothelial cells; BAEC – bovine aortic endothelial cells; RFCs - rat 

epididymal fat pad; LacCer - Lactosylceramides;  WGA – wheat germ agglutinin;  
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It is worth noting that there are certain considerations that must be taken into 

account for the use of these small molecule inhibitors. First, these cell treatments are not 

typically 100% specific or efficient in blocking a particular cell uptake pathway, meaning 

that it must be determined if the remaining uptake can be attributed to either remnants of 

the pathway being blocked, or to regular uptake from other pathways. Second, close 

attention must be paid to the mechanism of action of the inhibitors in question, as it is 

possible that they can affect the uptake of pathways other than the one that is intended; 

for example, Fumonisin B1 inhibits caveolae-mediated endocytosis by blocking 

sphingolipid formation through the inhibition of the acylation of sphingosine and 

dihydrosphingosine.199 However, it has also been suggested that sphingolipid synthesis 

could be necessary for clathrin-mediated endocytosis as well.229 Similarly, a widely used 

stimulant for macropinocytosis, phorbol-12-myristate-13-acetate (PMA), has been shown 

to inhibit caveolae mediated endocytosis.178,203 There also exists a possibility that the 

blocking of one pathway increases the uptake in other pathways from what typically 

occurs, producing results that do not accurately reflect normal physiologic conditions. 

Third, the specificity of the tracer must be considered, given that there is the possibility 

for certain tracers to take other pathways as well; for example, albumin, a known tracer 

for caveolae-mediated endocytosis, has been shown to be uptaken through clathrin-

mediated endocytosis when attached to the FC neonatal receptor167 rather than the 

typical gp60.157  

Finally, the size of the nanoparticles being used must be considered, given that 

there are finite sizes of the endocytic vesicles being studied. Figure 1.6 demonstrates the 

typical size ranges of these vesicles, as well as those of their most common tracers and 
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commonly used nanoparticle sizes. While it has been shown that these vesicles can be 

dynamic and holding larger nanoparticles than what their typical sizes suggest,104 it is 

likely that this will need to be determined on a case-by-case basis, taking in to account 

factors such as nanoparticle material, surface charge, shape, and which specific ligands 

and receptor combos are being used. All of these different considerations imply that 

further experiments and analysis past just changing uptake with the inhibitor treatment 

would be required to determine a single pathway’s contribution to the uptake of the tracer 

or nanoparticle being studied. 
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Figure 1.6. Typical sizes of vesicles formed during endocytosis. The reported size 
ranges of vesicles formed by the three most common endocytosis pathways are shown, 
along with typical tracers used in endocytosis studies, albumin for caveolae-mediated 
pathway, transferrin for clathrin-mediated pathway, and 70 kDa dextran for 
macropinocytosis. Further studies are needed to compare the sizes of each of these 
vesicles directly for the same cell type and with the same tracers. While intracellular 
vesicles exhibit reported size limitations, there are reported cases of caveolae expanding 
to carry 100 nm nanoparticles. Since all of the tracers are well below the typical sizes of 
endocytosis vesicles, meaning that each vesicle type can physically accommodate each 
tracer type, there is a factor of specificity for endocytosis uptake of nanoparticles (and 
tracers) that is beyond physical size. 
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An alternative method of studying uptake pathways that has been explored is the 

genetic alteration of cells to knock down or knock out the expression of relevant proteins. 

This can be accomplished through the use of small interfering RNA (siRNA) duplexes that 

cleave its complementary mRNA that codes for target proteins, resulting in the 

degradation of that mRNA, transiently silencing the expression of the protein in 

question.230,231 The inhibition of endocytic pathways has been demonstrated both in vitro 

and in vivo for various cell types, by targeting proteins such as caveolin-1, clathrin heavy 

chain, and PAK-1 (a macropinocytosis signaling protein).194,232–235 For in vivo systems, 

the knockdown can be either localized or global.236,237 While this method is more specific, 

siRNA is known to be unstable in blood, immunogenic, and cannot easily cross cell 

membranes.238 Therefore, for siRNA treatments to be efficient, they need a carrier, with 

a liposome formulation known as Lipofectamine being a common choice.239 Alternatively, 

a permanent, heritable method of gene knockout is achieved through the use of the 

CRISPR-Cas system.240 

 

1.4.2 Methods for visualizing and studying endocytic pathways 
 

 Optical microscopy, such as confocal laser scanning microscopy, has been 

applied for visualizing these uptake pathways, either by fluorescently tagging associated 

proteins, tracers, or the nanoparticles themselves. This method is somewhat effective, 

though there is a considerable limitation in its effectiveness, stemming from the physical 

limitations of optical microscopy - the diffraction limit of light is roughly 200 nm.241 While 

this is sufficient for visualizing whole cells, it is difficult to accurately see certain subcellular 

processes. Electron microscopy methods have been employed for imaging at sub-
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nanometer resolution.242 However, transmission electron microscopy comes at the cost 

of requiring thin tissue slices for imaging, typically 50-100 nm thick, resulting in a loss of 

3D information,243 which can make differentiating between different types of vesicles and 

channels difficult or requiring laborious imaging and image processing of multiple 

sections.   

Efforts have been made to surpass the optical diffraction limit without the 

limitations presented by electron microscopy, and several super resolution microscopy 

methods have resulted. One such method is near field scanning optical microscopy 

(NSOM), which surpasses the optical diffraction limit by using a probe that is positioned 

close to the sample at a distance that is shorter than the excitation wavelength being 

imaged. However, this method also requires expensive and specialized equipment.244 

Other methods, such as stochastic optical reconstruction microscopy (STORM) and 

stimulated emission depletion (STED) achieve super resolution by assigning fluorescent 

and non-fluorescent states to fluorophores, either randomly to create a reconstructed data 

map, or in a targeted manner that does not require post processing, at the cost of elevated 

photobleaching concerns.245 An alternative method called expansion microscopy has 

been developed that involves anchoring the proteins found in a cell or tissue sample to a 

superabsorbent hydrogel and allowing it to expand in water, mechanically stretching the 

sample so that objects smaller than the diffraction limit would be made larger, and 

therefore, resolvable.246,247  

 Given that blood vessels in living organisms are not static, physical stresses on 

endothelial cells and nanoparticles must also be taken into account for more informative 

in vitro studies. One of these stresses that has been studied is shear stress, which is 
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caused by the movement of a fluid across constraining walls (blood through blood 

vessels, in this case) – it has been found that this can cause cytoskeletal rearrangement 

in endothelial cells.248,249 Microfluidic models have been employed to simulate the 

physiological shear conditions in blood vessels. This was demonstrated in a 2D flow 

model by Volkov et al., who showed that shear stress is critical for the uptake of cadmium 

telluride quantum dots and silicon dioxide nanoparticles in human umbilical vein 

endothelial cells.250 Lipke et al. developed 3D microfluidic chips that model tumor 

microvascular networks, which are now commercially available prefabricated through the 

company SynVivo, to test the efficacy of anti-cancer drugs in metastatic and 

nonmetastatic breast cancer cells.62 Chan et al. have demonstrated a 3D microfluidic 

model of entire blood vessel networks that can be coated with endothelial cells for a much 

closer representation of in vivo conditions in an in vitro system, designed by casting 

dissolvable 3D printed models of vessel network derived from 3D fluorescent imaging in 

polydimethylsiloxane.63 Laser ablation has also been explored as a method for generating 

highly accurate and precise vascular networks within hydrogels through the degradation 

of the hydrogel with a pulsed laser on an image-guided control system, so that cells can 

then be seeded in the newly formed channels.251,252 These strategies for engineering 

vasculature for in vitro studies and implantations, along with several others, are discussed 

in detail in recently published reviews by Vunjak-Novakoiv et al.253 and Slater et al.254  

The uptake of nanoparticles in vivo is, by nature, more difficult to visualize and 

study. It is possible that transcytosis rates in tumor blood vessels decrease with age, and 

that vessels without pericytes have lower transcytosis rates than those with pericytes, 

given that it has recently been shown that transcytosis through the blood brain barrier is 
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impaired with age, coupled with a loss of pericytes,255 so this might be considered for in 

vivo nanoparticle uptake studies. Ex vivo imaging and other quantification methods have 

been particularly useful for the analysis of nanoparticle accumulation in tumors and 

organs, i.e. resecting the mass of interest and then imaging and/or quantifying 

nanoparticle uptake with standard in vitro techniques.256–258 True in vivo imaging to 

visualize nanoparticle transport is possible through a variety of methods. Intravital 

microscopy (IVM) is a common method of accomplishing this goal using principles of 

confocal laser scanning and multiphoton microscopy,259 as demonstrated by Lo et al., 

who used IVM to visualize the uptake of mesoporous silica nanoparticles into 

hepatocytes.260 This can be further improved with tissue clearing methods such as the 

hydrogel based CLARITY and the chemical based CUBIC that minimize the effects of 

light scattering from tissue samples,261 shown by Chan et al. to be effective with gold 

nanoparticles and liposomes.262–265 Another tissue clearing method, vDISCO, works on 

whole intact mice.266 Light sheet fluorescent microscopy can then be used for fast, high 

resolution, optically sectioned images.267 These concepts are covered in great detail in a 

review by Weissleder et al.268 Tissue clearing and light sheet microscopy have been 

combined with machine learning algorithms to create a framework for quantifying and 

analyzing brain vasculature, called the Vessel Segmentation and Analysis Pipeline 

(VesSAP), for automatic, unbiased, and scalable vasculature analysis.269 The use optical 

and electron microscopy methods could provide answers to the questions that surround 

the complex mechanisms behind nanoparticle accumulation in solid tumors.   
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1.5. Conclusions 

 
 Efficient nanoparticle delivery to tumors requires fundamental understanding of the 

active and passive transport pathways and mechanisms that nanoparticles use to cross 

the tumor endothelium.36 Further knowledge of the different types of tumor blood vessels 

and how these different vessel types affect nanoparticle transport will be instrumental. 

The design of tumor targeted nanoparticles that can undergo selective transcellular 

transport across tumor endothelial cells represents a new frontier in cancer nanomedicine 

research. Future studies will focus on spatiotemporal characterization of nanoparticle 

interactions with different tumor blood vessel types and the relationships between 

nanoparticle physicochemical properties and specific endocytosis and transcytosis 

pathways in tumor endothelial cells. It has been shown that engineered T cells carrying 

multilamellar lipid nanoparticles on their surface retain much more of their cargo after 

crossing endothelial barriers compared to T cells carrying lipid coated PLGA 

nanoparticles.270 For this reason, in addition to ultrastructural imaging approaches, there 

is a need to characterize nanoparticle physiochemical properties, including changes in 

the nanoparticle protein corona composition, before and after transport across tumor 

blood vessels. Such research may identify pathways, mechanisms, and specific 

biomolecules involved in trans-endothelial transport and nanoparticle tumor delivery. The 

successful design of nanoparticles that selectively transport therapeutic and imaging 

payloads across tumor blood vessels will enable a new generation of safer and more 

effective cancer nanomedicines for clinical translation. 
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Chapter 2: Three-Dimensional Super-Resolution Microscopy for Visualizing 

Metallic Nanoparticle Localization Within Cells 
 

2.1 Introduction 
 

Developing safer and more effective nanomedicines requires new imaging tools and 

methods to quantify nanoparticle spatiotemporal distributions at cellular, sub-cellular, and 

ultrastructural levels.271 These quantitative data have the potential to guide nanoparticle 

engineering with the goal of controlling nanoparticle interactions with cells.272,273 

Conventional biological transmission electron microscopy (TEM) can achieve a spatial 

resolution of ~2 nm to provide ultrastructural information of cell and tissue sections.274 

However, the imaging depth in TEM is typically limited to very thin biological samples. 

With section thicknesses of ~100 nm or less, it is difficult to achieve 3D imaging of entire 

cells or tissues with TEM, as the exact stacking of images from different sections is 

challenging.275,276 On the other hand, capturing the full 3D volume of biological samples 

using standard optical microscopes is relatively straightforward.262–265,277,278 

Unfortunately, the spatial resolution in standard optical imaging is diffraction-limited to 

~200-250 nm.241 This resolution limitation presents a major challenge to the imaging of 

nanoparticles in their ultrastructural context within cells and tissues. Optical imaging 

methods capable of overcoming the aforementioned diffraction limit are termed super-

resolution imaging methods.279 One such method is expansion microscopy, a hydrogel-

based 3D super-resolution imaging technique in which samples are physically expanded 

4 to 20-fold. This expansion process leads to reported spatial resolutions of nearly 10 nm, 

which provides valuable ultrastructural information.246,280  
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An additional challenge in optical microscopy of nanoparticles is the need for detection 

agents, often attached as fluorescent labels to the nanoparticle surface.281 These 

modifications may alter the nanoparticle surface chemistry and physiochemical 

properties, affecting how the nanoparticles interact with cells.107,282–284 Therefore, a label-

free nanoparticle imaging method is desirable that provides information about the 3D 

intracellular nanoparticle distribution with ultrastructural resolution.285  

In this study, we explored and established the combination of expansion microscopy 

protocols with scattered light imaging of label-free metallic nanoparticles to quantify 

intracellular nanoparticle distributions. Scattered light imaging involves the illumination of 

metallic nanoparticles and subsequent light detection at the same wavelength as the 

illumination light.286 Expansion microscopy relies on anchoring proteins in biological 

samples to a swellable poly(acrylamide-co-sodium acrylate) based hydrogel.246,287 The 

subsequent water absorption expands the protein-hydrogel hybrid samples by a linear 

factor of approximately 4X isotropically, resulting in an equivalent substantial increase in 

the achievable spatial resolution of standard light microscopes. Recent expansion 

microscopy protocols enable expansion factors up to 10X for single expansions and up 

to 20X for iterative expansions.280,288–290 Expansion microscopy protocols have 

demonstrated utility for various applications, including the computational diagnosis in 

early breast lesions,247 studying cell-material interfaces,291 and visualizing the anatomical 

structures of whole zebrafish larvae.292 We combined different expansion microscopy 

protocols with label-free scattered light imaging of intracellular metallic nanoparticles, as 

shown in Figure 2.1. 
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Figure 2.1. Overview of the combination of expansion microscopy and scattered 

light imaging of label-free nanoparticles. (a) We first treated cultured cells with gold 

nanoparticles (AuNPs). Following fixation with paraformaldehyde, we processed the cells 

through protein retention expansion microscopy (proExM). In proExM, the proteome of 

the cells is treated with Acryloyl-X, SE, a molecule that binds to primary amines in 

proteins, which then gets incorporated into a swellable gel matrix. The protein corona 

adsorbed onto the surface of intracellular AuNPs, is also incorporated into the gel matrix 

by the Acryloyl-X, SE treatment. We then homogenized the samples with Proteinase K 

before swelling them in ultrapure H2O. While the AuNPs do not physically expand along 

with the anchored intracellular protein, they remain in their initial relative positions within 

the cells. (b) We accomplished label-free nanoparticle imaging by exploiting the efficient 

light scattering properties of inorganic nanoparticles. We used a narrow light detection 

window around the illumination laser wavelength (+/- 5 nm) to collect the scattered light, 

while effectively rejecting the emission light from standard fluorophores. This imaging 

method allows the nanoparticle light scattering signal to be overlayed with the 

fluorescence signal from stained expanded cells to allow for the localization of 

nanoparticles within individual vesicles.   
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2.2 Results and Discussion 
 

2.2.1 Achieving super-resolution imaging with expansion microscopy 
 

The diffraction limit of visible light microscopy presents a barrier to the ultrastructural 

imaging and analysis of intracellular nanoparticles. This challenge is illustrated in Figure 

2.2a, showing a diffraction-limited confocal laser scanning microscopy (CLSM) image of 

cultured murine triple-negative breast cancer epithelial (4T1) cells. Since most 

intracellular features are smaller in size than the optical diffraction limit,293 super-

resolution microscopy is needed to resolve nanoparticle distributions with ultrastructural 

context and accuracy.  

To address this need, we adopted the protein retention expansion microscopy 

(proExM) protocol, a protease-based variant of the original expansion microscopy 

protocol where cellular proteins are anchored directly to a swellable gel matrix.287,294 

Using this protocol, we achieved a ~4X linear expansion of cultured cells resulting in 

super-resolved images. Figures 2.2b, S2.1 show 4T1 cells processed with the proExM 

protocol. In Figure 2.2c, we determined a linear expansion factor of 4.1X. We then further 

quantified the increase in image resolution in Figure S2.2a. We found that line profiles 

across non-expanded nuclei had 1.3 +/- 0.1 pixel intensity peaks/µm, whereas expanded 

nuclei had 5.4 +/- 0.1 pixel intensity peaks/µm (following correction for expansion factors, 

see Methods section) (n=3). 
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Figure 2.2: Expansion microscopy of 4T1 mammary tumor mouse cells. (a) Non-

expanded 4T1 cells labeled with the DNA stain, 4′,6-diamidino-2-phenylindole (DAPI) 

(blue) for nuclei visualization and the glycoprotein stain, wheat germ agglutinin WGA-

CF488A (green) for cell membrane visualization. (b) Expanded 4T1 cells stained with 

DAPI and WGA-CF488A. (c) Quantitative analysis of the nuclei area in µm2 of non-

expanded and expanded cells, measured on ImageJ. The mean values (solid black line) 

were used to calculate the linear expansion factor of 4.1X (n=90) using Equation 1. An 

unpaired one-tailed t-test resulted in a statistically significant difference in the means of 

the nuclei areas between the two groups (****p<0.0001). (d) Non-expanded cells bulk 

(pan) stained with NHS-AF555 to visualize the entire proteome of the cell (left) and a 

digital magnification of the cell in the red box by a factor of 4.1X (right). (e) Expanded 

cells pan-stained with NHS-AF555, demonstrating a clear increase in image resolution 

and contrast compared to the digital magnification image. The scale bars indicate 20 µm 

for the unmagnified images and 5 µm for the magnified image. Scale bars for images of 

expanded cells are the original length as obtained by the microscope (i.e. not corrected 

for expansion factors).   
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2.2.2 Imaging intracellular features through bulk staining 
 

Next, we adopted a bulk (pan) staining protocol to fluorescently label most of the cell’s 

proteome.280 This staining increased the overall imaging contrast and is based on an N-

Hydroxysuccinimide (NHS) ester-activated fluorescent dye (NHS-AF555) that binds 

covalently to available primary amine groups. Figure 2.2d demonstrates non-expanded 

4T1 cells stained with NHS-AF555 and a 4.1X digital magnification to compare against 

expanded cells stained with NHS-AF555 in Figure 2.2e. These images illustrate that the 

expanded cells were visually less blurry than the digitally magnified cell image, which 

supports that the proteome's bulk (pan) staining helps resolve the local protein densities 

to reveal the cellular nanoarchitecture by standard light microscopy.280 We quantified this 

observation with line profiles in the same manner as mentioned above and found that the 

non-expanded NHS-AF555 stained cells had 0.9 +/- 0.1 pixel intensity peaks/µm, 

whereas expanded NHS-AF555 cells had 4.6 +/- 0.1 pixel intensity peaks/µm (Figure 

S2.2b) (n=3).  

