
ABSTRACT 

ZHANG, LESHUAI. Toxicity of Nanomaterials and Mechanisms of Endocytic Pathways. 
(Under the direction of Dr. Nancy A. Monteiro-Riviere.) 

Engineered nanoparticles (NP) are small in size, large in surface area and can have 

different types of coating and functionalization. In addition, there are other characteristics 

of the NP such as unique chemical, mechanical, electrical, optical, and magnetic 

properties, as well as ability of tracking and quantification provide the possibility to 

utilize them in NP-based diagnosis or therapy. The potential for NP use in 

commercialized biomedical applications is increasing but the toxicity and biodistribution 

in biological systems is unknown. Since the 1990’s, a focus of NP research has been to 

uncover the associations between NP interactions in vitro and in vivo. However, NP 

interactions with skin has been limited. The goal of this research is to investigate the 

effects of several types of NP of different sizes, charges, and surface coatings on skin, or 

in human epidermal keratinocytes (HEK). Quantum dots (QD) have received attention 

due to their fluorescent properties. The penetration and interaction of QD in skin and the 

effect on HEK were studied. QD with different surface coatings remained in the stratum 

corneum layers or in the outer root sheath of hair follicles of rat skin and porcine skin. 

However, QD showed an increase in penetration in the dermis of the abraded skin but not 

tape-stripped rat skin. HEK viability decreased and cytokine release increased with QD. 

QD were internalized by HEK and localized freely or in cytoplasmic vacuoles. We 

investigated the interaction and uptake of carbon based NP such as multi-walled carbon 

nanotubes, amino acid derived single-walled carbon nanotubes, and fullerene 

functionalized peptides in HEK. The uptakes of NP were shown and the mechanism of 

how NP were incorporated into cells was also investigated. Carboxylic acid coated QD or 

fullerene peptides were utilized as targets to explore the endocytic mechanisms. These 

studies suggested that general pathways such as caveolae/lipid rafts, as well as specific 

receptors such as G protein coupled receptor and low density lipoprotein/scavenger 

receptors can regulate NP uptake in cells.  
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CHAPTER 1. INTRODUCTION 

Nanomaterials are structures with characteristic dimensions of 1-100 nanometers (nm). 

The word “nano” derives from the Greek word meaning extremely small. Over the past ten 

years, nanomaterials have been the subject of interest. Nanomaterials can consist of ceramics, 

metals, polymeric materials, or composite materials. The rapid development of 

nanotechnology enables a variety of diagnostic applications by utilizing the optical, electrical, 

magnetic and mechanical characteristics of different types of nanoparticles (NP). In addition, 

functionalized NP may be used as efficient and highly active drugs for specific target organs 

or cells that overcome problems of non-specific and unwanted interactions. NP are not only 

applied in biomedical applications, but also for industrial applications due to their extremely 

small size. As the extensive utilization of NP increases, the risk for manufacturers and 

consumers and exposure to NP has raised concerns about their health effects. Furthermore, 

the understanding of mechanism of NP interaction with biological systems can help improve 

NP drug delivery. Currently, little is known regarding the safety and use of NP and their 

interaction with in vitro and in vivo systems. This thesis will focus on NP toxicity of Multi-

walled carbon nanotubes (MWCNT), quantum dots (QD), and functionalized SWCNT and 

fullerene, their interaction with skin and skin cells, as well as the cellular uptake mechanisms. 

NP exposure can occur through oral, nasal, pulmonary, dermal, ocular and possibly other 

routes. Skin is the largest organ of the body and due to its large surface area, it could be one 

of the primary targets for NP entry into the body. Skin is generally composed of two layers: 

epidermis and the dermis. The epidermis located on the upper part of skin contains the 

stratum corneum (SC). This non-viable layer is the barrier that protect skin from light, 

dehydration and invasions by toxins, bacteria or NP. In chapter 3, we investigated QD 

penetration in porcine skin.  

QD nanocrystals typically contain a cadmium/selenide (CdSe) core with a zinc sulfide 

(ZnS) or a cadmium sulfide (CdS) shell. QD with unique fluorescent characteristics were 

topically applied to porcine flow-through skin diffusion cells to assess the penetration of QD. 

Except for QD localization in the uppermost SC layer and in hair follicles, QD were not seen 

in the viable epidermis and dermis. Occasionally, the upper layers of skin can be altered and 
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compromised which could increase NP permeability. In chapter 4, we considered mechanical 

alteration such as tape stripping, flexion and abrasion as factors that can increase QD through 

skin. We found that QD were capable of localizing in the dermal layers of abraded rat skin 

but not for intact, flexed and tape stripped skin. This research provides insight into the 

potential risk of health care workers with alterations in their skin exposed to QD during 

manufacturing process and medical applications.  

In spite of the fact that the skin barrier may have protective functions, it is unknown 

whether QD are toxic to human epidermal keratinocytes (HEK) in the skin since QD have the 

potential to penetrate porcine skin (Ryman-Rasmussen et al., 2006; Zhang et al., 2008a), or 

abraded rat skin (Zhang and Monteiro-Riviere 2008). NP penetration into skin may induce an 

inflammatory response. Inflammation is the biological response of tissues to environmental 

stimuli including pathogens, toxins, and chemical irritants. The impact of NP on the 

inflammatory factor release from skin cells is only beginning to be studied. In chapter 3, we 

evaluated the cytotoxicity of QD on HEK showing that the viability decreases and release of 

cytokines increases with exposure to QD. We also investigated the cytotoxicity of different 

types of NP such as functionalized single-walled carbon nanotubes (SWCNT) and fullerene-

peptide derivatives (See chapter 5 and chapter 7). Different NP showed different types of 

cytotoxicity in HEK and different cytokine responses (IL-1α, IL-8, IL-6, TNF-α, etc.) at 

specific concentrations.  

The toxicity of NP on HEK suggests that the interaction between NP and cells occurs. 

Due to different physicochemical properties, NP can be visualized with different imaging 

techniques. In chapter 3, we observed the localization of QD in vacuoles or as free individual 

particles in the cytoplasm by transmission electron microscopy (TEM). QD can also be 

imaged by confocal laser scanning microscopy (CLSM) or by fluorescence microscopy since 

QD have a strong fluorescence when excited by ultraviolet light. In addition, functionalized 

single-walled carbon nanotubes (SWCNT, Chapter 5) were found to be internalized by HEK 

as observed in TEM. Fullerene-peptide derivatives are very small (~4nm) and the low 

electron density of the fullerene makes it difficult to be imaged in TEM (Chapter 7). 

However, these NP can be seen when processed by using negative staining, a specialized 

staining technique. In addition, fluorescein isothiocyanate (FITC) fluorescent labeling allows 

2



fullerene-peptide derivatives to be visualized in the cytoplasm of HEK by CSLM or 

fluorescence microscopy. 

The NP may be taken up by cells via different endocytic pathways. The last goal in this 

thesis is to address how NP interact with and enter HEK. QD can be easily tracked due to 

their strong fluorescence, so QD intracellular localization and endocytic mechanisms were 

studied. Chapter 6 probes the exact HEK cellular uptake mechanism by utilizing 

commercialized QD. Our study showed that QD were internalized into early endosomes and 

then transferred to late endosomes or lysosomes. In addition, twenty-four endocytic 

interfering agents were used to investigate the mechanism by which QD enter cells. Our 

results showed that QD endocytic pathways are primarily regulated by the G protein coupled 

receptor associated pathway and low density lipoprotein receptor/scavenger receptor, other 

pathways may be involved. It is unknown whether the receptor regulated endocytosis is 

specific to QD only, or can be also applied to other types of NP. Therefore, we also studied 

the uptake mechanism of a peptide derived fullerene (Chapter 7). The inhibitor for scavenger 

receptor completely blocked the fullerene-peptide endocytosis, suggesting this specific 

endocytic pathway was strongly involved in NP uptake. The interaction between carbon 

based NP such as MWCNT and HEK were also investigated in Chapter 8.  This  study has 

utilized the reflection mode of the confocal laser scanning microscope to image MWCNT in 

HEK stained with the cytoskeleton protein F-actin. Scanning electron microscopy depicted 

the tight binding of MWCNT on the cell membrane of HEK and some of nanotubes 

infiltrated into cytoplasm. In addition, we found that lectins, inhibitors of melanosome 

transfer and uptake into HEK, were capable of reducing the interaction between MWCNT 

and HEK, suggesting an important role of lectins in nanotube uptake. These findings provide 

insight into the specific mechanism of NP uptake in cells. The surface coating, size, charge 

and type of NP are important parameters in determining how NP cellular uptake occurs in 

mammalian cells. 

 

 

 

3



CHAPTER 2. LITERATURE REVIEW 

 

Nanotechnology and nanobiotechnology 

Synthesis and functionalization of nanoparticles 

NP are generally defined as having at least one dimension in the 1-100 nm range. At the 

nanoscale, the physical, chemical and biological properties of materials can differ from 

smaller molecules or larger particles. There are two general methods to make nanoparticles. 

One popular approach to make NP is a bottom-up approach whereby the nanoparticle is built 

atom by atom. It includes four steps: a precursor that condenses and forms a solid phase, 

creation of nuclei from precursor, growth of the nuclei, nucleation and stabilization. Another 

method involves separation of solid mass into smaller portions by milling or attrition named 

as “top-down” approach (Jolivet and Barron 2007).  

MWCNT and SWCNT have superior mechanical strength and electrical conductivity. 

SWCNT consist of a graphene sheet rolled into a tube and capped by half a fullerene. 

SWCNT are stronger than steel and as conductive as copper. MWCNT resemble several 

pipes inserted within each other and have similar characteristics as SWCNT. The basic 

approach to make carbon based nanomaterials is laser vaporization. Laser vaporization in a 

helium atmosphere was used to produce fullerenes, followed by solvation in toluene and 

purification by liquid chromatography (Kraetschmer et al., 1990). Arc discharge, laser 

ablation, high-pressure carbon monoxide (HiPco), and vapor-liquid-solid (VLS) growth are 

primary methods to produce SWCNT.  

Practical limitations of the use of carbon based nanomaterials are their insolubility. 

Nanotubes have no solubility in water due to tube aggregation. Functionalization of 

fullerenes and nanotubes are highly desirable. Non-covalent functionalization of SWCNT 

includes interactions with DNA, polymers, or surfactant addition. In comparison, the Bingel 

reaction is an efficient method to functionalize C60 by reacting with 2-bromoethylmalonate 

(Coleman et al., 2003). Cycloaddition is another versatile tool to make open bonds and three 

to six-membered ring on C60 (Maggini et al., 1993). Oxidation, fluorination and radical 
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reactions may create bonds for subsequent reaction making irreversible SWCNT 

solubilization possible. 

QD are semiconductor nanoparticles and are of great interest for application in medical 

imaging, targeting and biosensing due to their fluorescence characteristics (Han et al., 2001; 

Michalet et al., 2005). The most popular semiconductors are cadmium chalcogenides (CdX, 

X=sulfide, selenide, and telluride). Cd (CH3)2/CdO, trioctylphosphine selenide, or telluride 

(TOPSe or TOPTe) are sources of Cd, Se, or Te respectively. TOPO (TOP oxide) is used as a 

capping reagent. Other amphilic polymers and coatings on the surface of QD promote their 

disporsibility in aqueous media (Gao et al., 2004). QD have high quantum yields and high 

molar extinction coefficients and allows for multiplexing at different wavelengths due to 

their separation from their individual emissions. The QD surface ligands can provide unique 

functional groups, such as carboxyls or amines, for the multistep covalent chemical coupling 

of biomolecules. For example, one of the QD used in chapters 4 and 6 have an emission peak 

wavelength of 655nm. The caroxylate functionality arises as a result of the poly-acrylate 

coating. It is estimated that there are 800-1200 carboxylate coating per dot. The size 

distribution is estimated at 3% based on TEM. 

Some NP have complicated structures and contain a variety of residual impurities 

including metals (such as Fe, Co, Mo and Ni), organics and support materials used for NP 

growth. These residues can be eliminated through several purification steps. However, there 

are still traces that can remain in the NP making it appear toxic to cells and tissues. When 

deprived of the contaminants, especially for the metallic NP, the toxicities markedly reduced 

(Brouwer et al., 1999). 

Characterization of nanomaterials 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are 

the most common methods to characterize nanoparticles and allow direct visualization of 

their size, shape and structure. Using secondary or backscattering electron image, the 

particles can be seen. Conventional SEM requires dry and conductive samples and a high 

vacuum. The environmental SEM is suitable for imaging wet, frozen or fixed samples and 

samples which do not necessarily have to be conductive. Samples such as tissues and cells 
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are coated with carbon or gold by sputter coating. By using high-voltage instruments, high 

resolution can be achieved but enhanced radiation damage occurs. In comparison, TEM is 

constrained to very thin samples. TEM support grids made of copper and covered with 

formvar or carbon are necessary to support the NP. QD emits a strong fluorescence and can 

be captured by fluorescence microscopy, thereby allowing easy imaging in biological 

systems. Silver NP have a specialized chemical surface and can be reflected by light. 

Individual silver NP can be visualized by dark filed microscopy and in the reflection mode 

by confocal laser scanning microscopy (CLSM) (Figure 2. 1). In addition, energy-dispersive 

X-ray spectroscopy (EDX) can be applied with SEM or TEM for elemental analysis or 

chemical characterization of a sample. The time of flight (TOF) is used to measure the time 

that ions are accelerated by an electrical field to reach a detector depending on the mass-to-

charge ratio of the ion. Thus, TOF can be used to determine the localization of the NP in 

tissues and cells. Oxidation state at the surface can be measured by X-ray photoelectron 

spectroscopy with a depth between 1nm to 5nm and the results are related with the 

photoemission volts from the surface (Jolivet and Barron 2007; Rose et al., 2007). 
 

 

Figure 1. Illumination of silver NP by (A) dark field microscopy (B) Reflection mode in CLSM (C) 
differential interference contrast (DIC) mode in CLSM 

Hydrodynamic sizes and surface charges are among the most important parameters 

which characterize NP. Dynamic light scattering (DLS) is based on Brownian motion of 

nanoparticles. When two nanoparticles are scattering the same incident beam, the total 

scattering in one point of space depends on the interference between the scattered light of the 

two nanoparticles and shows speckles. The fluctuations of the speckles on the screen directly 

related to the diffusion coefficient of the nanoparticles and the size can be normalized and 
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obtained according to a correlation function. Surface charge is another key parameter 

showing the stability of nanoparticle dispersions and can be determined as the zeta potential. 

Zeta potential is the electrical potential that exists at the “shear plane” at some distance from 

the surface of nanoparticles (Rose et al., 2007).  

Nanomaterials for medical diagnosis and drug delivery 

Engineered nanomaterials are widely used in clothing, sunscreens, cosmetics and 

electronics, and they may become used in medical diagnosis, imaging and drug delivery. The 

physicochemical properties of engineered nanomaterials such as their small size, large 

surface area, chemical composition, conductibility, surface coatings, and solubility will 

determine their reactivity in biological systems. 

Highly versatile multifunctional nanoparticles could potentially be used for imaging and 

therapeutic applications. Carbon nanotubes were cut and shortened at 20-100nm using strong 

acid conditions thereby allowing carboxylic group generation at the defect sites. These 

carboxylic groups can then be complexed with protein A, BSA and cytochrome c (Kam et al., 

2006). The anti-cancer drug methotrexate was conjugated to CNT, a process which facilitated 

methotrexate delivery in Jurkat cells (Pastorin et al., 2006). A mesoporous silica nanoparticle 

increased the drug uptake into cancer cells relative to that of non-cancerous fibroblasts due to 

the surface conjugation with cancer-specific targeting agents (Liong et al., 2008). Lactoferrin 

(Lf) conjugated poly (ethyleneglycol)-poly (lactide) nanoparticle (Lf-PEG-PLA ) was found 

to be a novel biodegradable nanoparticle for brain drug delivery system with low toxicity (Hu 

et al., 2009). Traditional methods for drug delivery into cell lines rely on the use of 

liposomes or other charged lipid formulations. However, limited complex stability in serum 

and often high toxicity occur over time. The use of polybutylcyanoacrylate nanoparticles for 

delivery of small GTPase rhoG induced neurite outgrowth and differentiation in PC12 cells, a 

neuronal cell line (Hasadsri et al., 2009). Semiconductor QD were used to deliver short-

interfering RNA (siRNA) and the results demonstrated improvement in gene silencing 

efficiency by 10-20-fold and cellular toxicity reduction by 5-6 fold, compared to existing 

transfection agents for MDA-MB-231, a breast cell line (Yezhelyev et al., 2008).  

Overall, there appears to be advantages of NP used as drug carriers are their high 
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biocompatibility, high stability, and high specificity to targeted cells. NP can also be 

designed to allow controlled (sustained) drug release from the matrix. However, the 

utilization of NP for drug delivery depends on their cytotoxicity to cells and the fate of NP in 

the body distribution and elimination of NP.  Therefore, the NP cytotoxicity and their 

interaction with biological systems should be evaluated to verify the safety of nanocarriers 

for drug delivery.  

 

Skin structure, function and nanoparticle interaction  

Function of skin  

Skin is the largest organ of the body and is a complex, multilayered tissue that produces 

several specialized derivatives including different cell types, extracellular components as 

well as appendages. Skin is a barrier to ultraviolet (UV) radiation of the sun which can be 

reflected or absorbed by the ourtermost non-viable cell layer the stratum corneum (SC). 

