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ABSTRACT 

 

Cancer therapies are often limited by bulk and cellular barriers to transport. 

Nanoparticle or chemotherapeutic compound intracellular transport has implications in 

understanding therapeutic effect and toxicity. The scope of this thesis was to study the 

intracellular transport of carbon nanohorns and to improve the efficacy of various 

chemotherapeutic agents through increased intracellular transport.  

In the first study, fluorescent probes (quantum dots) were conjugated to carbon 

nanohorns to facilitate the optical visualization of the nanohorns. These hybrid particles 

were characterized with transmission electron microscopy, electron dispersive 

spectroscopy and UV-VIS/FL spectroscopy. Their cellular uptake kinetics, uptake 

efficiencies, and intracellular distribution were determined in three malignant cell lines 

(breast – MDA-MB-231, bladder – AY-27, and brain – U87-MG) using flow cytometry 

and confocal microscopy. Intracellular distribution did not vary greatly between cell 

lines; however, the uptake kinetics and efficiencies were highly dependent on cell 

morphology. In the second study, the efficacy of various chemotherapeutic agents (i.e., 

doxorubicin, cisplatin, and carboplatin) was evaluated in AY-27 rat bladder transitional 

cell carcinoma cells. In the future, severe hyperthermia and chemothermotherapy 

(chemotherapy + hyperthermia) will also be evaluated. Doxorubicin and cisplatin 
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compounds were more toxic compared to carboplatin. Hyperthermia has previously 

shown to increase the cellular uptake of chemotherapeutic agents; therefore, 

chemothermotherapy is expected to have synergistic effects on cell death. This work can 

then be translated to carbon nanohorn-based laser heating to generate thermal energy in a 

local region for delivery of high concentrations of chemotherapeutic agents. Although 

these two concepts are small pieces of the overall scope of nanoparticle-based therapies, 

they are fundamental to the advancement of such therapies.   
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

 

1.1. Cancer Disease Statistics 

Cancer remains the second leading cause of death in the United States exceeded 

only by cardiovascular diseases, with an estimated 1.5 million new cases and 570,000-

600,000 deaths in 2009-2010 according to the Centers for Disease Control and 

Prevention [1, 2]. Malignant cancers are mutated cells that evade the immune system, 

producing tumor masses that eventually invade and destroy normal tissue. As the 

incidence of cancer continues to rise with population, advancements in early diagnostic 

techniques and therapeutic approaches become critical. Three commonly researched 

cancers are breast, brain, and urinary bladder. Each has a different etiology, incidence, 

and survival rate; however, they can all ultimately lead to death.  

Breast cancer is the leading type of cancer diagnosed in women [3]. While its 

incidence remains high, its survival rate has grown significantly since the discovery of 

mammography showing the importance of early diagnostic tools [4, 5]. Since the 

introduction of mammographic screening and improvements in therapies, the overall 5-

year survival rate of breast cancer has risen from 75 to 90% in the last 40 years, with a 

99% 5-year survival rate of patients diagnosed with localized breast cancer [6]. Urinary 

bladder cancer is the fourth most common diagnosed cancer in men, with an overall 5-

year survival rate of 78% that drops to just 5% for distant stages [6]. Cancers of the head 

and neck, while not nearly as common (~10% less cases diagnosed than breast cancer per 

year), are more detrimental having a mere 35% 5-year survival rate average [6].  

Breast cancer is commonly diagnosed during localized or regional stages allowing 

effective treatment of the disease; whereas brain and urinary bladder cancers are found 
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during more invasive stages. Brain and urinary bladder cancers typically present “finger-

like” processes that invade nearby healthy tissue [7] or multiple tumor masses [8], 

respectively. This aggressive nature causes the tumor resection to be minimally effective 

in these types of cancers causing an increase in tumor recurrence and a decrease in 

survival rate compared to breast cancer. Even though significant advancements in breast 

cancer diagnostics and treatments were achieved over the past 50 years, annual funding in 

this area remains the highest due to the high incidence of this disease. For example, the 

National Cancer Institute of the National Institute of Health allotted over $630 million for 

breast cancer research, while allotting only $20 million for bladder cancer and $165 

million for brain cancer in 2011 [9]. 

The current treatment standards for malignant tumors involve surgical resection, 

which is only effective in early stages; chemotherapy, which induces systemic toxicity; 

and radiation/hyperthermia, which exposes the surrounding normal tissue to harmful 

doses of radiation [10, 11]. These methods are not selective and induce toxic side effects 

in the surrounding normal tissues. Additionally, in the case of malignant brain tumors 

many additional challenges emerge, including evading the blood brain barrier (BBB) and 

maintaining normal tissue viability [11]. These limitations have motivated researchers to 

develop novel nano-based structures that rely on passive or active targeting approaches to 

localize agents in tumor-specific regions and reduce the risk of systemic toxicity [11-13].         
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1.2. Overview of Nanotechnology in Cancer Research  

Significant improvements have been made to understand the etiology of cancers; 

however, the need for nano-scale manipulation and localized treatments has hindered 

progress in advanced treatments. Nanotechnology offers a unique approach to enable 

nano-scale treatments, provide higher resolution diagnostics, and enhance the study of 

diseases [12]. Nanotechnology is described as man-made materials that have dimensions 

less than a few hundred nanometers, which have nano-scale specific properties not 

present in the bulk material [12].  

The three main motivations for nanomaterials in medicine are: (1) localized 

delivery of therapeutic or imaging agents, (2) potential combination therapies, and (3) 

improved drug kinetics through enhanced circulation times, controlled release, and 

delivery of hydrophobic agents. Although the full potential of these materials remains 

unknown, a few nanomaterials have already been approved in medicine as drug delivery 

vehicles. A common example is Doxil
TM

, which is doxorubicin encapsulated in 

liposomes for treatment of Kaposi’s sarcoma, recurrent breast cancer, and ovarian cancer 

[10, 14]. Another complex approved for the treatment of metastatic breast cancer is 

Abraxane
TM

, a paclitaxel-albumin nanoparticle complex [10, 14]. A summary of the 

current clinical status of nanoparticle systems for cancer therapy are detailed in Table 1. 
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Table 1. Summary of current clinical status of nanoparticle systems for cancer 

therapy. Adapted with permission from Macmillan Publishers Ltd: Nature Reviews 

Drug Discovery, Davis, M.E. et al. Nat Rev Drug Disc. 7, 771-782, © (2008) [14]. 

Platform 
Latest stage of 
development 

Examples 

Liposomes Approved DaunoXome, Doxil 

Albumin-based particles Approved Abraxane 

PEGylated proteins Approved 
Oncospar, PEG-Intron, 
PEGASYS, Neulasta 

Biodegradable polymer-
drug composites 

Clinical trials Doxorubicin Transdrug 

Polymeric micelles Clinical trials 
Genexol-PM, SP1049C, 

NK911, NK012, NK105, NC-
6004 

Polymer-drug conjugate-
based particles 

Clinical trials 

XYOTAX (CT-2103), CT-2106, 
IT-101, AP5280, AP5346, 

FCE28068 (PK1), FCE28069 
(PK2), PNU166148, 

PNU166945, MAG-CPT, DE-
210, Pegamotecan, NKTR-102, 

EZN-2208 

Dendrimers Preclinical Polyamidoamine (PAMAM) 

Gold nanoparticles Clinical trials CYT-6091 

Other inorganic or solid 
particles 

Preclinical 
Carbon nanotubes, silica 

particles, quantum dots, etc. 

 

In addition to delivering chemotherapeutic agents, nanomaterials can also be used 

for other treatment strategies or to deliver imaging contrast agents to the site of interest to 

improve diagnosis. Other treatment applications for nanoparticle systems are to enhance 

photothermal therapy (hyperthermia or ablation) [15-19], radiation therapy [20, 21], and 

photodynamic therapy [22-25]. Recently, many groups have begun to develop multi-

modal or multifunctional nanoparticles, which contain at least two or three of the 

following qualities: imaging agents (i.e., gadolinium, lutetium, fluorescent probes, etc.), 

chemotherapeutic agents (i.e., doxorubicin, cisplatin, paclitaxel, etc.), photoabsorptive 

materials, radiosensitive or radiation-enhancing agents, active targeting ligands, genetic 

components, etc. [13, 17, 22, 26-28]. An example is illustrated in Figure 1 below.   
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Figure 1. Illustration of a multi-modal nanovector for simultaneous imaging, drug 

delivery, enhanced radiosensitivity, etc. 

 

1.3 Nanoparticle Delivery  

 Nanoparticle systems offer specific advantages for delivery of therapeutic agents 

over conventional medicine in cancer treatments by effectively designing the system to 

preferentially deliver the agents to the tumor site. Many properties can affect nanoparticle 

transport in vitro and in vivo, such as the presence of endothelial or tumor cell targeting 

ligands, nanoparticle size, and shape [29-33]. Aside from nanoparticle geometry and 

surface characteristics, nanomedicine also takes advantage of the abnormal physiology of 

neoplastic, or cancerous, tissue by the enhanced permeability and retention effect (EPR) 

to preferentially accumulate nanoparticles in tumors [31, 34, 35]. There are three methods 

which nanoparticles can be delivered effectively: (1) systemic delivery and passive 

targeting; (2) systemic delivery and active targeting; and (3) local injection.  

 

1.3.1. Passive Targeting 

The initial driving force behind nano-scale medicine for cancer therapy was the 

significant distinction between normal and diseased tissues, which can be defined as the 

EPR effect. This is known as passive targeting upon systemic injection. Essentially, the 
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tumor microenvironments have characteristic abnormal vasculature and insufficient 

lymphatic drainage leading to the accumulation of nanoparticles. Tumors have 

heterogeneous vascularization, which is disorganized and tortuous leaving avascular 

regions; the blood flow through the vascular network is independent of vessel size; and 

the vessel structure is abnormal. Abnormal vessel structures have thick or thin basement 

membranes, large fenestrations, or wide intercellular junctions [31, 36]. Nanoparticles are 

thus passively delivered to the tumor through the large fenestrations or wide intercellular 

junctions, whereas the normal vasculature is void of these properties decreasing 

nanoparticle extravasation to non-diseased tissue. The purpose of the lymphatic system is 

to maintain tissue interstitial fluid pressure (IFP); however, in tumors, the highly 

proliferating cancer cells cause lymphatic vessels to collapse. Tumor lymphatic vessels 

typically only exist around the tumor margin causing a radial decrease in IFP [31]. 

Without efficient fluid drainage, the nanoparticles cannot be removed from the tumor 

[11].  

 Although the passive delivery of nanoparticles due to the EPR effect has been a 

fundamental concept for nanomedicine, not all tumors exhibit the same 

microenvironment. The fenestrae pore cut-off sizes range from approximately 200-2000 

nm [37], which is ideal for the delivery of nanomaterials <200 nm, the homogeneity of 

vascularization [38, 39], and the degree of IFP [40] vary depending on tumor type. 

Additionally, the high IFP, desmoplasia, and highly dense collagen network characteristic 

of tumors may inhibit the intratumoral transport leaving nanoparticle accumulation 

around the periphery of the tumor [31]. Thus, other approaches to improve nanoparticle 

transport through actively targeting specific cells have become the current standard.  
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1.3.2. Active Targeting 

Neoplastic cells that make up tumors have been shown to upregulate specific 

receptors compared to normal, healthy cells [41-43]. Nanoparticles can then be 

conjugated with their corresponding targeting agent to selectively target and bind to the 

receptors on specific cell types after extravasation from the blood vessel. Upon binding, 

the cells can internalize nanoparticles via receptor-mediated endocytosis. The basic 

concept of this field of research is to minimize the healthy tissue exposure to the 

therapeutic agents and selectively localize radiation or absorption-enhancing particles to 

the diseased tissue.  

Common molecular targeting agents are: antibodies (urokinase plasminogen 

activator (u-PA), anti-HER-2, anti-CDs, etc.), growth factors (i.e., anti-VEGF, anti-EGF, 

anti-Tf, etc.), chemokines (i.e., CXCL12), peptides (i.e., arginine-glycine-aspartic acid 

(RGD), hyaluronan, chondroitin sulphate, etc.), vitamins (i.e., folic acid), carbohydrates 

(i.e., steroids), etc. [10, 12]. The folate receptor (FR) / folic acid (FA) interaction is one 

of the most commonly studied for drug targeting, as FRs are upregulated in many 

different types of cancers [44-46]. This is a pathway that may have the most significant 

potential for reducing systemic toxicity in the widest range of neoplasms. Targeting 

approaches through angiogenesis and tumor vasculature by targeting growth factor 

receptors (VEGFR, EGFR, bFGFR, etc.), αvβ3-integrins, and matrix metalloproteinases 

have also shown promise, in addition to targeting neoplastic cells [13, 32]. Molecular 

targeting of nanoparticles can greatly improve selectivity over current treatment strategies 

by delivering greater therapeutic agents per binding site and the ability to simultaneously 
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deliver multi-modal therapies to tumor sites (i.e., thermochemotherapy or 

radiochemotherapy); however, not without risk.  

 Despite the improved selectivity using active targeting methods, these 

modifications become more difficult to achieve, increase their price, and increase the 

particle diameter [13]. These consequences must be considered because nanoparticle 

diameter and geometry can greatly influence nanoparticle intracellular and bulk transport. 

Another challenge faced is the binding affinity of these molecular targeted particles. 

There must be a balance of binding affinity, such that it is high enough to improve 

targeting efficiency, while not high enough to block binding sites at the periphery of the 

tumor causing a decrease in nanoparticle diffusion throughout the tumor [10]. 

Furthermore, molecular targeting does not overcome transport challenges associated with 

tumor microenvironment once nanoparticles reach a solid tumor.  