The pan-staining approach further enables the imaging of intracellular compartments 

and vesicles of various sizes. Since intracellular vesicles are primarily fluid-filled 

compartments, they provide contrast against the other protein-rich and fluorescently 

stained areas throughout the cytoplasm.295 In Figure 2.2e, intracellular vesicles are seen 

as dark areas within the cytoplasm. A decrease in pixel intensity of nearly 99% from the 

highest value occurs based on the line profile analysis. Using a combination of pan-

staining and proExM, we spatially resolved more individual intracellular vesicles than with 

pan-staining alone (Figures 2.2d and 2.2e). 
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2.2.3 Label-free nanoparticle imaging in cells through light scattering 
 

We then confirmed the feasibility of label-free nanoparticle imaging within cells using 

55-nm gold nanoparticles (AuNPs) as a model nanoparticle system. Label-free imaging 

enables studying interactions between nanoparticles and cells of interest without adding 

fluorophores to the nanoparticles. This label-free approach is desirable because 

fluorophore labeling can change the nanoparticle surface chemistry and physicochemical 

properties resulting in differing cellular interactions.107,282–284 We selected quasi-spherical 

55-nm AuNPs because the size-dependent uptake of AuNPs into mammalian epithelial 

cells peaks at around 50 nm in diameter.296,297 Furthermore, this nanoparticle size limits 

the potential for size restrictions on uptake since most intracellular vesicles of interest for 

nanoparticle uptake are larger than 60 nm.293  

We accomplished label-free nanoparticle imaging by exploiting the efficient light 

scattering properties of inorganic nanoparticles.286 We used a narrow light detection 

window around the illumination laser wavelength (typically +/- 5-10 nm) to collect the 

scattered light. (Figure 2.1b) This approach further helps to efficiently reject any potential 

stray emission light from fluorophores, which is an elegant way of adding another imaging 

channel to the CLSM system to exclusively image the nanoparticles.265 

Next, we synthesized citrate-coated 55-nm AuNPs based on previously reported 

methods.154,298,299 We characterized the AuNPs with dynamic light scattering (DLS) 

(Table S1) to quantify nanoparticle size and polydispersity, determined the zeta potential 

(Table S2), and used UV-Vis spectrophotometry (Figure S2.3a) to estimate the 

nanoparticle molar concentrations. Furthermore, we also characterized the AuNPs with 

transmission electron microscopy (TEM) (Figure S2.4a-b). We then coated the AuNPs 
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with 10-kDa methoxy-terminated poly(ethylene glycol)-orthopyridyl disulfide (mPEG-

OPSS) polymers for increased colloidal stability. The successful conjugation of PEG 

polymers to the AuNPs surface was confirmed by DLS measurements that showed an 

increase in the hydrodynamic diameter by ~35.9 +/- 0.7 nm for PEG-AuNPs compared to 

citrate-coated AuNPs, with the expected zeta potential being near neutral300 (Table S1, 

S2) (n=3). The observed hydrodynamic diameter size increase aligns with our previous 

work involving similar successful conjugations.300,301 We further confirmed the surface 

conjugation of mPEG-OPSS to the AuNPs qualitatively with TEM through negative 

staining with uranyl acetate, resulting in a visible halo around the AuNPs (Figure S2.4c).  

Next, we incubated 4T1 cells with 200-pM PEG-AuNPs for 24 hours. We then washed, 

fixed, and stained the cells with either DAPI and a glycoprotein stain, wheat germ 

agglutinin (WGA-CF488A), or NHS-AF555 alone. While cell membranes and other 

biological features can also scatter light, the light scattering efficiencies of these biological 

materials are orders of magnitude lower than that of metallic nanoparticles.265 We used 

cells without nanoparticle treatment as a threshold baseline to remove the light scattering 

background signal. Figure 2.3a shows the light scattering signal obtained from 

intracellular AuNPs using CLSM following the thresholding method. We then 

demonstrated that the nanoparticle light scattering imaging did not interfere with the 

emission of fluorophores that were excited using the same laser wavelength. Using the 

NHS-AF555 dye and a laser illumination wavelength of 561 nm, we show in Figure 2.3b 

that nanoparticle light scattering imaging is compatible with the NHS-AF555 pan staining. 

No visible signal from the NHS-AF555 dye is detected in the nanoparticle light scattering 

imaging channel following thresholding to remove the background light. Our approach 
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allows the label-free detection of intracellular nanoparticles and is fully compatible with 

conventional fluorescence staining and imaging.  
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Figure 2.3: Label-free imaging of nanoparticles in non-expanded 4T1 cells via light 

scattering imaging. 4T1 cells were incubated with 55-nm PEG-AuNPs for 24 h before 
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being washed, fixed, and stained. The overlay of the stained cells and light scattering 

(red) are shown first, followed by a magnification of all the channels, and then only the 

light scattering channel for cells with or without PEG-AuNPs shown in grayscale. Images 

were thresholded against parallel controls not incubated with AuNPs to remove the light 

scattering background signal. (a) Cells stained with DAPI (blue) and WGA-CF488A 

(green). (b) Cells stained with NHS-AF555 (gray). The scale bars indicate 50 µm for the 

unmagnified images and 15 µm for the magnified images. The nanoparticle light 

scattering signal intensity from the PEG-AuNPs was measured on ImageJ by the 

integrated density of the light scattering signal in regions of interest drawn around the 

membrane of the cells stained with (c) DAPI and WGA-CF488A or (d) NHS-AF555. An 

unpaired one-tailed t-test resulted in a significant statistical difference in the means of the 

two groups (****p<0.0001) (n=9). (e) Inductively coupled plasma mass spectrometry (ICP-

MS) measurements of 4T1 cells with or without PEG-AuNP incubation to quantify gold 

nanoparticle cell uptake. Unpaired one-tailed t-test (****p<0.0001) (n=4). Bars indicate 

mean +/- standard deviation (SD).  
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We then quantified the signal intensity of the nanoparticle light scattering channel as 

a measurement of relative intracellular AuNP content. Figures 2.3c and 2.3d demonstrate 

the ImageJ software-based quantification of the nanoparticle light scattering intensity of 

individual cells stained with DAPI and WGA-CF488A or NHS-AF555, respectively. In both 

cases, there was a statistically significant difference (****p<0.0001) in the light scattering 

intensity measured from the cells treated with PEG-AuNPs compared to those not treated. 

Furthermore, the measured signal intensity of the cells not treated with PEG-AuNPs was 

close to the expected background signal.  

We then validated that the nanoparticle light scattering signal can be acquired at 

various wavelengths using multiple laser types. Figure S2.5 shows RAW 264.7 

macrophages that were incubated with 55-nm AuNPs coated with 5-kDa methoxy-

terminated poly(ethylene glycol)-thiol (mPEG-SH) (Table S1). The AuNPs within the 

same group of cells were visualized using four different laser lines: a 488-nm argon laser, 

a 561-nm diode-pumped solid-state laser, a 594-nm helium-neon laser, and a 633-nm 

helium-neon laser. Our results confirm that nanoparticle light scattering imaging is broadly 

attainable and independent of a specific laser wavelength. We observed in Figure S2.5 

that the 561-nm laser provided the strongest nanoparticle light scattering signal, which 

was expected given that the 561-nm laser has the closest wavelength to the peak 

extinction wavelength of 55-nm AuNPs (Figure S2.3). Therefore, we continued to use this 

laser wavelength for all subsequent nanoparticle light scattering imaging.  

Next, we validated that the detected imaging signal in the nanoparticle light scattering 

channel was indeed due to the presence of gold within the cells. We used inductively 
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coupled plasma mass spectrometry (ICP-MS) as a quantitative elemental analysis 

method to determine the gold content of cells with and without PEG-AuNPs 

incubation.300,301 The ICP-MS results revealed a cellular gold content equivalent to ~290 

+/- 13 PEG-AuNPs/cell for 4T1 cell samples incubated with PEG-AuNPs, while the non-

treated control cells exhibited a gold content that was close to the background (Figure 

2.3e) (n=4).  

To further validate that the nanoparticle light scattering signal was due to intracellular 

AuNPs, we treated 4T1 cells that were incubated with PEG-AuNPs with a gold etching 

solution consisting of KI and I2.302 Given that the cells were permeabilized with 0.1% (V/V) 

Triton X-100 following fixation, the KI/I2 etchant dissolved both intracellular and 

extracellular AuNPs. We imaged the same group of cells before and after the gold etchant 

treatment (Figure S2.6a-b). Qualitatively, the images confirm that the nanoparticle light 

scattering signal visibly disappears after the etching. We then quantified the 

corresponding decrease in nanoparticle light scattering signal intensities in these cells. 

Figure S6c demonstrates that the nanoparticle light scattering signal was reduced to near 

background levels following etching. This result further confirms that intact AuNPs are 

needed to produce an efficient nanoparticle light scattering signal.  

 

2.2.4 Nanoparticle light scattering signal is not affected by photobleaching 
 

We then confirmed one of the major advantages of the nanoparticle light scattering 

imaging method, which is the signal’s imperviousness to photobleaching. Photobleaching 

is a common challenge in fluorescence imaging that involves the irreversible degradation 
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of organic fluorophores due to repetitive excitation and emission cycles, i.e. repeated or 

continuous laser exposure.303 In contrast, nanoparticle light scattering imaging takes 

advantage of the inherent scattering properties of metallic nanoparticles. This property is 

not altered by laser exposure. Therefore, the nanoparticle light scattering signal does not 

photobleach.  

To demonstrate this advantage, we first synthesized fluorescently tagged 55-nm 

AuNPs. We selected the organic fluorophore cyanine 5 (Cy5) for its commonly reported 

use in nanoparticle labeling.262,304–306 Using DLS, we measured an increase in the 

average hydrodynamic diameter of these nanoparticles compared to citrate-coated 

AuNPs by 44.3 +/- 3.0 nm, confirming the successful preparation of Cy5-PEG-AuNPs 

(Table S1) (n=3). To verify the functionality of the Cy5 fluorophore on the nanoparticle 

surface, we ran an agarose gel electrophoresis experiment to visualize the variations in 

migration distances compared to different groups as well as their corresponding 

fluorescence emissions through a 0.5% agarose gel (Figure S2.7a). We then further 

validated the functionality of the Cy5 fluorophore on the nanoparticle surface by 

measuring the fluorescence emission spectra of Cy5-AuNPs, PEG-AuNPs, and Cy5-PEG 

using a spectrofluorometer. The results demonstrated highly similar fluorescence 

emission spectra from the Cy5-AuNPs and the Cy5-PEG with minimal detected emission 

from the PEG-AuNPs (Figure S2.7b). 

We then incubated 4T1 cells with Cy5-PEG AuNPs for 24 hours. Figure S2.8a shows 

the same group of cells imaged over a 30-minute timelapse at an imaging rate of 1 

image/minute. Here, the Cy5 fluorescence signal noticeably decreased in intensity 

throughout the timelapse, while the nanoparticle light scattering signal did not. We 
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quantified these results by measuring the signal intensities of both channels in individual 

cells across the timelapse with ImageJ. Figure S2.8b demonstrates a clear 

imperviousness of light scattering signals to photobleaching, while the Cy5 fluorescence 

intensity dropped by over 50% throughout the timelapse.  

The imperviousness of nanoparticle light scattering imaging to photobleaching is 

particularly advantageous for expansion microscopy, given that large Z-stacks with many 

sections are required for the 3D imaging of expanded cells. Depending on the cell 

thickness and step size determined by the optical section thickness,277,307 an average 

non-expanded eukaryotic cell may take around 10-20 Z-steps to image at a high 

objective. Following an isotropic 4X expansion, 40-80 Z-steps would be needed to image 

an expanded cell at the same step size. The repeated exposure to the laser excitation 

light can cause the emission of typical fluorophores bound to the surface of nanoparticles 

to photobleach throughout the Z-stack acquisition. This sequential data acquisition 

process inherently results in signal intensities toward the top of the cell being significantly 

weaker than the ones detected near the bottom of the cell. Such differences in signal 

intensities from nanoparticles throughout a single image stack would make quantitative 

signal intensity analysis unreliable, demonstrating an additional advantage of 

nanoparticle light scattering imaging for expansion microscopy.  

 

2.2.5 Combining expansion microscopy with nanoparticle light scattering imaging 
 

Next, we asked whether we could combine fluorescent labeling of cells with label-free 

scattered light imaging of nanoparticles to determine cell uptake and intracellular 
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nanoparticle distributions. We observed that the nanoparticles could be visualized in their 

original relative positions within cells after the hydrogel expansion. This observation is 

likely due to the nanoparticle protein corona being crosslinked into the polyacrylamide-

based gel matrix introduced during the proExM procedure. During this process, the 

cellular proteome is covalently attached to the gel matrix via Acryloyl-X, SE, a small 

molecule that binds to primary amines in proteins. The labeled proteins are crosslinked 

similarly into the gel matrix as the acrylamide monomers.294  

We can use this behavior to crosslink proteins on the nanoparticle surface within the 

polyacrylamide-based gel. Nanoparticles form a protein corona upon encountering 

biological fluids. This corona represents a protein shell that spontaneously forms around 

the nanoparticle surface.19,156 The corona proteins will crosslink into the polyacrylamide 

gel matrix during the Acryloyl-X, SE treatment, allowing the nanoparticles to become 

crosslinked and retained within these hydrogels. We confirmed the presence of surface 

proteins isolated from nanoparticle surfaces upon fetal bovine serum (FBS) incubation 

qualitatively with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). We used FBS as a model protein source since we performed the cell culture and 

nanoparticle incubation experiments using FBS. Figure S2.9 demonstrates the visible 

protein bands on the lanes of citrate-coated AuNP and PEG-AuNP upon FBS incubation. 

In contrast, no visible protein bands appeared on the lanes of either AuNP type without 

FBS incubation.  

We then investigated whether the combination of expansion microscopy and 

nanoparticle light scattering imaging would allow for the in-depth analysis of nanoparticle 

accumulation within individual intracellular vesicles. Figure 2.4a shows expanded 4T1 
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cells incubated with PEG-AuNPs, stained with NHS-AF55. The intracellular vesicles are 

visible in expanded cells stained with NHS-AF555 as dark areas, with nanoparticles now 

visible within these intracellular compartments.  
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Figure 2.4: Expansion microscopy is compatible with nanoparticle light scattering 

imaging. (a) Expanded 4T1 cells with or without PEG-AuNPs stained with NHS-AF555 

(gray). The overlay of the stained cells and light scattering (red) are shown first, followed 

by a magnification of both channels, and then only the light scattering channel for cells 

with or without AuNPs shown in grayscale.  (b) ImageJ-based quantitative analysis of the 

nuclei area in µm2 of non-expanded- and expanded cells both with and without AuNPs 

(n=90). Black lines represent means. A two-way ANOVA with Šidák’s multiple comparison 

test did not show statistical significance (p=0.99 for both groups). The scale bars indicate 

50 µm in the unmagnified images and 15 µm in the magnified images, not corrected for 

expansion factors.   
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We then asked whether the presence of AuNPs in a cell sample would affect the 

proExM expansion factor. Figure 4b shows no statistically significant difference (p=0.84) 

in the mean nuclei cross-sectional area of 4T1 cells containing AuNPs compared to 

controls for both non-expanded and expanded cells. A linear expansion factor of ~4.0X 

for cells containing AuNPs was determined, compared to a linear expansion factor of 

~4.1X in controls. These results demonstrate the quantification of nanoparticle light 

scattering signals within individual vesicles in 3D. 

We then explored the use of fluorescent endocytosis tracers with proExM and 

nanoparticle light scattering imaging. To identify the vesicle types that the AuNPs 

accumulated in, we attempted a super-resolution colocalization analysis of the 

nanoparticle light scattering signal of AuNPs co-incubated with specific fluorescent 

endocytosis tracers. Here, we selected tetramethylrhodamine-conjugated transferrin 

(TRITC-transferrin), a marker for clathrin-mediated endocytosis, as transferrin can be 

retained within cells following protein fixation.106,308 In Figure S2.10, we show 4T1 cells 

co-incubated with PEG-AuNPs and 25 µg/mL TRITC-transferrin. Since we demonstrated 

that fluorescence staining and nanoparticle light scattering imaging are compatible with 

expansion microscopy, the super-resolution colocalization analysis for the TRITC and 

nanoparticle signals would be possible. However, we observed a significant decrease in 

the fluorescent signal from the TRITC-transferrin following proExM. This decrease is likely 

due to the volumetric expansion resulting in the separation or loss of fluorophores, limiting 

our capabilities to do accurate colocalization analysis. To potentially address this issue in 

future work, perhaps a fluorescent secondary antibody targeting against transferrin could 

be employed to improve the signal intensity.309 
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We next explored the different cell lines, nanomaterials, and surface conjugations to 

demonstrate the generalizability of our method. Previous work determined that coating 

the surface of 55-nm AuNPs with the polysaccharide heparosan (HEP-AuNPs) (Table S1, 

S2, Figure S2.3a, S2.4d) results in high nanoparticle uptake within DC 2.4 dendritic 

cells.301 We used these dendritic cells and incubated the cells with HEP-AuNPs to 

demonstrate our method’s generalizability across a different cell type and nanoparticle 

surface modification (Figure S2.11). We further demonstrated in Figure S2.12 the 

generalizability using a different nanomaterial, i.e. 60-nm streptavidin-coated silver 

nanoparticles (60-nm Strep-AgNPs) (Table S1, S2, Figure S3b, S4e) in RAW 264.7 

macrophages. For consistency with other experiments, the 561-nm laser was used for 

the AgNPs light scattering imaging.  