Transepidermal water loss (TEWL) from our body can also be minimized by this layer. The 

lipid layer of the SC of the skin prevents the skin from invasion by toxins, bacteria, fungi and 

yeasts. The low pH of SC inhibits bacteria growth. In addition, the specialized defense cells, 

Langerhans cells, are found in the skin to recognize foreign substances and present antigens 

to lymphocytes and stimulate the immunoresponse. The deeper layers of the skin, the dermis, 

can give mechanical protection to the body, provide nutrients via blood in the vessel, and 

regulate body temperature by control of blood flow and sweating. Merkel cells are 

mechanoreceptors that are associated with sensory nerve endings and sense the touch, pain, 

heat and cold (Monteiro-Riviere 1991). Lastly, the epidermis of skin is the source of vitamin 

D3 when 7-dehydrocholesterol reacts with UVB. Cytochromes P-450 (CYP) are the most 

important Phase I enzymes comprising a group of oxidases and utilize prostaglandins, 

vitamin D, fatty acids , cholesterol and xenobiotics as substrate (Bikle 2006; Wilkinson and 

Williams 2008). 
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Structure of skin  

 

Figure 2. Schematic skin depicting the mammalian skin of the left side of the hair follicle depicts animal 
skin and the right side of the HF depicts human skin (Monteiro-Riviere 1991). 

Skin is generally composed of two principal layers: the epidermis and the dermis. The 

epidermis is derived from ectoderm and is the upper layer of skin and can be further divided 

into five layers: SC, stratum lucidum, stratum granulosum (SG), stratum spinosum (SS), and 

stratum basale (SB). The dermis is below the SB layer of epidermis and is derived from 

mesoderm and contains connective tissues cells, nerves, and blood vessels (Monteiro-Riviere 

2008).  

Epidermis 

The SC is the outermost layer and its thickness is variable depending on the regions of 

skin (Monteiro-Riviere et al., 1990). This layer contains terminally differentiated cells called 

corneocytes filled with keratin filaments. The next epidermal layer, the SG, normally 

contains two to three layers of granular cells parallel to skin surface. The cells in SG are 

comprised of keratohyalin granules with dense staining regions and irregular shape that 
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contain several proteins including profilaggrin, loricrin, cysteine-rich proteins and keratin 

intermediate filaments. These granules move toward and fuse with the cell membrane, 

releasing their components into the intracellular spaces. The SS is located under the SG and 

consists of several layers of irregularly shaped polyhedral cells. Tonofilaments in the 

cytoplasm and melanosomes between cells are found in the cytoplasm of cells in the SS layer. 

Additionally, Langerhans cells, important for the skin’s immune response, are found in this 

layer. They mature by producing K1/K10 tonofilaments. The SB layer contains mitotically 

active keratinocytes with characteristics of K5/K14 (Elias and Feingold 2006). The single 

layer of columnar or cuboidal cells attach to the adjacent cells in SS or to neighboring basal 

cells by desmosomes and to the underlying basement membrane by hemidesmosomes. The 

basale cells function as stem cells to continuously produce keratinocytes or act to anchor the 

epidermis (Monteiro-Riviere 2006; Monteiro-Riviere et al., 2008).  

SC layer can be further classified into an outermost sublayer the stratum dysjunctum and 

an inner layer the stratum compactum. The barrier can be conceptualized as a two-

compartment system, the “brick and mortar model”, where keratin filament based protein-

rich corneocytes are bricks and extracellular lipid matrix are mortar (Elias et al., 1983). The 

tortuous path in the intercellular spaces between corneocytes accounts for the barrier 

properties of the skin. This non-viable cell containing layer has corneocytes that are 

terminally differentiated cells without nuclei and cytoplasmic organelles. They are packed 

together ten cells deep and are filled with keratin filaments.  

The corneocytes are polyhedral (especially pentagons and hexagons) shaped and 30μm 

in diameter and 0.5μm in thickness. Keratin filaments in the corneocytes constitute a 

reinforcement network and provide resistance to mechanical stress. These cells are bounded 

by cornified envelopes containing loricin, involucrin, fillagrin and cystatin A to stabilize the 

corneocytes. Desmosomes in the SC connect individual corneocytes and the corneosomes 

degradation induces desquamation. Transition from SG layer to SC layer shows the 

morphology of desmosomes changes by losing the electro-dense band and being substituted 

by several thin, symmetric, and electron-dense/light bands (Downing et al., 1993; Norlen 

2008) 
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The major lipid components in the SC layer are ceramides, cholesterol and free fatty 

acids. The main components of ceramides are sphingosine/derivative (sphingosine, 

phytoshingosine, and 6-hydroxysphingosine) and amide-linked fatty acid/derivative that 

composed nine different types of ceramides in human SC. In comparison, six pig ceramides 

were identified. Human ceramides in SC are very similar with those of porcine except for a 

linoleic acid linked ω-hydroxy fatty acid with a chain length of 30-32 carbon atoms in three 

human ceramides, while the chain length is only 16-18 for pig. Cholesterol is the only sterol 

in human and pig SC while the fatty acids mainly have 20 carbons and longer entities and 

they are the only ionic lipids in SC. The structure of intercellular lipids is composed of broad 

lamellar sheets oriented parallel to the skin surface. They are not continuous structures due to 

the desmosomes and their degradation products (Gray et al., 1975; Monteiro-Riviere et al., 

2001; Uchida and Hamanaka 2006). 

The lipids from the SG to SC layer change significantly. The lipids in the intercellular 

spaces of corneocytes are from the exocytosis of lamellar bodies (LB) in the SG. They are 

ovoid organelles and include polar lipids precursors and hydrolytic enzymes synthesized 

within the keratinocytes in SG and SS layer. LB exocytosis occurs in SG layer and matures 

in the lower layers of the stratum compactum. The polar lipids are then converted into non-

polar products such as ceramides and free fatty acids. For example, the glycolipids are 

hydrolyzed to ceramides and phospholipids are converted to fatty acids (Uchida and 

Hamanaka 2006).  

Cells in epidermis 

There are four cell types in the epidermis: keratinocytes, melanocytes, Langerhans cells 

and Merkel cells. The balance between cell birth and death of keratinocytes determines the 

cell number in the epidermis. Approximately 90% of epidermal cells are keratinocytes and 

these cells proliferate from the stratum basale and undergo keratinization, a continual 

differentiation process. The structure and size of a keratinocytes correlates with its position in 

the epidermis. Keratinocytes contain 8-10nm diameter keratin intermediate filaments and the 

keratins are bundle together in the cytoplasm along with desmosomes and hemidesmosomes 

at the cell membrane (Eichner et al., 1986).  
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Nonkeratinocytes cells include Merkel cells, Langerhans cells and melanocytes, which 

are found in the epidermal layer. They do not participate in the process of keratinization 

(Smack et al., 1994). Merkel cells are specialized neuroendocrine cells and are joined to 

stratum basale and adjacent keratinocytes by desmosomes. Merkel cells produce nerve 

growth factor receptors and function as mechanoreceptors and aid the development of the 

nerve plexus in the upper dermis. They cannot be seen directly by light microscopy but K20 

staining can help locate them in the epidermal layers (Moll et al., 1984; Moll 1994). 

Melanocytes, which produce and secrete melanin pigment protects the skin from ultraviolet 

light and is found in the basement membrane and are capable transferring melanin to 

surrounding keratinocytes. Langerhans cells are dendritic cells and may account for 2% of 

the total epidermal cell population. They attach to keratinocytes via E-cadherin receptors. 

Langerhans cells originate from bone marrow and migrate to the skin. By TEM, the granules 

can be seen as a rod-shaped organelle that is specific for Langerhans cells (Breathnach 1988).  

Dermis, hypodermis and others 

The dermis is derived from mesoderm and the connective tissue provides elasticity and 

tensile strength. Collagen, elastic, and reticular fibers are the main components of dense 

connective tissue that anchors the dermis to muscle or bone. Capillaries, nerves, and 

lymphatics are also located in the dermis. The cells such as fibroblasts, mast cells, and 

macrophages can be found in the dermis. Occasionally, plasma cells, fat cells and 

extravasated leukocytes are also present in the dermis. The papillary layer is beneath the 

basement membrane and contains blood vessels, lymphatic vessels, and nerve processes. The 

reticular layer of the dermis is located under the papillary layer and is thicker than the 

superficial layer and is characterized by type I collagen, coarser elastic fibers with very few 

cells and is continuous with the papillary layer. 

Hypodermis is underneath the dermis and anchors to muscles and bones via loose 

connective tissue of collagen and elastic fibers. The hypodermis serves as a reserve energy 

supply and allows its mobility on underlying structures. It is composed of connective tissue 

with a loose arrangement of collagen and elastic fibers. 

Hair follicles, sebaceous glands, and sweat glands are skin appendages. Hairs are 
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keratinized structures derived from hair follicles and epidermal invaginations into the dermis 

and may extend into the hypodermis. Hair follicles represent a route for skin penetration and 

may contribute to an increase in transdermal absorption (Monteiro-Riviere 1998).  

Junctional complexes 

 Different cell layers of skin express different cellular junctions. As keratinocytes leave 

the SB, they flatten and develop many intercellular gap junctions, which connect 

keratinocytes. Gap junctions allow ions and some small molecules to move between cells 

enabling cell communication. Gap junctions are located in all layers of the epidermis but 

mainly occur in the SS. Connexins are the main proteins for gap junctions. They assemble 

together by making up connexon. GJA4 or GJB6 are the principle connexins in the skin, 

mutations of which can induce skin diseases (Brandner and Proksch 2006).  

The junctions in the SS layer also consist of desmosomes that link membranes and the 

cytoskeleton between cells to maintain intercellular adhesion. Desomosome is one of the 

adhering junctions and it links intermediate filaments (actin filaments) between cells. 

Hemidesomosomes (or focal contact) are the junctions between cells in SB layer and the 

basement membrane (Brandner and Proksch 2006). 

SC and tight junctions participate in the formation of a functional skin barrier. Tight 

junctions (TJ) block the intercellular space and also influence epithelial permeability. TJ are 

very unique in epithelial cells and the junctions are impermeable to large molecules. Tight 

junctions are mainly demonstrated in the SG layer of the epidermis (Langbein et al., 2002). 

In the SC layer, the lipid bilayers substitute the tight junctions. Occludin and claudin are 

transmembrane proteins localized exclusively in tight junctions. ZO-1 located in the 

cytoplasmic plaques of tight junctions are also found in adherens type junctions. Recently, 

occludin was found to be concentrated at the cell-cell borders only in the most superficial SG 

layers, whereas ZO-1 and ZO-2 are detected also in the uppermost spinous cell layers 

(Morita et al., 1998). 

Dermal penetration and absorptions 

There are three ways for chemical penetration or absorption through skin to occur: 

transcellular, intercellular, and appendageal pathways (through hair follicles or sweat glands).  
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The flux and diffusion of a compound across the SC varies indicating that the sizes, 

structures, polarity and other physicochemical parameters of chemicals/particles are 

important for permeability. Diffusion of uncharged compounds across a membrane can be 

described by Fick’s law. Fick’s First law describes that a steady state flux of a compound per 

unit path length as being proportional to the concentration gradient and diffusion coefficient. 

Based on the theory above, the diffusion can be related to the molecule and the medium. 

However, very large molecules across membranes cannot be predicted from their partitioning 

characteristics.  

The skin barrier can be disrupted by tape stripping, extraction of lipids by solvents and 

skin irritation. The barrier function deficit can be estimated by TEWL. Occlusion enhances 

percutaneous absorption of a variety of compounds such as phenols and steroids (Zhai and 

Maibach 2001). In addition, tape stripping also increase skin absorption (Weigand and 

Gaylor 1973). Other physical approaches such as iontophoresis and electroporation drive 

molecules across the SC layers (Riviere et al., 1989; Prausnitz et al., 1993).  

Chemical enhancers greatly increase percutaneous permeability and absorption (Roberts 

et al., 2008). Basically, they disorient or add disorder to the lipid polar head-head packing 

which enhances permeability. Alcohols and glycols are semipolar solvents and can extract 

lipids from SC. Alcohols exchange water molecules from the lipid head group and promote 

lipid interaction with hydrocarbon chains. Propylene glycol competes with water for the H-

bond binding sites of lipids and solvate keratins and interact with polar head groups of lipid. 

Dimethyl sulfoxide (DMSO) significantly enhances skin absorption by interacting with the 

head groups of intercellular lipids thereby irreversibly disrupting the SC layers. DMSO 

changes the conformation of keratin from α-helix to β-sheet. Some nonionic surfactants are 

of interest because they do not produce irritation. Sodium lauryl sulfate can also enhance the 

absorption. Oleic acid is a fatty acid and is an enhancer for polar and lipophilic compounds 

(Francoeur et al., 1990). Terpenes are highly aliphatic compounds that disrupts the lipid 

organization and are thought to be nontoxic (Williams and Barry 1991). Azone can disorient 

the lamellar sheets and enhance percutaneous absorption (Hirvonen et al., 1991). 
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Models in dermatological research  

Compared to whole animal testing for pharmaceutical research, isolation of cells, tissues 

and organs can be simple models to analyze the pharmaceutical and toxicological effects.  

In skin research, HEK are used as in vitro cell models for testing the cutaneous toxicity 

of chemicals, drugs, metals and pesticides because they are the primary cell type in the 

epidermis and also produce inflammatory factors. However, in vitro skin cell culture cannot 

substitute for in vivo skin due to its lack of biological complexity.  

Porcine skin has similarity with human skin when compared across various anatomical 

regions, the structure of its epidermal and dermal layers, hair density and follicle 

arrangement, and chemical composition (Monteiro-Riviere and Stromberg 1985; Monteiro-

Riviere 1986). For ex-vivo tissue models, flow-through diffusion cell systems with porcine or 

human skin were used to investigate cutaneous penetration and absorption of substances.  

Skin is dermatomed and placed on a chamber where the surface of the skin can be exposed to 

substances and the underlying dermal side is constantly perfused with media at physiological 

temperature of 37 ºC and pH 7.2-7.4. The perfusate is a buffer to provide nutrient thereby 

preserving skin viability over 24h. The fluids are collected at different time points and the 

rate and extent of skin absorption can be determined after the experiment (Bronaugh and 

Stewart 1985; Monteiro-Riviere and Riviere 2005). 

Flow-through diffusion cells have limitations due to the lack of a vascular systems and 

less than normal cutaneous metabolism. Isolated perfused pig skin is a better in vitro model 

by maintaining not only a viable epidermis and dermis but also a functional microvascular 

system (Riviere et al., 1986; Riviere and Monteiro-Riviere 1991). This model can be used in 

absorption, dermatopharmacokinetic and dermatotoxicology studies by evaluating the 

amount of penetrated chemical in the venous effluent (Riviere et al., 1995; Monteiro-Riviere 

and Inman 1997).  

NP exposure to skin 

The interactions between NP and the skin is the focus of this thesis. Scanning electron 

microscopy (SEM) and an energy-dispersive x-ray (EDX) technique were used to determine 

the level of skin penetration of zinc oxide (ZnO) NP of 20-30nm. ZnO nanoparticles stayed 
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in the SC and accumulated into skin invaginations or hair follicle roots of human skin 

(Zvyagin et al., 2008). X-ray transmission microscopy reviewed that silica particles of 

~100nm or ~160nm spread on the superficial layer of the SC and on the hair follicles but did 

not penetrate into deeper layers (Graf et al., 2009). Liposomes of 200-400nm have limited 

penetration into pig ear skin except for hair follicles (Jung et al., 2009). In our lab, minimal 

penetration of QD of similar sizes through ex vivo porcine skin was found, with the bulk of 

the QD remaining in the stratum corneum (Zhang et al., 2008a). Pristine fullerenes were 

evaluated with in vitro flow-through diffusion cell experiments. Tape stripping method 

showed the fullerene were found on the SC and the amount of fullerene partitioning in the SC 

depends on the types of solvents. However, the fullerenes were not detected in the receptor 

solutions at 24 h (Xia et al., 2009).  

The penetration of QD through skin has been addressed by our research group 

employing an ex vivo porcine skin model. QD 565 and 655 with three different coatings were 

investigated in porcine flow-through diffusion cells. Our results found that polyethylene 

glycol (PEG) and carboxylic acid coated QD 565 were localized in the epidermis at 8h, while 

PEG-amine coated QD 565 were within the dermis. QD 655 with PEG and PEG-amine was 

within the epidermal layers after 8h. In comparison, the penetration of QD 655 with 

carboxylic acid coating was relatively slow and did not reach the epidermis until 24h 

(Ryman-Rasmussen et al., 2006). In addition to QD, gold NP at 15nm, 102nm and 198nm 

demonstrated the size dependent permeation and absorption through rat skin (Sonavane et al., 

2008). Furthermore, barrier permeability enhancement and barrier disruption can be methods 

that may facilitate NP penetration.  

Chemical enhancers such as oleic acid (OA), ethanol (EtOH) and oleic acid-ethanol 

(OA-EtOH) were found to enhance the transdermal delivery of zinc oxide NP (Kuo et al., 

2009). In addition, several peptide-based enhancers for skin barriers have been developed. 

Conjugation of arginine oligomers to cyclosporine A facilitates topical delivery (Rothbard et 

al., 2000). Chen et al. (2006) reported transdermal delivery of insulin facilitated by co-

administration of an 11-amino acid synthetic peptide (ACSSSPSKHCG) via the hair follicles 

of rat skin. Magainin, a natural pore-forming peptide, can be used to increase rat skin 

permeability of fluorescein to 47 folds by targeting bilayer disruption in the SC when used in 
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combination with a known surfactant chemical enhancer, N-lauroyl sarcosine (Kim et al., 

2007). We showed the synergic effects of certain transdermal peptides and surfactant on the 

penetration of functionalized fullerenes (data not shown).  