 

1.3.3. Local Injection 

Although systemic injection with passive or active targeting has the potential to 

detect and kill even metastatic cancers, evading the reticuloendothelial system (RES) and 

improving nanoparticle delivery throughout solid tumors remain major concerns. Serum 

protein adsorption, or opsonization, is a problem often encountered during systemic 

delivery of nanoparticles. This process causes the monocytes or macrophages housed in 

RES organs, such as the spleen and bone marrow, or the Kupffer cells in the liver to clear 

the foreign materials from the bloodstream [47]. RES uptake may have implications on 

long term cytotoxicity [48]. Early research demonstrated by adding surface coatings, such 

as polyethylene glycol (PEG), can reduce RES accumulation by preventing opsonization 
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[49, 50]. Additionally, the shape, size, and charge of nanoparticles may play a role in 

biodistribution following systemic injection preventing RES uptake [30, 49].  

When a tumor is located in tissues outside of the RES, it may be beneficial to 

deliver therapies through intratumoral or local injection. The local injection of 

nanoparticle systems is advantageous if the neoplasm is localized to a specific region 

because it can minimize the side effects of many treatments [51]. For cancers residing in 

organs not easily accessible, such as the bladder, brain, colon, etc., an endoscope is often 

used. Recent investigation of fiber-optic microneedle devices for intratumoral delivery of 

nanoparticles or chemotherapeutic agents, while simultaneously delivering light, shows 

great potential to enhance localized therapies [52]. These biomimetic devices have 

minimal tissue damage as their design is based on the mosquito fascicle [53].  

 

1.4. Nanoparticle Design 

 Nanoparticle design plays a critical role in effective nano-based therapies. Size 

and shape can influence pathways, such as nanoparticle delivery, cellular internalization, 

and intracellular trafficking, in addition to biodistribution upon intravascular injection. 

Although there is much current research to elucidate these mechanisms, the results are 

often ambiguous. For example, some work suggests nanoparticles that are spherical in 

shape with an average diameter of 50 nm have more significant cellular internalization 

rates compared to rods due to lower energy requirements [29, 54, 55]. However, other 

groups show that cells internalize particles more readily with higher aspect ratios [56, 

57]. These discrepancies may be due to various other factors, such as nanoparticle charge, 

material, and cell type used.  
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Additionally, optimal geometry truly depends on the research goal. Current work 

investigating size dependent cellular internalization shows that smaller nanoparticles are 

internalized more readily than larger nanoparticles [58, 59]. Some work even suggests 

that there is an optimal size of 25-50 nm for enhanced cellular uptake [29, 60]. The sizes 

greatly affect the uptake mechanism required, and may also affect toxicity [59]. For 

example, if the particles are larger than the size of an endosome (~500-800 nm) a non-

endosomal pathway would be required to internalize the particles [59, 61, 62]. However, 

if the goal of the work is to effectively deliver nanoparticles intravenously, larger 

particles (> 1μm) of non-spherical shapes may be most effective to enhance circulation 

time, improve margination dynamics in the vasculature, and improve exposure to surface 

receptors [63, 64].  

These geometry differences also play a role in biodistribution and clearance upon 

intravenous injection, where large (few microns) or small (<100nm) particles accumulate 

in the liver due to high Kupffer cell internalization or particles passing through liver 

fenestrae (pore size ~100 nm); large (few microns) or rod-like particles accumulate in the 

lungs; (smaller particles (1-10 nm) are often cleared rapidly through the kidneys; and the 

accumulation of particles in the tumor is favored by particles on the order of fenestrae 

diameters (100-500 nm) [30, 31, 47, 58, 65-67]. Therefore, all transport pathways must 

be examined to determine the “optimal” nanoparticle geometry because the size, shape, 

surface charge, and material can greatly influence the efficacy of the nano-based therapy, 

in addition to its toxicity. 
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1.5. Transport in Cancer Therapies  

1.5.1. Nanoparticle Bulk Tissue Transport  

Upon systemic or intratumoral injection, nanoparticles encounter a variety of 

transport barriers prior to reaching the intended site, which are summarized in Figure 2. 

Nanoparticles and chemotherapeutic drugs alike must first evade the RES (nanoparticles) 

and lymphatics (chemo- drugs) to ensure availability for extravasation from tumor 

vasculature [31, 39]. Once extravasated, either via transcytosis or diffusion/convection 

through pores, the therapies must move through the tumor interstitial space to reach 

individual cells. Though this transport pathway sounds simple, many barriers exist due to 

the unique nature of neoplastic tissue. Some of the barriers to these transport mechanisms 

are summarized in Figure 3 [13, 31, 39].  

 

 

Figure 2. Illustration of nanoparticle transport pathway to target tissue after 

systemic injection. Reprinted with permission from Elsevier: Advanced Drug 

Delivery Reviews, Li, Y. et al., 64, 29-39, © (2012) [39].   
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Figure 3. Summary of nanoparticle/chemotherapy barriers to transport pathways. 

 

1.5.2. Nanoparticle Intracellular Transport  

Not only is it important to understand the bulk tissue transport barriers, but 

intracellular transport as well. Until researchers grasp an understanding of the 

mechanisms of nanoparticle cellular uptake/exocytosis, cellular uptake rates, intracellular 

distribution, and sorting pathways, the optimization of nano-based therapies is limited 

[68]. For instance, selecting nanoparticles that accumulate within the cells’ nuclear 

membranes to deliver nuclear-targeted drugs may potentiate their effects, killing 

malignant cells more efficiently [69]. In addition, determining the ability of 

nanomaterials to undergo transcytosis has implications for improved delivery to the 

intended site and may enable the nano-carriers to cross the blood brain barrier, which is 

otherwise impervious to diffusion.  

Upon the development of novel nanostructures, preliminary nanoparticle-cell 

interactions are typically evaluated. Commonly, the in vitro intracellular transport and 
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other interactions are only assessed using just one cell line. Other studies, and the study 

described in Chapter 2 of this document, describe the importance of evaluating 

nanoparticle-cell interactions in multiple cell lines [70]. Regardless of phagocytic ability, 

nearly all cells will internalize nano- and even microparticles, but the internalization rates 

typically differ between cell lines. This emphasizes the significance of thorough 

nanoparticle-cell interaction evaluation in vitro, prior to their implementation in vivo to 

optimize treatment time, concentration, etc. for the tumor type.  

 

1.6. Carbon Nanohorns in Cancer Research  

Carbon nanomaterials (CNMs) have greatly impacted the engineering community 

since their discoveries: the fullerene in 1980 (Sumio Iijima) [71] or 1985 (Smalley et al.) 

[72], the carbon nanotube in 1991 (Iijima et al.) [73], and the carbon nanohorn in 1999 

(Iijima et al.) [74]. The size, shape, and surface functionality can be altered appropriately 

for specific applications. The most common CNMs are fullerenes, single-walled 

nanotubes (SWNT), multi-walled nanotubes (MWNT), and single-walled nanohorns 

(SWNH) [75]. Each of these carbon structures has a similar atomic structure to single 

graphene sheets; however, the sheets are rolled into tubular or conical shapes due to the 

number of pentagonal carbon rings present in the graphene sheets [76]. These structures 

have unique properties, making CNMs suitable for a wide range of applications, 

including sensors [77, 78], hydrogen storage systems [79-81], solar cells [35, 82], 

biomolecule sensors [83, 84], drug delivery systems [26, 85-87], photoabsorbing agents 

[15, 16, 88], etc. – their application is limitless.  
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In the medical field carbon nanotubes (CNTs) are studied more thoroughly than 

other forms of carbon. SWNHs (Figure 4), a more recent discovery in CNMs, have many 

advantages over CNTs as drug delivery systems for cancer therapies. First, they do not 

require a metal catalyst during synthesis decreasing the risk of heavy-metal induced 

cytotoxicity [75]. Second, in a preliminary study by our group, SWNHs were more 

readily endocytosed in the MDA-MB-231 breast cancer cell line than SWNTs (Figure 

20). This finding was supported by other studies with gold nanoparticles, where spherical 

particles were internalized at higher rates than high aspect ratio rods [29].  

 

Figure 4. TEM image of SWNHs placed on a lacey carbon coated copper grid. 

 

 

CNMs have recently generated interest for their potential as selective photo-

absorbing agents to enhance photothermal therapy (PTT). The use of PTT has been 

limited due to poor light penetration through the chromophores (e.g., water, hemoglobin, 

etc.) in healthy tissue causing decreased efficacy. The use of near infrared (NIR) light can 

be used to overcome some attenuation problems associated with tissue penetration; 

however, it typically is not enough to eliminate nonspecific injury of surrounding healthy 

cells upon tumor ablation with PTT [89]. To enhance the selectivity of PTT, the use of 
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highly absorptive nanomaterials is beneficial. CNMs are highly absorptive in the NIR 

optical window (700-1100 nm), and their ability to convert photon energy to thermal 

energy is exceptional [90].  

Although gold nanoparticles are currently in clinical trials to enhance PTT [14], 

carbonaceous nanomaterials (CNMs) may prove more valuable in the future. SWNHs, 

specifically, have larger internal pore spaces to load large volumes of photodynamic 

therapy or chemotherapy agents [22], and modifications can be made to the CNM 

surfaces to attach targeting moieties. Strong carbon-carbon bonds also effectively protect 

the sensitive adjuvant therapies from degradation prior to reaching the intended location 

[87]. Additionally, SWNHs may have enhanced photodynamic therapeutic capabilities, 

similar to fullerenes upon laser-light irradiation [91].  

The applications for SWNHs and other CNMs to enhance current cancer 

therapeutic strategies are infinite. However, there remains a need to evaluate 

nanoparticle-cell interactions prior to moving forward in the field of nanomedicine. These 

interactions, along with overcoming the barriers to transport in tumors as observed with 

chemotherapeutic agents, are critical to the development of non-toxic nano-based 

therapies. Often, CNMs do not possess inherent fluorescence properties to monitor real-

time transport and nanoparticle-cell interactions, requiring static methods (e.g., electron 

microscopy) for evaluation. Therefore, developing stable conjugation strategies to attach 

fluorescent probes is essential to advance this technology and provide a method to 

dynamically monitor transport mechanisms.  
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1.7. Hyperthermia  

 To overcome these barriers to transport, hyperthermia is often used as an adjuvant 

therapy with nanomedicine, chemotherapy, or radiation therapy. Hyperthermia is the use 

of elevated temperatures (between 40 and 44°C) to induce cytotoxic effects in neoplasms, 

while having minimal effect in normal tissue [92]. This is mainly a result of acidic and 

hypoxic conditions observed in tumors [93]. An extreme elevation in temperature (> 

44°C) can increase cell death at shorter times; however, at these temperatures, it is no 

longer selective towards neoplastic tissue [92]. Hyperthermia improves bulk transport, 

such as enhanced permeability of blood vessels, increased blood flow, and increased 

susceptibility to hyperthermia due to increased oxygen, which augment the delivery of 

nanomaterials and chemotherapeutic agents [92-96]. Additionally, an increase in 

sensitivity to chemotherapy is also observed, which may be attributed to increased 

cellular uptake or enhanced chemotherapy activation via thermal routes [92, 93, 97-100].  

 The cytotoxic effects observed with in vivo whole body hyperthermia-enhanced 

therapies, such as increased nephrotoxicity [101], could be improved by locally 

administering hyperthermia. Certain types of nanoparticles are used to enhance laser-

based hyperthermia treatments, including gold [17, 24, 102] and carbon nanoparticles 

[15, 89, 90]. Upon laser irradiation, these nanoparticles can absorb photons emitted from 

the laser and transfer them to thermal energy. They have potential to localize thermal 

therapies and permit the use of lower laser powers to obtain the same heat generation in 

tissue. Recent studies evaluated the use of gold nanorods or graphene oxide-mediated 

hyperthermia to enhance chemotherapeutic toxicity [103, 104]. SWNHs, therefore, have 
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the potential to localize temperature elevation for two purposes, to enhance hyperthermia-

induced toxicity and to enhance the local pharmacodynamics of chemotherapeutic agents.  
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2.1. Motivation 

 Single-walled carbon nanohorns show promise as chemotherapeutic drug delivery 

systems, photo-absorbers for enhanced photothermal therapy, in addition to their use as 

contrast imaging agent carriers for enhanced tumor detection. Information regarding 

nanoparticle transport at the cellular and bulk tissue levels is critical to the progression of 

carbon nanohorn nanotechnologies in medicine, such as intracellular 

compartmentalization, uptake kinetics, and interstitial transport. Static and destructive 

approaches are the current standard to evaluate carbon nanomaterial transport. The 

development of stable conjugation schemes to fluorescently label carbon nanohorns will 

permit the non-invasive and eventually dynamic study of intracellular carbon nanohorn 

transport. Although previous work has been conducted to fluorescently label carbon 

nanotubes to study intracellular transport, limited research with carbon nanohorns has 

been reported.  

 The work described in this chapter can be divided into two tasks. The first task of 

this work proposes a new approach to a commonly used method to enhance stability of 
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the carbon nanohorn-quantum dot nano-complexes. The second task is to apply these 

nano-complexes in vitro and gain a basic understanding of nanoparticle intracellular 

transport in three malignant cell lines. Three cell lines were selected to highlight the 

importance of variability between nanoparticle-cell interactions in various cell types. This 

study presented in this chapter has been prepared as a manuscript and will be submitted 

to Nano Research.  