We then explored the ability to visualize smaller nanoparticle sizes. It has been shown 

that the nanoparticle light scattering imaging method is feasible for nanoparticle diameters 

down to ~20 nm in diameter.286 Figure S2.13a shows RAW 264.7 macrophages after 

incubation with 40-nm streptavidin-coated AgNPs (Table S1, S2, Figure S2.3b, S2.4f), 

demonstrating the expected nanoparticle light scattering signal. However, as shown in 

Figure S2.13b, the nanoparticle light scattering signal is no longer visible in these cells 

following the proExM expansion process. We hypothesized that the surface-adsorbed 

proteins on the 40-nm Strep-AgNPs were not sufficiently crosslinking into the 

polyacrylamide-based gel matrix to hold the nanoparticles in place, resulting in a loss of 

nanoparticles during sample expansion. We found that this limitation can be overcome by 

increasing the crosslinker density of the gel matrix. By doubling the N,N′-

methylenebisacrylamide crosslinker concentration in the gelation solution, we could 
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better retain and visualize 40-nm Strep-AgNPs within expanded cells (Figure S2.13c). 

However, this workaround came at the cost of a decrease in expansion factor by >25% 

(i.e. ‘tighter’ gel structures do not expand as much).310  

We further assessed if a percentage of intracellular 55-nm AuNPs was lost during the 

proExM process. We approached this question qualitatively by imaging the same group 

of cells before and after the proExM process, as shown in Figure S2.14a. Here, we 

observed a similar amount of nanoparticle light scattering signal in the cells before and 

after expansion. However, we could not quantitatively compare the nanoparticle light 

scattering signal between the two groups since a higher laser power was required to 

visualize intracellular AuNPs within expanded cells than non-expanded cells.  

To address this challenge, we quantified the gold content of each residual solution 

from the proExM process through ICP-MS to determine intracellular gold content loss. 

Figure S2.14b shows that there was no significant difference (p>0.99) in the detected 

gold content of residual solutions from samples that were treated with AuNPs compared 

to untreated controls (see Methods section). These data suggest that the standard 

proExM process does not result in an appreciable loss of intracellular 55-nm AuNPs. 

We then wondered whether the AuNP retention in cells throughout the proExM 

process resulted from intracellular AuNP aggregation, given that we have already 

established a size correlation to AuNP leakage in Figures S2.12 and S2.13. To address 

this question, we incubated HEP- and PEG-AuNPs in culture media (DMEM), complete 

culture media (DMEM +10% FBS + 1% penicillin-streptomycin (P/S)), or an artificial 

lysosomal fluid311 for 3 hours before comparing their colloidal stability to AuNPs incubated 

in ultrapure H2O using single-particle inductively coupled plasma mass spectrometry (SP-
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ICP-MS). SP-ICP-MS allows us to quantify the mass of individual AuNPs at single-particle 

resolutions to estimate their approximate sizes. The SP-ICP-MS method then allows us 

to determine the corresponding colloidal stability of the AuNPs as aggregates would be 

registered as single AuNPs of significantly larger masses (i.e. sizes) than colloidally stable 

AuNPs.180,299,312,313 Figure S2.15 demonstrates that there is no significant difference 

(p>0.9999) in the means of the distributions of HEP- or PEG-AuNPs, respectively, in any 

of the tested conditions compared to the ultrapure H2O control group. These results 

suggest that the AuNPs may not significantly aggregate intracellularly. These results 

further suggest that the AuNP light scattering signals we acquired were not significantly 

affected by aggregated AuNPs. 

2.3 Conclusion 
 

 Here, we established a 3D-super-resolution microscopy method for visualizing the 

distribution of metallic nanoparticles within cultured cells. The use of proExM allows for a 

>4X increase in the attainable spatial resolution for visualizing cultured cells with a 

standard CLSM. The use of label-free nanoparticle light scattering imaging in conjunction 

with a bulk(pan) stain following proExM allows for the localization of nanoparticles within 

the intracellular vesicles of cultured cells. This new method allows for more detailed 

analyses of nanoparticle-cellular interactions, leading to a better understanding of 

nanoparticle intracellular fate that will empower new research for the development of safer 

and more effective nanomedicine.  
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Chapter 3: Quantifying Intracellular Nanoparticle Distributions with Three-

Dimensional Super-Resolution Microscopy 
 

3.1 Introduction 
 

 In Chapter 2, we demonstrated that proExM is compatible with label-free 

nanoparticle light scattering imaging for visualizing nanoparticle distribution within 

intracellular vesicles. However, proExM only allows expansion factors of ~4X, so with an 

optical resolution limit of ~200 nm laterally,241 this process results in an expansion 

corrected lateral resolution limit of ~50 nm. As mentioned in Figure 1.6, most intracellular 

vesicles formed through the primary endocytosis pathways that are of interest for 

transcytosis across endothelial cells of tumor blood vessels are larger than 50 nm. While 

a 4X expansion should theoretically allow for most intracellular vesicles to be resolved, 

the actual achievable resolution with most imaging settings would be significantly lower, 

based on factors such as the wavelength of light being detected and the numerical 

aperture of the microscope objective being used.277 Therefore, higher expansion factors 

are needed to resolve smaller vesicles. To achieve such higher resolutions, we adopted 

the pan-ExM protocol.280 Pan-ExM uses a protease-free, iterative hydrogel expansion 

process that results in a linear expansion factor between ~10-20X, corresponding to a 

lateral resolution of ~10-20 nm. This protocol enables the resolution of many intracellular 

features, such as individual mitochondria. The visualizations of these intracellular features 

through pan-ExM have been validated by Bewersdorf et al., who compared the 

expansion-corrected measured distances between internal cristae of mitochondria in 

expanded HeLa cells to previously published reports from STED images of live HeLa 

cells.280,314 
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3.2 Results and Discussion 
 

3.2.1 Super-resolution 3D imaging of nanoparticle intracellular localization 
 

Here, we applied pan-ExM to our method of visualizing metallic nanoparticles within 

cultured cells. Figure 3.1 (a-b) shows non-expanded RAW 264.7 macrophages with and 

without intracellular HEP-AuNPs, respectively. In Figure 3.1 (c, d), we show the 3D 

reconstructions of CLSM Z-stacks of RAW 264.7 with and without HEP-AuNPs treatment 

after pan-ExM, along with two individual slices from the stacks (Movies S1, S2). We show 

that the nanoparticle light scattering signals were localized within intracellular vesicles 

throughout multiple Z positions in the HEP-AuNP group with no visible signal in the control 

group. This result confirms the compatibility of pan-ExM with label-free nanoparticle light 

scattering imaging, while demonstrating that the achievable resolution through this 

method is sufficient for qualitatively analyzing intracellular nanoparticle distributions. 
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Figure 3.1: Pan-ExM enables the 3D super-resolution imaging of cultured cells with 

high levels of specific AuNP localization. Images of non-expanded RAW 264.7 
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macrophages stained with NHS-AF555 (grey) with- (a) or without (b) HEP-AuNPs, with 

the AuNP light scattering signal shown in red. Post pan-ExM images of cells (c, d) with 

3D reconstructions of CLSM Z-stacks. Images (i) and (ii) depict individual x,y-slices. 

Digital magnifications of the regions of interest are shown, first with the overlay of both 

channels. Then the nanoparticle light scattering signal alone is shown in grayscale 

focused on individual vesicles revealing densely concentrated AuNPs (red) in cells. No 

noticeable light scattering signal in vesicles of cells that were not treated with AuNPs. The 

scale bars indicate 50 µm in the unmagnified images and 15 µm in the magnified images. 

Scale bars for images of expanded cells are the original length as taken by the 

microscope (i.e., not corrected for expansion factors).   
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We then validated the visualization of intracellular vesicles through bulk (pan) staining 

to verify that these were not artifacts from the expansion processes. Figure S3.1a shows 

non-expanded RAW 264.7 macrophages with and without HEP-AuNPs imaged with 

standard CLSM settings. Here, we see some dark areas within the cytoplasm that exhibit 

nanoparticle light scattering signals, however, there is insufficient resolution to fully 

localize the nanoparticle light scattering signals within the vesicles. Therefore, in Figure 

S3.1b, we then imaged the same samples with the Zeiss Airyscan detector, which allows 

for an increase in spatial resolution by up to 1.7X, as well as a 4-8X increase in the signal-

to-noise ratio (SNR).315 Here, we can much more clearly visualize the intracellular 

vesicles as dark area within the cytoplasm of RAW 264.7 macrophages treated with HEP-

AuNPs, and better localize the nanoparticle light scattering signals within them. These 

observations, along with the observation that there are relatively very few dark areas 

visible in the cytoplasm of cells that were not treated with AuNPs, suggest that the 

intracellular vesicle visualizations were not artifacts from the expansion processes.   
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3.2.2 Quantifying the effect of nanoparticle surface modifications on cell uptake 

and intracellular localization 
 

To further investigate how nanoparticle surface modification affects nanoparticle-cell 

interactions and uptake, we compared 55-nm PEG-AuNPs to AuNPs coated with bovine 

serum albumin proteins (BSA-AuNPs) using 4T1 cells as a model system. Albumin is a 

known tracer for caveolae-mediated endocytosis. It is well established that decorating 

nanoparticles with albumin results in an increased uptake in cancer cells compared to 

PEGylated nanoparticles.127,316 We prepared BSA-AuNPs by incubating citrate-coated 

AuNPs in a 10 mg/mL BSA solution for 1 hour at 37°C. The successful BSA surface 

conjugation was confirmed by an increase in the nanoparticle hydrodynamic diameter by 

26.2 +/- 2.2 nm, with an expected negative zeta potential317 (Table S1, S2, Figure S2.3a) 

(n=3). To further verify the formation of a BSA protein corona around the AuNPs, we ran 

an SDS-PAGE of isolated proteins from the nanoparticle surface (Figure S3.2). The 

isolated surface proteins appear as a band at about the same migration distance as the 

free BSA control. Figure S3.3 compares the uptake of these BSA- and PEG-AuNPs in 

4T1 cells with and without pan-ExM treatment. Qualitatively, more BSA-AuNPs are visible 

within the cells compared to PEG-AuNPs after expansion, suggesting that this method 

can be used for comparing the uptake of nanoparticles with different surface 

modifications. 

To demonstrate the utility of our super-resolution imaging method for comparing the 

uptake and distribution of nanoparticles with different surface modifications, we chose to 

compare the uptake of heparosan- (HEP) and PEG-AuNPs in RAW 264.7 macrophages 

following a 3-hour incubation.301 Figure S3.4(a-b) shows non-expanded cells upon 
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incubation with HEP- or PEG-AuNPs, respectively. Qualitatively, there was an evident 

difference in nanoparticle light scattering signal between the two groups. This observation 

was confirmed quantitatively in Figure S3.4c with image analysis showing a significantly 

higher nanoparticle light scattering signal (****p<0.0001) being measured in non-

expanded RAW 264.7 macrophages treated with HEP-AuNPs compared to PEG-AuNPs. 

Figure 3.2 (a-b) shows the RAW 264.7 macrophages incubated with either HEP- or PEG-

AuNPs, respectively, after expansion with the pan-ExM protocol.  
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Figure 3.2: Pan-ExM enables quantitative comparisons of nanoparticle cell uptake. 

RAW 264.7 cells were incubated with HEP-AuNPs (a) or PEG-AuNPs (b) for 3 hours 

before being washed, fixed, and expanded via pan-ExM, with 3D reconstructions of CLSM 
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Z-stacks being shown along individual xy-slices, including digital magnifications focused 

on individual nanoparticle-containing vesicles. Digital magnifications of the regions of 

interest are shown, first with the overlay of both channels, and then the nanoparticle light 

scattering signal alone shown in grayscale. The scale bars indicate 50 µm in the 

unmagnified images and 15 µm in the magnified images, not corrected for expansion 

factors. TEM images of RAW 264.7 cells treated with HEP-AuNPs (c) or PEG-AuNPs (d) 

are shown, demonstrating similar AuNP (black spots) distribution patterns within a single 

imaging plane. The scale bars indicate 2 µm in the unmagnified images and 500 nm in 

the magnified images. (e) ICP-MS measurements of RAW 264.7 cells after incubation 

with HEP-AuNPs or PEG-AuNPs quantifying nanoparticle cellular uptake. Unpaired, one-

tailed t-test (***p<0.001) (n=3). (f) Image analysis of the pan-ExM samples was done via 

MATLAB to quantify the nanoparticle light scattering signal to measure nanoparticle 

accumulation in both sample types across entire CLSM Z-stacks. Bars represent mean 

+/- SD, unpaired one-tailed t-test (****p<0.0001) (n=3). (g) The ratios HEP-AuNPs/PEG-

AuNPs uptake in RAW 264.7 cells. Bars represent ratio +/- propagation of error, unpaired 

two-tailed t-test (ns = not significant, p=0.66). (h) The volumes of the cells and vesicles 

after pan-ExM across the entire CLSM Z-stacks. Unpaired one-tailed t-test (*p<0.05) 

(n=3). (i) Percentage of the total vesicle volume occupied by AuNPs. Bars represent 

mean +/- SD, unpaired one-tailed t-test (*p<0.05) (n=3).  



84 
 

We then compared our super-resolution imaging method against the traditional means 

of visualizing intracellular nanoparticle distribution and quantifying nanoparticle uptake. 

Since TEM has been the longstanding standard method for visualizing nanoparticle 

distribution within cells,318,319 we compared our pan-ExM-based images to TEM images 

of non-expanded RAW 264.7 cells with HEP- or PEG-AuNPs in Figure 3.2(c-d). As seen 

from these images, there is a similar distribution pattern of intracellular nanoparticles 

between the two methods, and the known preference of HEP-AuNPs over PEG-AuNPs 

in RAW 264.7 cells is readily observable.300,301 This finding suggests that pan-ExM 

combined with light scattering imaging enables the representative visualization of 

nanoparticle intracellular distributions. While TEM is restricted to the 2D imaging of thin 

(~70 nm) cell slices, we achieved robust and reliable 3D visualizations of nanoparticle 

distribution in entire cells.  

To confirm that our method provides representative information about the number of 

nanoparticles in a cell, we first ran ICP-MS on non-expanded samples of RAW 264.7 

macrophages treated with HEP- or PEG-AuNPs to determine the average number of 

nanoparticles per cell (Figure 3.2e). We then developed a MATLAB script to quantify the 

nanoparticle light scattering signals from pan-ExM samples to measure nanoparticle 

accumulation (Figure 3.2f). While the image analysis does not provide an exact count of 

the number of nanoparticles in the cells, given that it is currently unknown what the exact 

correlation between light scattering signals and nanoparticle numbers is, it does allow for 

relative comparisons across different nanoparticle conditions. As such, we compared the 

uptake ratio for HEP-AuNPs and PEG-AuNPs as measured by ICP-MS to our image 

analysis (Figure 3.2g). ICP-MS demonstrated that the cells took up 208+/- 72 
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(propagation of error) (n=3) times more HEP-AuNPs than they do for PEG-AuNPs, while 

the image analysis of the pan-ExM samples demonstrated that the ratio of HEP-AuNP 

uptake to PEG-AuNP uptake is 174 +/- 101 (n=3) with no significant difference (p=0.66) 

in this uptake ratio between the two methods. This analysis suggests that our method 

provides representative information about nanoparticle accumulation in entire cells. While 

ICP-MS is a destructive process that only provides information on the content of gold 

within a group of cells, our method reveals the spatial distribution within individual and 

intact single cells and can reveal cell-to-cell variability. Combined with the ability to 

visualize entire cells at super-resolution, we can now collect previously unobtainable 

spatial information about nanoparticle localization within intracellular vesicles throughout 

cells.  

We further demonstrate the ability to determine the percentage of the cell volume 

occupied by intracellular vesicles. We used a MATLAB script to measure the area of the 

entire cell and the cumulative area of the vesicles on each Z-slice. The summations of 

the areas of each measurement through the Z-stack were then used to estimate their 

volumes (Figure 3.2h). We observed that the nanoparticle surface modifications affected 

not only nanoparticle uptake but also the frequency of intracellular vesicles that exist in 

response to nanoparticle incubation and endocytosis. The higher frequency of 

intracellular vesicles within RAW 264.7 macrophages treated with HEP-AuNPs compared 

to those treated with PEG-AuNPs may suggest that receptor-specific endocytic pathways 

significantly contribute toward the uptake of HEP-AuNPs. Yang et al. showed recently 

that heparosan polysaccharide-coated nanoparticles exhibit substantial endocytosis in 
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innate immune cells to trigger the formation of more intracellular vesicles from additional 

endocytosis events compared to PEG-AuNPs.300,301  

We then estimated the percentage of the vesicle volume occupied by nanoparticles 

(Figure 3.2i). Since the pixel area of the detected nanoparticle light scattering signal was 

significantly larger than the area a nanoparticle would realistically occupy in non-

expanded cells, or potentially smaller in expanded cells (following correction for 

expansion factors), this estimation is not an exact measure. However, this estimate does 

allow relative comparisons between different nanoparticle surface modifications. We 

show that HEP-AuNPs occupied a significantly higher percentage of the vesicle volume 

than PEG-AuNPs (*p<0.05, Figure 3.2i), which is expected given the high endocytosis 

rates and efficiencies of HEP-AuNPs.300,301 We anticipate that this type of nanoparticle 

intracellular distribution analysis will be applied in future studies evaluating nanoparticle-

cell interactions. Since the pan-ExM process is compatible with immunofluorescence 

labeling,280 more specific analyses of the nanoparticle distribution across different types 

of intracellular vesicles or other intracellular features and compartments could be 

accomplished in future studies.  
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3.3 Conclusions 
 

We demonstrated that label-free metallic nanoparticles could be visualized in 3D 

within individual intracellular vesicles of cultured cells in a quantifiable manner through 

our super-resolution imaging method. Furthermore, we showed that this method provides 

comparable information to the standard methods of analyzing metallic nanoparticle 

intracellular distribution and uptake, TEM and ICP-MS, respectively, while also allowing 

for analyses that were not possible through either method. Our method provides visual 

3D information on (a) intracellular nanoparticle distribution in their ultrastructural context, 

which is not readily obtainable through TEM, along with (b) quantifiable information of 

relative nanoparticle accumulation within individual intracellular vesicles, which is not 

obtainable through ICP-MS.  