In the other conditions such as at the work place, a compromised skin barrier due to 

physical and chemical damage may increase dermal absorption of chemicals. The impaired 

skin barrier might lead not only to enhanced absorption of a specific chemical, but also 

increase the skin penetration and absorption of large molecules such as proteins and NP 

which normally are not able to penetrate intact skin (Kezic and Nielsen, 2009). Silver 

nanoparticles permeation through intact and damaged skin is negligible, but the size of silver 

NP was not mentioned (Filon et al., 2007). In other research, silver NP showed greater 

absorption at very low but detectable amount through damaged skin compared to intact skin 

(Larese et al., 2009).  

In conclusion, the skin penetration of NP remains a controversial issue and could depend 

on the surface charge, size and functional active surface coating. Some bacteria and viruses 

are larger and are capable of penetrating into skin. But they have an effect because they may 

infect the skin. The dimension of adenovirus is around 150 nm and can infect the skin by 

penetrating into the epidermis. Whether NP smaller than 10nm could penetrate and permeate 

the skin is an important question to be addressed and the skin penetration for NP within these 

sizes depend on the type of NP (Rouse et al., 2007; Baroli et al., 2007). 

 

Cytotoxicity and cellular uptake of nanoparticles 

Inflammation  

Barrier formation is a primary function of skin, and the disruption of keratinocytes 

contributes to many skin diseases. Human epidermis can rapidly respond to barrier 

perturbation by up-regulating proinflammatory cytokines, adhesion molecules, and growth 

factors to restore skin homeostasis. Skin irritation is a non-immunological reversible 

inflammatory reaction, characterized by erythema and edema. Acute irritation can be found 

as an inflammatory response, while chronic irritation is found as a hyperproliferative 

response. 
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Inflammation is a skin response to allergens, irritants, UV light and mechanical 

perturbation. When skin comes in contact with irritants or other stimuli, skin inflammation 

begins with the secretion of cytokines such as interleukin (IL)-1 and tumor necrosis factor 

(TNF)-α. IL-1 and TNF-α released from epidermal cells results in the expression of other 

cytokines (IL-6 and IL-8) to activate differentiation and proliferation of leukocytes. The 

expression of adhesion molecules such as intercellular adhesion molecule (ICAM), 

endothelial leukocyte adhesion molecule (ELAM) and vascular cell adhesion molecule 

(VCAM) also increase thereby modulating binding and migration of leukocytes. 

Inflammation also induces vasodilatation and cellular infiltrate, resulting in an increase in 

epidermopoiesis and thickening of skin (Barker et al., 1991; Nickoloff 1993).  

The inflammatory factors can be divided as follows: Inflammatory cytokines: IL-1 and 

TNF-α; chemotactic cytokines: IL-8, IP-10; growth promoting cytokines: IL-6, IL-7, IL-15, 

GM-CSF, TGF-α and immunomodulatory cytokines: IL-10, IL-12, IL-18. Here only IL-1, 

TNF-a, IL-6 and IL-8 will be reviewed in detail due to their important role in skin 

inflammation. 

Interleukin-1 and TNF-α 

IL-1α/β and TNF-α are primary cytokines that initiate and activate a sufficient number 

of effector molecules independently to trigger cutaneous inflammation. 

The history of interleukin-1 (IL-1) starts with the studies on the pathology of fever 

research. In 1972, it was found that soluble factors of macrophage products induced the 

lymphocyte proliferation in response to an antigen. Later 1984, the cloning and use of IL-1 

was established to be a cytokine mediating inflammatory response (Auron et al., 1984; 

Lomedico et al., 1984). IL-1 family is mainly composed of α and β forms which are 31kDa 

molecules and reside in cytoplasm. Keratinocytes constitutively produce active IL-1α and 

inactive pro-IL-1β (Mizutani et al., 1991). IL-1β needs to be cleaved by interleukin-1β 

converting enzyme (ICE/caspase-1) to a 17kDa active form (Mosley et al., 1987; Black et al., 

1988). Precursor IL-1α is constitutively expressed in keratinocytes of normal human skin. 

The precursor IL-1α can be found on the surface of monocytes and B lymphocytes. IL-1β is 
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produced by monocytes, macrophages, Langerhans cells, and dendritic cells (Mizutani et al., 

1991).  

The epidermis is a reservoir of IL-1α which is released when the body is injured 

(Kupper and Grove 1995). Wounding, mechanical stress, burns, and chemical irritation can 

induce the release of IL-1 locally or systemically. IL-1 is an intracellular messenger and 

remains in basal keratinocytes until released when body gets injured. Oxidative stress can 

induce cell damage and leakage of IL-1α, which in turn actives keratinocytes to produce 

more IL-1α due to the autocrine effect. IL-1α increases the expression of IL-6, IL-8 and GM-

CSF. IL-1α stimulates keratinocytes and fibroblasts proliferation along with other cytokines 

(by inducing IL-6). In addition, IL-1 down regulates Langerhans cell E-cadherin expression, 

inducing these cells to migrate from epidermis to dermis to the lymph nodes where they 

encounter the naïve T lymphocytes and present antigen on the surface of Langerhans cells. 

IL-1α induces the expression of intracellular adhesion molecules on the surface of 

endothelial cells and fibroblasts which recruit memory T cells. (Groves et al., 1991). 

Keratinocytes are the basal cells of the epidermis (the main resource that provide TNF-α 

in skin) that can express not only IL-1, but also TNF-α in response to stimuli (Kolde et al., 

1992). UV light can induce TNF-α production in keratinocytes (Kock et al., 1990). TNF-α 

activates T cells and Langerhans cells and regulates fibroblast collagen synthesis. IL-1α with 

TNF-α together can induce the expression of intercellular adhesion molecules on endothelial 

cells and fibroblasts. IL-1β and TNF-α together can augment Langerhans cells to migrate to 

lymph nodes. TNF-α is rapidly detected after SC tape stripping and subsequently influence 

endothelial adhesion molecule expression and therefore activating these cells (Kimber et al., 

1992). In addition, there are some storage of TNF-α in mast cells as constitutive expression 

to initiate the quick response to irritants, allergens, and sunburns (Gordon and Galli 1990).  

Some nanomaterials showed an increase in the level of IL-1 and TNF-α  which may 

directly induce keratinocyte proliferation and initiate keratinocyte response to other signaling 

molecules. Fourteen-nanometer carbon black NP enhanced the expression of IL-1β in lung 

(Inoue et al., 2006). In pharyngeal aspiration studies, SWCNT induced IL-1β and TNF-α in 
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the acellular BAL fluid (Shvedova et al., 2005). IL-1β and TNF-α were released when HEK 

dosed with QD 565 or 655 (coated with carboxylic acid) (Ryman-Rasmussen et al., 2007), 

but was not detectable with functionalized SWCNT and fullerene-based amino acid NP 

(Zhang et al., 2007; Rouse et al., 2006). Some NP can decrease the expression of IL-1. 

Cerium oxide (CeO2) nanoparticles have been shown to protect cells in culture from lethal 

stress and CeO2 NP protect against cardiac dysfunction by decreasing IL-6, IL-1β, TNF-α in 

the myocardium (Niu et al., 2007). It is unknown whether long-term exposure to 

nanomaterials on the skin surface can cause over proliferation of the epidermis and possibly 

carcinogenesis, and there are no long-term studies that have been conducted to date. The 

possible thickening of SC or epidermal layers, abnormal expression of cytokines and other 

immune response induced by nanomaterials is currently being investigated in our laboratory. 

IL-8 and IL-6 

Interleukin-8 (IL-8) was first identified as a member of chemokine family (Yoshimura 

et al., 1987) and is first found as a neutrophil chemotactic polypeptide with 72 amino acids 

found in the media of lipopolysaccharide (LPS)-stimulated peripheral blood monocytes 

(Matsushima et al., 1988). IL-8 can stimulate the mast cell histamine release, induce 

leukocytes (such as neutrophils and T-cell) and keratinocyte chemotaxis and proliferation 

(Larsen et al., 1989; White et al., 1989; Nickoloff 1993). IL-8 can directly enhance 

endothelial cell proliferation, matrix proteinases production and regulated angiogenesis (Li et 

al., 2003). IL-8 is also involved in degradation of extracelluar matrix by upregulation of 

MMP2/9, leading to endothelial cell migration, invasion and capillary tube organization. IL-8 

can be produced by different types of cells present in the skin. IL-8 mRNA was rapidly 

expressed stimulated by IL-1α and TNF-α in dermal fibroblasts and by IL-1α only in 

keratinocytes (Larsen et al., 1989). Endothelial cell express IL-8 stimulated by TNF-α, LPS, 

and IL-1β  (Strieter et al., 1989).  

IL-8 is found to be one of the early biomarkers produced by HEK when exposed to jet 

fuels (Allen et al., 2000). Some aromatic and aliphatic hydrocarbon components in jet fuel 

were able to induce the production of IL-8, which suggest that jet fuels have an inflammatory 

response in skin (Allen et al., 2001; Chou et al., 2003; Yang et al., 2006). The insecticide 
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permethrin and the insect repellent N,N-diethyl-m-toluamide (DEET) used by Gulf war 

personnel when dosed on the porcine skin flaps and caused IL-8 release from skin, which 

could be reduced by pyridostigmine bromide (PB) (Monteiro-Riviere et al., 2003). Some 

viruses or chlamydia also are capable of inducing expression of IL-8. Infection of melanoma 

cells with aricella-zoster virus resulted in the induction of IL-8 secretion in vitro (Desloges et 

al., 2007). Mechanical interaction of skin by tape stripping can increase IL-8 expression (de 

Jongh et al., 2006). Moreover, electrical fields and currents are capable of stimulating IL-8 

release from human promyelocytic leukemia HL-60 cells (Sontag et al., 2007). 

NP induced inflammation with IL-8 or IL-6 release occurred in organs or cell cultures. 

By definition as an inflammatory marker of skin, IL-8 could be a suitable and standard 

marker for nanomaterial inflammation. The exposure of cobalt and SiO2-nanoparticle on 

human dermal microvascular endothelial cells led to IL-8 release (Peters et al., 2004). Silica 

nanoparticles exposed in the presence of simulated lung mechanics induced an increase in 

LDH release and IL-8 (Brown et al., 2007). Zinc oxide and yttrium oxide provoked an 

inflammatory response with the release of IL-8 in human aortic endothelial cells (Gojova et 

al., 2007). HEK exposed to a series of conceontration of  MWCNT led to a 

proinflammatory response depicting IL-8 release in a dose and time dependent manner 

(Monteiro-Riviere et al., 2005). Studies with a fullerene-based amino acid in HEK depicted 

an increase in IL-6, IL-8 and IL-1β (Rouse et al., 2006). IL-8 and IL-6 level also increased in 

HEK by the introduction of functionalized SWCNT and QD (Zhang et al., 2007; Ryman-

Rasmussen et al., 2007). However, some silver NP can reduce IL-6 mRNA level in wounds 

area (Tian et al., 2007). 

Cytotoxicity of nanoparticles 

Naturally occurring nanoparticles include air pollution and mineral dust particles and 

have been involved in adverse biological effects and diseases such as asthma, interstitial 

pulmonary fibrosis, and cardiac arrhythmias. However, no recognizable diseases have been 

reported for engineered nanoparticles (NP). It is possible that NP have potential toxicity to 

biological systems. ZnO nanoparticles exhibit a strong preferential ability to kill cancerous T 

cells or osteoblast cancer cells compared to normal cells (Hanley et al., 2008; Nair et al., 
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2008). TiO2 NP can impair dermal fibroblast cell function by altering cell morphology and 

mobility (Jung et al., 2009; Pan et al., 2009).  

Some nanotoxicity studies focused on bacterial, Caenorhabditis elegans, or zebrafish 

models (Jiang et al., 2009; Wang et al., 2009; Griffitt et al., 2009), while most of the other 

investigations are more concerned with the cytotoxicity in mammalian models. TiO2, ZnO, 

and CeO2 were taken up into caveolin-1 or LAMP-1 positive endosomal compartments and 

induced a range of biological responses that vary from cytotoxic to cytoprotective. These 

metal oxide nanoparticles have different patterns of endosomal-localization in cells and can 

induce cytotoxicity depending on the cell types (Xia et al., 2008b). Co-exposure of carbon 

black NP and Fe2O3 NP induced lipid peroxidation and protein oxidation in lung epithelial 

cells together while exposure to each particle type alone did not (Guo et al., 2009). Arora et 

al. (2009) showed that silver NP increases glutathione levels and superoxide dismutase in 

fibroblast.  

Unlike small molecules, NP may not dissolve readily in water or biological systems and 

may interact with assay markers (Monteiro-Riviere et al., 2009, Appendix I). The variable 

results with classical toxicology assays may not be suitable for assessing nanoparticle 

cytotoxicity (Monteiro-Riviere and Inman 2006; Kroll et al., 2009). The cytokine release 

from HEK may be underestimated because SWCNT may adsorb some of the cytokines 

(Zhang et al., 2007). In addition, some studies have shown that reactive oxygen species (ROS) 

do not have direct correlations with cell toxicity (Diaz et al., 2008). The high adsorption 

capacity, hydrophobicity/water solubility, surface charge, optical and magnetic properties, or 

other catalytic activity may interfere with assay components or detection systems. Therefore, 

addition of more than one assay may be required when determining nanoparticle toxicity for 

risk assessment controls are essential in this field. 

Nanoparticle uptake and endocytic pathways 

NP uptake by cells may occur through several different mechanisms and has been 

classified into phagocytosis (particle-phase uptake) and pinocytosis (fluid-phase uptake). 

Pinocytosis includes macropinocytosis with >1μm particle uptake, clathrin or caveolae-

mediated endocytosis, or clathrin/caveolae independent endocytosis. Caveolae consist of 
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plasma membrane invaginations with a 50-80nm size containing cholesterol and 

sphingolipids, receptors and caveolins (Pelkmans et al., 2002; Lajoie and Nabi 2007). 

Endocytosis of various membrane receptors may also occur via lipid rafts (Nichols 2003). 

Lipid rafts provide a platform for the assembly of receptors, adaptors, regulators, and other 

downstream proteins as a signaling complex, and may be joined with caveolae. Clathrin-

coated pits of 100-200 nm have been shown to be associated with the key protein clathrin and 

other scaffold proteins such as AP-2 and eps15 (Ehrlich et al., 2004). Macropinocytosis is a 

form of endocytosis related to cell surface ruffling and provides a route for non-selective 

endocytosis of solute macromolecules. Macropinosomes are more than 0.2μm in diameter, 

and may be as large as 5μm (Swanson and Watts 1995). Specialized phagocytosis via 

protease activation receptor 2 (PAR-2) occurs in HEK that take up melanosomes from 

adjacent melanocytes. It is possible that NP may be taken up by cells via their size selectivity 

that may match those of endocytic pits. Most of the protein/macromolecule endocytosis 

depends on clathrin-mediated endocytosis, in which the adaptor proteins (AP-2 and eps15) 

are required for clathrin pit formation (Tebar et al., 1996; Benmerah et al., 1998). Several 

types of NP such as SPION (FITC labeled, 50nm) and PEG-D,L-polylactide (PEG-PLA) of 

~90nm have been shown to enter cells via this pathway (Lu et al., 2007; Harush-Frenkel et 

al., 2008). Our results show that QD uptake was clathrin independent but lipid raft dependent 

(Zhang and Monteiro-Riviere 2009). 

NP endocytosis by cells not only depends on the size of the NP, but also on the surface 

coating and charge. The surface modification of silver NP of 3.8nm by phosphoryl disulfides 

improved intracellular uptake of fibroblasts (Chung et al., 2008).The potential role of zeta 

potential can be a valuable biological signature in studying the cellular interaction of 

nanoparticles (Zhang et al., 2008b). Carboxydextran coated superparamagnetic iron oxide 

nanoparticles (SPION) were internalized by human mesenchymal stem cells, and the 

efficiency of uptake was correlated to the amount of carboxyl groups on the NP surface 

(Mailander et al., 2008). Cationic D, L-polylactide (PLA)-NP entered Hela cells in greater 

amounts than anionic PLA-NP (Harush-Frenkel et al., 2007). NP uptake may also depend on 

the length of the surface coating (Chang et al., 2006), or the type of cells (Xia et al., 2008a). 

The NP uptake also depends on the surface coating and conjugations. The internalized Tat-
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QD are tethered to the inner vesicle surfaces and are trapped in cytoplasmic organelles. The 

QD loaded vesicles are found to be actively transported by molecular machines (such as 

dyneins) along microtubule tracks (Zhang et al., 2008b; Ruan et al., 2007). 

 Overall, one of the objectives of this thesis is to determine the mechanisms of uptake 

of different types of NP by HEK which are fully described in chapters 6, 7, 8. These studies 

provide insight that different types of NP may have different cellular mechanisms of uptake. 