2.2. Abstract 

 Single-walled carbon nanohorns (SWNHs) have great potential to enhance 

thermal and chemotherapeutic drug efficiency for cancer therapies. Despite their diverse 

capabilities, minimal work has been conducted to study nanoparticle intracellular 

transport, which is an important step in designing efficient therapies. SWNHs, like many 

other carbon nanomaterials, do not have inherent fluorescence properties making 

intracellular transport information difficult to obtain. The goals of this project were to: (1) 

develop a simple reaction scheme to decorate the exohedral surface of SWNHs with 

fluorescent quantum dots (QDs) and improve conjugate stability and (2) evaluate SWNH-

QD conjugate cellular uptake kinetics and localization in various cancer cell lines of 

differing origins and morphologies.  

In this work, SWNHs were conjugated to CdSe/ZnS core/shell quantum dots 

(QDs) using a unique approach to carbodiimide chemistry. Transmission electron 

microscopy (TEM) and electron dispersive spectroscopy (EDS) verified the conjugation 

of SWNHs and QDs. Cellular uptake kinetics and efficiency were characterized in three 

malignant cell lines, U-87 MG (glioblastoma), MDA-MB-231 (breast cancer), and AY-

27 (bladder transitional cell carcinoma) using flow cytometry. Cellular distribution was 
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verified by confocal microscopy, and cytotoxicity was also evaluated using an 

alamarBlue assay. Results indicate that cellular uptake kinetics and efficiency are highly 

dependent on cell type, highlighting the significance of studying nanoparticle transport at 

the cellular level. Nanoparticle intracellular transport investigations may provide 

information to optimize parameters (e.g., SWNH concentration, treatment time, etc.) 

prior to treatment depending on tumor etiology.   

 

KEYWORDS: single-walled carbon nanohorn (SWNH), quantum dot (QD), cellular 

distribution, uptake kinetics, cancer   

 

2.3. Introduction  

Carbonaceous nanomaterials (CNMs) have impacted the engineering community 

significantly over the past few decades for various applications, such as hydrogen storage 

[79, 105, 106], sensors (e.g., gas, temperature, biomolecules, etc.) [77, 78, 83, 84], and 

medical diagnostics and treatments [75, 107, 108], due to their excellent mechanical, 

chemical, and thermal properties. The versatility of these materials arises from the ability 

to manipulate and control their sizes, shapes, and surface functionalities. Within the 

medical field, CNMs have been studied widely to enhance cancer treatment and 

diagnostic techniques, such as drug delivery systems [26, 85, 86, 109], photoabsorbers in 

laser-based therapies [15, 16, 88], and MRI contrast agent carriers [110-113]. The strong 

carbon-carbon bonds present in CNMs create chemically and mechanically inert carriers. 

Chemotherapeutic and magnetic resonance imaging (MRI) contrast agents are thus 

protected from degradation as they are transported to the sites of interest [87], in addition 



21 

 

to potentially reducing systemic toxicity of the chemotherapeutic agents. Cancer is the 

second leading cause of death in the United States, and advancements such as the use of 

nanomaterials in the diagnosis and treatment of the disease are imperative to reduce this 

ranking [6]. 

Single-walled carbon nanohorns (SWNHs) share similar structures to the more 

conventional carbon nanotubes (CNTs); however, in the case of SWNHs, the single 

graphene sheets are rolled into conical, rather than tubular shapes. Strong van der Waals 

forces between the open ends of individual SWNHs cause them to assemble into a larger 

spherical structure [114]. The spherical structures can take the form of dahlias, buds, and 

seeds as described by Yudasaka et al. [76]. Dahlia SWNHs are the most promising 

because they can be synthesized with extreme purity in large quantities and were, 

therefore, selected for this study. SWNHs are appealing for biomedical applications over 

other forms of CNMs for numerous reasons. The most significant advantage is the 

elimination of metal catalysts during synthesis, thereby reducing cytotoxic effects [75, 

76]. Furthermore, nanoparticle shape and size is proven to greatly affect nanoparticle 

intravenous transport, intratumoral transport, and intracellular transport. Chithrani and 

collaborators found that spherical gold nanoparticles of 50 nm diameter were 

endocytosed more readily than gold nanorods of various aspect ratios [29]. SWNHs are 

thus predicted to have a shape that requires less energy to be endocytosed than high 

aspect ratio CNTs. Finally, SWNHs have larger surface areas and internal storage spaces 

than CNTs for enhanced exohedral surface modification (e.g., receptor targeting moieties, 

chemotherapeutic drugs, coatings for biocompatibility, etc.) and endohedral drug loading, 

rendering them more attractive for active drug delivery systems [115].  
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Nanomaterials will encounter a series of transport barriers prior to reaching the 

site of interest, whether targeting the bulk tumor tissue or individual cellular 

compartments [31, 39]. Nanoparticle design (e.g., shape, size, material, and surface 

characteristics) will influence transport through the pathways previously stated [30, 39]. 

The study of “nano-biotransport” is fundamental to the success of nanotechnology to 

ensure the delivery of adequate concentrations of chemotherapy and other adjuvant 

agents, such as photoabsorptive materials, photodynamic therapy agents, and 

radiosensitizers. Additionally, information specifically regarding intracellular transport 

will have implications in directing agents to the appropriate cellular pathways. Potential 

cytotoxic or long-term effects of endocytosed nanoparticles may also correlate to 

transport information, such as the intracellular location of the particles or the uptake 

kinetics [116].  

Many nanomaterials, such as iron oxide nanoparticles and CNMs (with the 

exception of a portion of single-walled carbon nanotubes), lack fluorescent properties 

sufficient to monitor their optical transport in vitro or in vivo, limiting the study of their 

transport [117]. Therefore, more invasive and laborious techniques are necessary, such as 

paraffin embedding and sectioning of samples to monitor transport at discrete time points 

with electron microscopy (EM). Additionally, low contrast between CNMs and cell or 

organelle membranes makes techniques such as EM difficult [118]. Even though 

gadolinium has been incorporated into SWNHs to enhance contrast in studying SWNH 

biodistribution using EM [117], few attempts have been made to optically track SWNH 

transport. This work focuses on developing fluorescently-tagged single-walled carbon 
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nanohorn conjugates to study intracellular transport in vitro using semiconductor 

quantum dots (QDs).  

Traditionally, many organic fluorescent probes, such as fluorescein and cyanines, 

are used to enhance imaging of nanoparticles in biomedical research [22]; however, the 

use of QDs has generated significant interest because they have several benefits over 

conventional probes. The most prominent advantages are that they are resistant to both 

photo- and chemical degradation over time and they have a wide excitation band with a 

narrow emission band. Furthermore, they are brighter than other fluorophores and can be 

tuned to emit specific wavelengths by altering the diameter of the crystal [119, 120]. In 

particular, near-infrared (NIR) emission wavelengths can be achieved to overcome 

attenuation problems when used in vivo. The current standard nanocrystal composition is 

cadmium selenide, which generates a concern of toxicity when used in biology due to 

cadmium ions leaching from the nanocrystal. Many studies aim to determine in vitro and 

in vivo toxicity; however, the results are ambiguous and highly dependent on nanocrystal 

size, surface charge, stability in solution, and physical environment [121-124]. Recent 

research is directed in the synthesis of cadmium-free nanocrystals, though their 

commercial availability is limited and the quantum yield has yet to reach that of CdSe 

nanocrystals (except in the NIR emission region) [125-127]. Despite these concerns, QDs 

can be easily surface modified with target ligands, polymers, or chemotherapeutic agents.  

Previous groups have demonstrated that QDs can be successfully conjugated to 

CNT surfaces with various non-covalent [128] or covalent methods, including acid-

chloride [129], carbodiimide [27, 130, 131], in situ QD growth [132, 133], and 

streptavidin adsorption [134]. Nevertheless, limited work has been conducted to 
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conjugate QDs to SWNHs [110]. Each of these methods has challenges, such as the use 

of harsh solvents during synthesis, lack of stability (i.e., precipitation), cost, and the 

likelihood that QDs will detach from the CNT surface. This work builds upon the 

carbodiimide approach used by Dorn et al. [110] to optimize the method and improve 

conjugate stability. Previous studies using this technique typically conjugate amine-

functionalized QDs, often prepared with monothiols, to carboxyl-functionalized CNTs. 

However, these methods may not be stable due to the labile interaction between 

monothiols and QDs [135]. The combination of carbon nanohorns and other inorganic 

nanoparticles, such as QDs may have substantial impact in fields outside of biological 

imaging. These heterostructures could create new opportunities as supercapacitors, gas, 

vapor, or molecular sensors, field emission displays, etc. [136].   

In this study, SWNHs were successfully conjugated to semiconductor QDs using 

a conventional carbodiimide approach. We hypothesized that thiol-functionalized 

SWNHs will serve as multi-dentate substrates to interact with the QD surfaces and 

enhance conjugation stability, thereby creating a highly decorated SWNH with surface 

conjugated QDs. SWNH-QD materials characterization was performed and intracellular 

transport of SWNHs decorated with QDs was evaluated herein by flow cytometry and 

confocal microscopy using three cell lines: AY-27, MDA-MB-231, and U-87 MG. These 

three cell lines were selected to evaluate variations in cellular uptake kinetics (i.e., the 

rate with which nanoparticles are internalized over time) and uptake efficiency (i.e., the 

amount of nanoparticles internalized over time) as a result of different cellular 

morphologies and cancer origination. This study highlights the importance of studying 

the dynamic transport of nanoparticles in multiple cell lines to better predict nanoparticle-
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cell interactions. This is the first in-depth study of SWNH-QD conjugation to 

conceptualize SWNH transport in vitro. The goals of this work were: (1) to develop a 

simple reaction scheme for exohedral conjugation of fluorescent QDs to SWNHs and (2) 

to evaluate SWNH-QD conjugate cellular uptake kinetics and efficiency in various 

cancer cell lines of differing origins and morphologies in vitro.  

 

2.4. Materials and Methods 

2.4.1. Materials  

 SWNHs were synthesized by colleagues at Oak Ridge National Laboratories (Oak 

Ridge, TN) using a laser vaporization technique based on previously published methods 

[137]. The SWNHs used in this work were approximately 80-100 nm in diameter, as 

determined by transmission electron microscopy and ImageJ (data not shown).  Cadmium 

selenide/zinc sulfide core/shell quantum dot powder (emission peak at 630nm) was 

purchased from Ocean Nanotech, LLC (Springdale, AR). Chloroform and phosphate 

buffered saline (PBS) mixture were purchased from Fisher Scientific (Pittsburgh, PA). 1-

Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysulfosuccinimide 

(NHS), 2-aminoethanethiol (AET), and fetal bovine serum (FBS) were purchased from 

Sigma-Aldrich (St. Louis, MO). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt)  (DSPE-PEG) (MW = 2805.54) 

was purchased from Avanti Polar Lipids (Alabaster, AL). Durapore® 0.2 μm nylon 

membrane filters were purchased from Millipore (Billerica, MA). Dulbecco’s Modified 

Eagle’s Medium: Nutrient Mixture F-12 (DMEM/F-12), Roswell Park Memorial Institute 

(RPMI) 1640 medium, penicillin-streptomycin (pen-strep), and 0.25% trypsin were 
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purchased from Invitrogen (Carlsbad, CA). Eagle’s Minimum Essential Medium 

(EMEM) was purchased from American Type Culture Collection (ATCC; Manassas, 

VA). Transmission electron microscopy (TEM) lacey carbon coated copper grids and 

lacey carbon/carbon film coated copper grids were purchased from Electron Microscopy 

Sciences (Hatfield, PA) and Pacific Grid Tech (San Francisco, CA), respectively.  

  

2.4.2. Single-Walled Nanohorn Oxidation  

 Water dispersible SWNHs were created by acid functionalization. Similar 

procedures have been shown to produce oxygen containing functional groups that are 

negatively charged and are extremely useful for further chemical modification [138, 139]. 

Briefly, approximately 300 mg of pristine SWNHs were sonicated in 50 mL of 8.0 M 

nitric acid (HNO3) for 1 h (0.5-0.6 w/v%). The reaction vessel was then placed in an oil 

bath, heated to 120°C, and stirred for 24 h under reflux. Upon completion, SWNHs were 

filtered with a 0.1 μm-pore hydrophilic PVDF membrane and rinsed with deionized water 

(dH2O) until the filtrate reached a pH of 7.0. SWNHs were removed from the membrane 

and sonicated in 50 mL of 1 M HCl for 1 h. The SWNH-HCl suspension was stirred for 

24 h at room temperature to reprotonate the carboxyl groups. The product was filtered 

again and washed with dH2O until a pH of 7.0 was reached. Then oxidized SWNHs 

(SWNHox) were dried in a vacuum oven for 36 – 48 h. 
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2.4.3. Carbon Nanohorn – Quantum Dot Conjugation 

SWNHox were dispersed in sterile dH2O at a final concentration of approximately 

0.1 mg/mL by sonication. The dispersion of SWNHox was added to a reaction vessel 

containing 0.1 M EDC and stirred briefly, followed by the addition of 5 mM NHS. The 

thiol-containing compound, AET, was then added to the flask at a concentration of 0.2 M 

and the pH of the solution was adjusted to approximately 6.0 by drop wise addition of 1.0 

M HCl to optimize the carbodiimide reaction and prevent disulfide formation. The 

solution was stirred vigorously overnight at room temperature. AET was selected for this 

conjugation scheme because of its small size, leading to minimal steric effects. The final 

product is thiol-functionalized SWNHs (SWNH-SH).  

After 24 h, as-purchased QD powder was dissolved in chloroform to a 

concentration of 1.0 mg/mL and added to the SWNH-SH in a weight ratio of 4:1 QD to 

SWNH. The ratio of QD to SWNH can be altered to control the degree of QD 

conjugation to the exohedral surface. The pH of the solution was adjusted to 

approximately 7.0 by drop wise addition of 1.0 M NaOH to enhance particle stability. 