We presented two expansion protocols compatible with this method, proExM and pan-

ExM. While proExM does not provide sufficient resolution to fully resolve most of the 

smaller intracellular features, it is a significantly faster protocol. Conversely, pan-ExM 

provides significantly higher resolutions for separating smaller, adjacent intracellular 

vesicles, albeit at the cost of significantly longer processing times. Furthermore, pan-ExM 

does not rely on proteases, allowing for the post-expansion antibody labeling of samples, 

which results in better epitope accessibility by molecular de-crowding. In contrast, only 

certain epitopes can survive the proteinase treatment used in proExM. However, certain 

variants of proExM have employed protease-free homogenization, similar to pan-

ExM.280,287,294 These factors may be considered when choosing which expansion 

microscopy protocol to use. 
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We anticipate our demonstrated super-resolution imaging protocols can be applied to 

research involving a variety of nanomedicine formulations to broadly improve the 

understanding of the intracellular nanoparticle fate. The successful application of this 

elegant method may empower more informed research into the nano-bio interactions of 

nanomedicine formulations toward better clinical results and the development of more 

efficacious therapies for various diseases. 
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Chapter 4: Three-Dimensional Super-Resolution Microscopy for Visualizing 

Organic Nanoparticle Localization Within Cells  
 

4.1 Introduction 
 

 In Chapters 2 and 3, we described the use of metallic nanoparticles to develop a 

method for visualizing and quantifying the distribution of nanoparticles within cultured 

cells.320 Metallic nanoparticles have been widely used as model systems for 

nanomedicine delivery due to their relative ease of synthesis, functionalization, and 

characterization.321 However, metallic nanoparticle have thus far had limited clinical 

translation for cancer treatments.322 Organic nanoparticles, on the other hand, have had 

significantly more clinical success, with multiple organic nanomedicine formulations being 

approved for clinical use by the U.S. Food and Drug Administration (FDA).323 While these 

organic nanomedicine formulations do tend to promote better patient safety compared to 

their free drug equivalents, they are still limited by low cancer-treatment efficacy, as they 

also demonstrate low tumor accumulation.14,324 Therefore, there is still a need for 

visualizing organic nanoparticles in their ultrastructural context.  

While pan-ExM does provide sufficient resolution for the visualization of metallic 

nanoparticles in their ultrastructural context, its process involves the removal of lipids from 

cultured cell samples.280  Given that a majority of the FDA approved organic anti-cancer 

nanomedicine formulations are lipid based, pan-ExM would not be ideal for organic 

nanoparticles, as it does not have a specific lipid anchoring step.323 To achieve a better 

retention of lipids in expanded cells, we adopted the Magnify expansion microscopy 

protocol. Magnify is a one-gel expansion microscopy technique that allows for the 
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retention of proteins, nucleic acids, and lipids in cultured cell samples and results in linear 

expansion factors up to 11X.325 

 In this study, we established the use of Magnify for the ultrastructural visualization 

of liposomes. Liposomes are nanoparticles that are composed of lipid bilayers around an 

aqueous core and are among the most commonly used types of organic nanoparticles 

used in the clinic. As a result of this biphasic structure, liposomes are capable of 

encapsulating hydrophilic drugs within their aqueous core and hydrophobic drugs within 

their lipid bilayer.326 Given that the refractive index of liposomes is highly similar to that of 

fixed cultured cells, light scattering imaging would not provide much contrast between the 

liposomes and the cells due to the minimal refractive index mismatch.265,327,328 However, 

liposomes can be visualized through internalized fluorescent tags within their hydrophilic 

or hydrophobic regions,329,330 presenting a variety of avenues for their compatibility with 

expansion microscopy.  

4.2 Results and Discussion 
 

4.2.1 Comparison of Magnify to pan-ExM 
 

 Liposomes are widely recognized as more clinically relevant for the treatment of 

solid tumors than metallic nanoparticles. To achieve a better understanding of the 

ultrastructural intracellular distribution of liposomes, we adopted the Magnify expansion 

microscopy protocol. Magnify provides several advantages over pan-ExM for the 

visualization of liposomes in cultured cells, as shown in Figure 4.1a. The main benefit of 

Magnify is that it retains proteins, lipids, and nucleic acids through the expansion process, 

whereas pan-ExM primarily retains proteins. Furthermore, Magnify is a significantly faster 
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and less involved process as it involves only one gelation step, compared to three for 

pan-ExM. However, similar to other single gelation ExM methods,287–289,331 Magnify 

results in a significantly lower maximum expansion factor than pan-ExM (11X compared 

to 21X). Figure 4.1(b-d) show RAW 264.7 macrophages that are non-expanded, pan-ExM 

processed, and Magnify processed respectively. We then determined the linear 

expansion factors from these methods in Figure 4.1e to be ~10.4X for pan-ExM and ~5.9X 

for Magnify. While these expansion factors are significantly lower than the maximum 

reported expansion factors, likely as a result of the purity of the sodium acrylate used in 

the gelation solutions, most intracellular vesicles of interest for cancer nanomedicine 

should still be resolvable (Figure 1.6).280,289,325  
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Figure 4.1: Comparison of pan-ExM and Magnify. a) The major steps and processing 

times (including relevant incubation and washing steps) for pan-ExM and Magnify are 

depicted in flow charts. While pan-ExM provides superior expansion factors, Magnify is a 

significantly faster process and allows for a wider retention of biomolecules. RAW 264.7 

macrophages are shown as non-expanded (b), pan-ExM processed (c) and Magnify 

processed (d). Cells are stained with the DNA stain, 4′,6-diamidino-2-phenylindole (DAPI) 

(blue) for nuclei visualization and are bulk (pan) stained with NHS-AF488 (gray) to 
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visualize the entire proteome of the cell. The presence of resolved intracellular vesicles 

after pan-ExM and Magnify is demonstrated as the dark areas in the cytoplasm of the 

cells through the NHS-ester stain, having negative contrast against the surrounding 

protein filled regions. The scale bars indicate 20 µm in the unmagnified images and 5 µm 

in the magnified images, not corrected for expansion factors. (e) Quantitative analysis of 

the nuclei area in µm2 of non-expanded and expanded cells, measured on ImageJ. The 

mean values (solid black line) were used to calculate the linear expansion factor of 10.4X 

and 5.9X for pan-ExM and Magnify respectively (n=30) using Equation 1. A one-way 

ANOVA with Tukey’s multiple comparison test resulted in statistically significant 

differences in the means of the nuclei areas between the three groups (****p<0.0001). 

  



94 
 

4.2.2 Visualization of liposomes in expanded cells through internalized 

fluorescent cargo 
 

 Given that the primary goal of liposomes for cancer therapy is to deliver drugs to 

solid tumors, we first investigated the compatibility of liposomes with Magnify through the 

use of internalized fluorescent cargo. Doxorubicin (DOX) is one of the most commonly 

used cancer chemotherapeutic drugs in the clinic and is intrinsically fluorescent.332 

Typically, a hydrophilic version of DOX, Doxorubicin hydrochloride (DOX-HCl), is 

encapsulated into the aqueous phase of PEGylated liposomes, with one specific 

formulation, Doxil®, having gained FDA approval for the treatment of various cancers.333 

These properties make DOX-encapsulated PEGylated liposomes an attractive choice for 

testing the compatibility of liposomes with Magnify for visualizing intracellular distribution. 

Here, we used commercially available Doxoves®: DOX-encapsulated PEGylated 

liposomes that are similar to Doxil. We characterized the Doxoves with dynamic light 

scattering (DLS) (Table S3) and zeta potential (Table S4). We incubated RAW 264.7 

macrophages with 100 µg/ mL Doxoves for 3 or 24 hours before washing, fixing, and 

staining them with DAPI and NHS-AF647. Non-expanded cells are shown in Figure 

S4.1(a - c). As expected, there is a visible DOX signal throughout the intracellular space 

of macrophages, demonstrating the uptake of the Doxoves, as well as throughout the 

DNA-rich portions of the nucleus, as DOX intercalates with DNA.333 However, following 

Magnify expansion (Figure S4.1 (d - f)), the DOX signal is mostly lost throughout the cell, 

suggesting that DOX-HCl is not compatible with Magnify. It is likely that the DOX-HCl 

molecule is too small (579.99 Da)334 to be retained within the gel matrix throughout the 

expansion process, causing it to passively flow out through the pores of the gel during 

wash steps. Interestingly, a certain amount of DOX signal is retained in protein-rich, DNA-
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poor regions of the nuclei, appearing as “holes” in the DAPI signal. We quantified this 

signal in expanded cells that were treated with Doxoves and were stained only with DAPI 

through ImageJ and found an expected increasing signal density trend within the holes 

with an increased incubation time (Figure S4.1g) (p<0.01), suggesting that the signal that 

appears is not occurring through random chance or autofluorescence. Further work is 

needed to determine if the DOX signal within the holes in the nuclei is a true signal from 

DOX that was entrapped in the protein-rich surroundings while not being detectable in 

non-expanded cells due to a large difference in fluorophore density compared to the rest 

of the DOX within the cell, or if it is an artifact from the expansion process.  

 To address the issue of the cargo not being retained through the expansion 

process, we synthesized liposomes that have encapsulated larger fluorescent cargo. For 

this purpose, we selected 10 kDa dextran-AF488, which is fixable through the presence 

of free amines. Liposomes were synthesized via microfluidics using a custom syringe 

pump set that was constructed from an Ender3 3D printer.335 Briefly, the two individually 

controlled syringe pumps are used to separately flow an organic phase (lipids and 

hydrophobic drugs) and an aqueous phase (hydrophilic drugs) into a T-mixer at controlled 

rates, with the resulting combined solution containing the newly synthesized drug-

encapsulating liposomes. The size of the liposomes is dependent on the flow rate ratio 

(FRR) of the aqueous to the organic phase.336,337 A schematic of the microfluidic liposome 

synthesis setup is shown in Figure 4.2.  
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Figure 4.2: Schematic of microfluidic liposome synthesis setup. Two syringe pumps 
constructed from an Ender3 syringe pump are connected to a T-mixer. One syringe is 
filled with aqueous components, such as hydrophilic drugs dissolved in 1X PBS, while the 
other is filled with the organic components, such as lipids and hydrophobic drugs 
dissolved in ethanol. The syringe pumps can be controlled separately, allowing for the 
two phases to be mixed at different flow rates, with the resulting mixed solution containing 
liposomes with encapsulated drugs.  
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 We first synthesized PEGylated liposomes consisting of 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC), cholesterol, and mPEG(2 kDa)-1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) by running those components in a 1.8: 0.6: 0.6 mass ratio 

dissolved in 100% ethanol and 10 kDa dextran-AF488 dissolved in 1X PBS through our 

microfluidics setup in a FRR of 7 (hereafter referred to as PEG-Liposomes). To remove 

unencapsulated dextran, the liposome solutions were filtered through several successive 

washes in Amicon centrifugal filters (100 kDa nominal molecular weight limit) that were 

pre-wet with 0.1% (w/v) bovine serum albumin (BSA) in 1X PBS (see Methods section). 

We characterized the resulting filtered liposomes with dynamic light scattering (DLS) 

(Table S3) and zeta potential (Table S4). Next, we ran an agarose gel electrophoresis to 

validate that a high amount of the free dextran had been removed from the liposome 

solution (Figure S4.2). 

 We then incubated RAW 264.7 macrophages with PEG-Liposomes for 24 hours 

and then processed them for Magnify expansion (Figure 4.3 (a,b)). Intracellular vesicles 

are visible in these bulk (pan) stained samples as dark areas within the cytoplasm as they 

are typically fluid filled compartments, thereby providing negative contrast against the 

protein-rich surroundings. The presence of the 10 kDa dextran-AF488 signal within 

intracellular vesicles in the expanded cells demonstrates that a larger cargo molecule size 

likely contributes to the retention of fluorescent liposomal cargo through the Magnify 

process.  

 



98 
 

 

Figure 4.3: Magnify enables the super-resolution visualization of fluorescent 

liposomal cargo within individual intracellular vesicles. RAW 264.7 macrophages 
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were incubated with PEG-Liposomes for 24 hours before being washed, fixed, and 

expanded with the Magnify protocol, along with non-treated controls. Non-expanded cells 

are shown first (a), followed by expanded cells (b). Cells were stained with NHS-AF647 

(gray) and DAPI (blue). First the overlay of the NHS-AF647, DAPI, and 10 kDa dextran-

AF488 (green) is shown, followed by a digital magnification of a region of interest. White 

arrows indicate the position of 10 kDa dextran-AF488 signal within intracellular vesicles. 

The scale bars indicate 20 µm in the unmagnified images and 5 µm in the magnified 

images, not corrected for expansion factors.  
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 Given that the 10 kDa-dextran-AF488 signal in the expanded cells was relatively 

weak, we next investigated ways to increase the uptake of liposomes in the cells. Previous 

work has demonstrated that liposomes coated with the polysaccharide heparosan (HEP) 

have higher uptake in RAW 264.7 macrophages than PEGylated liposomes.301 We 

synthesized HEPylated liposomes by first synthesizing liposomes with a free thiol group 

that allows for conjugation to HEP- orthopyridyl disulfide (HEP-OPSS). We synthesized 

these liposomes consisting of DSPC, cholesterol, and 1,2-Dipalmitoyl-sn-Glycero-3-

Phosphothioethanol (Ptd thioethanol) in a 6.0: 2.0: 0.3 mass ratio dissolved in 100% 

ethanol and 10 kDa dextran-AF488 dissolved in 1X PBS through our microfluidics setup 

in a FRR of 7 (hereafter referred to as Thiol-Liposomes). The Thiol-Liposomes were then 

mixed with HEP-OPSS at a 1:1 molar ratio of Ptd thioethanol to HEP-OPSS for 2 hours 

on a tube rotator, resulting in HEPylated liposomes (HEP-Liposomes), as validated by an 

increase in the hydrodynamic diameter of the liposomes by 25.6 +/- 1.5 nm (propagation 

of error) as measured by DLS (Table S3) and an expected negative zeta potential (Table 

S4). Furthermore, the low liposome uptake seen in Figure 4.3 could potentially be 

attributed to a low number of liposomes being incubated with the cells. Liposomes are 

likely to be lost after getting stuck on the Amicon centrifugal filter membranes during each 

filtration step, so a reduction in the number of necessary filtration steps to achieve a 

sufficiently purified liposome solution would be needed. To decrease the number of 

liposomes that are lost during the washes in the Amicon centrifugal filters, we first dialyzed 

the HEP-Liposomes against chilled 1X PBS overnight using a dialysis membrane with a 

12-14 kDa molecular weight cutoff to remove residual ethanol in the liposome solution, 

which could potentially damage the centrifugal filter membrane. We observed that the 
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dialysis did improve the efficiency of the centrifugal filtration, with a >2.5X higher 

concentration increase in a single filtration step compared to undialyzed liposome 

solutions, thereby reducing the number of filtration steps needed to achieve a similar level 

of purification. We then once again ran an agarose gel electrophoresis to validate that a 

high amount of the free dextran had been removed from the liposome solution (Figure 

S4.3). Next, we incubated RAW 264.7 macrophages with HEP-Liposomes for 3 or 24 

hours and then processed them for Magnify expansion. Figure 4.4(a-c) shows non-

expanded RAW 264.7 macrophages that were treated with HEP-liposomes for 3 hours, 

24 hours, and non-treated controls respectively. Figure 4.4 (d-f) show these same 

conditions after Magnify processing, first as 3D reconstructions of Z-stacks followed by 

individual slices from those stacks. These individual slices depict much higher levels of 

10 kDa-dextran-AF488 signal within intracellular vesicles than cells that were treated with 

PEG-Liposomes, especially at a much shorter incubation timepoint of 3 hours compared 

to the 24-hour incubation of the PEG-Liposomes. Furthermore, there are visible 

differences in the distribution of the HEP-liposomes across the macrophages that were 

incubated for 3 hours compared to 24 hours. These findings suggest that this method can 

be used for quantifying the intracellular distribution patterns of liposome-encapsulated 

large molecule drugs that have demonstrated anti-cancer properties, such as 

chitosan338,339 or hyaluronic acid340,341.  
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Figure 4.4: Magnify enables the three-dimensional super-resolution visual 

comparison of fluorescent liposomal cargo intracellular distribution. RAW 264.7 
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macrophages were incubated with HEP-Liposomes for 3 or 24 hours before being 

washed, fixed, and expanded with the Magnify protocol, along with non-treated controls. 