The surface coating, size, charge and type of NP are important physicochemical properties 

that determine how NP cellular uptake occurs in mammalian cells. 
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Abstract

Quantum dots nanoparticles have novel optical properties for biomedical applications and electronics, but little is known about their skin
permeability and interaction with cells. QD621 are nail-shaped nanoparticles that contain a cadmium/selenide core with a cadmium sulfide shell
coated with polyethylene glycol (PEG) and are soluble in water. QD were topically applied to porcine skin flow-through diffusion cells to assess
penetration at 1 μM, 2 μM and 10 μM for 24 h. QD were also studied in human epidermal keratinocytes (HEK) to determine cellular uptake,
cytotoxicity and inflammatory potential. Confocal microscopy depicted the penetration of QD621 through the uppermost stratum corneum (SC)
layers of the epidermis and fluorescence was found primarily in the SC and near hair follicles. QD were found in the intercellular lipid bilayers of the
SC by transmission electron microscopy (TEM). Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis for cadmium (Cd)
and fluorescence for QD both did not detect Cd nor fluorescence signal in the perfusate at any time point or concentration. In HEK, viability decreased
significantly (pb0.05) from 1.25 nM to 10nM after 24 h and 48 h. There was a significant increase in IL-6 at 1.25 nM to 10 nM, while IL-8 increased
from 2.5nM to 10nM after 24 h and 48 h. TEMofHEK treatedwith 10 nMofQD621 at 24 h depicted QD in cytoplasmic vacuoles and at the periphery
of the cell membranes. These results indicate that porcine skin penetration of QD621 is minimal and limited primarily to the outer SC layers, yet if the
skin were damaged allowing direct QD exposure to skin or keratinocytes, an inflammatory response could be initiated.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Quantum dot; Nanoparticles; Skin penetration; Cytokines; Keratinocytes; Cellular uptake; Inflammation; Skin

Introduction

Quantum dot (QD) nanoparticles are well known for their
optical characteristics which result in strong fluorescence without
photobleaching, and therefore may have potential for drug deli-
very, imaging markers, diagnostic or therapeutic applications
(Michalet et al., 2005). Streptavidin conjugated QD have been
bound to cytoskeletal elements such as tubulin and actin and
visualized with monoclonal antibodies (Wu et al., 2003). Prostate
tumors in mice were imaged with a QD-antibody conjugate that
provided a novel method of cancer labeling in vivo (Gao et al.,
2004). However, before QD can be used safely in vivo, more

information is needed about their potential for toxicity and inter-
actions with biological systems so that rational nanomaterial risk
assessments can bemade. Skin has been shown to be permeable to
some engineered nanomaterials with diverse chemical properties
and can serve as a portal of entry for localized or systemic
exposure to humans, especially in an occupational scenario. En-
gineered nanomaterials should be investigated for occupational
safety during manufacture, exposure scenarios likely to be en-
countered by the consumer (e.g., commercial products, medi-
cines, cosmetics), and post-use release and migration to the
environment. In addition, their biocompatibility should be
evaluated in cells and in tissues before incorporating them into
structures for biomedical devices or implants.

QD typically contain a cadmium/selenide (CdSe) core with a
zinc sulfide (ZnS) or a cadmium sulfide (CdS) shell. QD need to
be water soluble with low cytotoxicity to function as biocompa-
tible probes. It has been reported that Cd release from the core is
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by oxidative attack (Tang et al., 2005). QD are unstable when
exposed to UV light, and can release Cd into the medium, a
substance that is toxic to hepatocytes (Derfus et al., 2004a). Bare
CdSe-core QD have been shown to be toxic in human neuro-
blastoma cells causing a decrease in cell viability, fragmentation
of chromosomal DNA, and loss of mitochondrial membrane
potential. However, ZnS-coated QD did not alter cells (Chan
et al., 2006). The shell is extremely important and has been shown
to minimize Cd leaching into the intracellular space of MCF-7
cells (Cho et al., 2007). Surface coatings such as polyethylene
glycol (PEG) may be applied with other small groups (amino-
terminated or carboxylic-terminated) to increase the solubility and
stability of QD in biological buffers or water (Fan et al., 2005).
Several studies have reported that the QD surface coatings and
charge can influence the toxicity of QD (Hoshino et al., 2004;
Kirchner et al., 2005). QD565 and QD655 showed a decrease in
viability in HEK (Ryman-Rasmussen et al., 2007). However, if
the coating and shell of a QD is altered, there is potential for the
QD core that usually consists of Cd to leach out into the surroun-
ding tissue and potentially be a health risk.

The application of QD probes in biomedical imaging and
therapeutic applications has attracted much attention, but there is
limited research on their use in vivo. Studies have found that QD
can image lymph nodes and blood vessels in tissues (Kim et al.,
2004; Larson et al., 2003). QD530 have been shown to remain in
liver, lymph nodes and bone marrow of mice for one month after
tail injection despite its low affinity to cells and tissues (Ballou
et al., 2004). The injection of QD705 in mice was found in liver,
spleen and kidneys after 28 days (Yang et al., 2007). Localization
and retention of QD in vivo is of concern for clinical use due to the
potential for retention and migration to other organs.

Different types of nanoparticles have been topically applied to
the skin to assess penetration.Maghemite nanoparticles of 5.9 nm
have been shown to penetrate hair follicles and the stratum cor-
neum (SC) layer of the epidermis, suggesting a potential capa-
bility for nanoparticles to traverse the dermal barriers (Baroli
et al., 2007). Microfine zinc oxide (ZnO) with a mean size of
80 nm and agglomerates of titanium dioxide less than 160 nm did
not penetrate the porcine SC layer in in vitro static diffusion cells
(Gamer et al., 2006). However, topical application of micronized
ZnO (26–30 nm) in a sunscreen formulation on in vitro human
skin found nanoparticles in the upper SC with minimal pene-
tration (Cross et al., 2007).

Polymeric nanoparticles coated with a 40 nm thick PEG block
copolymer layer topically applied to hairless guinea pig skin for
12 h were able to penetrate the epidermis (Shim et al., 2004).
FITC-conjugated dextran beads of 0.5 μm penetrated the SC of
human skin and reached the epidermis after 30 min of flexing
(Tinkle et al., 2003). Studies in our laboratory have shown that
fullerene amino acid-derivatized peptide nanoparticles of 3.5 nm
were capable of penetrating the dermal layers of porcine skin
flexed for 60 min and placed in flow-through diffusion cells for
8 h, while non-flexed control skin showed penetration limited to
the upper epidermal layers (Rouse et al., 2007, Monteiro-Riviere
et al., 2007). TEM found that the derivatized fullerene was
localized within the intercellular space of the stratum granulosum
layer. Additional studies with spherical QD565 and elliptical

QD655 with three different surface coatings in flow-through
diffusion cells showed penetration into porcine skin. PEG and
carboxylic acid coated QD565 were localized primarily in the
epidermis by 8 h, while the QD565 PEG-amine were localized
mainly in the dermis. QD655 coated with PEG and PEG-amine
were localized primarily within the epidermal layers after 8 h,
while the carboxylic acid-coated QD655 did not penetrate into
the epidermis until 24 h (Ryman-Rasmussen et al., 2006). Some
data suggest that QD penetration through human skin may be
less (Bronaugh, personal communication), although experimental
conditions across investigators are difficult to control.

Biodistribution studies with QDwith a long half-life of weeks
to months raises the concern of toxicity to surrounding tissues.
The incorporation of polyethylene glycol (PEG) as a surface
coating greatly reduces nonspecific binding to several types of
cells (Bentzen et al., 2005) and increases QD stability and so-
lubility (Yu et al., 2007). However, few studies have focused on
skin cells. The effect of surface coatings was studied in human
epidermal keratinocytes (HEK) to determine the uptake of QD,
QD cytotoxicity and inflammation potential. QD were found to
be localized within intracellular vacuoles in HEK and the surface
coating was the primary determinant of cytotoxicity (Ryman-
Rasmussen et al., 2007).

Another type of QD (QD621) has been studied in vivo and
in vitro, but there is limited information on its toxicity. QD621
intradermally injected in SKH-1 hairless mice migrated from the
injection site to regional lymph nodes through the lymphatic duct
system and then to the liver and other organs (Gopee et al., 2007).
The biodistribution of intra-arterially infused QD621 in perfused
skin showed that the QD621 can migrate out of the capillaries into
the surrounding tissue (Lee et al., 2007). QD621 with a PEG
coating greatly reduces theQDuptake in human breast cancer cells
(Chang et al., 2006). Our study used porcine skin as an in vitro
model of human skin to assess the penetration of QD621. Porcine
skin is widely used for skin penetration studies because it is
anatomically, physiologically and biochemically similar to human
skin (Monteiro-Riviere and Stromberg, 1985; Monteiro-Riviere,
1991; Monteiro-Riviere and Riviere, 1996; Simon and Maibach,
2000; Monteiro-Riviere, 2001). The objective of this study was to
assess whether QD621-PEG, which are nail-shaped with a hy-
drodynamic size of 39–40 nm, could penetrate through skin, and to
determine cellular uptake and inflammatory potential in HEK.

Materials and methods

Quantum dots synthesis. QD621 with a core/shell of CdSe/CdS were syn-
thesized according to the literature and the CdS shell growth temperature was
adjusted to 180 °C (Li et al., 2003; Yu et al., 2006; Yu et al., 2007). QD were
purified and stored in chloroform and the concentrations determined using the
available extinction coefficients (Yu et al., 2003). To produce amphiphilic poly-
mers, poly (maleic anhydride-alt-1-octadecene) (PMAO, M

n
=30000–50000,

Aldrich) was reacted with amino poly (ethylene glycol) methyl ether (mPEG-NH
2
,

MW 6000; Nektar, CA) in chloroform overnight to form amphiphilic polymers
(PMAO-PEG) (molar ratios of PMAO: PEG were 1:5 and 1:30, respectively, for
negative and neutral water-soluble QD). For water-soluble nanocrystals, the QD
and PMAO-PEGwere mixed in chloroform and stirred for 1 h (molar ratio of QD:
PMAO-PEG was 1:10). Water was added in the same volume as the chloroform
solution and the chloroform was removed by rotary evaporation that resulted in a
clear and colored solution of water-soluble QD. Ultracentrifugation (Beckman
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Coulter Optima L-80XP) was used to concentrate and purify (remove excess
amphiphilic polymer) thematerials (200,000–300,000g for 1–2 h). Ultraviolet and
visible absorption spectra of QD were measured by a Varian Cary 5000 spec-
trophotometer, which showed the first excitonic absorption peak of 615 nm.
Photoluminescence spectra ofQDwere recorded on a JobinYvon SpexFluorolog 3
fluorescence spectrophotometer with a peak position of 621 nm. TEM specimens
of the QD621 were prepared by evaporating one drop (∼10 μl) of nanocrystal
solution on a carbon coated copper grid. The TEM micrographs were taken on a
JEOLFasTEM2010microscope operating at 100 kV. The size and size distribution
data was obtained by counting more than 1000 individual nanocrystalline particles
using Image-Pro Plus 5.0 (Media Cybernetics Inc.) (Yu et al., 2004a,b). The size for
the inorganic CdSe/CdS was 8.40×5.78 nm (Fig. 1). The overall hydrodynamic
size of the water-soluble QD was 39–40 nm, on which the PEG molecules
completely covered the structure (Yu et al., 2007).

Flow-through diffusion cells. The protocol for flow-through diffusion skin cells
used by our laboratory has been published elsewhere (Bronaugh andStewart, 1985;
Chang and Riviere, 1991). Porcine skin was obtained from the back of female
weanling Yorkshire pigs. Pig skin was clipped 24 h prior to dosing. The pig was
euthanitized and skin from the backwas dermatomed at 400μm in thickness. A 19-
mm steel circular punch was used to provide a dosing area of 0.64 cm2. Each
circular piece of dermatomed skin was placed epidermal side up into each of the
two-compartment flow-through diffusion cells. The diffusion cells weremaintained
at 37 °C with a Brinkmann constant-temperature circulator. The dermal side of the
skin in each cell was bathed with perfusate at a constant flow rate of approximately
2 ml/h by a multi-channel peristaltic cassette pump. The perfusate was adjusted to
pH 7.3–7.5 during the experiments. Diffusion cells were equilibrated in perfusate
for 30min prior to dosing. Fortymicroliters of QD (1 μM, 2 μMand 10 μM) (n=3/
treatment) were topically dosed on the skin with a positive displacement pipette.
Diffusion cell perfusate was collected for fluorescence and inductively coupled
plasma-optical emission spectroscopy (ICP-OES) detection at 1, 2, 3, 4, 5, 6, 7, 8,
12, 16, 20 and24h.At 24 h, the perfusionwas terminated and the skinwas removed
from the cells. Half of the skin was placed in Trump's fixative for TEM and the
other half immediately frozen at −80 °C for laser scanning confocal microscopy.

Confocal imaging. QD621 were imaged in the epidermal and dermal layers of
skin using a Leica TCS SP1 confocal laser scanner interfaced to an inverted Leica
IMBE invertedmicroscopewith a 40× Plan apochromat objective. Themicroscope
was equipped with a confocal–differential interference contrast (DIC) system. QD
were excited with a UV laser (351 nm and 364 nm) and an Argon laser (488 nm)
with emission channels of 610–632 nm. Images were captured using LCS Lite
software. The frozen sampleswere sectioned in a cryostat (Cryocut 1800, Reichert-
Jung) at 20 μm in thickness. Tissue samples were cut perpendicular to the knife

with the skin standing upright so that sectioning is conducted from the bottom of
the dermis up through the epidermal layers. This prevents any contamination that
could be due to dragging the QD from the surface of the knife to the dermal layers.
All skin sections were analyzed and all imaging data are representative of the
individual diffusion cell experiments.

TEM of skin sections. Skin samples fixed in Trump's at 4 °C for 24 h were
minced into 1 mm3 pieces and placed in 7 ml glass vials. Samples were then rinsed
in 0.1 M phosphate buffer (pH 7.2) and post-fixed in 1% osmium tetroxide
(Polysciences, Inc., Warrington, PA) in 0.1 M sodium phosphate buffer (pH 7.2),
dehydrated through graded ethanol solutions, cleared in acetone, and infiltrated and
embedded in Spurr's resin. Unstained sections (600–800 Å) were mounted on
copper grids and then examined on a Philips EM208S TEM. Unstained sections
provided better visualization.

Fluorescence quantification of perfusate. To quantitate QD fluorescence, each
perfusate sample collected from the flow-through diffusion cells at different time
points was transferred to black 96-well black plates with microclear bottoms
(Corning/Costar USA) and assayed on a tunable Molecular Dynamics Gemini
EM™. The excitation wavelength was 360 nm and the emission wavelength at
621 nm with a cut off 610 nm. Background fluorescence was the perfusate without
QD. Perfusate samples (200μl) were spikedwith 20 nM, 5 nM, 2 nM, and 0.5 nMof
QD to determine the sensitivity of the fluorometer.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES).
Perfusate samples were also evaluated for Cd by ICP-OES. Perfusate (200 μl) was
placed in a 40 ml screw cap centrifuge tube and 500 μl of concentrated optima grade
nitric acid was added. 6 h later the samples were refluxed 30 min in a boiling water
bath and then mixed with the deionized water, and transferred to 15 ml PVC
centrifuge tubes for analysis in a Perkin Elmer Model 2100DV ICP-Emission
Spectrometer. The detection limitwas set at 0.002 ppbCdbased on standard deviation
generated with spiked recovery and the slope of the most sensitive analytical line.

Cell culture and viability assay. Neonatal HEK (Cambrex, Corp, Walkersville,
MD) were seeded in 96-well culture plates (0.32 cm2 growth area) at approximately
7000 cells perwell and grown in a humidified environment of 5%CO2 at 37 °Cwith
keratinocyte growthmedia (KGM-2) cell medium. Upon reaching 70% confluency,
the cells were exposed to QD nanoparticles in KGM-2. The control wells consisted
of onlyKGM-2 and cells. Prior to treating the cells, a 20nMstock solution ofQD621
was prepared with KGM-2 to provide the serial dilution with the concentration of
0.3125 nM, 0.625 nM, 1.25 nM, 2.5 nM, 5 nM and 10 nM. HEK at 24 h and 48 h
were assayed using theMTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

Fig. 1. High resolution TEM image of QD621. The QD are nail shaped and have
a mean dimension of 8.40 nm in length and 5.78 nm in width.

Fig. 2. DIC image of normal porcine skin treated with water (control) for 24 h.
Note the stratum corneum (SC), epidermis (E) and dermis (D). The epidermis is
clearly demarcated by a dotted yellow and green lines. A cross-section of a hair
follicle (H) is in the dermis.
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bromide] for viability as previously described (Mosmann, 1983). The absorbance,
directly proportional to cell viability, was determined spectrophotometrically at
550 nm in a plate reader (MultiskanRC, Labsystems, Helsinki, Finland). The results
from this study provided the range of QD concentrations not cytotoxic to HEK.

Cytokine release assay. Human cytokines IL-6, IL-8, IL-10, TNF-α and IL-1β
were quantitatedwith theBio-Plex suspension array system (Bio-RadLaboratories,
Hercules, CA). This system utilized multiplexing to simultaneously assay for
cytokines. Customized beads (5.6μmdiameter) conjugated to the capture antibody,
which is specific to each cytokine and possessing a unique spectral address were
mixedwith culturemedia samples and incubated in a 96-well filter plate. The beads
were rinsed and then incubated with a fluorescent-labeled reporter molecule that
specifically binds to the analyte. The contents of each well were analyzed in the
Bio-Plex array reader. As the beads flow into the reader, one laser identifies the
spectral address of each cytokine and the other laser excites the reportermolecule to
quantify the specific cytokine relative to the standard curve. The average
concentration (pg/mL) of each cytokine for each treatment and time point was
calculated and normalized using the corresponding viability data. The limit of
detection for the cytokines is as follows: IL-1β (0.8 pg/ml), IL-6 (1.1 pg/ml), IL-8
(0.5 pg/ml), IL-10 (0.9 pg/ml), and TNF-α (3.0 pg/ml).