As-purchased QD powders contain octadecylamine surface stabilizing ligands, in which 

the amine has an affinity to the heavy metals, Zn or Cd. Monothiols, such as AET, have 

higher affinity for heavy metals than the amines, causing ligand exchange on the QD 

surface at the solvent phase interface. The high affinity of thiol for Cd and Zn causes 

QDs to move from the organic (chloroform) phase into the aqueous (SWNH-SH in 

dH2O) phase, creating a SWNH-QD complex dispersed in dH2O. A schematic 

summarizing the conjugation process is depicted in Figure 5 below.  
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SWNH-QDs suspended in dH2O were separated from the chloroform phase with a 

separatory funnel. The product was then filtered with a 0.2 μm-pore hydrophilic nylon 

membrane and washed four times with sterile dH2O to remove any residual reagents and 

unreacted QDs. After four washes, the 630 nm emission peak of the filtrate was 

diminished, suggesting all unbound QDs were removed. To sterilize the particles prior to 

in vitro use, SWNH-QDs were filtered with 70% ethanol, followed by four subsequent 

sterile dH2O washes. SWNH-QDs trapped on the filter membrane were then sonicated off 

of the membrane for 1 min in a 0.5 mg/mL DSPE-PEG aqueous solution. This suspension 

was then stirred for 1 h at room temperature (SWNH-QD+PEG). Polyethylene glycol 

(PEG) is commonly used to enhance dispersibility and prevent opsonization of serum 

proteins in biological environments [50]. A concentration of 0.5 mg/mL DSPE-PEG was 

selected because it showed minimal toxicity in MDA-MB-231 cells using an alamarBlue 

assay over 24 h, while significantly improving SWNH-QD dispersibility (Supplementary 

Information (SI), Figure 14). However, higher concentrations of DSPE-PEG (greater than 

1.0 mg/mL) did prove to reduce cellular metabolism. Sterile dH2O was used to make a 

stock suspension of SWNH-QDs to eliminate the risk of serum protein adhesion during 

the 1 h of mixing. SWNH-QD+PEG was diluted with the respective cell culture medium 

to the concentrations of interest. Photographs of each step were taken under ultraviolet 

excitation to visually demonstrate QD conjugation (Figure 7B and Figure 7D). From here 

on, the final product, SWNH-QD+PEG, will be referred to as SWNH-QD.  



29 

 

 

Figure 5. Schematic of QD conjugation to SWNH exohedral surface. Pure SWNHs 

(A) were acid oxidized to produce SWNHox (B). SWNHox were functionalized with 

AET using carbodiimide conjugation (C) and SWNH-QD complexes (D) were 

synthesized using a ligand exchange approach  

 

2.4.4. Materials Characterization     

 SWNH-QD conjugation was characterized with transmission electron microscopy 

(TEM) using either a Zeiss 10CA TEM equipped with AMT Advantage GR/HR-B CCD 

camera system (Carl Zeiss AG; Oberkochen, Germany) or an FEI
TM

 Titan 300 equipped 

with high spatial resolution electron dispersive spectroscopy (EDS) (FEI; Hillsboro, OR) 

for high resolution imaging and elemental quantification. Elemental analysis of SWNH-

QD conjugates was performed with EDS to confirm the presence of QD elements (i.e., 

Cd, Se, and Zn) and linker elements (i.e., N, S). Accelerating voltages of 100kV and 

300kV were used to obtain TEM images, respectively with each instrument. The 

complexes were further characterized by dynamic light scattering (DLS) and 
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electrophoretic light scattering (ELS) using a Zetasizer NanoZS system (Malvern 

Instruments; Worcestershire, UK) to obtain their hydrodynamic radius and zeta potential. 

DLS and ELS were performed at 25°C in water with attenuator position, count rate, and 

number of runs set to automatic. A 632.8 nm HeNe laser with vertically polarized light 

was used as the light source. A concentration of 0.05 mg/mL SWNH-QD in water was 

used for both measurements. DLS and spectrophotometry were performed using 10 x 10 

mm quartz cuvettes and ELS was performed using disposable zeta cells (Malvern 

Instruments; Worcestershire, UK). SWNH-QDs were further characterized with UV-VIS 

and fluorescence (FL) spectroscopy using a SpectraMAX M2
e
 microplate reader 

(Molecular Devices; Sunnyvale, CA). Samples were excited with a wavelength of 488 

nm to simulate the laser light used for in vitro experiments.   

   

2.4.5. Cell Culture  

 The cells in this study include human mammary gland adenocarcinoma epithelial-

derived cells, MDA-MB-231 (ATCC); human glioblastoma epithelial-derived cells, U-87 

MG (ATCC); and N-(4-[5-nitro-2-furyl]-2-thiazolyl)formamide induced rat bladder 

transitional cell carcinoma cells, AY-27, originally developed by Dr. S. Selman and Dr. J. 

Hampton (Medical College of Ohio, Toledo, Ohio) and kindly donated by Dr. John 

Robertson (Virginia Tech, Blacksburg, VA). MDA-MB-231, U-87 MG, and AY-27 cells 

were cultured in complete DMEM/F-12, EMEM, and RPMI 1640 medium, respectively, 

each supplemented with 10% FBS and 1% pen-strep and maintained in a humidified 

atmosphere at 37°C, 5% CO2, and 95% air.  
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2.4.6. Cytotoxicity Evaluation   

 In vitro cytotoxicity was evaluated by measuring the metabolic activity using 

alamarBlue, according to manufacturers’ protocol (AbD Serotec; Raleigh, NC). SWNH-

QD toxicity at a concentration of 0.025 mg/mL was analyzed after 3 h and 24 h 

incubation. For this assay, 25,000 cells per well were seeded in TCPS 48-well dishes and 

incubated for 48 h (~90% confluent), changing the media every 24h. Cells were rinsed 

with PBS and treated with 500 μL of SWNH-QD (n=3) for 3 or 24 h. Cells were then 

rinsed four times with ice cold PBS to halt endocytosis processes and remove excess 

SWNH-QDs. Next, 500 μL of 10% alamarBlue in media was added to each sample and 

incubated for 3 h or 24 h. Then, 100 μL aliquots from each sample were taken in 

triplicate and placed into a 96-well dish, totaling 9 readings per experimental group. 

Absorbance was measured with a SpectraMAX M2
e
 microplate reader (Molecular 

Devices; Sunnyvale, CA) at 570 and 600 nm according to the manufacturer’s protocol. 

Each experimental group (n=3) was tested and analyzed independently. The results were 

represented as the mean value ± sample standard deviation. Significance of results was 

verified with Student’s t-test and a 95% or 99% confidence was used to determine 

statistical significance between groups.  

 

2.4.7. Flow Cytometry Cellular Binding/Uptake  

 Fluorescence-activated cell sorting (FACS), a specific type of flow cytometry, 

was used to estimate cellular uptake rates of SWNH-QDs into three different cancer cell 

lines. In the context of this study, cellular uptake will refer to both non-specific cellular 

surface binding and internalization as they cannot be differentiated with the FACS 
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instrument used. Cells were seeded in tissue culture treated polystyrene (TCPS) 12-well 

dishes at 100,000 cells per well for each time point and incubated for 48 h prior to 

treatment (~90% confluent), changing the medium every 24 h. A 0.1 mg/mL stock 

suspension of SWNH-QDs and 0.5 mg/mL DSPE-PEG in sterile dH2O was prepared. The 

SWNH-QD solution was diluted with the respective cell culture medium to a 

concentration of 0.025 mg/mL and sonicated for 30 sec immediately prior to experiments. 

This concentration was used to efficiently visualize uptake kinetics over time. Cell 

culture medium was aspirated and cells were rinsed once with PBS. One milliliter of 

SWNH-QD was added to each well and incubated for 0, 5, 15, 30, 45, 60, 120, and 180 

minutes. After treatment, cells were rinsed four times with ice cold PBS by gentle 

rocking to halt any endocytosis processes and remove any unbound SWNH-QDs. Cells 

were then trypsinized with 100 μL of 0.25% Trypsin-EDTA for 3-5 min. Fresh media (1 

mL) was added to each well and cell suspensions transferred to centrifuge tubes, followed 

by centrifugation at 150 G for 5 min at 4°C. Media supernatant was aspirated and 150 μL 

of fresh media was added to each group creating a final cell density of 1x10
6
 cells/mL. 

Cell suspensions were placed on ice until analysis. The cell suspensions were analyzed 

with a BD Biosciences FACSARIA cell sorter (San Jose, CA). A 488 nm excitation 

source was used with a 610/20 nm emission filter with a 595 nm long pass filter. This 

experiment was performed on three separate days to obtain an average cellular uptake 

rate (n=1) for each cell line on each day. A small sample size was used to reduce the 

chance of human error when handling large numbers of samples. Cellular debris was 

excluded with a forward vs. side scatter gate and aggregates were excluded using height 

and width parameters on both forward and side scatter.      
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2.4.8. Confocal Microscopy  

 Immunofluorescent staining with confocal microscopy was performed to study 

the cellular distribution of SWNH-QDs. Circular glass coverslips (18 mm diameter, 

No.1) were sterilized in 70% ethanol for 15 min and placed in the bottom of each well of 

12-well dishes. Cells were seeded and treated following the same conditions from cellular 

uptake experiments analyzed with FACS. Cellular distribution at 0 min, 60 min, and 24h 

was characterized. Following ice cold PBS washes, cells were fixed with a 3.7% 

paraformaldehyde solution for 15 min. Cells were then rehydrated with PBS; their 

membranes were permeabilized with a 0.5% Triton-X solution for 15 min; and 

subsequently blocked with 1% BSA for 30 min. Approximately 30 nM Oregon Green
®
 

488 Phalloidin (Invitrogen; Grand Island, NY) in PBS, an F-actin selective probe 

conjugated to 2’,7’-difluorofluorescein, was incubated with the cells at room temperature 

in the dark for 20 min. Cells were then incubated with NucBlue Fixed Cell Stain 

(Invitrogen; Grand Island, NY), a room temperature-stable DAPI formulation, for 5 min 

and then rinsed with PBS. Vetashield Mounting Medium (Vector Laboratories; 

Burlingame, CA) was added to preserve the fluorescence, and coverslips were placed on 

microscope slides for imaging. A Zeiss LSM510 confocal microscope (Carl Zeiss AG; 

Oberkochen, Germany) with Enterprise UV 364nm, Argon 488 nm, and HeNe 543nm 

laser excitation sources was used to image.  
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2.5. Results 

2.5.1. Materials Characterization 

 CdSe/ZnS core/shell QDs were successfully conjugated to the exohedral surface 

of SWNHs using a thiol-containing compound as a linker. This synthesis procedure 

yielded highly decorated SWNHs as evidenced by the TEM micrographs in Figure 6A 

and Figure 6B. The HRTEM micrograph clearly depicts successful conjugation of the 

two particles with high contrast QDs attached to the exohedral surface of the low contrast 

SWNHs. To confirm the elemental composition of the complexes, EDS was performed 

on an area represented by the red circle in Figure 6B. The high counts of cadmium (Cd) 

and carbon (C) in Figure 6C are important in verifying the presence of QDs and SWNHs, 

respectively. The presence of sulfur (S) suggests successful covalent coupling between 

the particles via the AET linker compound. A copper (Cu) peak was attributed to the Cu 

TEM grid. A control experiment was performed by mixing pure SWNHs and 

unfunctionalized QDs. The nanoparticles were mixed in the same ratio (4:1 weight ratio 

of QDs to SWNHs) in chloroform. TEM micrographs (SI, Figure 15) show minimal 

adhesion of QDs on the SWNH surfaces in this control experiment, further confirming 

covalent attachment of QDs using this method.  
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Figure 6. SWNHs were successfully labeled with a high density of QDs. (A) TEM 

micrograph of SWNH-QD conjugates shows high contrast spherical CdSe/ZnS QDs 

are attached to the exohedral surface of the lower contrast SWNHs. (B) Higher 

resolution image of outlined area (red) depicted in (A). (C) EDS spectra of a zone 

represented by the red circle in (B).  

 

SWNHox, SWNH-QD, and as-purchased QDs were further characterized using 

UV-VIS and fluorescence spectroscopy. The spectra were normalized to the maximum 

intensity for each spectrum for comparison. The UV-VIS spectrum of SWNH-QD has 

qualities characteristic to both SWNHox and QD samples as shown in Figure 7A. For 

example, the conjugate sample is highly absorptive below 500 nm because both 

SWNHox and QDs also increase absorption at these wavelengths. Additionally, the 
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conjugate sample has absorbance peaks at approximately 485 and 630 nm, representing 

the same peaks observed for QDs alone. A slight blue-shift in fluorescence was observed 

for SWNH-QD conjugates compared to QDs alone (Figure 7C), which could be due to 

variations in solvent dielectric constants. Furthermore, the conjugates also have a mild 

fluorescent signal outside of the peak due to SWNH background fluorescence (Figure 7C 

and Figure 7D), which was also observed by Zhu et al. [140].   

 

Figure 7. (A) Normalized UV-VIS absorption spectra of SWNHox, SWNH-QD, and 

as-purchased QDs. (C) Normalized fluorescence spectra of SWNHox, SWNH-QD, 

and as-purchased QDs excited at 488nm. (B) and (D) are photographs of SWNHox 

(vial on left) and SWNH-QD (vial on right) in solution under (B) fluorescent bulb 

and (D) UV excitation.  