Non-expanded cells are shown first (a-c), followed by expanded cells (d-f). Cells were 

stained with NHS-AF647 (gray) and DAPI (blue). For non-expanded cells, first the overlay 

of the NHS-AF647, DAPI, and 10 kDa dextran-AF488 (green) is shown, followed by a 

digital magnification of a region of interest. For expanded cells, 3D reconstruction of 

CLSM Z-stacks are shown, with images i-iii depicting individual X, Y slices. White arrows 

indicate the position of 10 kDa dextran-AF488 signal. The scale bars indicate 20 µm in 

the unmagnified images and 5 µm in the magnified images, not corrected for expansion 

factors.  
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4.2.3 Pre-labelling liposomes with lipophillic dyes is incompatible with Magnify 
 

 We have thus far established that the fluorescent cargo of liposomes can be 

visualized within intracellular vesicles through Magnify. However, this method does not 

provide information on if the visualized cargo is still encapsulated or has been released 

from the liposomes, which is significant information for the in-depth analysis of cell-

liposomal drug interactions. Therefore, a method of labelling the liposomes directly would 

further the applicability of our method to more types of liposomal drug delivery studies, 

such as those involving intracellular stability and controlled drug release.342 Among the 

most common methods for visualizing liposomes directly with light microscopy is through 

the use of lipophillic carbocyanine dyes such as 3,3-dioctadecyloxacarbocyanine 

perchlorate (DiO), which intercalates within the lipid bilayer of liposomes.329,343 Here, we 

synthesized DiO liposomes consisting of DSPC, cholesterol, and mPEG(2 kDa)-DSPE by 

running those components in a 1.8: 0.6: 0.6 mass ratio dissolved in a solution of 0.044 

mg/mL DiO in ethanol and 1X PBS through our microfluidics setup in a FRR of 7 (hereafter 

referred to as DiO-Liposomes, Table S3). We then incubated RAW 264.7 macrophages 

with DiO-Liposomes for 24 hours and then processed them for Magnify expansion (Figure 

4.5 (a,b)). While a DiO signal is seen in non-expanded cells, there was no visible DiO 

signal in the cells following expansion, suggesting that DiO is not compatible with Magnify.  
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Figure 4.5: DiO signal from liposomes is not retained through the Magnify process. 

RAW 264.7 macrophages were incubated with DiO-Liposomes for 24 hours before being 

washed, fixed, and expanded with the Magnify protocol, along with non-treated controls. 

Non-expanded cells are shown first (a), followed by expanded cells (b). Cells were 
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stained with NHS-AF405 (gray). First the overlay of the NHS-AF405 and DiO (green) is 

shown, followed by a digital magnification of a region of interest. White arrows indicate 

the position of DiO signal within intracellular vesicles. No significant DiO signal was found 

in expanded DiO-Liposome treated cells. The scale bars indicate 20 µm in the 

unmagnified images and 5 µm in the magnified images, not corrected for expansion 

factors.  
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 To further validate that the DiO is not compatible with Magnify, and to determine if 

the DiO is disassociating with the liposomes during the gel expansion steps or if the DiO 

signal is lost during one of the previous steps, we stained cells with DiO directly at different 

steps of the Magnify process. We first stained live RAW 264.7 macrophages with DiO, 

and then fixed them, where we were able to observe a clear DiO signal surrounding the 

nuclei of the cells (Figure S4.4a). We then expanded RAW 264.7 macrophages that were 

stained with DiO before fixation and found that the DiO signal had been essentially lost 

(Figure S4.4b). However, we observed that RAW 264.7 macrophages that were stained 

with DiO following the homogenization step of the Magnify process retained the DiO 

signal after the expansion was completed (Figure S4.4c). While it has been suggested 

that lipophillic dyes can dissociate in water,325 our results demonstrate that we can at 

minimum transiently image DiO in expanded cells. We can then deduce that the DiO 

signal is lost during either the gelation or homogenization steps of the Magnify process. 

It is highly likely that the homogenization step is the cause of the DiO signal loss, as the 

homogenization buffer used in this step contains sodium dodecyl sulfate (SDS), which 

has been demonstrated by Chan et al. to greatly reduce the signal of DiO under similar 

conditions in the CLARITY tissue clearing protocol.263 Given that the DiO signal cannot 

be retained on liposomes through the Magnify process when administered to cells while 

they are alive, and that DiO alone cannot feasibly be used to stain intracellular liposomes 

without staining other features of the cell following the homogenization step, we can 

conclude that DiO is not suitable for labelling liposomes for Magnify experiments. Further 

work is therefore necessary for determining a method of staining liposomes directly in a 

manner that is compatible with the Magnify protocol. Potential solutions include using a 
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fluorophore attached to a crosslinkable peptide that can attach to liposomes for labelling 

before fixation, such as the REMNANT tag described by Chen et al.,263 or by using click 

chemistry tags to label the intracellular liposomes after the homogenization step.344 

4.3 Conclusion 
 

Here, we demonstrated that the Magnify expansion microscopy protocol can allow for 

the visualization of the intracellular distribution of fluorescent, large molecule drugs 

encapsulated within liposomes with 3D super-resolution. This method allows for more 

informed research into the delivery of liposomal anti-cancer therapeutics towards 

improved clinical outcomes. While small molecule drugs, which are typically used in 

cancer nanomedicines, were not initially retained through the expansion process, it is 

possible that increasing the crosslinker density of the expansion gel may allow for an 

improved retention and enable post-expansion visualization, albeit at the cost of a 

lowered maximum expansion factor. We further discussed potential methods that could 

enable the direct visualization of liposomes after expansion alongside their cargo. We 

anticipate that this method will empower research into bettering the understanding of 

organic nanoparticle-cellular interactions for better clinical translation of nanomedicine 

formulations 
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Chapter 5: Conclusions and Future Directions 
 

 A deeper understanding of how nanoparticles transport across tumor blood 

vessels is necessary for the design of more efficacious anti-cancer nanomedicines. Given 

that current methods of analyzing nanoparticle-cellular interactions, such as transmission 

electron microscopy (TEM) and inductively coupled plasma mass spectrometry (ICP-MS) 

have limitations in terms of how much information can be attained about the intracellular 

distribution of nanoparticles at the single cell level, new methods of analysis were needed. 

Here, we established methods for visualizing and quantifying metallic and organic 

nanoparticle intracellular distribution with ultrastructural context through 3D super-

resolution microscopy. We adopted three expansion microscopy methods- proExM, pan-

ExM, and Magnify to demonstrate compatibility with nanoparticle studies, and discussed 

which applications they would best be suited for. ProExM is a relatively quick process, 

though it does not allow for sufficient lateral resolution for visualizing nanoparticle 

distribution within individual intracellular vesicles. Pan-ExM does allow for sufficient lateral 

resolution for these visualizations, albeit with significantly longer processing times. Both 

of these methods are compatible with light scattering imaging for visualizing metallic 

nanoparticle distribution, and we demonstrated that with pan-ExM, we can quantify 

relative nanoparticle accumulation within intracellular vesicles to acquire information that 

was not previously accessible through TEM or ICP-MS. We then applied the Magnify 

protocol for visualizing intracellular liposome distribution, as this process allows for better 

lipid retention than proExM and pan-ExM, and demonstrated that we can visualize 

fluorescent large-molecule drug cargo of liposomes with 3D super-resolution.  
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 We anticipate that these methods can be applied to a variety of studies involving 

understanding nanoparticle intracellular fate. As mentioned in Chapter 1, only about 0.7% 

(median) of the injected dose of systemically administered nanoparticles reach solid 

tumors, with even lower percentages of nanoparticles being internalized within cancer 

cells.14  This low delivery efficiency greatly limits the efficacy of nanomedicine for treating 

solid tumors. Recent evidence has demonstrated that nanoparticles primarily reach solid 

tumors through active transport processes across endothelial cells that comprise tumor 

blood vessels.30 Among these active transport processes is transcytosis, which involves 

the endocytosis of nanoparticles in the tumor vascular lumen into intracellular vesicles 

which are trafficked through the endothelial cells before being exocytosed into the tumor 

microenvironment.293 However, the mechanisms of nanoparticle transcytosis are 

currently not well understood. By studying the mechanisms that enable nanoparticles to 

reach tumors, new nanomedicine formulations can be designed to have significantly 

higher accumulation in the tumor microenvironment than the current median amount by 

targeting transcytotic pathways, allowing for better therapeutic efficacy. An understanding 

of how specific endocytosis pathways, such as clathrin mediated endocytosis and 

caveolae mediated endocytosis, contribute to the transcytosis of nanoparticles across 

tumor endothelial cells is necessary for designing nanomedicine formulations that 

promote transcytosis. Given that the intracellular vesicles formed by these endocytic 

pathways are typically smaller than the resolution limit of light microscopy, and that 

electron microscopy is typically limited to 2D visualizations, there was a need for a new 

method for studying these nanoparticle-cellular interactions. Our 3D super-resolution 

methods for visualizing and quantifying nanoparticle intracellular distribution allows for an 
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in-depth analysis of nanoparticle accumulation within individual intracellular vesicles, 

which can allow for a full characterization of the contributions of specific endocytic 

pathways to nanoparticle uptake for the understanding of transcytosis mechanisms. One 

particular weakness of this approach is that it is not compatible with live cell or live animal 

imaging, so many samples at different timepoints and tissue locations would be needed 

to fully understand transcytosis pathways, as they are active transport processes. 

Furthermore, these methods do not allow for absolute quantifications of nanoparticle 

numbers within cells. However, relative comparisons of nanoparticle uptake within 

individual intracellular vesicles are very valuable information for studying nanoparticle 

transcytosis mechanisms.  

The initial next step of this research is the establishment of a label for directly 

visualizing liposomes in a manner that is compatible with Magnify. Further future work 

involves the use of antibodies against proteins that are involved with specific endocytic 

uptake pathways, such as caveolin-1 and clathrin heavy chain, in conjunction with metallic 

nanoparticles and pan-ExM, along with transwell assays,345 to determine which endocytic 

pathways result in the highest amount of transcytosis. Studies can then be done on new 

surface modifications for metallic nanoparticles to target preferrable pathways for 

increasing transcytosis. The most optimal surface modifications can then be translated to 

organic nanoparticle studies, which can be validated with Magnify. Expansion microscopy 

methods have also been developed for thick tissue sections (50-100 µm) from animal 

models, so these same studies can then be applied ex vivo with mouse tissue sections 

to visualize and quantify nanoparticle transport across tumor blood vessels.325,346 The 

successful application of these methods will empower new research into the transcytosis 
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of nanoparticles across tumor blood vessels, towards the goal of developing more 

clinically efficacious anti-cancer nanomedicine.  
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Appendix A: Abbreviations 

• AuNP: Gold Nanoparticle 

• AgNP: Silver Nanoparticle 

• DLS: Dynamic Light Scattering 

• PDI: Polydispersity Index 

• UV-Vis: Ultraviolet-Visible Spectrophotometry 

• PEG: Poly (ethylene glycol)  

• HEP: Heparosan 

• BSA: Bovine Serum Albumin 

• CLSM: Confocal Laser Scanning Microscope 

• ExM: Expansion Microscopy 

• proExM: Protein Retention Expansion Microscopy 

• TEM: Transmission Electron Microscopy  

• ICP-MS: Inductively Coupled Plasma Mass Spectrometry 

• SP-ICP-MS: Single-Particle Inductively Coupled Plasma Mass Spectrometry  

• SDS-PAGE: Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis  

• DSPC: 1,2-Distearoyl-sn-glycero-3-phosphocholine  

• DSPE: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine  

• Ptd thioethanol:1,2-Dipalmitoyl-sn-glycero-3-phosphothioethanol  

• DiO: 3,3-Dioctadecyloxacarbocyanine perchlorate 
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Appendix B: Materials and Methods 
 

Materials  

Hydrochloric acid (HCl) (Sigma-Aldrich, 320331); Nitric acid (HNO3) (Sigma-Aldrich, 

438073); Gold(III) chloride trihydrate (Sigma-Aldrich, 520918); Sodium citrate tribasic 

dihydrate (Sigma-Aldrich, S4641); Hydroquinone (Sigma-Aldrich, H9003); TWEEN® 20 

(Sigma-Aldrich, P9416); mPEG-OPSS, MW 10,000 (Laysan Bio Inc., MPEG-OPSS-10K-

1g); NH2-PEG-Thiol, MW 5,000 (Laysan Bio Inc., NH2-PEG-SH-5000-1g); Streptavidin - 

60nm Silver Conjugate (SC-60-04-05, Cytodiagnostics); Streptavidin - 40nm Silver 

Conjugate (SC-40-04, Cytodiagnostics); Sodium tetrathionate dihydrate (Fisher 

Scientific, AC461920250); Cy5 NHS Ester (Click Chemistry Tools, 1076); NAP™-25 20 

ST (Sigma-Aldrich, GE17-0852-01); 10X PBS Solution (Bio Basic, PD8117); 4T1, 

Mammary Tumor Mouse Cells (ATCC, CRL-2539); RAW 264.7 Mouse Macrophages 

(ATCC, TIB-71); DC 2.4 Mouse Dendritic Cells (Sigma Aldrich, SCC142M); DMEM, high 

glucose, pyruvate (Thermo Fisher, 11995065); RPMI-1640 Medium (ATCC, 30-2001); 

Fetal Bovine Serum (Thermo Fisher, 16000044); Penicillin Streptomycin (Thermo Fisher, 

15-140-122); Trypsin-EDTA (Thermo Fisher, 25200072); Paraformaldehyde Solution 

(PFA), 4% in PBS (Thermo Fisher, J19943K2); Triton™ X-100 (Sigma-Aldrich, T8787); 

Bovine Serum Albumin (BSA) (Sigma-Aldrich, A7906); Transferrin From Human Serum, 

Tetramethylrhodamine Conjugate (TRITC transferrin) (Thermo Fisher, T2872); Wheat 

germ agglutinin (WGA), CF488A conjugate (Biotium, 29022-1); NucBlue™ Fixed Cell 

ReadyProbes™ Reagent (DAPI) (Thermo Fisher, R37606); NucBlue™ Live 

ReadyProbes™ Reagent (Hoechst 33342) (Thermo Fisher, R37605); Acryloyl-X, SE, 6-

((acryloyl)amino)hexanoic Acid, Succinimidyl Ester (Thermo Fisher, A20770); Sodium 

Acrylate (Sigma-Aldrich, 408220); N,N′-Methylenebisacrylamide (Bis) (Sigma-Aldrich, 
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M7279); Acrylamide Solution, 40% (Sigma-Aldrich, A4058); N,N′-(1,2-

Dihydroxyethylene)bisacrylamide (DHEBA) (Sigma-Aldrich, 294381); Sodium 

Bicarbonate (Sigma-Aldrich, S6014); Sodium Hydroxide (Sigma-Aldrich, 221465); 

Sulfuric Acid (VWR, JT9681); Hydrogen Peroxide (Sigma-Aldrich, 216763); Gelatin from 

Bovine Skin Type B (Sigma-Aldrich, G9391); Paraformaldehyde 16% Solution, EM Grade 

(Electron Microscopy Sciences, 15710-S); Glutaraldehyde (Electron Microscopy 

Sciences, 16020); Sodium Borohydride (Sigma-Aldrich, 213462); Glycine (Sigma-Aldrich, 

50046); Sodium Dodecyl Sulfate (SDS) (Fisher Scientific, AC230421000); Dimethyl 

Sulfoxide (DMSO) (Sigma-Aldrich, D2650); AF555Dye NHS Ester (Click Chemistry Tools, 

1341); Sodium Chloride (Sigma-Aldrich, S7653); Ammonium Persulfate (APS) (Sigma-

Aldrich, A36378); N,N,N′,N′-Tetramethylethylenediamine (TEMED) (Sigma-Aldrich, 

T7024); Proteinase K (New England Biolabs, P8107S); Ethylenediaminetetraacetic acid 

(EDTA) (Sigma-Aldrich, EDS); Guanidine hydrochloride (Sigma-Aldrich, G3272); Tris 

(Thermo Fisher, AM9855); NuPAGE LDS Sample Buffer (4X) (Thermo Fisher, NP0007); 

4-12% Bis-Tris Protein Gels, 1.0 mm, 12-well (Thermo Fisher, NP0322BOX); NuPAGE 

MOPS SDS Running Buffer (20X) (Thermo Fisher, NP0001); SYPRO Tangerine Protein 

Gel Stain (Thermo Fisher, S12010); PageRuler Plus Prestained 10 250kDa Protein 

Ladder (Thermo Fisher, PI26619); Dithiothreitol (DTT) (Fisher Scientific, FERR0861);  

Acetic acid (Sigma Aldrich, 695092); Sodium phosphate dibasic (Sigma Aldrich, 795410); 

Gold Etchant (Sigma-Aldrich, 651842); Gold Standard 1000 µg/mL (High Purity 

Standards, 100021-2); Iridium Standard 1000 µg/mL (High Purity Standards, 100025-2); 

0.22 µm Syringe Filter (Sigma, SLGP033NB); LoBind Microcentrifuge Tubes (Sigma-

Aldrich, Z666491); 18 mm Round Coverslips #1 (VWR, 16004-300); #1.5H Glass Bottom 
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Dishes (Fisher Scientific, 50-305-807); 12-Well Cell Culture Plate (VWR, 10062-894); 6-

Well Cell Culture Plate (VWR, 10062-892); Cell Scrapers (Fisher, 08-100-241); TEM Grid, 

Carbon Type-B, 300 Mesh, Copper (Ted Pella, 01813-F); Uranyl Acetate (Ted Pella, 

19481); Lead Citrate, UranyLess EM Stain (Electron Microscopy Sciences, 22409); 

Sodium Tartrate Dibasic Dihydrate (Sigma-Aldrich, 71994); Sodium DL-Lactate (Sigma-

Aldrich, 71720); Sodium Pyruvate (Sigma-Aldrich, P5280); Calcium Chloride Dihydrate 

(Sigma-Aldrich, C3306); Magnesium Chloride (Sigma-Aldrich, M8266); Sodium Sulfate 

(Sigma-Aldrich, 239313); Citric Acid (Fisher Scientific, MK-0627-500); Potassium 

Persulfate (Sigma-Aldrich, 379824); Methacrolein, 95% (Sigma-Aldrich, 133035); N,N-

Dimethylacrylamide (DMAA) (Sigma-Aldrich, 274135); Urea (Sigma-Aldrich, U5378); 

Doxoves PEGylated Liposomal Doxorubicin HCl (Fisher Scientific, NC1488582); Amicon 

Ultra-4 Centrifugal Filters-100,000 NMWL (Sigma-Aldrich, UFC810096); 1,2-distearoyl-

sn-glycero-3-phosphocholine DSPC (Avanti Polar Lipids, 850365P-1g); Cholesterol 

(Avanti Polar Lipids, 700000-BULK); DiOC18(3) (3,3'-Dioctadecyloxacarbocyanine 

Perchlorate) (DiO) (Fisher Scientific, D275); mPEG-DSPE, MW 2,000 (Laysan Bio, 

MPEG-DSPE-2000-1g); 1,2-Dipalmitoyl-sn-Glycero-3-Phosphothioethanol (Ptd 

thioethanol) (Avanti Polar Lipids, 870160P-100mg); Dextran, Alexa Fluor 488, 10,000 

MW, anionic, fixable (Thermo Fisher, D22910); Spectra/Por™ 2 12-14 kD MWCO 

Standard RC Dry Dialysis Kits (Fisher Scientific, 08-801-243); Agarose (Fisher, BP160-

500); Tris-Borate-EDTA Buffer (TBE) (Fisher Scientific, BP1333-1); Ficoll 400 

(Polysucrose 400) (Fisher Scientific, 50-488-658) 
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Methods 
 

Gold Nanoparticle (AuNP) Synthesis and PEGylation 

Fifty-five nm citrate-coated gold nanoparticles (AuNPs) were synthesized using 

previously reported methods.154,298 A 250-mL reaction flask and magnetic stir bar were 

cleaned using an aqua regia solution made from 37 % HCl and 70% HNO3 and in a 3:1 

ratio (v/v) for 15 minutes and then thoroughly washed with deionized water. Next, 98.9 g 

of ultrapure H2O (18.2 MΩ,) was added to the flask along with 1 mL of 30 mg/mL sodium 

citrate tribasic dihydrate and was brought to a boil on a hotplate set to 300°C and stirring 

at 200 rpm. One hundred µL of 250 mM of gold (III) chloride solution (HAuCl4) was added 

to the flask and stirring was increased to 400 rpm for 7 minutes to produce 14-nm AuNPs 

seeds. Flasks were then cooled and the hydrodynamic diameter and polydispersity index 

(PDI) of the AuNPs were measured using the Malvern Zetasizer Nano ZS dynamic light 

scattering (DLS). Gold nanoparticles with a polydispersity index (PDI) >0.1 were 

discarded. The concentrations of the AuNPs were calculated using absorbance readings 

from an Agilent Cary 5000 UV-Vis-NIR (UV-Vis) spectrophotometer.  