TEM of QD621 in HEK. TEM was conducted on HEK to determine the lo-
calization of QD621. HEK were seeded in cell culture flasks (25 cm2; ~100,000
cells) and grown to 70% confluency at 37 °C in a humidified 5% CO2 environment.

HEKwere treatedwithQD621 at a concentration of 2 nMor 10 nMfor 24 h, rinsed in
Hank's Balanced Salt Solution (HBSS), and fixed in Trump's fixative at 4 °C. Cells
were then rinsed in 0.1 M phosphate buffer (pH 7.2), pelleted in a microcentrifuge
tube, and embedded in 3%molten agar. Cells in agar were post-fixed in 1% osmium
tetroxide and processed as previously described. Unstained thin sections on copper
grids were examined on a Philips EM208 S transmission electron microscope.

Statistical analysis. The mean values for HEK viability and cytokine con-
centration (normalized to viability) for each treatment were calculated and the
significant differences (pb0.05) determined using ANOVA (SAS 9.1 for Win-
dows; SAS Institute, Cary, NC). When significant differences were found, a
pairwise comparison among different treatments were conducted within each
exposure length and sampling time using the t-test (LSD).

Results

TEM of QD

The shape of the QD621 can be seen by TEM (Fig. 1). The
mean width of the QD621 is 5.78±0.97 nm and length is 8.40±
1.9 nm. QD621 with a CdSe core and CdS shell coated with a
PEG polymer coils has a hydrodynamic size of 39±1 nm in

Fig. 3. Confocal image of skin treated with QD621 for 24 h. A) 1 μM dose. B, C, D 10 μM dose. Top row across: confocal-DIC images depicting the skin section.
Middle row across: fluorescence indicating QD621 only in the skin. Bottom row across: Overlay of DIC and fluorescence depicting 1 μM and 10 μm doses of QD621
localized in the SC.
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diameter from size-exclusion chromatography. The QD in an
aqueous solution appeared dark red and showed a strong red
fluorescence under the 360 nm-UV light. QD621 are very stable
in water and physiological buffers within a wide pH range (4–10)
as well as in 1 M NaCl (Yu et al., 2007).

Laser scanning confocal microscopy of normal skin

Skin treated with water in the flow-through diffusion cells
served as the vehicle control. At 24 h, confocal-DIC images
depicted normal porcine skin morphology showing an intact
SC, epidermis and dermal layers (Fig. 2). The compact SC cell
layers as well as the stratum granulosum, stratum spinosum and
stratum basale layers were intact. Cross-section of a hair follicle
as depicted in Fig. 2 was obvious in most of the confocal
images. The photomultiplier tube (PMT) was used to control the
signal intensity (gain) to minimize the noise/background but
maintained a bright QD621 signal. The autofluorescence signal
in porcine skin was minimal.

Laser scanning confocal microscopy of QD621-treated skin

All confocal images depicted normal intact SC layers in all
treatments. At the lowest concentration of 1 μM, QD621 were
located primarily in the SC layers of the skin (Fig. 3A). No
QD621 fluorescence was detected in the stratum granulosum,
stratum spinosum, or stratum basale layers of the epidermis.
In one sample of the 2 μM dose, a small amount of fluorescence
was detected in the upper epidermal layers, but most of the QD
remained in the SC or in between the stratum granulosum–
stratum corneum interface (data not shown). At the highest
concentration (Fig. 3B, C, D), 10 μMQDwere primarily present
in the SC layers. In some instances, QD were seen in the upper
epidermis and outer root sheath of the hair follicle (Fig. 3C, D).

TEM of QD621 in skin

TEM was used to assess the precise localization and dis-
tribution of QD621 in the skin. The QD621 were localized

within the intercellular lipid bilayers of the upper most layers of
the SC. Greater amounts of QD621 were found in the superficial
layers of the SC with a decrease in QD concentration deeper
into the SC layers (Fig. 4A). The characteristic nail shape of
QD621 is clearly seen in Fig. 4B.

Fluorescence measurements of perfusate

No fluorescence was detected in any of the perfusate samples at
any time point or concentration. To test the sensitivity of fluo-
rometer, the stock solution of QD621 was diluted into 20 nM,
5 nM, 2 nM, 0.5 nM. The resulting fluorescence intensity vs
concentration plot is proportional (R2=0.9972). When the per-
fusate was spiked with the 0.5 nM QD (20,000 times dilution of
10μm for the high dose), the resulting fluorescencewas still higher
than the perfusate alone (background) (data not shown). Therefore,
the detection limit of fluorescence was below this sensitivity level.

ICP-OES of perfusate

ICP-OES was also used to detect Cd presence in the perfusate.
NoCdwas detected in any of the samples at any concentrations or
time points. These results support the fluorescence measurements
above that there was no evidence of absorption in the flow-
through diffusion cells.

Fig. 4. TEM of QD621 in the SC. A) QD621 in the intercellular lipid bilayers of the SC cell layers. B) Higher magnification of the enlarged area in Panel A showing
individual nail-shaped QD621 (arrows) and some small agglomerates.

Fig. 5. MTT viability of QD621. Mean viability (±SEM) at 24 h and 48 h.
Histogram with different letters (A, B, C, and D for 24 h; a, b, c, d for 48 h)
denote mean values that are statistically different at pb0.05.
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MTT viability

The MTT assay was used to assess the viability of HEK
treated with 0.3125 nM, 0.625 nM, 1.25 nM, 2.5 nM, 5 nM and
10 nM of QD621. There was a statistically significant decrease
(pb0.05) in viability at 1.25 nM, 2.5 nM, 5 nM and 10 nM at
both 24 h and 48 h relative to the controls, which was dose
dependent (Fig. 5). The 0.3125 nM and 0.625 nM of QD621 did
not show a significant decrease in viability at 24 h and 48 h
relative to controls.

Normalized cytokine release from HEK

The expression of cytokines IL-6, IL-8, IL-10, TNF-α and IL-
1β for inflammation was assessed at 24 h and 48 h. The level of
IL-8 in the control averaged 350 pg/ml at 24 h and 439 pg/ml at
48 h (Fig. 6A). IL-8 showed a statistically significant increasewith
the 2.5 nM, 5 nM and 10 nM concentrations compared to control
at 24 h and 48 h and was dose dependent. At the 10 nM dose there
was a 2.4 fold increase in IL-8 release at 24 h and 48 h. The level of
IL-6 expression for controls was 24 pg/ml at 24 h and 48 h
(Fig. 6B). A statistically significant increase in IL-6 expression
was observed from1.25 nMQDat 24 h and from2.5 nMat 48 h and
was dose dependent. IL-6 release by HEK treated with the 10 nM
QD621 was elevated 2.4 fold compared to controls after 24 h.

Fig. 6. Cytokine release in HEK treatedwith QD621. A) IL-8 expression. B) IL-6
expression. Histogram with different letters (A–D for 24 h; a–c for 48 h) denote
mean values that are statistically different at pb0.05. Data represent the means±
SEM.

Fig. 7. TEM of HEK treated with QD621 at 24 h. A) Control. B) HEK dosed with 2 nMQD621. C) HEK dosed with 10 nMQD621. D) QD uptake or on the peripheral
in HEK treated with10nM dose (arrows).
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The expression of TNF-α, IL-1β and IL-10 was minimal and
below the detection limit and considered as background noise.

TEM of QD in HEK

At 24 h, HEK control depicted normal morphology with few
vacuoles in the cytoplasm (Fig. 7A). HEK dosed with 2 nM
(Fig. 7B) and 10nM (Fig. 7C) of QD621 showed no apoptotic
cells. Treatment of the 10 nM of QD621 showed uptake of QD
as dark granules agglomerates distributed throughout the cells
(Fig. 7D). Often, QD agglomerates were seen in focal cyto-
plasmic vacuoles (Fig. 8A). At times, individual QD were
visible in the vacuoles accompanied by agglomerates (Fig. 8B).

Higher magnification of the insert in Fig. 8B verified the
QD621 with their characteristic nail shape (arrows, Fig. 8C),
while some QD agglomerates were amorphous in shape. In
addition to being present in vacuoles, QD also showed a random
distribution in the cytoplasm of HEK (Fig. 9A). QD located
around the cell membranes (arrow heads, Fig. 9A) retained their
shape while aggregates were seen freely (small arrows, Fig. 9A)
in the cytoplasm or in the vacuoles (large arrows, Fig. 9A). QD
were noted in the extended cell membrane processes that could
suggest endocytosis as a mechanism of uptake (Fig. 9B). In
general, it appeared that individual QD were localized on the
surface of the cell while they appeared as agglomerates within
the cell.

Fig. 9. TEM of HEK dosed with 10 nM of QD621 at 24 h showing different patterns of QD621. A) Numerous individual QD were present in vacuoles (large arrow), in
the cytoplasm (small arrows) and around the periphery of the cell membrane (arrow head). B) Higher magnification of the insert in Panel A depicting individual
QD621 on the cell membrane process.

Fig. 8. TEM of HEK dosed with 10 nM of QD621 at 24 h showing both agglomerates and nail-shaped individual A) TEM of HEK treated with QD621 at 24 h showing
agglomerates in cytoplasmic vacuoles. QD621. B) Low magnification of HEK showing several QD scattered throughout the cytoplasm. C) High magnification of the
rectangular insert in Panel A with individual QD621 (arrows) and agglomerates.
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Discussion

The role of QD nanoparticles has received a great deal of
attention due to the increase in imaging and therapeutic appli-
cations. Based on their unique physicochemical parameters, QD
are best known for their optical characteristics that emit strong
fluorescence and have potential for biomedical imaging and in
the electronics industries (Hardman, 2006). However, the toxi-
city of QD in skin needs to be investigated since exposure could
occur during the production process and in consumers during
biological or medical applications, either via topical exposure or
by distribution to skin after systemic exposure. The QD core
consists of heavy metals and their shell, surface coatings, and
size are important determinants of toxicity. If their shell or
surface coating is altered in any way, the heavy metal core could
leach and be a potential health risk. The penetration, loca-
lization, and toxicity of QD in skin and skin cells have become a
critical issue as the uses for QD increases.

Our study demonstrated that topically applied PEG coated
QD621 with a hydrodynamic diameter (DH) of 39±1 nm were
capable of penetrating only the uppermost layers of the porcine
SC 24 h after exposure. Previous studies in our laboratory with
PEG coated QD655 and QD565 of 45 nm and 35 nm (DH)
showed penetration through the epidermal layers at 8 h (Ryman-
Rasmussen et al., 2007). QD synthesized with the same core/
shell and with similar surface coatings may have similar hydro-
dynamic diameters but different penetration rates. Spherical
carboxylic acid-coated QD565 (14 nm) penetrated primarily
through SC and localized within the epidermal layers by 8 h,
while the elliptical QD655 (18 nm) was observed in the epi-
dermis at 24 h but not after 8 h (Ryman-Rasmussen et al., 2007).
QD penetration of skin not only depends on the type, shape and/
or size, but also their surface charge. Laser scanning confocal
microscopy showed that QD621 primarily remained on the
surface of the skin and sometimes near hair follicles. TEM
showed penetration of the QD621 only in the uppermost SC
lipid bilayers.

QD621-PEG was dissolved in water, while QD565-PEG and
QD655-PEG were in a borate buffer which has a similar visco-
sity as water but a higher pH. QD565 and QD655 penetrated
through porcine skin faster and deeper than QD621. QD 565 and
QD655 had a pH of 8.3, while the water diluted QD621 had a
neutral pH. The SC layers remained intact and no other mor-
phological changes were noted by either confocal microscopy or
TEM due to pH effects that possibly could alter the skin barrier
formation or morphology that would allow for penetration.
Therefore, the QD penetration of porcine SC seen by QD565,
655 and 621 is independent of the vehicle or pH.

These three QD have the same chemical composition inclu-
ding a “rigid” core and a “soft” surface coating. Penetration may
not only be determined by size and charge, but also by the shape
of the rigid core and durability of the coating. It has been
reported that elastic particles were able to distribute through the
epidermis faster, while rigid particles were found to remain on
the surface of the upper SC (Honeywell-Nguyen et al., 2004).
The most common route of penetration in skin is via the inter-
cellular spaces between the corneocytes. Our lab has shown the

diameter of porcine corneocytes to be 32 μm and the vertical
and lateral gaps between corneocytes are 19 nm (Van der Merwe
et al., 2006). Therefore, the QD could potentially pass through
the corneocytes lateral intercellular spaces since the QD621 has
a rigid core length of 8.4 nm and width of 5.8 nm but overall size
of 39–40 nm. It is theoretically possible that the outer PEG
coating is a “soft” coating thereby allowing the QD621 to squeeze
through the intercellular space and remain lodged within the SC
lipid bilayers. QD penetration may be limited through the epi-
dermis due to their large size and irregular configuration and
this fact could explain different behavior between the spherical
QD565 (4.6 nm core) and elliptical QD655 (6 nm for minor axis,
12 nm for major axis of the core). Therefore, the 1 μM QD621
may not penetrate deep into the SCor epidermis,while theQD565
and QD655 (smaller and more regular in shape) would have less
difficulty with skin penetration. Species differences alluded to
earlier may be a function of intercellular lipid structure or hair
follicle density which could modify these penetration processes
(Monteiro-Riviere, 2008).

In our current study,we noted thatQD621were localized in the
outer root sheath of hair follicles. This is similar to other reports
that showed TiO2 microparticles and polystyrene nanoparticles
had distributed near orifices in human hair follicles (Lademann
et al., 1999; Alvarez-Roman et al., 2004). Other studies with
metallic nanoparticles less than 10 nmwere capable of penetrating
the SC and hair follicles (Baroli et al., 2007). The transappenda-
geal route has been previously reported as a potential route of
exposure. Unlike QD565 and 655, we noted that QD621 re-
mained primarily on the surface of the SC layer after 24 h, but at
the highest concentration of 10 μM were found in some hair
follicles (Fig. 3C, D). At times, few fluorescent dots were noted in
the dermis. This raised the possibility of contamination of the
knife during the sectioning process. However, our tissue samples
were cut perpendicular to the knife with the skin standing upright
so that sectioning is conducted from the bottom of the dermis up
through the epidermal layers. This prevents any contamination
that could be due to dragging the QD from the surface to the
dermal layers. In addition, confocal microscopy can evaluate the
optical section within the tissue (Z-stacks) to distinguish if QD is
on the surface of sections or within the sections.

Nanomaterials such as TiO2 and ZnO are key ingredients that
are added to sunscreens to protect the skin from UV induced
damage. A study by Cross et al. (2007) reported that most mic-
ronized transparent zinc oxide nanoparticles of 26–30 nm in oil/
water formulations topically applied to human skin in in vitro
static cells for 24 h remained on the surface of the SC. The use of
oils as a vehicle may prevent the partitioning of the nanoparticle
from the oil into the SC bilipid layers, therefore potentially
reducing penetration. The authors also detected low levels of zinc
in the receptor fluid and attributed it to normal zinc concentrations
in skin, as well as due to one of the formulations that dissolved the
particles and allowed the penetration of elemental zinc to diffuse
through the skin. Studies byTan et al. (1996) showed absorption of
titanium through human skin with microfine TiO2, while studies
with microfine zinc and TiO2 particles applied to porcine skin did
not show penetration (Gamer et al., 2006). In contrast, unpub-
lished observations for QD (Bronaugh, personal communication)
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suggest the opposite relationship between porcine and human skin,
underlying the importance of studying penetration on an indi-
vidual nanoparticle basis.

In our study, greater amounts of QD621 were found within the
intercellular spaces of the outermost SC layers as depicted in
Fig. 4A. Higher magnification of this area showed that individual
QD621 retained their characteristic nail shape (Fig. 4B) but often
they appeared as agglomerates. Penetration of these nanocrystals
into the intercellular bilipid layer of the SC suggests that QD621
could potentially enter the skin via the intercellular bilipid path-
way. Unstained sections are difficult to view since the cells have a
low contrast, but they provide better visualization of the QD
within the intercellular space of the SC. If routine staining for
membranes with lead citrate and uranyl acetate is used, then the
small size of QD would be impossible to distinguish from the
black cellular membrane staining.

If skin has been damaged in any way that perturbs the SC
barrier, then QD621 will have direct contact with the keratino-
cytes. In a few instances, we have seen QD localized in the upper
epidermal layers with the 2 μM dose. The rare instances that
QD621 were noted in the epidermal layers by confocal micro-
scopy suggest the possibility that they could penetrate through the
viable epidermis. In addition to the flow-through diffusion cell
study, we also investigated the effect of QD on HEK to determine
their biological interactions with cells. The biodistribution studies
(Lee et al., 2007; Yang et al., 2007) have shown that different
types ofQD injected into the vessels canmigrate out of the vessels
into the surrounding tissues. This raises the concern for cyto-
toxicity or irritation potential to the skin cells after systemic
intravascular dosing.

QD toxicity clearly depends on a variety of physicochemical
properties such as size, shape and the chemical structure of the
core, shell and surface coatings. The cytotoxicity of surface mo-
dified QD with and without PEG were studied in human breast
cancer cells which showed that changes in cytotoxicity and
surface coatings could affect the endocytic uptake of cells (Chang
et al., 2006). When a ZnS coating was added to the QD, no cell
toxicity was detected byMTTat a 300 nM concentration for 24 h
(Chan et al., 2006). Other investigators have shown that a PEG
coating provides an inert coat that minimizes endocytic uptake
and reduces the toxicity compared with non-PEG coated QD
(Chan and Nie, 1998). Moreover, the cellular uptake of QD was
independent of the diameter resulting from the PEG (Chang et al.,
2005).N-acetylcysteine (NAC) modified QD reduces the amount
of cellular uptake andwere less cytotoxic than unmodifiedQD for
NAC anti-oxidative capability (Choi et al., 2007). Recently, Mn
or Cu doped ZnSe QD nanocrystals manufactured without heavy
metal cores were less cytotoxic, and may be acceptable alter-
natives to the higher quantum yield Cadmium containing mate-
rials in some applications (Pradhan et al., 2005). Therefore, a non-
heavy metal core, with a ZnS shell and PEG surface coating may
minimize the toxicity to cells.