 

 Dynamic light scattering (DLS) and electrophoretic light scattering (ELS) were 

then performed to further characterize the size (hydrodynamic diameter) and stability 
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(zeta potential) of SWNHox and SWNH-QDs (Figure 8). DLS analysis of SWNHox and 

SWNH-QD dispersed in water at a concentration of 0.05 mg/mL indicated that the 

average hydrodynamic diameters were approximately 150 and 207 nm, respectively. The 

average diameter of unfunctionalized SWNHs used in this study was 80-100 nm 

according to TEM analysis. Zeta potential was then analyzed to provide a measure of 

suspension stability after QD conjugation. The zeta potential, as determined by ELS, 

decreased from approximately -50 to -30 mV with QD conjugation, suggesting that many 

of the carboxyl, hydroxyl, or other oxygen-containing groups contributing to the large 

electric potential of SWNHox are being used to form the amide bond with AET. DLS and 

ELS results are summarized in Table 2 below.   

 

Figure 8. Dynamic light scattering of (A) SWNHox and (B) SWNH-QD shows an 

increase in diameter after QD attachment.  
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Table 2. Summary of DLS and ELS results for SWNHox and SWNH-QD 

Sample 
Average Hydrodynamic 

Diameter (Zavg, nm) 
Zeta Potential (mV) 

SWNHox 150.2 ± 2.7 -51.2 ± 1.8 

SWNH-QD 207.5 ± 3.6 -32.3 ± 0.7 

 

2.5.2. Cytotoxicity Analysis 

 Prior to in vitro implementation, cytotoxicity was evaluated in three cell lines 

using a concentration of 0.025 mg/mL. This concentration was also used for cellular 

uptake kinetics and efficiencies in the following studies. Cytotoxicity analysis after 3 and 

24 h incubations using an alamarBlue assay confirmed minimal toxicity in all three cell 

lines. Evaluation of metabolic activity showed a statistically significant increase in 

metabolic activity compared to the control in the AY-27 and U-87 MG cell lines after 3 h 

incubation. After 24 h incubation, only a statistically significant decrease in metabolic 

activity for the MDA-MB-231 cell line was observed (Figure 9). Current in vitro 

toxicology assays are typically insufficient for determining the toxicity of nanomaterials 

due to discrepancies between assays; therefore, further investigation is necessary to 

confirm toxicity.   
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Figure 9. SWNH-QD have minimal reduction in metabolic toxicity after 3 and 24 h 

incubation at 37°C evaluated with alamarBlue assay (n=3) in (A) AY-27, (B) MDA-

MB-231, and (C) U-87 MG cell lines. Black bars represent the untreated control 

group while grey bars represent cells treated with 0.025 mg/mL SWNH-QD. Data 

represented as percent difference from the control (no nanoparticle) group 

determined by Equation S1 in SI. *Denotes statistical difference from the control for 

p < 0.05 and **denotes statistical difference for p < 0.01 using Student’s t-test.   

 

2.5.3. Cellular Binding/Uptake  

 Non-specific cellular uptake and binding of SWNH-QD conjugates over the 

course of 3 h was evaluated with flow cytometry. For the purpose of this work, cellular 

uptake will be defined as both internalization and non-specific binding to the cell surfaces 

as it cannot be differentiated with the available flow cytometry system. Cellular uptake 

rate was quantified by the percentage of cells containing SWNH-QDs and measuring the 

median fluorescence intensity at each time point (i.e., 0, 5, 15, 30, 45, 60, 120, and 180 

min). In vitro research investigating the use of nanomaterials as medical tools often fails 

to evaluate the efficacy over various cell lines. Therefore, in this work, three different 

malignant cell lines were analyzed to determine if the uptake rates varied with the cell 

line. Flow cytometry data shows a cell type-dependent cellular uptake of SWNH-QDs, as 

shown in Figure 10. U-87 MG, human malignant glioblastoma cells, showed the greatest 

SWNH-QD uptake in the least amount of time compared to MDA-MB-231, human breast 
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cancer cells, and AY-27, rat transitional cell bladder carcinoma cells. After 60 min, 

approximately 95%, 80%, and 50% of U-87 MG, MDA-MB-231, and AY-27 cells were 

sorted as positive for containing SWNH-QDs by FACS, respectively. All cells continued 

to uptake SWNH-QDs over time in a linear fashion according to the median fluorescence 

intensity and the side scattering information (SI, Figure 18). Side scattering can be used 

as a metric of cellular uptake because it is a measure of cellular internal complexity. As 

the side scattering increases, the internal complexity of the cell also increases, suggesting 

more nanoparticle internalization. Deviations in FACS data may be due to variations in 

cell metabolism between passages and variations between SWNH-QD batches from day 

to day.  
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Figure 10. FACS results of AY-27, MDA-MB-231, and U-87 MG cells incubated 

with 0.025 mg/mL SWNH-QDs over time represented as (A) the percentage of cells 

containing SWNH-QDs in the population measured and (B) median fluorescence 

intensity of the cell population.  

 

2.5.4. Intracellular Distribution  

Immunofluorescence staining was performed and imaged with confocal 

microscopy to analyze SWNH-QD cellular distribution. Cellular nuclei and F-actin were 

stained to monitor morphology and to determine the localization of SWNH-QDs. F-actin 

was selected to determine SWNH-QD surface binding compared to internalization 

because they interact extensively with the cellular membrane and it provided a clearer 
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visualization of SWNH-QD internalization. Ultimately, SWNH-QDs were found on the 

cell surface, as well as internalized into the cytoplasm and nuclei of all cell lines within 

60 min as shown in Figure 11, Figure 12, and Figure 13 (B and D, all). Over 24 h, cells 

continued to internalize SWNH-QD conjugates. Additionally, the number of SWNH-QD 

conjugates found in the nuclei of all three cell lines also increased after 24 h. According 

to immunofluorescence staining, morphology changed minimally in all three cell lines 

over a 24 h treatment with SWNH-QDs further confirming minimal toxicity at a 

concentration of 0.025 mg/mL. 

Interestingly, nanoparticles are known to aggregate in cell culture medium over 

time, reaching sizes of a few microns [141]. Although particles of these sizes are 

typically not internalized, aggregates were found inside U87-MG and MDA-MB-231 

cells after 24 h, but not after 60 min (Figure 12 and Figure 13). Another study by dos 

Santos et al. revealed a similar finding suggesting that nano- and even micron particles 

are internalized by non-phagocytic cell types suggesting abnormal endocytosis processes 

occur in the presence of nanomaterials [70]. This abnormal endocytosis process may be 

attributed to alterations in cytoskeletal stiffness following internalization.  
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2.6. Discussion 

 Although other groups have investigated various procedures for conjugating QDs 

to single-walled and multi-walled carbon nanotubes (SWNT, MWNT) [27, 128-132], this 

is one of the first studies to characterize covalent attachment of QDs to SWNHs [110]. 

The carbodiimide method of conjugation used herein is not a new method for 

nanomaterial surface modification [113, 130, 131]; however, the novelty originates from 

developing a multi-dentate nanoparticle system for attachment of QDs using short linker 

molecules. This approach improves the interaction between SWNHs and QDs enhancing 

long-term stability. Previous studies with SWNTs have focused on conjugating carboxyl-

functionalized tubes to amine-functionalized QDs [129, 142]. In those studies, QDs were 

either purchased as amine-functionalized QDs or as a QD powder with organic capping 

ligands. Each method has its drawbacks, with the pre-functionalized QDs being costly 

and possessing large diameters (upwards of ~40 nm), and the QD powder requiring a 

ligand exchange. In this study, QD powder was selected to minimize the size of the 

nanoparticle complexes. Traditionally, monothiols are used as capping ligands for QD 

surface modification; however, it has been shown that the thiol-ZnS interaction is labile 

[143]. When coupling QDs to nanoparticles for biomedical applications, it is important to 

consider such details because QD detachment is undesirable while monitoring transport.  

Medintz et al. described that the use of poly-dentate thiolated ligands (i.e., di-

thiols) may improve stability [135]. However, these di-thiols are typically carboxylic 

acids, such as dihydrolipoic acid derivatives, requiring their dispersion solutions to have a 

basic pH. SWNHs in this study were thiol-functionalized to serve as a multi-dentate 

substrate using a short linker molecule to preserve the small particle size. When SWNH-
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QDs were left in solution for 5 days, TEM images showed that SWNH-QDs which were 

synthesized using this multi-dentate approach (Figure 5) remained conjugated after 5 

days (SI, Figure 17). However, within this time frame, QDs detached from the SWNH 

surface when QDs were first functionalized with the monothiol compound (AET) 

followed by conjugation to carboxyl-functionalized SWNHs via carbodiimide chemistry 

(SI, Figure 16 and Figure 17).  

To further characterize this novel approach to covalent coupling, HRTEM and 

EDS confirmed the conjugation of QDs to the exohedral surface of SWNHs. The EDS 

spectra showed the presence of Cd, Zn, and Se, indicating the high contrast particles were 

QDs, in addition to S and N. These results suggest the AET linker compound has 

covalently coupled the two particles. SWNH-QD complexes were further characterized 

with UV-VIS and FL spectroscopy. The spectra of the complexes exhibited traits 

characteristic of both SWNHs and QDs. The FL spectra of the complexes compared to 

the spectra of QDs alone showed ~5 nm blue-shift in fluorescence emission. This shift 

could have been caused by either successful binding of thiol groups on the SWNHs [144, 

145] or different dielectric constants of the solvents used in each particle suspension 

(SWNH-QDs suspended in water and QDs alone were suspended in chloroform). 

However, Wuister et al. performed a QD ligand exchange with hexanethiol in chloroform 

which resulted in a similar shift as that produced with 2-aminoethanethiol in water, 

suggesting the shift observed after conjugation is indeed due to the ligand exchange 

[144]. Although each additional modification to the SWNH surface caused an 

approximate 50 nm increase in diameter, the nanoparticle size remained in the ideal range 

for delivery based on the enhanced permeability and retention effect [146, 147]. Zeta 
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potential (ζ) of a suspension is the measurement of electric potential between the particle 

and solution and is, therefore, often used as a measure of particle stability in solution. 

After conjugation, the zeta potential increased 20 mV compared to SWNHox, due to the 

decrease in free carboxyl groups to interact with the hydrophilic environment or the 

neutrality of the PEG-DSPE coating. Although an increase in zeta potential occurred 

following conjugation (more positive), the final complex zeta potential remains within 

the stable range, ζ <  – 15 mV or ζ > +15 mV [148].  

Cytotoxicity analysis measured with an alamarBlue assay revealed no metabolic 

decrease after 3 h in all three cell lines or 24 h in the AY-27 or U-87 MG cell lines. A 

significant metabolic decrease was observed after 24 h for the MDA-MB-231 cell line 

(Figure 9). This decrease in metabolic activity may be characteristic of initial 

nanoparticle-cell interactions within the specific cell line. One study showed CNMs 

induced a toxic response after 24 h, but a repair process appeared after 48 h incubation 

[149]. Therefore, this may be an artifact of short viability time studies. This apparent 

toxicity may also be attributed the internalization of large SWNH-QD aggregates over the 

24 h period, which may disrupt processes involved in metabolism or cell growth rate. A 

similar phenomenon was described by Raja et al. in the case of single-walled CNTs 

incubated with smooth muscle cells [141]. The increase in metabolic activity compared to 

non-treated controls observed in each cell line is most likely an artifact of CNM 

interference with the assay. Many standard assays currently used to evaluate toxicity 

cause enhanced reduction of the indicator, indicator adhesion to nanoparticles, or 

nanoparticle interference in absorbance or fluorescence measurements [150].  
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Visualizing carbon nanohorn transport was achieved through successful 

conjugation of CdSe/ZnS core/shell QDs. Estimation of cellular uptake rate was 

determined with flow cytometry. The percentage of cells containing SWNH-QD 

conjugates and median fluorescence intensity per cell was used to estimate and compare 

the uptake rates in the three malignant cell lines. Although much work has been done to 

study the uptake mechanisms, intracellular localization, and specificity of nanoparticles 

with various properties, these interactions remain poorly understood because of 

variability from group to group [151-153]. It is evident that the uptake efficiency and 

kinetics of SWNH-QDs are highly dependent on the cell type and may affect the delivery 

of the nanoparticle conjugates in vivo depending on the tumor type. U-87 MG cells 

exhibited the highest uptake rate, followed by the MDA-MB-231 and AY-27 cell lines, 

respectively (SI, Table 3). These findings are supported by dos Santos et al., where 

cellular uptake and localization of polystyrene nanoparticles of various sizes were studied 

in multiple (phagocytic and non-phagocytic) cell lines [88]. Further investigation is 

necessary to determine the uptake mechanisms and discrepancies between cellular uptake 

kinetics and efficiency. The U-87 MG cell line is highly infiltrative with its F-actin 

spreading across a larger area, followed by the MDA-MB-231 cell lines, and AY-27 cells 

respectively. As a result, a larger surface area of the U-87 MG cells are exposed for 

enhanced cellular uptake compared to the other two lines. Additionally, the doubling time 

and metabolic activity of each cell type may contribute to differences in SWNH-QD 

uptake rates; i.e., if a greater cell population grows during the 48 h plating time, there will 

be a lower particle to cell ratio.  
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 Cellular distribution observed with confocal microscopy verified the presence of 

surface bound and internalized SWNH-QDs. After 60 min incubation, SWNH-QDs were 

primarily localized to the surface cytoplasm in all cell lines, with a few localized to the 

nuclei. After 24 h incubation, SWNH-QDs entered more readily into both the cytoplasm 

and the nuclei. Additionally, SWNH-QDs began to aggregate after 24 h, and despite the 

large sizes of the aggregates (few microns), the cells were still able to internalize them.  