Subsequently, 55-nm AuNPs were synthesized via seed-mediated growth using the 

14-nm AuNPs.154,180 In short, 95.63 mL of ultrapure H2O, 0.986 mL of 25-mM HAuCl4, 

0.986 mL of 15-mM sodium citrate tribasic, 1.41 mL of 2.5-nM of 14-nm AuNPs, and 0.986 

mL of 25-mM hydroquinone were added to a clean flask at room temperature (RT) and 

stirred at 400 rpm overnight. The DLS and UV-Vis spectrophotometry measurements 

were taken, and then 1 mL of 10% (v/v) Tween 20 was added to the flask and stirred. The 

AuNPs were then concentrated by centrifugation at 2,000 xg (RCF, relative centrifugal 

force) for 2 hours at 4°C. The supernatants were removed, and the nanoparticles were 
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resuspended in a solution of 0.01% (v/v) Tween 20 and 0.01% (w/v) sodium citrate tribasic 

dihydrate (Tween-citrate) and were then centrifuged at 2,000 xg for 30 minutes at 4°C 

and resuspended in Tween-citrate three times. The citrate-coated AuNPs were coated 

with 10-kDa MW methoxy-polyethylene glycol-OPSS (mPEG-OPSS) to surface area 

saturation for 30 minutes at RT. Surface saturation was defined as the point of increasing 

PEG molecules/nm2 of AuNP surface area at which the increase of the hydrodynamic 

diameter of the AuNPs plateaus, as measured by DLS.154 Excess PEG was removed by 

centrifugation at 2,200 xg for 30 minutes at 4°C and resuspended in 0.05% (v/v) Tween 

20 in PBS three times.  

To synthesize Cy5-PEG, first a solution of 100 mg/mL 5-kDa amine-PEG-thiol (NH2-

PEG-SH) in 0.1 M of sodium bicarbonate was oxidized in 0.5 molar equivalents of sodium 

tetrathionate for 1 hour, as described by Dai et al.36 The solution was dialyzed with a 

Pierce Minidialysis unit with a molecular weight cutoff of 3.5 kDa for 1 hour with gentle 

stirring on a stir plate at RT. The pH of the solution was then adjusted to 8.0 using sodium 

bicarbonate, and 0.5 mg of Cy5-NHS ester was added to solution and vortexed for 3 

hours. DTT (100 molar equivalents) was added to the solution and incubated for 1 hour. 

The solution was passed through a NAP-25 column equilibrated with 0.1 M sodium 

bicarbonate (pH 8.0), and excess dye was removed using a 3.5-kDa molecular weight 

(mW) dialysis membrane overnight at 4°C against deionized H2O. Cy5-AuNPs were 

formed by coating Cy5-PEG onto the 55-nm citrate-coated AuNPs at a density of 0.5 Cy5-

PEG/ nm2 of NP surface area for 30 minutes, with centrifugations to remove excess PEG 

as previously described. The Cy5-AuNPs were then coated to surface area saturation 
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with 10-kDa mPEG-OPSS similarly to the citrate-coated AuNPs. Fluorescence emission 

spectra were measured using a Horiba PTI Quantamaster Spectrofluorometer.   

Heparosan-coated 55-nm gold nanoparticles (HEP-AuNPs) were synthesized through 

a pH reduction method as described by Yang et al.300,301 Briefly, 13-kDa HEP-OPSS was 

mixed with dilute HCl solution with a pH of 3.0. The solution was then mixed with citrate-

coated AuNPs and was incubated at room temperature (RT) for 5 minutes. Saline was 

then added to the solution to a final concentration of 0.3 M and was incubated at RT for 

20 minutes. More NaCl was then added to the solution to a final concentration to 0.7 M. 

Excess HEP and NaCl were removed by centrifugation at 2,300 xg for 30 minutes at 4°C 

and resuspension in 0.05% (v/v) Tween 20 in PBS thrice. 

Bovine serum albumin-coated 55-nm gold nanoparticles (BSA-AuNPs) were made 

through a direct incubation of the Tween 20 and citrate-coated AuNPs in a 10-mg/mL 

solution of BSA in 1X PBS for 1 hour at 37°C. Excess BSA was removed by centrifugation 

at 2,300 xg for 30 minutes with pellet resuspension in 1X PBS thrice.  

 

Liposome Synthesis 

A commercially available Ender3 3D printer was converted into three individual 

syringe pumps based on instructions described by Saggiomo et al.335 Organic 

components (lipids and 0.044 mg/mL DiO as necessary) dissolved in 100% ethanol were 

filled in a 1 mL syringe while 32 mg of 10 kDa dextran-AF488 in 1X PBS at 7 times the 

volume of the organic components was filled in a 10 mL syringe. These syringes were 

connected to a T-mixer by PEEK tubing and were pushed by the syringe pumps at a flow 

rate ratio of 7 (aqueous: organic). Liposomes that were made with Ptd thioethanol were 
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HEPylated by mixing with HEP-OPSS at a 1:1 molar ratio of Ptd thioethanol to HEP-

OPSS for 2 hours on a tube rotator. If necessary, dialysis was accomplished by filling the 

liposome solutions in 12-14 kDa dialysis membranes, and placed in a chilled beaker filled 

with 1X PBS while stirring overnight. Amicon centrifugal filters (100 kDa nominal 

molecular weight limit) that were pre-wet with 0.1% (w/v) BSA in 1X PBS by centrifuging 

at 1500 xg for 15 minutes at 4 C. To remove unencapsulated dextran, liposomes were 

washed in BSA coated Amicon centrifugal filters at 3000 xg for 30 minutes and 

resuspended in 1X PBS repeatedly until the total volume reduction factor was >1000X.   

 

Cell Culture 

The 4T1 cells and RAW 264.7 macrophages were grown in culture media consisting of 

DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. The DC 2.4 cells 

were grown in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin. 

During passages, 0.25% trypsin-EDTA was used to detach 4T1 and DC 2.4 cells from 

culture flasks, while cell scrapers were used for the RAW 264.7 cells. Prior to plating cells, 

18-mm glass coverslips were cleaned using piranha solution (3:1 (v/v) 95% sulfuric acid: 

30% hydrogen peroxide) for 15 minutes before being washed with ultrapure H2O three 

times, placed in 12-well plates, and sterilized by UV light in a biosafety hood for 10 

minutes. The coverslips were then incubated in 2-mg/mL gelatin for 2 hours and washed 

with 1X PBS three times. Cells in complete culture media were plated on to the coverslips 

in 12-well culture plates at a density of 30,000 cells/well and were allowed to adhere 

overnight. All AuNP incubations with cells were at a concentration of 200 pM AuNP in 

culture media for 24 hours in 4T1 cells and 3 hours in DC 2.4 cells and RAW 264.7 
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macrophages, based on previously published work with these conditions.300,301 All AgNP 

incubations with RAW 264.7 macrophages were at 1:10 dilutions from the purchased 

stock concentrations in cell culture media for 24 hours, which would approximately be 

28.4 pM for the 40-nm Strep-AgNPs and 8.4 pM for the 60-nm Strep-AgNPs. Doxoves 

incubations in RAW 264.7 macrophages were done at a drug concentration of 100 µg/mL 

in complete DMEM for 3 or 12 hours. All other liposomes were first concentrated 4X with 

Amicon centrifugal filters and diluted 1:10 in complete DMEM before being incubated with 

RAW 264.7 cells for 3 or 24 hours. Following the incubations, the cells were washed with 

1X PBS thrice before fixation and further processing. 

 

Cell Expansion 

Four X expansion was performed based on the proExM protocol described by Boyden et 

al.294 Briefly, cell samples grown on 18-mm glass coverslips were fixed with 4% PFA and 

permeabilized with 0.1% Triton X-100 before being incubated in 3% BSA for 10 minutes 

and stained with DAPI and WGA CF488A or NHS-AF555. Samples were treated with 100 

µL of 0.1 mg/mL Acryloyl-X, SE on strips of parafilm in a humidified chamber for 6 hours. 

Polyacrylamide monomer solutions were made as 86 mg/mL sodium acrylate, 25 mg/mL 

acrylamide, 1.5 mg/mL N, Bis, and 117 mg/mL sodium chloride. Active gelation solutions 

were formed with 470 µL of monomer solution, 10 µL of ultrapure H2O, 10 µL of 10% 

APS, and 10 µL of TEMED. Immediately following the addition of the APS and TEMED, 

the active gelation solution was vortexed, and 200 µL of the solution was injected between 

the samples and a cover slip and was allowed to form a gel for 1 hour. The structural 

proteins in the cells were digested in 1 mL of a digestion buffer (50 mg/mL Triton X-100, 
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1 mM EDTA, 50 mM Tris-Cl, 46.7 mg/mL sodium chloride, 8 U/mL proteinase K, pH 

adjusted to 8.0 with HCl) overnight in a humidified chamber at 55°C. The gels were placed 

in petri dishes and filled with ultrapure H2O for expansion. The ultrapure H2O was 

aspirated out and replaced after 20 minutes 3-4 times to allow for full gel expansion.  

Pan-ExM was performed based on a protocol described by Bewersdorf et al.280 Cells 

were fixed with a solution of 3% PFA and 0.1% glutaraldehyde in 1X PBS for 15 minutes 

and then washed 3X with PBS. The samples were quenched with 1 mg/mL sodium 

borohydride in PBS for 10 minutes and then 100 mM of glycine in 1X PBS for 20 minutes 

before being washed 3 times with PBS. Samples were then incubated in a solution of 

0.7% PFA and 0.1% acrylamide in 1X PBS for 6 hours at 37°C and then washed thrice 

with 1X PBS. Gel monomer solutions were prepared as 19% (w/v) sodium acrylate, 10% 

(w/v) acrylamide, and 0.1% (w/v) DHEBA in PBS. Activated gel solutions were prepared 

with 198 µL of monomer solution with 1 µL of 50% APS and 1 µL of 50% TEMED. 90 µL 

of active gel solution was injected between the samples and a cover slip, and were 

allowed to form a gel for 15 minutes at RT and then 1.5 hours at 37°C. Samples were 

then incubated in a digestion buffer made of 200 mM SDS, 200 mM NaCl, and 50 mM 

Tris in ultrapure H2O (pH adjusted to 6.7 with HCl) for 15 minutes at RT and then for 1 

hour at 37°C. A small portion of the gels were then expanded in a similar manner as the 

4X gels. A portion of the expanded gels were then re-embedded in a neutral hydrogel, 

with a monomer solution consisting of 10% (w/v) acrylamide and 0.05% (w/v) DHEBA in 

1X PBS. Activated gel solutions were made with 2,970 µL of monomer solution, 15 µL of 

10% (w/v) APS, and 15 µL of 10% (v/v) TEMED, which the samples are incubated in at 

RT on an orbital shaker 3 times for 20 minutes each. The samples were then gently 
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pressed with Kimwipe paper wipes to remove excess solution before being placed 

between a coverslip and glass slide and placed in a humified chamber. Oxygen was 

purged from the chamber and replaced with nitrogen, and the sample was incubated for 

2 hours at 37°C. The samples were then incubated in a second gel solution, with a 

monomer solution consisting of 19% (w/v) sodium acrylate, 10% (w/v) acrylamide, and 

0.1% (w/v) Bis in 1X PBS. Once again, activated gel solutions were made with 2,970 µL 

of monomer solution, 15 µL of 10% (w/v) APS, and 15 µL of 10% (v/v) TEMED, which the 

samples are incubated in on ice on an orbital shaker thrice for 15 minutes each. The steps 

following the neutral gel embedding until the second gel incubation are repeated for this 

gel. Following the 2-hour incubation in the nitrogen chamber, samples were incubated in 

a 200-mM NaOH solution for 1 hour and then washed with 1X PBS thrice for 30 minutes 

each. Samples were then stained with a 20 µg/mL solution of AF555Dye NHS ester in a 

100-mM sodium bicarbonate solution for 1.5 hours on an orbital shaker and were then 

washed with 1X PBS at least three times for 20 minutes each until the gels were visibly 

clear. The samples were then expanded in a similar manner to the 4X gels.  

Magnify was performed based on a protocol described by Zhao et al.325 Cells were 

fixed with a solution of 3% PFA and 0.1% glutaraldehyde in 1X PBS for 15 minutes and 

then washed 3X with PBS. The samples were quenched with 1 mg/mL sodium 

borohydride in PBS for 10 minutes and then 100 mM of glycine in 1X PBS for 20 minutes 

before being washed 3 times with PBS. Gel monomer solutions were prepared as 34% 

(w/v) sodium acrylate, 10% (w/v) acrylamide, 4.16% (v/v) DMAA, 1% (w/v) sodium 

chloride, 0.01% (w/v) Bis in PBS. Activated gel solutions were prepared with 1 mL of 

monomer solution with 1 µL of methacrolein, 10 µL of 10% (w/v) TEMED and 50 µL of 
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5% (w/v) potassium persulfate. 90 µL of active gel solution was injected between the 

samples and a cover slip and were allowed to form a gel overnight at 37°C in a humidified 

chamber. Samples were then incubated in 1 mL each of homogenization buffer made of 

10% (w/v) SDS, 8 M urea, and 25 mM EDTA in 2X PBS (pH adjusted to 7.5) for 6 hours 

at 80°C, then washed with 1X PBS thrice for 10 minutes each at RT, and then washed 

with 1% (v/v) Tween 20 in 1X PBS thrice for 10 minutes each at 60°C. Samples were then 

stained with a 20 µg/mL solution of NHS ester dye (AF405, AF488, or AF647) in a 100-

mM sodium bicarbonate solution for 1.5 hours on an orbital shaker and were then washed 

with 1X PBS at least three times for 20 minutes each until the gels were visibly clear. The 

gels were placed in petri dishes and filled with ultrapure H2O for expansion. The ultrapure 

H2O was aspirated out and replaced after 10 minutes 3-4 times to allow for full gel 

expansion. 

 

Confocal Microscopy  

To prevent pan-ExM gels from sliding while imaging, they were first placed on a 35-mm 

#1.5H glass bottom dish. Henkel Duro brand super glue was applied around the bottom 

edge of the gel and the plate and was allowed to harden for 10-15 minutes. The tops of 

the gels were lightly washed with ultrapure H2O to remove any superglue that had crusted 

over, and a round 18-mm coverglass was placed on top of each gel. Following this, a stiff 

acrylamide gel, consisting of 18.4% acrylamide and 1.6% Bis347, (activated with 1960 µL 

of monomer solution, 20 µL of 10% APS, and 20 µL of TEMED) was poured over the 

glass and gels until they are fully submerged. Ultrapure H2O was then poured over the 

gels to prevent drying until imaging. To prevent Magnify gels from sliding while imaging, 
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they were placed on 35-mm #1.5H glass bottom dishes that were coated with 0.1% (w/v) 

poly-L-lysine in ultrapure H2O. 

Fluorescence images were taken on a Zeiss LSM 880 confocal laser scanning 

microscope (CLSM) on the Zeiss Zen Black software using a 40X water immersion 

objective (NA=1.20) and a 405-nm diode laser, 488-nm argon laser, 561-nm diode-

pumped solid-state laser, a 594-nm helium-neon laser, and a 633-nm helium-neon laser 

with a main beam splitter (MBS) 488/561/633 filter and photomultiplier tube (PMT) 

detectors. Transmitted light images were acquired through a 405-nm diode laser through 

a main beam splitter 488/561/633 filter to the PMT detector (T-PMT). The AuNP signal 

was acquired using light scattering principles described by Jiang et al.286 with the 561-nm 

laser and a MBS T80/R20 filter, using a 1.5-20% laser power for unexpanded and 4X 

samples, and a 45% laser power for pan-ExM samples. The detector range for light 

scattering on samples that were not stained with AF55-NHS was 561 +/- 10 nm. For 

samples that were stained with AF555-NHS, the detector range was 561 +/- 5 nm to 

reduce crosstalk from the AF555. Airyscan images were acquired using the Airyscan 

detector on the Zeiss LSM 880 CLSM with a 63X Oil immersion objective (NA=1.40). The 

standard CLSM images used to compare against the Airyscan images in Figure S3.1 

were also taken with 63X Oil immersion objective (NA=1.40).  