In this aspect of the study, we assessed the cytotoxic and
inflammatory potential of QD621 in HEK. MTT viability and
the inflammatory cytokines IL-1β, IL-6, IL-8, IL-10, and TNFα
were assessed at 24 and 48 h post treatment. The MTT viability
assay in our study showed a dose dependent decrease in via-

bility from 0.3125 nM to 10 nM dose that was statistically
significant at 1.25 nM–10 nM compared to the controls. The
cytotoxic and inflammatory effects (IL-8, IL-6) were dose and
time dependent. TEM verified that the QD localized within the
cells and along the periphery of the cell membrane after 24 h.

Keratinocytes produce cytokines that serve as mediators for
inflammatory and immunologic reactions in skin exposed to
irritants (Allen et al., 2000, 2001a,b; Corsini and Galli, 2000;
Monteiro-Riviere et al., 2003; Barker et al., 1991; Nickoloff et al.,
1991). Cytokine production byHEK can influence themigration of
inflammatory cells, have systemic effects on the immune system,
influence keratinocyte proliferation and differentiation, and affect
the production of other cytokines (Grone, 2002). The proinflam-
matory cytokines IL-8, IL-6, TNF-α, and IL-1β have been very
well studied and characterized and are regularly used as indicators
of inflammation (Grone, 2002; Barker et al., 1991; Nickoloff et al.,
1991). Although different toxicants may elicit different responses
in HEK, studies in our laboratory have shown cytokine release by
HEK in response to jet fuel exposure (Allen et al., 2000, 2001a,b;
Chou et al., 2003; Monteiro-Riviere et al., 2003).

Other nanomaterials like multi-walled carbon nanotubes
(MWCNT) (Monteiro-Riviere et al., 2005), 6-aminohexanoic
acid-functionalized single-walled carbon nanotubes (SWCNT)
(Zhang et al., 2007), and fullerenes (Rouse et al., 2006) also
caused an increase in IL-8 in HEK. We have also studied the
inflammatory response of HEK to different QD (QD565 and
655) of different sizes and surface coatings. Only the carboxylic
acid coated QD at the 20nM concentration depicted a significant
increase in the release of IL-1β, IL-6, and IL-8 at 24 h (Ryman-
Rasmussen et al., 2007, Monteiro-Riviere et al., 2007).

In cell signal transduction experiments, NF-κB was known to
activate IL-6 expression in human myeloma cells (Xiao et al.,
2004). Keratinocytes can express pro-inflammatory genes inclu-
ding TNF-α, which leads to the activation ofNF-κB (Rich, 2003).
It has been shown that single walled carbon nanotubes (SWCNT)
can activateNF-κB (Manna et al., 2005). It is possible thatQD621
induces IL-6 expression by NF-κB initiated by TNF-α. TNF-α
was not detected in our studies.

In other studies, QD without a shell induced apoptosis by
increasing Bax/Bcl-2 ratio that is characteristic for apoptosis and
inhibited Ras/ERK survival signaling (Chan et al., 2006). The
Fas receptor was also activated by QD due to oxidative stress
(Choi et al., 2007). However, our QD621 had a shell of CdS that
prevented the leakage of the Cd and therefore, no apoptotic cells
were evident in any of our treatments.

Other studies with silica-coated QD have shown activation
of 50 genes detected by high throughput gene expression
analysis (Zhang et al., 2006). Genes involved with intracellular
vesicle localization and vesicular proteins and cell membrane
associated proteins were abundant. Proteomic studies with
MWCNT in HEK also showed altered protein expression of 36
proteins by 24 h and 106 proteins by 48 h by two-dimensional
gel electrophoresis and mass spectrometry (Witzmann and
Monteiro-Riviere 2006). Proteins associated with metabolism,
cell signaling, stress, cytoskeletal elements, and vesicular traf-
ficking were affected but classic marker proteins associated
with apoptosis were absent.
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Our work depicted the localization of QD621 in both the free
cytoplasm and intracellular cytoplasmic vacuoles in HEK treated
with 10 nM QD621. Our previous studies showed individual
MWCNT in the intracytoplasmic vacuoles of HEK (Monteiro-
Riviere et al., 2005). AHA-SWNT was localized within the
intracytoplasmic vacuoles of HEK as aggregates (Zhang et al.,
2007). Fullerene-based amino acid nanoparticles were also found
in vacuoles probably by the mechanism of endocytosis (Rouse
et al., 2006). QD565 and QD655 showed uptake of agglomerated
QD in HEK (Ryman-Rasmussen et al., 2007). The QD621
nanoparticles that accumulated in cytoplasmic vacuoles were
heterogeneous with small agglomerates and were distributed
randomly throughout the cytoplasm. Single QD having the cha-
racteristic QD621 nail shape were localized around the periphery
of the cell membrane and in free cytoplasm or cytoplasmic va-
cuoles. Other reports have stated that the fluorescence of PEG-
coated QD were not detected in the cytoplasm of HeLa cells, but
visible on the cellmembrane (Derfus et al., 2004b). Localization of
cationic cadmium telluride (CdTe) QD around cell membranes
were also confirmed by membrane staining with diaminofluor-
escein as a specific green fluorescent dye showing co-localization
with QD (Lovrić et al., 2005). Neither of the above studies utilized
TEM for cellular localization or organelle localization. Our TEM
results show the localization on the cellular membrane and within
vacuoles in the cytoplasm. After QD uptake by cells, they formed
amorphous agglomerates, suggesting that QD internalized by cells
lost their basic optical properties due to alterations in their surface
chemistry. We also noted QD621 fluorescence decreased after one
week by assessing the fluorescent signal of QD in perfusate
(unpublished observations). This suggests that QD may degrade
over time in certain buffers or biological media. A blue shift of
emissionwavelength and quantumyield decrease inQDwasnoted
in oxidative environments to simulate the biological degradation
even within lysosomes and peroxisomes (Derfus et al., 2004a;
Chang et al., 2006). If the CdS shell degrades and cadmium
leaching from the core occurs, then this could lead to safety issues
due to the toxic effect of free cadmium to cells and tissues.

The concentration of Cd in 20 μM (where “molarity” here
refers to an entire quantum dot) stock solution ofQD621 is around
38,000 μM (Gopee et al., 2007). This is consistent with the
anticipated number of Cds per quantum dot on the order of 2500–
3000 atoms of Cd per quantum dot. After QD was diluted from
stock solution to 0.5 nM, the Cd concentration was 0.95 μM,
which can be detected spectrophotometrically with the signal
greater than background (perfusate buffer). For ICP-OES, the
detection limit is 0.026 μg/ml (0.23 μM), which is four times
more sensitive than fluorescence. Using both techniques, Cd was
not detected in the perfusate.

In summary, this study provides information on QD621
penetration and distribution in skin and toxicity in HEK. Pe-
netration of QD621 into skin is minimal and limited to the
uppermost SC layers and areas near hair follicles. We did not
detect any Cd in the perfusate by ICP-OES or QD by fluore-
scence indicating lack of dermal absorption. QD621 were
localized and cytotoxic at 1.25nM in HEK. Our findings also
demonstrated the irritation potential for inflammation in HEK
posed by QD621. For safety and biomedical applications, the

core, shell, surface coatings, shape, size and charge should be
tested in skin and HEK to minimize QD dermal toxicity or
irritation. Since the SC is the primary barrier for skin, any type of
perturbations to the skin such as an open wound, cut, or alte-
ration to this skin barrier could expose QD to viable skin cells.
Additional tests such as tape stripping or abrasion should be
conducted to determine if penetration to this barrier would allow
an enhancement of absorption of QD. Also, if QD are available
for use in biological applications, the lowest concentration of
QD with low toxicity showing a high fluorescence intensity
would be optimal for use in biomedical applications.
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 Introduction 

 Quantum dots (QD) are nanocrystals that have a me-
tallic core surrounded by an inorganic shell coating. Or-
ganic coatings may be added to the surface of the shell to 
provide a charge and allow the binding of antibodies so 
that they have greater biocompatibility, solubility or bind 
to specific receptors in cells or tissue  [1] . Streptavidin-
coated QD were conjugated to anti-epidermal growth fac-
tor receptor antibodies to specifically recognize brain tu-
mor cells and tissues that express epidermal growth fac-
tor receptors  [2] . QD labeled with a nerve growth factor 
were used to track the movement of retrograde transport 
of nerve growth factor in the dorsal root ganglia  [3] . Cad-
mium (Cd) and selenium (Se) are the two components of 
the QD core that have been known to be toxic to cells. QD 
have been shown to degrade in oxidative environments, 
such as cell lysosomes or peroxisomes  [4, 5] . Therefore, 
QD degradation in vivo may pose a toxic risk.

  Since the medical use of QD imaging is being inten-
sively applied in vivo, the concern of QD safety, deposition 
and clearance in the body is worthy of investigation. Dif-
ferent routes of administration in vivo investigated organ 
distribution and clearance of QD. QD621 was intrader-
mally injected in SKH-1 hairless mice and was found to 
migrate from the injection sites to regional lymph nodes, 
and then to the liver and other organs  [6] . Previous studies 
in our lab have shown that intra-arterially infused QD621 
in perfused skin could migrate out of the capillaries into 
the surrounding tissue  [7] . The deposition of QD705 (13 
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 Abstract 

 Quantum dot (QD) nanoparticles have received attention 
due to their fluorescent characteristics and potential use in 
medical applications. Skin penetration is one of the major 
routes of exposure for nanoparticles to gain access to a bio-
logical system. QD655 and QD565 coated with carboxylic 
acid were studied for 8 and 24 h in flow-through diffusion 
cells with flexed, tape-stripped and abraded rat skin to de-
termine if these mechanical actions could perturb the bar-
rier and affect penetration. Nonflexed skin did not show QD 
penetration at 8 or 24 h. Flexed skin showed an increase in 
QD on the surface of skin but no penetration at 8 and 24 h. 
Tape-stripped skin depicted QD only on the surface of the 
viable epidermis. QD655 penetrated into the viable dermal 
layers of abraded skin at both 8 and 24 h, while QD565 was 
present only at 24 h. QD were not detected in the perfusate 
by fluorescence and inductively coupled plasma-optical 
emission spectroscopy analysis for cadmium at any time 
point. These results indicate that the rat skin penetration of 
QD655 and QD565 is primarily limited to the uppermost stra-
tum corneum layers of intact skin. Barrier perturbation by 
tape stripping did not cause penetration, but abrasion al-
lowed QD to penetrate deeper into the dermal layers. 
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nm) in the liver, spleen and kidneys was found in mice 28 
days after injection by fluorescence microscopy  [8] . How-
ever, when QD with either zwitterionic or neutral organic 
coatings were intravenously administered in rodents, QD 
with hydrodynamic diameters  ! 5.5 nm resulted in rapid 
and efficient urinary excretion and elimination. The rap-
id clearance is likely due to the QD characteristics of size 
preventing adsorption of serum proteins  [9] . These stud-
ies showed that size and charge of QD are two primary 
parameters for clearance from the body.

  Penetration and distribution in skin for topical admin-
istration of QD is minimal. Microfine ZnO of 80 nm and 
titanium dioxide of less than 160 nm did not penetrate into 
the porcine stratum corneum (SC) layer in static diffusion 
cells  [10] . In vitro diffusion studies have shown that mi-
cronized ZnO (26–30 nm) in a sunscreen formulation on 
human skin was seen in the upper SC layer  [11] . Maghemite 
nanoparticles of 5.9 nm penetrated hair follicles and the 
SC layer of the epidermis  [12] . Minoxidil-loaded polymer-
ic nanoparticles of 40 nm were able to penetrate the skin 
of hairy guinea pigs, probably via hair follicles  [13] . Studies 
in our lab using flow-through porcine diffusion cells de-
picted carboxylic acid-coated QD565 localized mainly in 
the epidermis by 8 h, while carboxylic acid-coated QD655 
did not penetrate into the epidermis until 24 h  [14] .

  The research cited above related to nanoparticle pene-
tration was based on normal intact skin without lesions, 
wounds or mechanical stress. Skin exposed to different 
mechanical actions such as tape stripping or abrasion is 
often used in skin pharmacokinetic research to study drug 
absorption in skin. Tape stripping of the SC facilitates the 
percutaneous absorption of a compound across skin pro-
viding a noninvasive procedure to predict human skin ab-
sorption for the compound  [15] . Tape stripping is also 
used to assess the absorption of cosmetic products, heavy 
metals and other chemicals to determine the amount of a 
compound that is absorbed  [16–18] . Skin abrasion is often 
used in clinical settings for skin resurfacing, drug delivery 
 [19, 20]  or to increase vitamin C absorption  [21] .

  Skin flexion is a method that simulates flexing move-
ments such as repetitive wrist bending. Studies have 
shown that when skin was topically dosed with nanopar-
ticles, penetration was assessed after mechanical stress 
and tension. FITC-conjugated dextran beads (0.5  � m) 
can reach the epidermis after 30 min in flexed skin  [22] . 
A previous study in our laboratory showed that fullerene 
amino acid-derivatized peptide nanoparticles with a 3.5-
nm diameter could penetrate into the epidermal layers at 
8 h after 60 min of flexion and into the dermal layers af-
ter 90 min of flexion. Nanoparticle penetration was lim-

ited only to the upper epidermal layers in nonflexed con-
trol skin. Studies with only 15 and 30 min of flexion did 
not show penetration  [23] .

  These studies confirmed that mechanical stressors 
such as repetitive flexion motion could increase the rate 
of nanoparticle penetration. Therefore, it is possible that 
other types of mechanical stressors such as tape stripping 
or abrasion could also cause an increase in penetration. 
Barrier perturbation such as tape stripping and abrasion 
were used to assess the effects of penetration of QD to 
model humans that have an altered skin barrier integrity, 
since the major rate-limiting barrier of the SC and lipid 
moiety would be disrupted. Skin alterations such as atop-
ic dermatitis, eczema, or psoriasis may affect particle 
penetration. The objective of the study was to assess 
whether flexion, tape stripping or abrasion would cause 
an increase in the penetration of QD565 and QD655 of 
different sizes and shapes.

  Materials and Methods 

 Quantum Dots 
 QD565 and QD655 were purchased from Molecular Probes 

(Invitrogen, Carlsbad, Calif., USA). QD with emission maxima
at 565 and 655 nm are coated with carboxylic acid (negatively 
charged). QD565 have a spherical core/shell with a diameter of 4.6 
nm, and QD655 have an ellipsoid core/shell of 6 nm (minor axis) 
by 12 nm (major axis). The hydrodynamic diameter of QD565 in 
borate buffer is 14 nm (COOH) and that of ellipsoid QD655 is 18 
nm (COOH). The QD are supplied at a concentration of 8  �  M  in 
a 50-m M  borate buffer (pH 9.0). They were vortexed for 1 min and 
diluted to 1  �  M  in the borate buffer immediately before dosing. 
Borate buffer alone served as the control.

  Animals 
 The care and experimental use of rats in this study was in ac-

cordance with animal care and use guidelines approved by North 
Carolina State University. Wistar rats 10 weeks of age weighing 
approximately 250 g were allowed access to food and water ad
libitum with a 12-hour light/12-hour dark cycle. The hair was 
clipped with a No. 40 surgical blade on the back of the rats (n = 6) 
24 h prior to euthanasia with CO 2 . Skin from the back was re-
moved and placed dermis side down on moist paper towels.

  Flexion Apparatus 
 Skin was fixed to the flexing apparatus designed to flex skin 

at 45° and at a frequency of 20 flexes/min  [23] . The device consists 
of two rectangular platforms of approximately 24.8 cm connected 
to a 7.6-cm hinge. One side of the hinge is attached to a rotation-
al motor and the other is fixed to a drawer slider. As the motor 
 rotates, the entire system moves back and forth horizontally and 
the edge of the hinge that is fixed to the motor moves vertically 
up and down. When the skin is fixed to the platform, tensile and 
compressive forces are applied along the flex line that runs along 
the center of the two platforms. Prior to attaching the skin, the 
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platform was covered with Parafilm � , and tissue wipes (Kimber-
ly-Clark � , Wypall X70) soaked in saline to keep the dermal side 
of the skin hydrated throughout the 60 min of flexing. The appa-
ratus provides tension and compression that mimics repetitive 
skin movement. After 60 min of flexing, the dosed skin was 
punched and set on the flow-through diffusion cells.