Although SWNH-QD transport was not evaluated in real-time for this study, QD 

photostability allows them to be continuously monitored without the risk of 

photobleaching. This is advantageous for implementation in 3D in vitro culture systems 

or in vivo. While Cd-containing QDs have many deleterious effects if not coated properly 

[121, 154], they were used to develop an effective conjugation scheme because of their 

high quantum yield compared to Cd-free QDs at visible wavelengths and commercial 

availability. However, the availability of Cd-Free QDs, such as indium phosphide QDs, is 

growing rapidly and could replace CdSe/ZnS core/shell QDs for in vivo uses in the 

future.  

 

2.7. Conclusion 

 SWNH-QD complexes were synthesized and characterized using thiol-

functionalized SWNHs as a multi-dentate substrate, which improved conjugation stability 

compared to previous methods. This stable, covalent conjugation of QDs to SWNHs will 

permit the study of SWNH transport in vivo with confidence that QDs are not detaching 

from the SWNH surfaces. Non-phagocytic cells were shown to endocytose SWNH-QDs 

at substantial rates that were greatly dependent on cell type. Further investigation is 
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necessary to determine if each cell type uses the same endocytosis process or if there is 

another reason for the variability. These findings support the need for thorough cell-

nanoparticle interactions prior to clinical implementation. The localization of SWNH-

QDs within the cytoplasm and nuclei has significant potential for SWNH carriers as drug 

delivery systems. However, ligand or antibody targeting strategies should be employed in 

the future to improve the non-specific binding to reduce endocytosis in non-malignant 

cell lines. Advancements in studying SWNH transport in real-time will enhance the 

development of SWNH-based cancer therapies, such as laser-induced hyperthermia and 

chemotherapeutic drug delivery.  
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2.9. Supplemental Information to the Main Manuscript 

2.9.1. PEG-DSPE Toxicity 

 AlamarBlue was used to study the cytotoxicity of PEG-DSPE on MDA-MB-231 

cells at various concentrations following manufacturer’s protocol. Approximately 25,000 

cells per well were seeded in TCPS 48-well dishes and incubated for 24 h (~70% 

confluent). Cells were then exposed to 0, 0.05, 0.1, 0.25, 0.5, 0.75, 1.0, or 2.0 mg/mL 

PEG-DSPE in DMEM/F12 growth media for 24 h (n=3). PEG-DSPE solutions were 

removed and cells rinsed once with PBS. Next, 500 μL of 10% alamarBlue in growth 

media was added to each sample and incubated for 3 h, and 100 μL aliquots from each 

sample were taken in triplicate and placed into a 96-well dish, totaling 9 readings per 

experimental group. Absorbance was measured with a SpectraMAX M2
e
 microplate 

reader (Molecular Devices; Sunnyvale, CA) at 570 and 600 nm. Each experimental group 

(n=3) was tested and analyzed independently. The results were represented as the mean 

value ± sample standard deviation. Significance of results was verified with Student’s t-

test and a 95% confidence was used to determine statistical significance between groups.  

MDA-MB-231 cells were selected because they are a widely used cell line in our 

laboratory.  
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Figure 14. alamarBlue assay of MDA-MB-231 cells treated with PEG-DSPE at 

various concentrations shows minimal toxicity at concentrations ≤ 1 mg/mL. 

*Denotes statistical significance for p<0.05. 

 

2.9.2. Unfunctionalized Nanoparticle Control  

 Pristine single-walled carbon nanohorns (SWNHs) were bath sonicated for 15 min 

in chloroform (0.25 mg/mL) and CdSe/ZnS powder (as-purchased) was suspended in 

chloroform by hand mixing (1 mg/mL). Equal volumes of SWNH and QD suspensions 

were mixed without reagents and the resulting solution was dried on a TEM grid. QD 

self-assembly was mainly observed (Figure 15A). Minimal QD assembly on SWNHs was 

observed as shown in Figure 15B and may be attributed to hydrophobic interactions upon 

removal of the solvent.   
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Figure 15. Pristine SWNH and QDs (1:4 weight ratio) were physically mixed 

without reaction products (EDC, NHS, or AET) and analyzed with TEM to confirm 

minimal physioadsorption of QDs to exohedral SWNH surface. (A) Self-assembled 

regions of QDs were observed throughout the sample, which were not observed 

after SWNH-QD conjugation described in the manuscript. (B) SWNH aggregates 

had minimal QD physioadsorption upon physical mixing of nanomaterials.   

 

2.9.3. SWNH-QD Conjugation Stability Experiment  

Single-walled carbon nanohorns (SWNHs) were also conjugated to quantum dots 

(QDs) using a more conventional method, similar to those used for single-walled carbon 

nanotubes (SWNTs) [130] and SWNHs [110] in previously published work (Figure 16). 

SWNHs were acid oxidized using the same procedures in the manuscript. Surface ligand 

exchange was then performed on as-purchased QDs. During this process, the QDs 

undergo surface ligand exchange at the phase interface, replacing the octadecylamine 

capping ligand with 2-aminoethanethiol (AET), creating amine-terminated QDs that are 

water dispersible (QD-AET). QDs were suspended in chloroform to a concentration of 

1.0 mg/mL. Equal volume of 2.0 M AET was added to the solution and stirred vigorously 

for 24 h. The thiol containing end of AET forms a much stronger bond to the ZnS shell 

than the Zn-amine bond of the octadecylamine, causing it to be replaced. Subsequently, 
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equal volume sterile dH2O was added to the mixture and stirred vigorously for 24h to 

move QDs from the organic phase to the aqueous phase. Acid oxidized (SWNHox) were 

sonicated in sterile dH2O for 45-60 min to make a final concentration of 0.1 mg/mL. 

Then, 0.1 M EDC was added to the SWNHox suspension and stirred for 5 min, followed 

by the addition of 5.0 mM NHS. QD-NH2 were then added to the reaction vessel (4:1 QD 

to SWNH weight ratio), pH was altered between 6.0 and 7.0 with 1.0 M HCl and stirred 

vigorously for 14-24 h at room temperature. The product (SWNH-QD(2)) was filtered 

with a 0.22 μm-pore nylon filter membrane and rinsed four times with dH2O. The product 

was sonicated off the membrane filter for 1 min in sterile dH2O. SWNH-QD(2) was then 

analyzed by TEM and compared to the SWNH-QD produced using the method in the 

main manuscript (SWNH-QD(1), Figure 5). Additionally, the conjugates were analyzed 

for stability over time. Conjugates were left in solution for 5 days and subsequently 

imaged with TEM.  

SWNH-QD complexes, where modified QDs (QD-AET) and SWNHox were 

conjugated with EDC were not stable over 5 days (Figure 17B) as evidenced by the 

separation of QDs from SWNHs when dropped on the TEM grid. However, SWNH-QD 

complexes synthesized by thiol-functionalization remained conjugated after 5 days 

(Figure 17A).  
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Figure 16. Illustration of QD conjugation to SWNH exohedral surface using 

conventional method (Scheme 1). Pristine SWNHs (A) were acid oxidized to produce 

SWNHox (B). QDs (C) underwent surface ligand exchange to produce amine-

functionalized water-dispersible QD-NH2 (D). Carbodiimide coupling was used to 

conjugate SWNHox and QD-NH2 (E). 

 

 

 

Figure 17. TEM images of SWNH-QD conjugation products using (A) the multi-

dentate approach discussed in the manuscript (Figure 5 in Section 2.4.3, SWNH-

QD(1)) and (B) the traditional coupling approach discussed in this supplementary 

document (SI, Figure 16, SWNH-QD(2)).  
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2.9.4. Calculation of alamarBlue Percent Difference  

Percent difference of alamarBlue reduction compared to the non-treated control 

(i.e., 100% difference is equal to 100% of that in the non-treated control groups) was 

quantified using the following equation:  

 

             
(         )  (         )

(         )  (         )
 (E.S1) 

  

Where     = molar extinction coefficient of oxidized alamarBlue at 570 nm,     = molar 

extinction coefficient of oxidized alamarBlue at 600 nm,     = absorbance of test wells 

at 570 nm,     = absorbance of test wells at 600 nm,     = average absorbance of control 

wells at 570 nm,     = average absorbance of control wells at 600 nm.  

 

2.9.5. Flow Cytometry Side Scattering  

 Side scattering information from flow cytometry provides information about the 

cellular internal complexity (Figure 18). The population of all cell lines shift from 

forward scattering to side scattering as the number of SWNH-QDs are internalized, i.e., 

as median fluorescence intensity increases with time.   
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Figure 18. Flow cytometry raw data side scatter vs. forward over 3 h for (A) AY-27, 

(B) MDA-MB-231, (C) U-87 MG cell lines. 
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2.9.6. Calculation of Uptake Kinetics and Efficiency 

 

Table 3. Slopes of cellular uptake kinetics and uptake efficiencies determined by 

linear regression of the linear regions of the SWNH-QD uptake curves obtained by 

FACS. 
a,b

Corresponding uptake curves are shown in Figures 5A and 5B. 

 

Cell Line Cell Type 

Uptake 

Kinetics 

(% positive)
a 

Uptake 

Efficiency 

(median FL)
b 

AY-27 
Rat bladder transitional 

cell carcinoma 
0.70 5.52 

MDA-MB-231 
Human mammary gland 

adenocarcinoma 
1.54 21.9 

U-87 MG Human glioblastoma 2.73 36.5 
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CHAPTER 3: CHEMOTHERAPY AND HYPERTHERMIA ALONE OR IN-

COMBINATION FOR TREATMENT OF BLADDER TRANSITIONAL CELL 

CARCINUMO IN VITRO 

 

 

3.1. Motivation  

Cancers of the brain and bladder are highly infiltrative diseases that typically 

invade the surrounding healthy tissue or form multiple tumors, respectively. The current 

standard for bladder cancer is the surgical resection of bulk tumors, followed by 

chemotherapy. Previous studies have shown that the use of mild hyperthermia has 

synergistic effects when used in combination with chemotherapy, compared to either 

chemotherapy or hyperthermia alone in other forms of cancer [155-158].  

We hypothesize that the use of mild hyperthermia (40 < T < 44°C) would increase 

transport of chemotherapeutics to the intended site providing synergistic effects, whereas 

severe hyperthermia (T > 50°C) would induce cellular apoptosis in the bladder 

transitional cell carcinoma cell line. The goal of this study is to determine the lethal doses 

for chemotherapy, thermotherapy, and chemothermotherapy to develop an effective in 

vitro treatment regimen that could be translated to in vivo animal studies. The work 

presented in this chapter is fundamental to the progression of multi-modal therapies 

developed within our group [52]. The thermal lethal doses will be translated to carbon 

nanohorn concentrations and laser powers in future work. This work is in progress and 

will be prepared as a manuscript for submission in the future.  

3.2. Introduction 

 Each year, approximately 1.5 million people in the United States will be 

diagnosed with some form of cancer [3]. Urinary bladder cancers are the fourth most 
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common type of cancer among males and eleventh among females, with over 70,000 new 

cases and 15,000 deaths combined estimated in 2012 [6]. The disease prognosis has not 

improved over the past ten years, as have many other forms of cancer. In 1999, over 

54,000 new cases and 15,000 deaths were estimated [159] suggesting advancements in 

the treatment and diagnosis of UCCs are limited. Approximately 90% of urinary bladder 

cancers are transitional-cell carcinomas (also known as urothelial transitional cell 

carcinoma, UCC), which are characteristic of single or multiple tumors throughout the 

bladder epithelium or urinary tract [8, 160]. Seventy percent of UCCs are superficial with 

a 50-70% recurrence after resection [161]. UCCs often begin in the bladder mucosa and 

as the disease progresses from superficial to invasive, the tumors move through the 

lamina propria, muscularis propria, to the pervesical fat [162]. Upon further development, 

lymph node involvement increases, following metastasis into surrounding organs.  

 The current treatment standard for superficial UCCs is transurethral resection; 

however, tumor recurrence is common [161]. Therefore, intravesical chemotherapy 

typically follows surgical resection, commonly with the use of doxorubicin, mitomycin-

C, or epirubicin [161]. Radical cystectomy is the standard treatment for high-grade, 

invasive UCCs, though it is also used if transurethral resection and chemotherapy fail to 

improve the prognosis of superficial tumors [161-163]. Radical cystectomy often results 

in high patient morbidity, as the bladder, prostate, and seminal vesicles are removed in 

men or the uterus, fallopian tubes, ovaries, and urethra are removed in women [163]. The 

development of new therapeutic strategies is imperative to improve patient morbidity and 

prognosis of both superficial and invasive UCCs.   
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One interesting approach is the use of laser-based hyperthermia or hyperthermia 

in combination with chemotherapy. The use of hyperthermia for cancer treatment in vivo 

is based upon the selectivity between normal and malignant tissues due to differences in 

pH and vascularization. Under mild hyperthermic conditions, normal tissues have 

homogeneous vascularization allowing for efficient dissipation of heat. However, in 

tumor tissue, vascularization is heterogeneous often leaving regions avascular and unable 

to regulate temperatures [92, 97]. Mild hyperthermia is shown to also potentiate the 

effects of chemotherapy in melanomas, cervical carcinomas, and retinoblastomas [156, 

164, 165]. Severe hyperthermia, on the other hand, may induce complete tumor ablation, 

if delivered selectively [166].    