 

Image Analysis 

Cell nuclei cross-sectional areas, whole cell nanoparticle light scattering signal 

intensities and fluorescence signal intensities were measured on ImageJ.  
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To confirm the successful adoption of the proExM protocol, we randomly selected 

CLSM images of 90 non-expanded and expanded cells taken at the z-positions where 

their nuclei have their largest cross-sectional area. Next, we applied common 

thresholding methods in ImageJ348 to measure the cross-sectional areas of the 

corresponding cell nuclei. The thresholded images were despeckled by erosion 

operations, which were then corrected by dilation operations. Adjacent nuclei were 

separated with watershed segmentation. The pixel areas of the thresholded nuclei were 

measured, which were then converted to units of µm2 via the image scale factor. We then 

calculated the resulting linear expansion factor of ~4.1X using Equation 1,  

𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =  √
Nuclei Area Expanded
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

Nuclei Area Non-Expanded
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅   

 Equation 1 

where Nuclei Area Non-Expanded
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ and Nuclei Area Expanded

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  refer to the mean areas of the 

measured nuclei in non-expanded and expanded cells, respectively. Similar methods 

were applied to calculate the expansion factors from the pan-ExM and Magnify protocols.  

To quantify the increase in image resolution, we applied a grid of equally spaced lines 

across the images of non-expanded and expanded nuclei and measured the pixel 

intensities corresponding to a blue-fluorescent DNA stain, DAPI, along these lines (Figure 

S2a). We counted the peak numbers in the pixel intensity graphs across the line profiles 

for each analyzed nucleus and divided that count by the total length of the line profiles to 

determine the number of intensity peaks/µm as an unbiased measurement of resolution. 

The lengths of the line profiles across expanded nuclei were scaled down by the 
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previously determined expansion factor of 4.1X for comparison against the non-expanded 

nuclei.  

To randomly select cells for analysis, all the cells on each imaging frame were 

measured and collectively assigned a number tag from a random number generator. 

These number tags were then arranged in numerical order, allowing for any number of 

random cells to be selected from the top of the list. For nanoparticle light scattering and 

fluorescence signal intensities, the brightness of each channel was first set through the 

histogram in the Zen Lite software, before individual regions of interest were drawn 

around the membranes of the cells in ImageJ, and the integrated density was measured 

for the signals of interest. Outliers were removed based on Tukey’s method.349 

Nanoparticle light scattering signal counting, as well as cell and vesicle volumes for 

pan-ExM samples, were analyzed with MATLAB. The NHS-AF555 signal was set to 

appear gray and the light scattering channel was set to appear red, and then Z-stacks 

were converted from 12-bit images into 8-bit RGB images, having pixel values ranging 

from 0 to 255, through Zen Lite. Only the R channel was analyzed given that the NHS-

AF555 was equivalent to grayscale and the light scattering signal had pixel values of 0 

for the G and B channels. For nanoparticle counting, we found and utilized several useful 

patterns. First, the pixel values of the background areas in controls were equal or smaller 

than 10. This means that thresholds up to 10 may cause background noise to be counted 

towards nanoparticle signal counts. To safely filter out the background noise, three times 

the noise level was used as a reliable threshold (i.e. 30). Second, we observed that each 

nanoparticle occupied a grid of size 3×3 with the brightest pixel located in the center. 

Given a nanoparticle, denote the brightest pixel value as P, then the values of the 
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surrounding eight pixels fell within [1, P]. By considering these two important patterns, our 

algorithm calculated the number of nanoparticles and the area occupied. The volumes of 

the cells, as well as the cumulative nanoparticle and vesicle volumes, were approximated 

by the summation of the areas of each respective category throughout the entire Z-stacks. 

To delineate cell boundary, Otsu’s method350 was first used to choose an optimal 

threshold and create a binary image where cell regions are separated from background. 

This method works by minimizing the intraclass variance of the thresholded cell and 

background pixels. Then, morphological operations (e.g., dilation, erosion, image 

opening, etc.) were applied to fill small holes, remove small, isolated regions to obtain a 

refined cell mask, denoted as M1. In this mask, white pixels represent cell, whereas black 

pixels are background and vesicles. Most vesicles (black holes) were located inside the 

mask, and the rest located on the boundary of the mask. We further applied a series of 

morphological operations to fill out the black holes. This resulted in a much more compact 

cell mask denoted as M2, and cell area was calculated using this mask. Subtracting M1 

from M2 resulted in a map where all vesicle regions were highlighted. Morphological 

operations were further applied to refine the results and generate a final mask M3 

depicting vesicle regions. With the compact cell and vesicle masks, we computed cell and 

vesicle areas. When calculating the number of red dots areas that fall in vesicle regions, 

it should be noted that we purposely lowered the red dot threshold to 20. This can more 

accurately reflect the area of nanoparticles because the area of less bright surrounding 

pixels is considered instead of only considering the brightest pixels. 
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Transmission Electron Microscopy (TEM) 

TEM images of gold nanoparticles were acquired using a JEOL2010F 200-kV field 

emission analytical transmission electron microscope with a DE-12 camera on copper 

TEM grids. Negative staining was done with 0.2% uranyl acetate. TEM images of cell 

samples were acquired using a Hitachi H-7600 Transmission Electron Microscope. Cells 

were fixed in a solution of 2% (v/v) glutaraldehyde and 4% paraformaldehyde (v/v) in 0.2-

M cacodylate buffer at room temperature for 1 hour and were then stored at 4°C until 

sectioning. Samples were negative stained with a 3% lead citrate solution. 

 

Agarose gel electrophoresis 

Agarose gel electrophoresis was run based on a protocol described by Yang et al.301 

Briefly, agarose was melted in 0.5X TBE buffer to a 0.5% (w/v) concentration, and then 

casted in a gel tray with a comb. The gel was placed in a gel running tank which was then 

filled with 0.5X TBE buffer. Samples were mixed with 150 mg/mL Ficoll 400 at a ratio of 

2 µL Ficoll per 10 µL of sample. 10 µL of each sample was then loaded into the wells of 

the gel. The agarose gels were then run at 70 V for AuNPs or 80 V for liposomes for 30-

40 minutes. The gel was then rinsed with deionized water, and then imaged on an Azure 

C600 gel imager. 

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was run based on a protocol described by Yang et al.301 Briefly, samples with 

20 cm2 of surface area of citrate-coated and PEGylated AuNPs were incubated in 700 µL 

of 100% fetal bovine serum (FBS) at 37°C for 16 hours in LoBind tubes (Eppendorf). 

Control samples were incubated in 1X PBS for PEGylated AuNPs and ultrapure H2O for 
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citrate-coated AuNPs for better colloidal stability. The samples were then washed to 

remove free serum by centrifugation at 2,300 xg for 30 minutes at 4°C and resuspension 

in 0.05% (v/v) Tween 20 in PBS (0.05% Tween 20 in ultrapure H2O for citrate-coated 

control) thrice. After the final centrifugation, the AuNP pellets were resuspended in 8 µL 

of 4X NuPAGE LDS sample buffer and 4 µL of 500-mM DTT and incubated at 70°C for 1 

hour to separate adsorbed proteins from the surface of the AuNPs. The samples were 

then centrifuged at 18,000 xg for 15 minutes to separate the removed proteins from the 

residual AuNPs. Supernatants were removed, and their volumes were equalized before 

the addition of 4 µL of 4X NuPAGE LDS sample buffer and 2 µL of 500-mM DTT and an 

incubation at 95°C for 5 minutes to completely denature the proteins. Following the 

denaturation, 20 µL of protein samples and 2 µL of 10-250 kDa protein ladder were loaded 

onto a 4-12% Bis-Tris protein gel in MOPS SDS running buffer, and were run at 200 V for 

50 minutes. The gel was then removed from its encasing and rinsed with deionized water 

several times. The gel was fixed with 10% (v/v) acetic acid and 40% (v/v) ethanol 

overnight on an orbital shaker. After rinsing with deionized water, the gel was stained with 

50 mL of 1X SYPRO Tangerine in 50-mM sodium phosphate dibasic and 150-mM sodium 

chloride for 1 hour on an orbital shaker. The gel was then rinsed with deionized water, 

and then imaged on an Azure C600 gel imager. A similar procedure was done with BSA-

AuNPs and free BSA.  

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Gold and iridium 1,000-µg/mL standard solutions were used to create a standard 

calibration curve for ICP-MS measurements. A 0.5-ppb iridium-acid water solution was 
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made in 20-mM HNO3 and 60-mM HCl in ultrapure H2O, which is used for serial dilutions 

of the gold standard to make samples with gold contents of 200 µg/mL, 100 µg/mL, 50 

µg/mL, 10 µg/mL, 5 µg/mL, and 1 µg/mL, with a 0 µg/mL sample being pure 0.5-ppb 

iridium-acid water. 4T1 cells were cultured directly on 12-well culture plates at a density 

of 100,000 cells/well and were incubated with 200-pM of PEG-AuNPs in complete culture 

media for 24 hours, or just complete culture media for controls, and were then washed 

with PBS thrice. RAW 264.7 cells were cultured in similar conditions and incubated with 

200-pM of HEP-AuNPs or PEG-AuNPs. Cell standard curves were prepared for both cell 

lines with samples ranging from 1x104 to 3x106 cells as a basis of intracellular magnesium 

contents. Solutions from the proExM process were centrifuged at 4,000 xg for 30 minutes 

to pellet AuNPs, and the supernatants were removed. Samples were then digested with 

an aqua regia solution composed of 70% HNO3 and 37% HCl in a 4:1 ratio (V/V) for 

30 minutes at room temperature. Following digestion, samples were transferred to 1.5-

mL tubes and incubated at 60°C for 1 hour. Samples were then cooled and pulsed on a 

centrifuge before being diluted in a 1:10 or 1:20 ratio in 0.5-ppb iridium solution in 

ultrapure H2O, without HCl or HNO3. Samples from the proExM process were filtered 

through 0.22-µm syringe filters. Au197 and Mg24 content measurements were taken with 

a PerkinElmer NexIon 2000 ICP-MS using the Prepfast IC Sample Introduction system. 

The gold and cell standard curves were used to calculate the number of AuNPs/cell. 

When running residual solutions from proExM through ICP-MS, a significant difference 

in the detected gold content of cells that were treated with AuNPs compared to untreated 

controls at the first step, the Acryloyl-X, SE treatment (****p<0.0001) was detected (Figure 

S14b). It is not likely that the gold content that was detected in this step is from intracellular 
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AuNPs that were removed from the cell in this step, given that this treatment is not a 

destructive process. It is more likely that the detected gold content was from 

uninternalized AuNPs that were stuck to the glass coverslip, which had been 

mechanically dislodged during the Acryloyl-X treatment. The next group that was digested 

for ICP-MS was the bottom coverslip that the cells had been grown on following the 

removal of the hydrogel. A significant difference in the detected gold content between the 

two groups was also detected here (**p<0.01). However, it is once again not likely that 

this difference originated from lost intracellular AuNPs, but rather from cells that were not 

transferred to the gel, given that the gel would not cover the entire top surface area of the 

coverslip. Furthermore, small pieces of the gel tend to tear off the top coverslip as it is 

being separated from the bottom coverslip, resulting in more AuNP-containing cells being 

measured through ICP-MS at this step. There was not a significant difference in the 

detected gold content between the two groups (p>0.99) in the digestion buffer, the top 

coverslip after the gels were peeled off, or the combination of the three washes that the 

gels were expanded in. Given that the digestion buffer and expansion washes are directly 

involved in the chemical and physical disruption of the mechanical structure of the cells, 

it would be expected that any intracellular AuNPs that would be lost would be found within 

those solutions.  

To test the colloidal stability of HEP- and PEG-AuNPs in intracellular conditions, the 

AuNPs were incubated in ultrapure H2O, culture media (DMEM), complete culture media 

(DMEM +10% FBS + 1% penicillin streptomycin (P/S)), or artificial lysosomal fluid for 3 

hours at 37°C. The artificial lysosomal fluid was prepared based on specifications 

described by Innes et al.311 Following the incubation, the AuNPs were centrifuged at 2,300 
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xg for 30 minutes and resuspended in Tween-citrate twice. The AuNPs were then diluted 

to a concentration of 3x10-16 M and measured on the PerkinElmer NexION 2000 ICP-MS 

in single-particle mode.180,299 
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Appendix C: Supporting Figures and Tables 

Table S1. Metallic Nanoparticle Characterization using Dynamic Light Scattering 

 

a Mean +/- standard deviation, n=3 

b Polydispersity Index 

Nanoparticle 
Size (nm) 

Material Surface 
Modification 

Hydrodynamic 
Diameter (nm)a 

PDIb 

14  Gold Citrate 18.0 +/- 0.1 0.01 

55 Gold Citrate 63.6 +/- 0.7 0.08 

55 Gold Citrate, Tween 20 76.0 +/- 0.9 0.07 

55  Gold mPEG(10-kDa)-
OPSS 

99.5 +/- 0.1  0.06 

55 Gold mPEG(5-kDa)-SH 91.3 +/- 0.4 0.05 

55 Gold Cy5-PEG(5-kDa)-
SH, mPEG(10-
kDa)-OPSS 

107.9 +/- 2.9  0.05 

55 Gold HEP 133.8 +/- 2.5 0.03 

40 Silver Streptavidin 65.3 +/- 1.0 0.25 

60 Silver Streptavidin 136.5 +/- 8.5 0.22 

55 Gold Bovine Serum 
Albumin 

98.2 +/- 2.0 0.10 
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Table S2. Metallic Nanoparticle Characterization via Zeta Potential 

 

 

 

 

 

 

 

 

 

 

 

a Mean +/- standard deviation, n=3 

  

Nanoparticle Size 

(nm) 

Material Surface 

Modification 

Zeta Potential 

(mV)a 

55 Gold Citrate, Tween 20 -21.8 +/- 0.4 

55  Gold mPEG(10-kDa)-

OPSS 

-3.8 +/- 0.1 

55 Gold 13 kDa-Heparosan-

OPSS 

-25.7 +/- 0.6 

55 Gold Bovine Serum 

Albumin 

-26.9 +/- 0.4 

40 Silver Streptavidin -18.7 +/- 3.2 

60 Silver Streptavidin -24.3 +/- 1.0 
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Table S3. Liposome Characterization using Dynamic Light Scattering 

 

 

 

 

 

 

 

 

 

a Mean +/- standard deviation, n=3 

b Polydispersity Index 

 

 

  

Liposome Type Hydrodynamic 
Diameter (nm)a 

PDIb 

Doxoves 86.4 +/- 1.0 0.04 

10 kDa Dextran-AF488-PEG-
Liposomes (PEG-Liposomes) 

113.4 +/- 3.3 0.18 

10 kDa Dextran-AF488-Ptd 
Thioethanol-Liposomes (Thiol-
Liposomes) 

76.9 +/- 0.3 0.15 

10 kDa Dextran-AF488-HEP-
Liposomes (HEP-Liposomes) 

102.5 +/- 1.5 0.15 

DiO-Liposomes  114.2 +/- 4.1 0.14 
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Table S4. Liposome Characterization via Zeta Potential 

 

 

 

 

 

 

 

a Mean +/- standard deviation, n=3 

 

 

Liposome Type Zeta Potential 

(mV)a 

Doxoves -20.8 +/- 1.2 

10 kDa Dextran-AF488-PEG-
Liposomes (PEG-Liposomes) 

-8.8 +/- 0.8 

10 kDa Dextran-AF488-HEP-
Liposomes (HEP-Liposomes) 

-33.2 +/- 1.4 
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Figure S2.1. Additional images of expanded 4T1 mammary tumor mouse cells. 4T1 cells 
after expansion were stained with DAPI (blue) for nuclei visualization and WGA-CF488A 
(green) for cell membrane visualization. Scale bar indicates 50 µm. Scale bars for images 
of expanded cells are the original length as taken by the microscope (i.e. not corrected 
for expansion factors). 
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Figure S2.2. Line profiles to analyze the spatial resolution of non-expanded and expanded 

cells. Line profiles (orange) were drawn in equally spaced grids across cells in ImageJ to 

measure the signal intensity of the channel being analyzed for the following conditions: 

(a) nuclei stained with DAPI, (b) cell proteome stained with NHS-AF55. The number of 

peaks in the signal intensity was counted for all the line profiles and then divided by the 

length of the line profile, with the lengths of the line profiles for the expanded cells being 

scaled down by the expansion factor of 4.1. Bars indicate mean +/- standard deviation 

(SD). Unpaired one-tailed t-tests demonstrated significant statistical differences in the 

means of the non-expanded and expanded groups for both stains (****p<0.0001) (n=3).  
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Figure S2.3. UV-Vis spectrophotometry extinction spectra of nanoparticles. Extinction 

spectra of (a) various surface-modified 55-nm AuNPs and (b) 40-nm and 60-nm Strep-

AgNPs. 
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Figure S2.4. Transmission electron micrograph of 14-nm and 55-nm citrate coated 

AuNPs. (a) 14-nm citrate-coated AuNPs, negative stained with uranyl acetate. (b) 55-nm citrate-

coated AuNPs, without negative staining. (c) PEG-AuNPs, negative stained with uranyl acetate. 