  Flexion, Tape Stripping and Abrasion of Rat Skin 
 A large piece of skin was divided into two pieces with one piece 

for flexion and the other piece to serve as the control. Skin for 
flexing was placed on the tissue wipes (Kimberly-Clark, Wypall 
X70) that were moistened with physiological saline buffer. The 
skin was fixed onto the flexion apparatus, dosed, and flexed for 
60 min. After 60 min of flexing, the skin was biopsied and placed 
onto the flow-through diffusion cells. The other half of nonflexed 
skin served as the control. A second section of skin was tape 
stripped 10 times with tape (Scotch Magic TM ) to remove the SC. 
Additional pieces of skin were abraded with sandpaper (Type 100, 
3M TM ) 60 times, until the skin was bright red but not bleeding and 
blood vessels could be seen on the surface. An Olympus SZH ste-
reomicroscope was used to macroscopically visualize the surface 
of the skin. After each mechanical treatment, the skin was photo-
graphed, placed onto flow-through diffusion cells and dosed with 
either 40  � l borate buffer (pH 9.0; control), or with 40  � l of 1  �  M  
carboxylic acid-coated QD565 or QD655 for 8 h (n = 3) and 24 h 
(n = 3/treatment/time).

  Flow-Through Diffusion Cells  
 Rat skin samples were biopsied using a 20-mm steel circular 

punch that provided a dosing area of 0.64 cm 2  for each cell. Each 
circular piece of skin was placed epidermal side up into each of 
the two-compartment Teflon �  f low-through diffusion cells. The 
diffusion cells were maintained at a set experimental temperature 
of 37   °   C with a Brinkmann constant-temperature circulator. The 
dermal side of the skin in each cell (n = 3) was bathed with flow-
through perfusate that consisted of a modified Krebs-Ringer bi-
carbonate buffer solution  [24]  at a constant flow rate of approxi-
mately 2 ml/h with a multichannel peristaltic cassette pump. The 
perfusate was adjusted to a pH value of 7.3–7.5 during the exper-
iments. Forty microliters of a 1  �  M  QD solution   (n = 3/treatment) 
was topically dosed on skin during flexion, after tape stripping or 
abrasion. Diffusion cell perfusate was collected for fluorescence 
and inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) detection at 1, 2, 3, 4, 5, 6, 7, 8, 12, 16, 20 and 24 h. Af-
ter 24 h, the skin was removed and frozen at –80   °   C for laser scan-
ning confocal microscopy.

  Microscopic Anatomy of Skin 
 After 8 and 24 h of perfusion, all pieces of skin stimulated by 

different actions (flexion, tape stripping and abrasion) were re-
moved and photographed. One half of each sample was frozen in 
liquid nitrogen and placed at –80   °   C. The remainder was placed 
in 10% neutral-buffered formalin for 24 h, processed in a tissue 
Tek Vip 1000 processor (Miles Scientific Labs, Naperville, Ill., 
USA) through graded ethanol series and embedded in a Tissue 
Tek embedding station (Miles Scientific Labs) in paraffin. Ap-
proximately 6- � m sections were cut on a Reichert-Jung rotary 
microtome and floated on a water bath. Samples were mounted 
on slides, and stained with hematoxylin and eosin. Morphologi-
cal assessments were performed on an Olympus BH-2 photomi-

crographic system (Olympus Optical Co., Tokyo, Japan) with plan 
apochromat objectives.

  Confocal Imaging 
 The frozen rat skin was sectioned at 20  � m using a cryostat 

(Cryocut 1800, Reichert-Jung). Epidermal and dermal layers of 
skin were imaged on a Leica TCS SP1 confocal laser scanner in-
terfaced to an inverted Leica IMBE microscope with a  ! 40 plan 
apochromat objective. The microscope was equipped with a con-
focal differential interference contrast system. QD were excited 
with a UV (351 and 364 nm) and an argon laser (488 nm) with 
emission channels of 555–575 nm for QD565 and 645–665 nm for 
QD655. Images were captured using LCS Lite software. 

  Fluorescence Quantification of Perfusate 
 To quantitate QD fluorescence, each perfusate sample (200 �l) 

was transferred to black 96-well plates with microclear bottoms 
(Corning/Costar USA) and assayed on a tunable Molecular Dy-
namics Gemini EM TM . The excitation wavelength was 360 nm and 
the emission wavelength 565/655 nm. Background fluorescence 
was the perfusate without QD.

  Inductively Coupled Plasma-Optical Emission Spectroscopy 
 Perfusate samples were also evaluated for Cd by using ICP-

OES. Perfusate (250  � l) was placed in a 40-ml screw cap centri-
fuge tube and 500  � l of concentrated optima grade nitric acid was 
added. After 6 h, the samples were refluxed for 30 min in a boiling 
water bath, mixed with the deionized water, and transferred to 
15-ml PVC centrifuge tubes for analysis in a PerkinElmer Model 
2100DV ICP emission spectrometer. The detection limit was set 
at 0.002 ppb Cd based on standard deviation generated with spike 
recovery and slope of the most sensitive analytical line.

  Results 

 Macroscopic Observation of Different Mechanical 
Actions 
  Figure 1  depicts the pattern of QD distribution on the 

surface of rat skin after 8 h. Normal rat skin (control) has 
a high hair density even though the pelt was clipped 24 h 
prior to the experiment. QD655 remained on the top or 
attached to the hairs with little QD on the interfollicular 
area of the surface of the skin ( fig. 1 a).  Figure 1 b depicts 
the skin after 60 min of flexing which is similar to control 
skin, but it appears that the QD have progressed further 
down the hair shaft to make contact with the skin sur-
face.  Figure 1 c shows the effects of tape stripping (10 
times), which removed most of the hairs and the SC layer 
of the epidermis, evidenced by the hair follicle remnants 
and glistening of the skin. QD655 stained homogeneous-
ly on the surface of the dose site. In  figure 1 d, skin was 
abraded by sandpaper depicting only a few hairs and ery-
thematous skin without bleeding. We noted that QD655 
and QD565 were dispersed over the entire dosed area.
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  Microscopic Anatomy of Skin with Different 
Mechanical Actions 
  Figure 2 a depicts normal rat skin with 1–2 epidermal 

cell layers and several SC layers.  Figure 2 b shows the 
flexed skin which appears similar to the control non-
flexed skin.  Figure 2 c is taped stripped skin with all SC 
layers removed.  Figure 2 d represents abraded skin with-
out the SC and most of the viable epidermal layers.

  QD655 on Rat Skin 
 Normal skin after 8 and 24 h showed QD staining on 

the surface of the SC and staining of the hair without pen-
etration into the epidermal layer. QD appeared as discrete 
dots along the skin surface ( fig. 3 a, b). In flexed skin, 

QD655 were found on the surface of the SC in a homoge-
neous and continuous pattern ( fig. 4 ). There was no dif-
ference in QD655 penetration between flexed skin at 8 
and 24 h. In tape-stripped skin, QD655 were deposited 
evenly and homogeneously on the surface of the viable 
epidermal layers ( fig. 5 ). For the abraded skin samples, 
QD655 showed slight penetration into the dermis at both 
8 h ( fig. 6 a) and 24 h ( fig. 6 b).  Figure 6 c is a higher mag-
nification of  figure 6 b and depicts the gradient of QD655 
penetration into the dermis.

  QD565 on Rat Skin 
 Very few QD565 were present on the SC of the non-

flexed control rat skin, although some areas showed

a b

c d

  Fig. 1.  Macroscopic observations of skin after QD655 dose for 8 h.  a  Control skin with QD.  b  Flexed skin with 
QD.  c  Tape-stripped skin with QD.  d  Abraded skin with QD. 
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a noncontinuous deposition on the surface of the skin 
and hairs ( fig. 7 a, b). No penetration was evident with 
QD565 in flexed skin at 8 or 24 h, but the fluores-
cence pattern was more intense when compared with 
the nonflexed controls ( fig. 8 a, b). Also, more fluores-
cent staining was seen attached to the hairs. The effects 
of tape stripping showed QD565 deposited continuous-
ly on the surface of viable epidermal layers without pen-
etration into the epidermis at 8 or 24 h (fig. 9a, b). In 
abraded skin, penetration of QD565 into the dermis of 
the skin was observed only at 24 h (fig. 10b). Figure 10c 
is a higher magnifica-tion of figure 10b, depicting the 
penetration gradient of QD565 into the dermis. In one 
instance, QD565 was located in cross-sections of the 

outer root sheath of the hair follicles in the dermis 
(fig. 10a).

Fluorescence and ICP-OES Measurements of Perfusate
No fluorescence was detected in any of the perfusate 

samples at any time point or concentration. ICP-OES 
was also used to detect the presence of Cd in the per-
fusate. No Cd was detected in any of the samples at any 
concentrations or time points. These results support the 
fluorescence measurements above that there was no 
 absorption for both types of QD in the flow-through 
 diffusion cells.

a b

c d

  Fig. 2.  Microscopic anatomy of the skin representing different mechanical actions (stained with hematoxylin 
and eosin).  a  Control skin.  b  Flexed skin.  c  Tape-stripped skin.  d  Abraded skin. Scale bar = 50  � m. 
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  Discussion 

 QD nanoparticles have optical characteristics that 
emit a strong fluorescence without quenching and are 
suitable for biomedical imaging. The QD core consists of 
Cd and Se with a shell of ZnS and different types of sur-

face coatings to make them biologically compatible. How-
ever, if the shell is damaged then the CdSe core could 
leach out, thereby posing a health risk. Skin is the largest 
organ in the body and could serve as a route of exposure 
to QD nanoparticles during manufacturing, synthesis 
and applications. Some workers may suffer defects in 

a b

  Fig. 3.  Confocal images of control skin 
treated with 1          �  M  of QD655.  a  QD dose for 
8 h.  b  QD dose for 24 h. Top row = Confo-
cal differential interference contrast im-
ages depicting the skin section; middle 
row = fluorescence indicating QD655 only 
in the skin; bottom row = overlay of dif-
ferential interference contrast and fluores-
cence. Scale bar = 100  � m. 
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their skin barrier due to skin flexion, wounds, scrapes, 
abrasion or pinching. In addition, workers may also have 
atopic dermatitis, psoriasis or eczema on their hands and 
other parts of their body potentially compromising the 
skin barrier. Therefore, one has to take into account that 
different mechanical actions on skin could alter the bar-

rier properties that would affect nanoparticle penetration 
into skin.

  The SC is the outermost nonviable barrier of skin, con-
sisting of several layers of dead keratinized cells embed-
ded in a lipid matrix. Tape stripping is a simple standard 
technique for evaluating the function of the SC in skin 

a b

  Fig. 4.  Confocal images of flexed skin 
treated with 1          �  M  of QD655.  a  QD dose for 
8 h.  b  QD dose for 24 h. Top row = Confo-
cal differential interference contrast im-
ages depicting the skin section; middle 
row = fluorescence indicating QD655 only 
in the skin; bottom row = overlay of dif-
ferential interference contrast and fluores-
cence. Scale bar = 100  � m. 
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pharmacokinetics and percutaneous absorption studies 
 [15, 25, 26] . Moreover, tape stripping can enhance the 
ability of topical vaccination by SC barrier disruption 
 [27] . The objective of our study was to remove the SC lay-
ers by tape stripping mimicking barrier disruption such 
as in damaged skin to determine the effect on QD pene-

tration. The macroscopic and microscopic results depict-
ed that tape stripping (10 times) removed most of the 
hairs and completely removed all the SC layers ( fig. 2 c). 
This should facilitate penetration into the epidermis.

  The SC layer is also the primary barrier of skin that 
prevents drug delivery via the dermal route. Skin abra-

a b

  Fig. 5.  Confocal images of tape-stripped 
skin treated with 1          �  M  of QD655.  a  QD 
dose for 8 h.  b  QD dose for 24 h. Top
row = Confocal differential interference 
contrast images depicting the skin section; 
middle row = fluorescence indicating 
QD655 only in the skin; bottom row = 
overlay of differential interference con-
trast and fluorescence. Scale bar = 100 
 � m. 
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a b c

  Fig. 6.  Confocal images of abraded skin treated with 1          �  M  of 
QD655.  a  QD dose for 8 h. Scale bar = 100    � m.  b  QD dose for
24 h. Scale bar = 100  � m.  c  Higher magnification of figure 6b 
showing the gradient of penetration in the dermis. Scale bar =

25  � m. Top row = Confocal differential interference contrast im-
ages depicting the skin section; middle row = fluorescence indi-
cating QD655 only in the skin; bottom row = overlay of differen-
tial interference contrast and fluorescence. 
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sion is a simple method to remove the SC and epidermal 
layers and facilitate skin permeation of drugs. A micro-
abrasor is a small machine that fires out Al 2 O 3  micro-
crystals from a compression system to partially and ho-
mogenously remove SC layers  [28] . The objective of tape 
stripping is to remove the SC rate-limiting layer and to 

improve drug delivery. However, injury of skin can also 
occur to epidermal layers such as in paper cuts. In our 
study, sandpaper abrasion (60 times) on rat skin mimics 
an open wound without an intact barrier and disruption 
to the epidermal layers of the skin ( fig. 2 d). Macroscopic 
observations of the skin depicted an erythematous color 

a b

  Fig. 7.  Confocal images of control skin 
treated with 1          �  M  of QD565.  a  QD dose for 
8 h.  b  QD dose for 24 h. Top row = Confo-
cal differential interference contrast im-
ages depicting the skin section; middle 
row = fluorescence indicating QD565 only 
in the skin; bottom row = overlay of dif-
ferential interference contrast and fluores-
cence. Scale bar = 100  � m.         
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showing damaged and injured the skin. The SC and epi-
dermal layers of porcine skin are much thicker than those 
of rat skin  [29] . Skin abraded 60 times can remove all the 
SC and most of the keratinocytes in rat skin, but not in 
porcine skin [unpubl. data]. Due to the depletion of the 
SC, epidermis and hairs with sandpaper abrasion, QD 

could easily be dispersed across the dosing area and even-
ly onto the surface of the abraded skin. This retention on 
the skin was accompanied by some skin penetration as 
the gradient decreases for both types of QD ( fig. 6 b and 
10b) at 8 and 24 h. The epidermal-dermal junction is an-
other important barrier for some materials  [30] . In this 

a b

  Fig. 8.  Confocal images of flexed skin 
treated with 1          �  M  of QD565.  a  QD dose for 
8 h.  b  QD dose for 24 h. Top row = Confo-
cal differential interference contrast im-
ages depicting the skin section; middle 
row = fluorescence indicating QD565 only 
in the skin; bottom row = overlay of dif-
ferential interference contrast and fluores-
cence. Scale bar = 100  � m.         
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a b

 Fig. 9.  Confocal image of tape-stripped 
skin treated with 1          �  M  of QD565. a QD 
dosed for 8 h. b QD dosed for 24 h. Scale 
bar = 100 �m.

study, the QD penetration into the abraded skin but not 
tape-stripped skin indicated that the basement mem-
brane had been partially removed so that QD could eas-
ily penetrate into the dermis without the basement mem-
brane acting as another selective barrier. Rat epidermis 
typically contains one to two layers of keratinocytes 

( fig. 2 a), and after abrasion, the epidermis was removed 
( fig. 2 d).

  Smaller nanoparticles typically penetrate the skin 
more easily than larger particles. Maghemite nanoparti-
cles of 5.9 nm penetrated into hair follicles and the SC 
layer and occasionally the epidermis of human skin  [31] . 
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a cb

 Fig. 10.  Confocal image of abraded skin treated with 1          �  M  of QD565. a QD dosed for 8 h. Scale bar = 100 �m.
b QD dosed for 24 h. Scale bar = 100 �m. c Higher magnification of figure 10b, showing the gradient in the 
dermis. Scale bar = 25 �m.
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Our previous studies showed that fullerene amino acid-
derivatized peptide nanoparticles (3.5 nm) localized in 
the upper epidermal layers of normal porcine skin, only 
after the skin was flexed for 60 or 90 min  [23] . However, 
our results showed minimal penetration of carboxylic 
acid-coated QD despite their small size [14 nm for QD565 
and 18 nm for QD655, which are smaller than the PEG-
coated QD (35 and 45 nm, respectively)] in control and 
flexed rat skin. Potentially, the polar groups can bond 
tightly with the hydrated keratin to impede nanoparticle 
movement. Previous studies in our lab with PEG-coated 
QD655 and QD565 showed penetration through all epi-
dermal layers of porcine skin at 8 h. Carboxylic acid-coat-
ed QD565 penetrated the SC and localized within the epi-
dermal layers by 8 h, while QD655 were not observed in 
the epidermis until 24 h  [14] . In this study, penetration of 
carboxylic acid-coated QD only occurred in rat skin that 
had been abraded. Studies have shown that QD621 did 
not penetrate into porcine  [32]  and human integument 
 [33] , which is consistent with our observations for QD655 
and QD565 in rat skin. As a result, QD penetration not 
only depends on nanoparticle size and charge, but also on 
species differences in the skin and hair follicle density.

  Species differences may play a significant role in ab-
sorption  [34–36] . Hair follicle density is an important an-
atomical factor and may determine QD penetration into 
skin. Rat skin is sometimes used in toxicity studies and is 
widely utilized due to its ease of handling and low cost. 
Pig and human skin have a sparse hair coat compared to 
that of rodent skin. Skin from the back of pigs and abdo-
men of humans has 11  8  1 hair follicles/cm 2 , while rat 
skin has 289  8  21 hair follicles/cm 2   [31] . The density of 
hair follicles in rat skin was so great that it retained QD 
on the surface of the hairs and prevented QD from direct 
contact with the skin ( fig. 1 a), although the hairs were 
clipped 24 h before dosing. On the other hand, flexion of 
the skin enhanced the rate of QD penetration along the 
side of the hair shaft so that QD could make direct contact 
with the skin. Tape stripping of the SC removed most of 
the hairs and SC allowing for QD to be evenly dispersed 
across the viable epidermal layers. In abraded skin at 8 h, 
QD565 was located in the outer root sheath of the hair fol-
licles and in the dermis. Hair follicles are often envisioned 
as special channels for absorption of topical compounds, 
which could bypass the SC barrier  [35] . Polystyrene 
nanoparticles of 20 nm tend to distribute in human hair 
follicles  [37] . Metallic nanoparticles were also capable of 
penetrating into human hair follicles in vitro  [12] . The 
transappendageal route has been suggested for titanium 
dioxide microparticles that were localized in the upper SC 

layers and in several orifices of the hair follicles  [38] . If 
hair follicles are a route of exposure to QD, then nanopar-
ticles penetrating into the skin may be independent of 
particle size and could cause a safety issue.