Platinum-containing compounds, such as cisplatin and carboplatin, are among the 

most commonly used chemotherapeutic agents to treat many forms of cancer, including 

ovarian cancer, lung cancer, head and neck cancer, and bladder cancer [167]. Cisplatin 

and carboplatin were the first platinum-containing analogs introduced clinically, each 

having substantial different toxicity profiles [167, 168]. Carboplatin has less toxic side 

effects compared to cisplatin because the structure is less reactive toward nucleophilic 

DNA sites [168]. Doxorubicin is another commonly used chemotherapeutic agent for the 

treatment of bladder cancer, breast cancer, bone cancer, Kaposi’s sarcoma, stomach 

cancer, etc. [161, 169, 170]. Each of these chemotherapeutic agents binds to DNA 

causing decreased replication, ultimately inhibiting proliferation; however, the 

mechanism of DNA interaction is different. Cisplatin undergoes hydrolysis causing 

chlorine groups to be displaced by water, generating an electrophilic reactive species that 

can bind to nucleophilic sites of DNA. Carboplatin, on the other hand, is thought to 



65 

 

undergo enzymatic activation in vivo [168]. Doxorubicin is an anthracycline that forms 

an intercalation complex with DNA by binding to base pairs of the DNA [171]. Other 

groups show induction of reactive oxygen species and mitochondrial apoptosis, causing 

multi-modal toxicity as a result of doxorubicin treatment [170]. As a result, these 

different chemotherapeutic agents may have different synergistic potential with when 

used as an adjuvant to hyperthermia.   

 Recent work by our group to develop novel devices for the simultaneous delivery 

of chemotherapeutic agents or nanoparticles and light in a localized manner may advance 

the clinical treatment strategies of invasive UCCs [52]. However, in vivo animal models 

must be performed prior to their clinical translation. This study provides a basis for 

determining in vivo treatment plans and to determine the efficacy of chemothermotherapy 

in UCCs. In this study, a bladder transitional cell carcinoma cell line, AY-27, was used to 

evaluate and predict the therapeutic lethal doses of chemotherapy or hyperthermia alone 

and in combination in vitro.    

 

3.3. Materials and Methods 

3.3.1. Cell Culture  

 The effects of various chemotherapy (CT) agents were evaluated in N-(4-[5-nitro-

2-furyl]-2-thiazolyl) formamide induced rat bladder transitional cell carcinoma cells, AY-

27 cells, originally developed by Dr. S. Selman and Dr. J. Hampton (Medical College of 

Ohio, Toledo, Ohio) and kindly donated by Dr. John Robertson (Virginia Tech, 

Blacksburg, VA). AY-27 cells were maintained in a humidified atmosphere at 37°C, 5% 

CO2, and 95% air and cultured with Roswell Park Memorial Institute (RPMI) 1640 
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medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin. Cells 

were split every 4 days prior to confluence.  

 

3.3.2. Chemotherapy Treatment 

 Cells were seeded in 6-well tissue culture polystyrene dishes at 100,000 cells per 

well and were incubated for 24 h to reach their exponential growth phase. The therapeutic 

effect of cisplatin (cis-diamminedichloroplatinum(II), CDDP) (EMD Millipore; Billerica, 

MA), carboplatin (cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II), CBP) 

(Hospira; Lake Forest, IL), or doxorubicin ((7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-

6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-

7H-tetracene-5,12-dione, DOX) (Sigma-Aldrich; St. Louis, MO) were evaluated in this 

study. Chemotherapeutic dosages were selected based on clinically-relevant doses. 

Maximum doses, or clinically-relevant doses, of 100 mg/m
2
 were selected for CDDP and 

DOX, while 300 mg/m
2
 was selected for CBP. Lower doses of 10 and 50% of the 

maximum doses were also evaluated. These doses were translated to molar 

concentrations for each drug based on the percentage of the maximum dose, outlined in 

Table 4. Cell culture media was removed and cells were exposed to 0, 10, 50, and 100% 

of the clinically relevant doses of CDDP, CBP, or DOX for 2, 4, and 24 h (n=3). After 

the intended time, cells were rinsed once with phosphate buffered saline solution (PBS) 

(Thermo Scientific; Logan, UT). Fresh culture media was then added and cells incubated 

for a 24 h recovery period from the time of treatment. 
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Table 4. Drug conversion from clinical dosage to molar concentration. 

Drug 10% 50% 100% 

Cisplatin 10.7 μM 53.5 μM 107 μM 

Carboplatin 26 μM 130 μM 260 μM 

Doxorubicin 5.5 μM 27.5 μM 55 μM 

  

3.3.3. Cell Viability  

Cell viability and count were analyzed following recovery using trypan blue 

exclusion quantified with a Vi-CELL Cell Viability Analyzer (Beckman Coulter; 

Indianapolis, IN). Sample collection was as follows, cell media was collected, to account 

for the apoptotic population, and adherent cells were removed with 0.25% trypsin-EDTA 

(Invitrogen; Grand Island, NY). PBS was added to the previously collected media. The 

wells were rinsed once with PBS to ensure all cells were collected. Cell suspensions were 

centrifuged at 120 G for 5 min at 4°C, the supernatant was aspirated, and the remaining 

pellet was resuspended in 1 mL of PBS. The lethal concentration (LC50) of each 

chemotherapeutic agent for each exposure time was determined using linear regression. 

 

3.4. Results and Discussion   

 Cisplatin, carboplatin, and doxorubicin each had dose- and time-dependent 

responses on AY-27 proliferation. Each yielded a decrease in proliferation; however, 

with varying efficacy. Cisplatin provided enhanced cell death and reduction in 

proliferation compared to carboplatin, an analog of cisplatin (Figure 19). Carboplatin is 

less cytotoxic than cisplatin, which is well supported by other studies [167, 172, 173]. In 

a study comparing efficacy of cisplatin and carboplatin in ovarian cancer, carboplatin had 

markedly fewer side effects, such as limited neurotoxicity, while inducing a similar tumor 

response [172]. However, a study using cocktails of four chemotherapeutics either 
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containing cisplatin or carboplatin for the treatment of metastatic bladder cancer, the 

cisplatin-containing cocktail was more efficacious than the carboplatin-containing 

cocktail. Though the latter had reduced gastrointestinal, renal, neurologic, and otologic 

toxicity associated [174]. Higher doses than those investigated in this study may be 

necessary for the treatment of UCCs. Although carboplatin is less effective than cisplatin 

using these concentrations, the combination of carboplatin with an adjuvant therapy, such 

as hyperthermia, may potentiate its effect for the treatment of UCCs.  

Doxorubicin induced immediate reduction in cellular proliferation at low 

concentrations. Its cytotoxic effect plateaued with increasing concentration, whereas the 

platinum containing drugs decreased with increased concentration. On the other hand, 

longer exposure times continued to enhance toxicity using all three chemotherapeutic 

agents. The doxorubicin 4 h group has an irregularity compared to the other trends; 

therefore, this data set should be repeated (Figure 19). The cell viability is not an 

adequate measure of toxicity using these three agents because they interact with DNA 

causing decreased proliferation; therefore it was not reported herein.  
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Figure 19. Concentration-response curves for AY-27 cells exposed to CDDP, CBP, 

or DOX for varying times (n=3). Data is normalized to a positive control group 

(media-only) for each chemotherapy agent. 

 

 The lethal concentrations to obtain approximately 50% cell death (LC50) were 

determined for each exposure time of each drug and reported in Table 5. This 

measurement serves as a guideline for in vivo animal testing. Greater than 50% cell death 

was achieved with the minimum concentration for each of the agents investigated after 24 

h exposure time. 

Previous work demonstrates the synergistic effects of hyperthermia (HT) to 

increase the chemotherapeutic response [100, 156, 158, 175]. Therefore, a similar 

response is expected using cisplatin, carboplatin, and doxorubicin in the AY-27 rat 

bladder transitional cell carcinoma cell line. The synergistic effect depends on the CT 
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agent, the cell line used, and the dosages of CT and HT. As described by van der Heijden 

et al., each chemotherapeutic agent has a different synergistic response to HT. They 

found that epirubicin, an analog of doxorubicin, had the most significant synergistic 

effect with HT compared to mitomycin C, gemcitabine, and indoloquinone EO9 [100].     

 

Table 5. Lethal dose-50% of CDDP, CBP, or DOX at various exposure times. 

Drug 
Exposure 
Time (h) 

LC50 (μM) 

Cisplatin (CDDP) 

2 31.1 

4 14.8 

24 * 

Carboplatin (CBP) 

2 398 

4 234 

24 * 

Doxorubicin (DOX) 

2 * 

4 8.9 

24 * 

* Denotes >50% cell death at this exposure time 

 

3.5. Future Work 

In addition to the study of chemotherapeutic efficacy in the treatment of rat 

transitional cell carcinoma lines, efficacy of hyperthermia (HT) alone and its synergistic 

effect with chemotherapy (CT) has yet to be determined for this cell line. The 

development of treatment regiments in vitro is fundamental toward the progression of in 

vivo animal-model treatments, which will then be translated to the clinic. The use of HT 

and CT may have synergistic therapeutic effects; however, determination of lethal doses-

50% (LD50) for HT, CT, and combinations are necessary. SWNHs may have an added 

effect in improving the delineation between cytotoxic responses in malignant versus 

normal tissues and may locally potentiate the effects of chemotherapeutic agents.    
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3.5.1. Hyperthermia and Combined Chemothermotherapy Treatments 

As a continuation to the study outlined in Sections 3.3 and 3.4, AY-27 cells will 

be exposed to a range of thermal doses, from mild to severe hyperthermia (40 – 60°C), 

and exposure times (seconds to hours). Incubator heating will be utilized to ensure 

adequate gas-exchange conditions are maintained. Cells in culture dishes will be placed 

in small volumes of water to ensure uniform heating within the incubator. Heating 

medium, consisting of RPMI 1640 without L-glutamine or phenol red, will be utilized 

during these experiments to limit heat shock protein expression and prevent 

thermotolerance. Lethal doses to achieve 50% and 10% cell death (LD50, LD10) using 

hyperthermia will be evaluated and reported for specific exposure times and 

temperatures.   

Additionally, the synergistic effects of chemothermotherapy (CT+HT) will be 

analyzed. Appropriate drug concentrations in heating medium will be prepared and 

heated to the target temperature in a water bath. Growth medium will be exchanged with 

heating medium and cells will be placed in a heated incubator. Sample collection and 

analysis will be similar to that described in Section 3.3.3. Additionally, the effect of the 

chemotherapeutic agents and hyperthermia will also be evaluated with a PicoGreen DNA 

quantification assay to evaluate proliferation. This assay will provide an accurate 

measurement of toxicity, which will then be compared to the cell viability technique 

outlined in Section 3.3.3. The thermal enhancement ratio (TER) will be determined as a 

method to evaluate synergism, as is common in many previous studies [93, 156, 175, 

176]. A TER greater than 1 denotes synergism of the combined therapies.  
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3.5.2. Determination of Synergistic Effect Mechanism 

 Although the synergistic effect of CT+HT has been reported previously, the 

synergistic mechanism is not well known. The cellular uptake of the chemotherapeutic 

agents can be evaluated by either inductively-coupled plasma atomic emission 

spectroscopy (ICP-AES) (cisplatin and carboplatin) or fluorescence spectroscopy 

(doxorubicin) before and following HT to determine if HT is causing cellular uptake of 

the drug to increase.     

    

3.6. Conclusions 

 Cisplatin, carboplatin, and doxorubicin each have a different time and dose-

dependent effect on cellular proliferation. The use of hyperthermia to enhance these 

effects in AY-27 cells remains to be investigated. The use of in vitro models to predict 

and develop treatment regiments eliminates the use of excessive animals in vivo. 

Although the in vivo responses do not always match in vitro results, the clinician can 

build upon this foundation. The combination of hyperthermia with chemotherapy may 

potentiate the effects of cisplatin, carboplatin, or doxorubicin at lower concentrations in 

UCCs, in addition to enhancing drug permeability throughout the tumor interstitium.   
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CHAPTER 4: SUMMARY, FUTURE PROSPECTS, AND OTHER 

PRELIMINARY WORK 

 

4.1. Summary 

 This research was conducted to obtain fundamental knowledge of nanoparticle 

(Chapter 2) and chemotherapeutic (Chapter 3) interactions with cells in vitro to enhance 

current strategies for the treatment of cancer. The scope of the first study was to (1) 

synthesize and characterize a fluorescently labeled SWNH conjugate and (2) to gain an 

understanding of SWNH transport in multiple malignant cell lines. SWNH-QDs were 

successfully synthesized and the conjugation stability in solution was improved compared 

to previously established methods using the same linker compound [110]. Optical 

visualization of SWNH-QDs promotes the real-time, dynamic, and non-invasive 

evaluation of SWNH transport in biological systems. The localization of SWNH-QDs to 

the cytoplasm validates the use of SWNHs for drug or even gene delivery for the 

treatment of cancer.  

Additionally, this biodistribution may also impact SWNH-enhanced photothermal 

therapy because SNWHs localized within the cytoplasm and nucleus may induce reactive 

oxygen species to enhance cellular apoptosis. SWNH-QDs, as most other nanoparticles, 

can be internalized by non-phagocytic cells and their uptake rates and efficiencies are 

dependent on cell type. Tumor type may affect the intracellular transport to such a 

degree, where specific nanoparticle designs should be used to target certain types of 

cancer. Although long term toxicity was not evaluated, SWNH-QDs can be used as a tool 

for quantification purposes prior to the use of SWNHs clinically for short term transport 

investigation. The conjugate system developed in Chapter 2 can be further utilized to 
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understand SWNH bulk tissue transport through in vitro tumor models and in vivo. The 

use of QDs as the fluorescent probe allows for the fluorescence emission wavelength to 

be altered for in vivo applications (i.e., near-infrared wavelength) to overcome the tissue 

scattering limitation associated with other fluorophores.  