(d) HEP-AuNPs, negative stained with uranyl acetate. (e) 60-nm Strep-AgNPs, without negative 

staining. (f) 40-nm Strep-AgNPs, without negative staining.  
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Figure S2.5: AuNP light scattering imaging is compatible with a range of laser 

wavelengths. RAW 264.7 macrophages were incubated with 55-nm AuNPs coated with 

5 kDa mPEG-SH for 3 hours before being washed, fixed, and stained with DAPI (blue) 

and WGA CF488A (green). AuNPs were visualized with light scattering imaging using a 

488-nm argon laser (yellow), a 561-nm diode-pumped solid-state laser (red), a 594-nm 

helium-neon laser (orange), and a 633-nm helium-neon laser (purple). Grayscale images 

of the light scattering channels alone are also shown. The scale bars indicate 15 µm.  
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Figure S2.6: Validating the AuNP light scattering signal by gold etching. The 4T1 cells 

were incubated with 55-nm PEG AuNPs for 24 hours before being washed and fixed. (a) 

Transmitted light image of 4T1 cells with light scattering (red) followed by a digital 

magnification of a single cell, with the nanoparticle light scattering signal shown alone in 

grayscale. (b) The cells were treated with a gold etching solution consisting of KI/I2, and 

following three washes with 1X PBS, the same cells from (a) were reimaged, with the light 

scattering signal no longer being clearly visible. The scale bars indicate 20 µm for the 
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unmagnified images, and 10 µm for the magnified image (c) Quantitative analysis of the 

light scattering signal from the PEG-AuNPs, measured by the integrated density of the 

light scattering signal in regions of interest drawn around the membrane of the cells on 

ImageJ. Bars indicate mean +/- SD. An unpaired one-tailed t-test demonstrated a 

significant statistical difference in the means of the two groups (*p<0.05) (n=3).  
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Figure S2.7: Validating the conjugation of Cy5-PEG to 55-nm AuNPs. (a) Top: a visible 

light image of agarose gel. Bottom: Cy5 image of the same gel, split to image at different 

exposure times to account for differences in signal intensity between samples. The 
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citrate-coated AuNPs (1) migrated towards the cathode, while the PEG-AuNPs (2) and 

Cy5-PEG-AuNPs (3) migrated about the same distance towards the anode, 

demonstrating a successful conjugation of the PEG to the AuNPs. The Cy5 image 

demonstrates a fluorescent signal coming from the position where the Cy5-PEG-AuNPs 

are, as well as the free Cy5-PEG (4), but not where the PEG-AuNPs or citrate-coated 

AuNPs are, confirming a successful conjugation and functionality of Cy5-PEG-AuNPs. 

(b) The fluorescence emission spectra of Cy5-AuNPs and PEG-AuNPs (top) compared 

to the fluorescence emission spectra of free Cy5-PEG (bottom).   



179 
 

 

Figure S2.8: Nanoparticle light scattering imaging of AuNPs is impervious to 

photobleaching. 4T1 cells were incubated with 55-nm Cy5-PEG-coated AuNPs for 24 

hours before being washed, fixed, and stained with DAPI (blue) and WGA-CF488A 

(green). (a) A time series of a single, non-expanded 4T1 cell being imaged 30 times, at a 

rate of 1 image/min. The AuNPs were imaged both with confocal light scattering (red) as 

well as with excitation of the Cy5 tag (yellow). The individual light scattering and Cy5 
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channels are shown in grayscale below the complete overlays with the DAPI and WGA-

CF488A channels. (b) The signal intensities of the light scattering and Cy5 channels of 

cells were quantified by drawing regions of interest around the membranes of the cells 

and measuring the integrated densities of the two channels on ImageJ over the course of 

the timeseries and were then normalized relative to the original intensities from the first 

time point (n=3 cells). The scale bars indicate 10 µm.  
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Figure S2.9: Protein coronas form around PEG-AuNPs after incubation with fetal bovine 

serum. Citrate coated- and PEG-AuNPs were incubated with fetal bovine serum (FBS), 

nanopure H2O (Citrate AuNP, FBS(-)), or 1X PBS ((PEG AuNP, FBS(-)) for 16 hours. A 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) demonstrates 

that PEGylation does not eliminate the proteins that spontaneously adsorb on AuNPs, as 

seen by the visible protein bands on the samples that were incubated with FBS, with no 

visible protein bands being visible on the samples that were not incubated with FBS.  
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Figure S2.10: Expansion microscopy allows for the super-resolution visualization of 

endocytic tracers. 4T1 cells were incubated with 25 µg/mL TRITC-transferrin with or 

without PEG-AuNPs for 24 hours before being washed and subjected to the expansion 

microscopy protocol. The overlay of all four channels – DAPI (blue), WGA-CF488a 

(green), light scattering (red), and TRITC (purple) is shown first, followed by 

magnifications of the regions of interest, indicated by the orange boxes. (i) depicts the 

direct magnifications of the regions of interest, with (ii) showing only the magnification of 

the light scattering channel of those regions in grayscale and (iii) showing only the 

magnification of the TRITC channel of those regions in grayscale. The scale bars indicate 

50 µm in the unmagnified images and 15 µm in the magnified images. Scale bars for 

images of expanded cells are the original length as taken by the microscope (i.e. not 

corrected for expansion factors).  
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Figure S2.11: Expansion microscopy of DC 2.4 cells is compatible with nanoparticle light 

scattering imaging of HEP-AuNPs. DC 2.4 cells were incubated with or without HEP-

AuNPs for 3 hours before being washed, fixed, and stained with NHS-AF555 (grey) and 

imaged with light scattering (red). (a) Non-expanded cells with or without HEP-AuNPs. 

(b) expanded cell with or without HEP-AuNPs. The direct magnifications of the regions of 

interest are shown, followed by the nanoparticle light scattering channel only in grayscale. 

The scale bars indicate 50 µm for the unmagnified images, and 15 µm for the magnified 

images. Scale bars for images of expanded cells are the original length as taken by the 

microscope (i.e. not corrected for expansion factors).  
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Figure S2.12: Expansion microscopy of RAW 264.7 macrophages is compatible with 

nanoparticle light scattering imaging of 60-nm Strep-AgNPs. RAW 264.7 macrophages 

were incubated with or without 60-nm Strep-AgNPs for 24 hours before being washed, 

fixed, and stained with NHS-AF555 (grey) and imaged with light scattering (red). (a) Non-

expanded cells with or without HEP-AuNPs. (b) expanded cell with or without HEP-

AuNPs. The direct magnifications of the regions of interest are shown, followed by the 

nanoparticle light scattering channel only in grayscale. The scale bars indicate 50 µm for 

the unmagnified images, and 15 µm for the magnified images. Scale bars for images of 

expanded cells are the original length as taken by the microscope (i.e. not corrected for 

expansion factors).  
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` 

Figure S2.13: Increasing the crosslinker density of the expansion gel allows for smaller 

nanoparticles to be visualized post-expansion. RAW 264.7 macrophages were incubated 

with or without 40-nm Strep-AgNPs for 24 hours before being washed, fixed, and stained 

with NHS-AF555 (grey) and imaged with light scattering (red). The white arrows indicate 

the position of the 40-nm Strep-AgNPs. (a) Non-expanded cells with 40-nm AgNPs. (b) 
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In expanded cells with 40-nm AgNPs, however, there is no visible light scattering signal 

within the cells. Increasing the crosslinker density of the acrylamide gel creates a stiffer 

gel matrix, which likely prevents smaller nanoparticles from flowing out through the pores 

of the gel. Here, we used a gel with double the crosslinker concentration in the gel 

monomer solution. (c) Expanded cells with or without AgNPs in 2X crosslinker gels. The 

direct magnifications of the regions of interest are shown, followed by the nanoparticle 

light scattering channel only in grayscale. The scale bars indicate 50 µm for the 

unmagnified images, and 15 µm for the magnified images. Scale bars for images of 

expanded cells are the original length as taken by the microscope (i.e. not corrected for 

expansion factors).  
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Figure S2.14: Determining potential intracellular AuNP loss from expansion. (a) RAW 

264.7 macrophages were incubated with HEP-AuNPs for 3 hours before being washed, 

fixed, and stained with NHS-AF555 (grey) with nanoparticle light scattering imaging (red), 

first with the overlay of both channels, and then the nanoparticle light scattering signal 

alone shown in grayscale. The same groups of cells were imaged before and after the 
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proExM process. The expanded cells shown are a maximum intensity projection of 4 

slices around the center of a Z-stack to account for the 3D volumetric spreading of the 

nanoparticles within the cells. The scale bars indicate 15 µm in the non-expanded cell 

images, and 50 µm in the expanded cell images. Scale bars for images of expanded cells 

are the original length as taken by the microscope (i.e., not corrected for expansion 

factors). (b) Inductively coupled plasma mass spectrometry (ICP-MS) analysis of the 

intracellular AuNP loss through the expansion process. Bars represent mean +/- SD. A 

two-way ANOVA with Šidák’s multiple comparison test showed a statistical significance 

in the detected gold content between cells that were treated with AuNPs and untreated 

controls in the washes after the Acryloyl X, SE treatment (****p<0.0001) as well as the 

residual cells that remained on the bottom coverslip during gelation (**p<0.01), but no 

statistical significance in the remaining steps (ns = not significant, p>0.99). The gold 

content detected in the first two steps is not likely to be from intracellular AuNPs. The 

Acryloyl-X treatment is not a destructive process, so the detected gold content was likely 

from uninternalized AuNPs that were mechanically dislodged during the treatment. 

Similarly, the gold content from the second step was likely from cells that did not transfer 

to gel or from cells in pieces of the gel that remained stuck to the coverslip. Since the 

remaining steps of the proExM process (digestion and expansions) involve chemically 

and physically disrupting the mechanical structure of the cell, it would be expected that 

any potentially lost intracellular AuNPs would be found within those solutions (n=4).  
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Figure S2.15: Testing AuNP colloidal stability using single`-particle inductively coupled 

plasma mass spectrometry. (a) HEP-AuNPs and (b) PEG-AuNPs were incubated in 

ultrapure H2O, DMEM, DMEM + 10% fetal bovine serum (FBS) + 1% 

penicillin/streptomycin (P/S), or artificial lysosomal fluid for 3 hours at 37°C. Following 

washing through centrifugation, the AuNPs were characterized with single-particle 

inductively coupled plasma mass spectrometry (SP-ICP-MS). The Kruskal-Wallis test with 

Dunn’s multiple comparison test did not show significant differences in the means of the 

distributions of either type of AuNPs after incubation in DMEM, DMEM + 10% FBS + 1% 

P/S, or artificial lysosomal fluid compared to the ultrapure H2O control (p>0.9999) 

(n=1,000).   
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Figure S3.1: Validation of pan-ExM results with Airyscan. RAW 264.7 macrophages were 

incubated with HEP-AuNPs for 3 hours before being washed, fixed, and stained with 

NHS-AF555 (grey) with nanoparticle light scattering imaging (red), first with the overlay 

of both channels, and then the nanoparticle light scattering signal alone shown in 

grayscale. The cells were first imaged under standard confocal conditions (a) and then 

with the Airyscan detector (b) for super-resolution imaging. The scale bars indicate 20 

µm for the unmagnified images, and 5 µm for the magnified images.  



191 
 

 

Figure S3.2: Verifying the formation of a BSA protein corona on 55 nm AuNPs via SDS-

PAGE. BSA-AuNP and citrate-coated AuNPs, along with a range of concentrations of free 

BSA (processed in the same way as the nanoparticles) were run through SDS-PAGE. 

BSA has a molecular weight of approximately 66.5 kDa, which is corroborated by the 

protein bands of the free BSA appearing strongly between the 55-kDa and 70-kDa bands 

of the protein ladder. A strong band appears on the BSA AuNP lane at approximately the 

same position, with no band appearing on the citrate-coated AuNP lane, which validates 

that a BSA protein corona had formed on the BSA-AuNPs.  
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Figure S3.3: Pan-ExM with nanoparticle light scattering imaging allows for the comparison 

of the uptake of AuNPs with different surface modifications. Non-expanded 4T1 cells 

stained with NHS-AF555 (grey) incubated with BSA-AuNPs (a) or PEG-AuNPs (b), with 

the AuNP light scattering signal (red). Digital magnifications of the regions of interest are 

shown, first with the overlay of both channels, and then the nanoparticle light scattering 

signal alone is shown in grayscale. Pan-ExM was then performed on cells incubated with 

BSA-AuNPs (c) or PEG-AuNPs (d), with 3D reconstructions of CLSM Z-stacks being 

shown. The yellow regions of interest depict individual slices from the z-stacks, with 

similar digital magnifications. Similar to the non-expanded cells, more BSA-AuNPs are 

visible in the expanded cells compared to PEG-AuNPs. The scale bars indicate 50 µm in 

the unmagnified image, and 15 µm in the magnified image. Scale bars for images of 
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expanded cells are the original length as taken by the microscope (i.e. not corrected for 

expansion factors).  
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Figure S3.4: Non-expanded RAW 264.7 macrophages treated with HEP- or PEG-AuNPs. 

RAW 264.7 macrophages were incubated with or without (a) HEP-AuNPs or (b) PEG-

AuNPs for 3 hours before being washed, fixed, and stained with NHS-AF555 (grey) with 

nanoparticle light scattering imaging (red). Digital magnifications of the regions of interest 

are shown, first with the overlay of both channels, and then the nanoparticle light 

scattering signal alone shown in grayscale. The scale bars indicate 50 µm for the 
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unmagnified images, and 15 µm for the magnified images. (c) Quantitative analysis of the 

light scattering signal from the HEP- and PEG-AuNPs, measured by the integrated 

density of the light scattering signal in regions of interest drawn around the membrane of 

the cells on ImageJ. An unpaired one-tailed t-test demonstrated a significant statistical 

difference in the means of the two groups (****p<0.0001) (n=9). 
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Figure S4.1: RAW 264.7 macrophages treated with Doxoves. RAW 264.7 macrophages 

were incubated with 100 µg/mL Doxoves for 3 or 12 hours, along with non-treated 

controls, before being washed, fixed, and expanded with the Magnify protocol. Non-
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expanded cells shown first (a - c), followed by expanded cells (d - f). Cells were stained 

with NHS-AF647 (gray) and DAPI (blue). First the overlay of the NHS-AF647, DAPI, and 

DOX (red) is shown. For non-expanded samples, a digital magnification of a region of 

interest showing the overlay of only the DAPI and DOX signals is included. For expanded 

samples, the full overlay of only the DAPI and DOX is shown, followed by a digital 

magnification of a region of interest of those two channels, and then the DOX signal is 

shown alone in grayscale. White arrows indicate the position of DOX signal. (g) 

Quantitative analysis of the integrated density of DOX signal within regions of interests 

drawn around the holes of the nuclei in expanded cells that were not stained with NHS-

AF647 on ImageJ, normalized by the area of the region of interest in µm2. A one-way 

ANOVA with Tukey’s multiple comparison test resulted in statistically significant 

differences in the means of the DOX signal between the three groups (**p<0.01, 

****p<0.0001). The scale bars indicate 20 µm in the unmagnified images and 5 µm in the 

magnified images.  

  



198 
 

 

Figure S4.2: Agarose gel electrophoresis of 10 kDa Dextran-PEG-Liposomes. 10 kDa 

dextran-AF488-PEG-liposomes, before and after filtering with Amicon centrifugal filters, 

along with free 10 kDa dextran-AF488 were run through a 0.5% agarose gel for 60 

minutes at 80 V. The orange lines indicate the positions of the wells of the gel. The white 

arrow indicates the position of the fluorescent band of the PEG-Liposomes, present in 

lanes with the PEG-Liposomes, which have migrated towards the anode, while being 

absent in the free dextran lane, as expected. The lane with the PEG-Liposomes following 

filtration shows much less of the signal that is visible in the free dextran lane, suggesting 

that the filtration was successful in removing a high amount of free dextran from the 

liposome solution.   
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Figure S4.3: Agarose gel electrophoresis of 10 kDa Dextran-HEP-Liposomes. 10 kDa 

dextran-AF488-Thiol-liposomes and 10 kDa dextran-AF488-HEP-liposomes before and 

after dialysis against 1X PBS through a dialysis membrane and filtering with Amicon 

centrifugal filters, along with free 10 kDa dextran-AF488 were run through a 0.5% agarose 

gel for 40 minutes at 80 V. The orange lines indicate the positions of the wells of the gel. 

The white arrow indicates the position of the fluorescent band of the HEP-Liposomes, 

present in lanes with the HEP-Liposomes, which have migrated towards the anode, while 

being absent in the free dextran lane, as expected. The lane with the HEP-Liposomes 

following filtration shows much less of the signal that is visible in the free dextran lane, 

suggesting that the filtration was successful in removing a high amount of free dextran 

from the liposome solution.   
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Figure S4.4: DiO signal in Magnify samples is lost before expansion. (a) Live RAW 264.7 

macrophages were stained with 5 µM DiO (green) and the DNA stain Hoechst (blue) 

before being fixed, with a visible DiO signal. (b) RAW 264.7 macrophages that were 

stained with 5 µM DiO and Hoechst while still alive, following Magnify processing, with no 

visible DiO signal. (c) RAW 264.7 macrophages that were stained with 5 µM DiO and 

DAPI (blue) following the homogenization step of the Magnify process, prior to expansion, 

with a visible DiO signal. The scale bars indicate 20 µm, not corrected for expansion 

factors.  
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Supporting Movies are available at https://pubs.acs.org/doi/10.1021/acsnano.2c12808 

 

Supporting Movie 1 

An animation of a Z-stack (48 slices) of a RAW 264.7 macrophage treated with HEP-

AuNPs, following the pan-ExM process, shown in Figure 5C. First the individual Z-slices 

are shown, followed by a 3D reconstruction of the entire stack. The cell is bulk (pan) 

stained with NHS-AF555 (gray), with label-free AuNPs visualized through light scattering 

imaging (red). The data set was captured using a 40X/1.2 NA water immersion objective 

on a conventional inverted confocal laser scanning microscope (Zeiss LSM 880). 

 

Supporting Movie 2 

An animation of a Z-stack (51 slices) of a RAW 264.7 macrophage without AuNP 

treatment, following the pan-ExM process, shown in Figure 5D. First the individual Z-

slices are shown, followed by a 3D reconstruction of the entire stack. The cell is bulk (pan) 

stained with NHS-AF555 (gray), with label-free AuNPs visualized through light scattering 

imaging (red). The data set was captured using a 40X/1.2 NA water immersion objective 

on a conventional inverted confocal laser scanning microscope (Zeiss LSM 880). 

  

https://pubs.acs.org/doi/10.1021/acsnano.2c12808
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