The goal of the second study was to characterize the chemotherapeutic efficiency 

of three agents commonly used clinically for the treatment of cancer. Each agent had a 

positive killing effect with increased concentration and exposure time for the rat bladder 

transitional cell carcinoma cell line. The influence of various chemotherapeutic agents for 

the treatment of this cell line has not been widely characterized. Eventually, the use of 

hyperthermia alone or in-combination with chemotherapy for inducing apoptosis in this 

cell line will serve as a guideline for the treatment of AY-27 cell-induced rats using a 

novel local therapeutic delivery system [52]. Additionally, this study serves to determine 

which chemotherapeutic agent may have the most significant effect if delivered with 

SWNHs. The use of hyperthermia may not only potentiate the effects of the 

chemotherapeutic agent, but it may also enhance delivery of future SWNH-based drug 

delivery systems.  

 

4.2. Future Prospects  

An advantage to using a photoabsorptive material as a nano-carrier is the ability 

to induce localized temperature increases [15, 16, 90]. This may be beneficial for tumor 

ablation or it may improve SWNH and chemotherapeutic agent transport, such as 

enhanced cellular permeability or vascular permeability [93-95, 177]. Hyperthermia-

enhanced SWNH transport and hyperthermia-enhanced chemotherapeutic toxicity should 
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be thoroughly investigated as potential advantages to the uses of SWNHs in cancer 

therapy. Though SWNTs remain among the most commonly researched CNMs for 

biological applications, SWNHs have potential benefits over SWNTs as outlined by the 

preliminary work described in the following section. Many studies fail to compare CNM 

efficacies; therefore, future work should be conducted to comprehensively evaluate the 

size and shape effects of SWNHs and other CNMs on toxicity, cellular transport, drug 

loading capacity, etc.  

The SWNH-QD conjugates developed in this study can be used to study the real-

time, dynamic transport of SWNHs in vitro prior to monitoring bulk transport in vivo. 

Additional staining of intracellular organelles, followed by paraffin embedding, 

sectioning, and TEM of cells may provide a more thorough understanding of SWNH-QD 

intracellular compartmentalization and endocytosis mechanism. Chemotherapeutic agents 

which act on SWNH-localized cellular compartments can be loaded into SWNHs for 

effective delivery. Some preliminary experiments involving the loading of cisplatin into 

the internal SWNH pores is described in the following section.  

Novel conjugation schemes can also be investigated to provide enhanced particle 

stability and potentially minimize particle size. Other work describes the use of di-thiols 

[178-181] or imidazole rings [182, 183] to stabilize QDs in aqueous environments. 

Finally, additional targeting mechanisms should be implemented in the nano-carrier 

design to reduce non-specific binding and internalization of nanoparticles in tissues 

outside of the tumor mass, such as the incorporation of folic acid.   
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4.3. Additional Preliminary Work Related to Future Work 

4.3.1. SWNH vs. SWNT Cellular Uptake  

A preliminary experiment comparing cellular uptake rate and efficiency of 

SWNHs and SWNTs was performed to determine if endocytosis was affected by 

nanoparticle geometry for CNMs. Briefly, SWNHs and SWNTs were oxidized using a 

high speed vibration milling method where succinic acid acyl peroxide was added to the 

CNMs in a 1:1 ratio and was mechanically milled for 2 hours. Thorough washing with 

acetone removed excess peroxide. Despite the capability of this solid state reaction 

procedure, we moved towards liquid phase oxidation to reduce potential toxicity 

associated with residual peroxide in pore spaces. The method for QD conjugation 

described in Section 2.9.3 was used in this study. Similar procedures were used for flow 

cytometry analysis as detailed in Section 2.4.6.  

Absorbance was also measured for pristine SWNHs and SWNTs to determine if 

SWNHs may have added absorbance due to their large surface areas. SWNH and SWNT 

samples for absorbance measurements were prepared by suspending particles in a 1% 

(w/v) Pluronic-F127 solution (BASF Chemicals; Florham Park, NJ). CNM absorbances 

were measured in 1x10 mm quartz cuvettes using a Cary 5000 Spectrophotometer 

(Varian, Inc.; Santa Clara, CA) using a diffuse reflectance accessory (DRA 2500, Varian, 

Inc.; Santa Clara, CA).   

Although SWNHs and SWNTs were found in approximately 80-90% of the 

MDA-MB-231 breast cancer cellular population after 60 minutes of nanoparticle 

incubation, SWNHs were internalized much quicker than SWNTs as observed by the 

median fluorescence intensity (Figure 20) and side scattering information (data not 
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shown). These findings are supported by other work where spherical shaped structures 

are more readily endocytosed than rod shaped structures [29, 54].  

 

Figure 20. CNM geometry effects cellular uptake rate and efficiency in MDA-MB-

231 cells incubated with 0.025 mg/mL SWNH-QD or SWNT-QD over 3 h. FACS 

data represented as (A) the percentage of cells containing SWNH-QDs in the 

population measured and (B) median fluorescence intensity of the cell population.   

 

Currently, carbon nanomaterials are highly researched for biomedical 

applications; however, limited studies have been conducted to compare SWNH to 

SWNT/MWNTs. SWNHs may have superior properties to SWNTs and MWNTs, such as 

greater surface area for improved drug loading, optimal shape and size to overcome 

transport barriers, and higher absorbance in the near infrared (NIR) optical window for 

enhanced photothermal therapy (Figure 21).  
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Figure 21. Absorbance of SWNHs and SWNTs. SWNH diameter was 80-100 nm 

and SWNTs were approximately 1-3 nm in diameter and 900-1200 nm in length. 

 

4.3.2. Chemotherapeutic Drug Loaded SWNHs 

 Preliminary experiments were performed to study the efficacy of loading 

cisplatin, a commonly used chemotherapeutic agent into oxidized SWNHs. A nano-

precipitation method was used, similar to that described by Iijima, Yudasaka, and 

colleagues [87, 184, 185]. Yudasaka et al. found they were able to load cisplatin into 

SWNHs [184]; however, we had hoped to expand on this by evaluating the release 

properties depending on pH and temperature. Additionally, future work can be performed 

to optimize drug loading by increasing the temperature and length of time during stirring 

to optimize nucleation sites.   

 Briefly, SWNHs were acid oxidized using the method described in Section 2.4.2. 

Approximately 5.0 mg SWNHox was added to 2.5 mL of dimethylformamide (DMF) and 

bath sonicated for 60 min. Subsequently, 8.0 mg of cisplatin was dissolved in 2.5 mL 

DMF. Cisplatin (CDDP) was added to SWNHox in suspension and sonicated for 15 min; 
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followed by vigorous stirring for 24 h. SWNH+CDDP were dried under air flow and 

collected for analysis. Inductively-coupled plasma atomic emission spectroscopy (ICP-

AES) was used to calculate loading efficiency based on the amount of platinum in a 

given sample. TEM was also utilized to observe crystal formation of CDDP after 

nanoprecipitation.  

 Preliminary findings showed a 91% loading efficiency of CDDP into SWNHs, 

calculated based on the total amount of platinum found with ICP-AES. TEM using an 

accelerating voltage of 100 kV (Zeiss 10CA TEM equipped with AMT Advantage 

GR/HR-B CCD camera system; Carl Zeiss AG; Oberkochen, Germany) showed black 

aggregates within SWNHs as observed in Figure 22. Further analysis is necessary to 

confirm that the CDDP precipitated in SWNH internal pore spaces.  

 

 

Figure 22. TEM micrograph of cisplatin (CDDP)-loaded SWNHs. CDDP aggregates 

are denoted by white arrows. 
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4.3.3. Hyperthermia-Enhanced Nanoparticle Delivery 

 Hyperthermia effectively augments current therapies, in addition to the delivery 

of nanoparticles [92-94]. This experiment evaluated the potential of using mild HT to 

increase cellular uptake of nanomaterials. SWNH-QDs prepared using the method 

described in Section 2.9.3 were used to evaluate the effect of mild hyperthermia (HT) on 

the cellular uptake of SWNHs. MDA-MB-231 breast cancer cells were cultured in 

DMEM/F12 cell culture medium, supplemented with 10% fetal bovine serum and 1% 

pen-strep and maintained in a humidified atmosphere at 37°C, 5% CO2. Cells were 

seeded in 6-well dishes at a density of 100,000 cells per well and incubated for 24 h. A 

concentration of 0.025 mg/mL SWNH-QDs were added to cells and dishes were either 

placed in an incubator at 37°C or in a circulating water bath at 43°C for a range of times. 

SWNH-QDs were removed and cells were rinsed four times with ice cold phosphate 

buffered saline solution. Cellular populations were then collected and evaluated with 

fluorescence-activated cell sorting (FACS).  

 Enhanced cellular uptake was observed at shorter times (~1-15 min) with 

hyperthermia; however, at longer exposure times, a decrease was observed compared to 

cellular uptake at physiologic conditions (Figure 23). This is speculated to be a result of 

protein denaturation in the cytoskeleton, potentially affecting cellular apoptosis. 

Additional experiments must be performed to optimize and characterize the effect of 

hyperthermia on cellular uptake of SWNHs-QDs, such as determining an adequate 

thermal exposure and exposure time to enhance this effect.    
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Figure 23. The effects of hyperthermic conditions on SWNH-QD cellular uptake in 

MDA-MB-231 cells. The effect of HT+NP exposure time on median fluorescence 

intensity at lower exposure times is enlarged in the inset.  

 

 

4.3.4. Quantum Dot Synthesis in the Presence of SWNHs*  

*Work performed by Olga Ivanova
1
 and Kristen Zimmermann

2
 

1
Institute for Critical Technology and Applied Sciences, Virginia Tech, Blacksburg, VA 

2
School of Biomedical Engineering and Sciences, Virginia Tech, Blacksburg, VA 

 

 There is always a concern of toxicity when cadmium-containing quantum dots 

(QDs) are used in biological application. Therefore, we proposed to synthesize QDs in 

the presence of air oxidized SWNHs (provided by Oak Ridge National Laboratory, Oak 

Ridge, TN) to encapsulate QDs. Thus, the inert carbon structure would protect them from 

oxidation in the external environment. SWNHs were oxidized by heating to a temperature 

of 500°C with a ramp rate of 30°C/min. SWNHs were held at this temperature for 25 
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min, followed by rapid cooling to room temperature. The average diameter of SWNHs 

was 40-60 nm, according to TEM. We hypothesized that the defect sizes initiated in the 

carbon surface would be large enough for Cd
2+ 

and Se
2+

 ions to penetrate the SWNH 

internal pore space [186].  

To synthesize QDs, previously published methods were used and modified to 

incorporate SWNHs [187]. Approximately, 6.0 mg SWNHs were sonicated in 0.53 mmol 

of selenium (Se) dissolved in 2.4 mL of tri-n-octylphosphine (TOP) for 15-30 min. Then, 

0.4 mmol of cadmium oxide (CdO), 0.8 mmol of tetradecylphosphonic acid (TDPA), and 

9.77 mmol of tri-n-octylphosphine oxide (TOPO) were added to a flask and heated to 

270°C. The product was heated until the powders underwent phase change and the liquid 

became optically clear (approx. 30 min). Meanwhile, the Se/TOP/SWNH suspension was 

cooled to room temperature and once the CdO/TDPA/TOPO mixture became clear, the 

Se/TOP/SWNH suspension was injected. The temperature decreased to approximately 

220°C upon injection and the temperature was then heated to a specific target for a 

desired time (Figure 24). Two samples of SWNH/QDs were removed, placed in toluene, 

and analyzed: (1) after heating to 230°C for 30 min and (2) subsequently raising the 

temperature to 270°C (~20 min) and holding at this temperature for 10 min. SWNH/QDs 

were characterized by TEM (Zeiss 10CA Carl Zeiss AG; Oberkochen, Germany) at an 

accelerating voltage of 100 kV.  

SWNH+QDs were then imaged under visible light and ultraviolet light (365 nm 

wavelength). The first sample (vial on left) fluoresced pink, and after heating to 270°C, 

the sample fluoresced blue as shown in Figure 25. 
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Figure 24. Example temperature profile of QD synthesis in the presence of SWNHs. 

Green arrow points out a dip in the curve when the flask was removed from the 

heating mantle to rinse of the side walls, orange arrow represents Se/TOP/SWNH 

injection, and red arrows represent probe times. 

 

 

Figure 25. Dilute solutions of SWNH+QD in toluene were imaged under visible (left 

image) and UV light (right image). Sample 1 (230°C/30 min) fluoresced pink, while 

sample 2 (270°C/10 min) fluoresced blue. 

 

TEM imaging of SWNH+QD samples provided interesting results. Larger 

spherical SWNHs were visible either bound to the surface or localized to internal pore 

spaces after reacting at 230°C for 30 min (Figure 26A). The resolution of the TEM used 

was not sufficient to image at higher magnifications to determine if smaller (1-3 nm) QDs 

were present inside of SWNH pores. Future investigation is necessary with high 

resolution TEM. An unexpected and fascinating finding, however, was the synthesis of 
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various QD shapes using this technique (squares/rectangles, triangles, and hexagons). 

Raising the reaction temperature to 270°C produced less spherical QDs and more shapes 

(Figure 26C). The SWNHs were separated from QDs via centrifugation; however, the 

square QDs precipitated with SWNHs due to their sizes.  

Additional work should be performed to explore both avenues of this project: (1) 

if QDs were successfully synthesized inside of SWNHs and if they fluoresce, and (2) 

why SWNHs caused various QD morphologies that are typically not observed without 

altering ligand types and ratios (TOP, TOPO, etc.). These unique QDs may have potential 

implications in electronics because the square-shaped QDs self-assemble and align.  
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Figure 26. TEM micrographs of SWNH+QD samples. (A,B) SWNH+QD sample 1 

(230°C/30 min). (C) SWNH+QD sample 2 (270°C/10 min). 
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