  In conclusion, when different mechanical stressors 
were applied to rat skin dosed with QD565 (14 nm) and 
QD655 (18 nm), no penetration of QD was shown in non-
flexed control, flexed and tape-stripped skin, but mini-
mal penetration in abraded skin. Occasionally, retention 
of QD in hair follicles was observed in abraded skin. This 
research helps us gain a better understanding of absorp-
tion/penetration in damaged skin. Penetration of 
nanoparticles not only occurs on the surface of the SC 
layers or within the SC layers; they may also penetrate 
further down the skin with skin flexing. This research 
provides insight into the potential risk of health care 
workers with alterations in their skin exposed to QD dur-
ing medical applications. In addition, this study also pro-
vides information on QD nanoparticle absorption that 
may occur in abraded skin which could be relevant in 
certain occupational exposure scenarios and potentially 
as a method of drug delivery.
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Carbon nanotube–based nanovectors, especially functionalized
nanotubes, have shown potential for therapeutic drug delivery.
6-Aminohexanoic acid–derivatized single-wall carbon nanotubes
(AHA-SWNTs) are soluble in aqueous stock solutions over a
wide range of physiologically relevant conditions; however, their
interactions with cells and their biological compatibility has
not been explored. Human epidermal keratinocytes (HEKs)
were dosed with AHA-SWNTs ranging in concentration from
0.00000005 to 0.05 mg/ml. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) cell viability decreased significantly
(p < .05) from 0.00005 to 0.05 mg/ml after 24 h. The proinflam-
matory mediators of inflammation cytokines interleukin (IL)-6,
IL-8, tumor necrosis factor (TNF)-α, IL-10, and IL-1β were also
assessed. Cytokine analysis did not show a significant increase
in IL-6 and IL-8 in the medium containing 0.000005 mg/ml of
AHA-SWNTs from 1 to 48 h. IL-6 increased in cells treated with
0.05 mg/ml of AHA-SWNTs from 1 to 48 h, whereas IL-8 showed
a significant increase at 24 and 48 h. No significant difference
(p < .05) was noted with TNF-α, IL-10, and IL-1β expression at
any time point. Transmission electron microscopy of HEKs treated
with 0.05 mg/ml AHA-SWNTs for 24 h depicted AHA-SWNTs
localized within intracytoplasmic vacuoles in HEKs. Treatment
with the surfactant 1% Pluronic F127 caused dispersion of the
AHA-SWNT aggregates in the culture medium and less toxicity.
These data showed that the lower concentration of 0.000005 mg/ml
of AHA-SWNTs maintains cell viability and induces a mild
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Carbon nanotubes are a unique class of nanomaterials due to

their physical, chemical, thermal, and optical properties (Endo

et al. 2004). Recently, there has been an interest in exploring

their novel properties for biological applications. Carbon nan-

otubes can serve as translocators for therapeutic molecules in

drug delivery (Bianco et al. 2005). Single-wall carbon nanotubes

(SWNTs) have also been used in medical imaging (Cherukuri

et al. 2004). Selective cell destruction has been achieved by

functionalizing SWNTs with a folate moiety thereby, causing

selective internalization of the SWNTs into cells labeled with

a folate receptor tumor marker. After near-infrared (NIR) ra-

diation, extensive HeLa cell death was observed (Kam et al.

2005).

SWNTs have a diameter of 1 nm and the length can range

from several hundred nanometers to more than 1 µm, making

them ideal for intracellular interactions. Unfortunately, pristine

SWNTs cannot readily disperse or dissolve in water, and thus

must be solubilized through either wrapping (surfacting) the

SWNTs, end-group functionalization, or sidewall functional-

ization. Sidewall functionalization has also been used to pro-

mote their action as nanovectors for the delivery of therapeutics

(Klumpp et al. 2006). An additional advantage of functionaliza-

tion of carbon-based nanomaterials is their reduction in toxicity.

For example, when hydroxyl groups are added to the surface of

fullerenes, they are less cytotoxic (Sayes et al. 2004). Recently,

SWNTs functionalized with an additional carbon/-phenyl-SO3H

103

65



104 L. W. ZHANG ET AL.

FIGURE 1
Schematic of AHA-SWNTSs. SWNTs were functionalized by the reaction

with 6-aminohexanoic acid (AHA).

has been shown to be less cytotoxic than nonfunctionalized

SWNTs in human dermal fibroblasts (Sayes et al. 2006).

The poor water solubility of many functionalized SWNTs

in aqueous media restricts their development to be considered

as nanovectors in a biocompatible system. If SWNTs are to

be used as vectors for drug delivery, they must be soluble so

that they can have the ability to penetrate cell membranes and

distribute to specific target cells. Recently, we have reported

that 6-aminohexanoic acid–functionalized SWNTs (AHA-

SWNTs; Figure 1) can be synthesized to be aqueous soluble

at 0.5 mg/ml across the pH ranges of 4.0 to 11.0 (Zeng et al.

2005).

SWNTs can enter the body by inhalational or dermal routes.

Studies have focused on the inhalational toxicity of SWNTs

in mice (Lam et al. 2004; Shvedova et al. 2005) and in rats

(Warheit et al. 2004) after intratracheal instillation. Studies have

also been conducted with SWNTs in immortalized HaCaT cells,

which depicted an increase in oxidative stress, a decrease in glu-

tathione, and a depletion of vitamin E (Shvedova et al. 2003).

There are several reports on cytokine release when cells were

dosed with nanovectors. Malonic acid–C60 derivatives have been

shown to increase the release of interleukin (IL)-1β in activated

microglial cell cultures (Tzeng et al. 2002). Our data have shown

that human epidermal keratinocytes (HEKs) exposed to multi-

walled carbon nanotubes (MWCNTs) led to a proinflammatory

response depicting IL-8 release in a dose- and time-dependent

manner (Monteiro-Riviere et al. 2005a). Other studies using

carbon-based nanomaterials such as fullerene-based amino acids

in HEKs also depicted a similar increase in IL-6, IL-8, and IL-

1β (Rouse et al. 2006). In pharyngeal aspiration studies utilizing

SWNTs, tumor necrosis factor (TNF)-α and IL-1β was induced

followed by transforming growth factor (TGF)-β1 (Shvedova

et al. 2005).

Several carbon-based nanomaterials, such as different types

of carbon black, fullerenes, and SWNTs, have been shown to

adsorb dyes and proteins (Monteiro-Riviere and Inman 2006;

Marcorin et al. 2000; Meng et al. 2005). It is possible that deriva-

tized SWNTs may also adsorb proteins and dyes that are used for

assessing viability and cytokine activity in toxicology studies.

As a consequence of strong van der Waal interactions, nan-

otubes readily aggregate in aqueous culture medium. Previously,

we have reported that several nonionic surfactants may be used

to disperse MWCNTs without being cytotoxic to HEKs. A 1%

Pluronic F127 surfactant did not effect HEK viability, whereas

MWCNTs dosed alone caused a significant decrease in viabil-

ity and an increase in IL-8 expression (Monteiro-Riviere et al.

2005b). The effects of different vehicles such as DMSO and an

anionic surfactant such as Pluronic F127 was also investigated

in 6-aminohexanoic acid–derivatized SWNTs (AHA-SWNTs).

By creating a water-soluble SWNTs, SWNTs become more

biocompatible for physiological systems; however, despite the

broad potential application in drug delivery, the viability and

toxicity of these functionalized SWNTs has not been demon-

strated. Furthermore, it has been generally assumed that the solu-

tion properties of a particular functionalized SWNTs in aqueous

media (i.e., individual tubes versus bundles) would be indica-

tive of their properties within a cell. The purpose of this study

was to evaluate the effects of the functionalized AHA-SWNTs

in HEKs, to assess cell viability and cytokine activity, and to de-

termine the biological effects of the cells with different vehicles

such as DMSO and Pluronic F127.

MATERIALS AND METHODS

Synthesis of AHA-SWNTs

High-pressure carbon monoxide (HiPco) SWNTs were pu-

rified to remove iron and other impurities (Chiang et al. 2001).

They were fluorinated to a C/F ratio of approximately 2.4:1 by

direct fluorination at 150◦C by a previously reported procedure

(Mickelson et al. 1998). The fluoronanotubes were functional-

ized by the reaction with 6-aminohexanoic acid (AHA) in the

presence of pyridine in dimethylformamide (DMF). Fluoronan-

otubes (ca. 30 mg) were sonicated in 100 ml of DMF for 10 min,

resulting in complete dispersion to form a dark solution. Then

600 mg of 6-aminohexanoic acid (600 mg) was well dispersed

in 200 ml DMF and 4 to 5 drops of pyridine (catalyst) was

added. The reaction mixture was stirred under N2 for 5 days at

90◦C, and then filtered through a 0.2-µm Cole Palmer Teflon

membrane, and washed with water and acetone to ensure com-

plete removal of the unreacted 6-aminohexanoic acid, reaction

byproducts, and the solvent. The AHA-SWNTs were washed

with nanopure water (Zeng et al. 2005). It is difficult to estimate

the molecular weight of a single AHA-SWNT due to its variable

length and width.

Cell Culture and Viability Assay

Neonatal HEKs (Cambrex, Walkersville, MO) were plated in

96-well culture plates (0.32 cm2 growth area) at approximately

7000 cells per well and grown in a humidified environment

of 5% CO2. Upon reaching 70% confluency, the cells were

exposed to AHA-SWNTs in KGM-2, as well as KGM-2 alone.

Immediately prior to treating the cells, a 0.5 mg/ml stock

solution of AHA-SWNTs was mixed with KGM-2 to provide

serial dilutions of 0.05 to 0.00000005 mg/ml of nanotubes (log

interval). In another experiment, 1% Pluronic F127 (BASF,
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FIGURE 2
MTT viability of AHA-SWNTs. Mean viability (± SEM) at 24 and 48 h. Histogram with different letters (A, B, and C for 24 h; d to h for 48 h) denote mean

values that are statistically different at p < .05.

New Milford, CT) or 1% DMSO was added to the aqueous

culture medium containing 0.000005 mg/ml (the highest con-

centration that maintained viability at 24 h) and 0.05 mg/ml of

AHA-SWNTs. The medium was harvested at 1, 2, 4, 8, 12, 24,

and 48 h (8 wells/plate/time point), and stored at −80◦C. HEKs

at the 24- and 48-h wells were assayed using MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for

viability as described previously (Mosmann 1983). Because the

residual nanotubes can affect the absorbance values, the solution

in each well was pipetted into new 96-well plates (Monteiro-

Riviere and Inman 2006). The absorbance, directly proportional

to cell viability, was determined spectrophotometrically at

550 nm in a plate reader (Multiskan RC; Labsystems, Helsinki,

Finland). The results from this study determined the range of

AHA-SWNT concentrations that would not be toxic to the

HEKs.

Cytokine Assay

Human cytokines IL-6, IL-8, IL-10, TNF-α, and IL-1β

were quantitated with the Bio-Plex suspension array system

(Bio-Rad Laboratories, Hercules, CA). This system utilizes

multiplexing to simultaneously assay for cytokines. Customized

beads (5.6 µm diameter) conjugated to a capture antibody that

is specific to each cytokine and possessing a unique spectral

address were mixed with culture media and incubated in a

96-well filter plate. The beads were rinsed and then incubated

with a fluorescent-labeled reporter molecule that specifically

binds to the analyte. The contents of each well were analyzed

in the Bio-Plex array reader. As the beads flow into the reader,

one laser identifies the spectral address of each cytokine and

the other laser excites the reporter molecule to quantify the

specific cytokine relative to the standard curve. The average

concentration (pg/ml) of each cytokine for each treatment

and time point were calculated in order to determine the time

dependency of the toxicity on HEKs.

Cytokine Adsorption by AHA-SWNTs

Cytokine adsorption studies for AHA-SWNTs were con-

ducted with Bio-Plex standard cytokine stock solution. AHA-

SWNTs of the final concentration of 0.05, 0.005, and

0.0005 mg/ml were incubated with the cytokine standard

(800 pg/ml). The medium was incubated in 96-well plates for

24 h, with the cytokine concentration assayed by the Bio-Plex

suspension array system.

Transmission Electron Microscopy of AHA-SWNTs in
HEKs

Transmission electron microscopy (TEM) was conducted on

HEKs to determine the location of AHA-SWNTs. HEKs were

seeded in cell culture flasks (25 cm2; ∼100,000 cells) and grown

to 70% confluency at 37◦C in a humidified 5% CO2 environ-

ment. HEKs were treated with AHA-SWNTs at a concentration

of 0.000005 mg/ml (at the highest concentration that maintains

viability), and at 0.05 mg/ml (the highest dose). The HEKs were

treated with AHA-SWNTs for 24 h, rinsed in Hanks’ buffered

salt solution (HBSS), and fixed in Trump’s fixative at 4◦C. Cells

were then rinsed in 0.1 M phosphate buffer (pH 7.2), pelleted

in a microcentrifuge tube with 3000 rpm for 30 s, and embed-

ded in 3% molten agar. The cells were postfixed in 1% osmium

tetroxide (Polysciences, Warrington, PA) in 0.1 M sodium phos-

phate buffer (pH 7.2), dehydrated through graded ethanol solu-

tions, cleared in acetone, and infiltrated and embedded in Spurr’s

resin. Unstained thin sections (approximately 800 to 1000 µm)

were mounted on copper grids and then examined on a Philips

EM208S transmission electron microscope.
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FIGURE 3
IL-8 release of AHA-SWNTs. Histogram with different letters (A to F for 24 h; g to i for 48 h) denote mean values that are statistically different at p < .05. Data

represent the means ± SEM.

Statistical Analysis

The mean values for HEK viability and cytokine concentra-

tion (normalized to viability) for each treatment were calculated

and the significant differences (p < .05) determined using the

least significance differences in the analysis of variance pro-

cedure of SAS (SAS 9.1 for Windows; SAS Institute, Cary,

NC). Multiple comparisons among different treatments were

conducted within each exposure and sampling time using the

student’s t-test at p < .05.

RESULTS

HEK viability assessed by MTT in treatments ranging from

0.00000005 to 0.05 mg/ml of AHA-SWNTs showed a sig-

nificant decrease (p < .05) that was dose dependent from

0.00005 to 0.05 mg/ml at 24 h (Figure 2). AHA-SWNTs at

0.000005 mg/ml was the highest concentration that did not show

a significant decrease in viability at 24 h. At 0.0000005 mg/ml

AHA-SWNTs, viability continued to decrease significantly at

48 h (Figure 2). Elevated IL-8 expression (Figure 3) signifi-

cantly increased at AHA-SWNT concentration of 0.0000005 to

0.005 mg/ml by 24 h and AHA-SWNT concentration of 0.00005

to 0.005 mg/ml by 48 h. IL-8 expression at AHA-SWNT con-

centration of 0.05 mg/ml was the exception, showing a decrease

at 24 h but remained constant from AHA-SWNT concentration

of 0.005 to 0.05 mg/ml at 48 h.

The expression of cytokines IL-6, IL-8, IL-10, TNF-α,

and IL-1β was assessed at AHA-SWNT concentration of

0.000005 mg/ml (the highest concentration that did not decrease

the viability by 24 h) and at 0.05 mg/ml (the highest concentra-

tion dosed in the medium) at several time points. IL-6 expression

increased from 4 to 12 h at both concentrations, but was not sig-

nificant compared to controls. At 24 h, IL-6 slightly decreased

and then increased by 48 h at 0.05 mg/ml AHA-SWNTs com-

pared to controls (Figure 4). IL-8 expression (Figure 5) showed

a time-dependent increase through 12 h at both AHA-SWNT

concentrations and its level was significantly greater than con-

trol at 0.05 mg/ml AHA-SWNTs at 24 and 48 h. IL-10, TNF-α,

and IL-1β were not detected at any time point.

At 24 h, TEM of HEKs treated with 0.000005 mg/ml AHA-

SWNTs showed minimal uptake of AHA-SWNTs (Figure 6).

In contrast, TEM of HEKs dosed with the highest AHA-SWNT

concentration, 0.05 mg/ml, depicted several cells containing

large aggregates of the AHA-SWNTs within intracytoplasmic

vacuoles (Figure 7). At 0.05 mg/ml, at 24 h, AHA-SWNTs can

readily aggregate within cytoplasmic vacuoles (Figure 8a). It is

of interest that not only were aggregated AHA-SWNTs noted,

but structures smaller than 10 nm were also present (Figure 8b).

When AHA-SWNTs were incubated in KGM-2 medium con-

taining a cytokine standard without cells, the AHA-SWNTs were

capable of adsorbing cytokines. After 24 h, IL-6, IL-8, and IL-10

were adsorbed at 0.0005, 0.05, and 0.05 mg/ml AHA-SWNTs.

At the 0.05 mg/ml concentration, AHA-SWNTs are capable of

adsorbing 52% of IL-6, 38% of IL-8, and 63% of IL-10. The ad-

sorption for TNF-α by 0.05 mg/ml AHA-SWNTs was at 35%,

whereas IL-1β showed no significant adsorption compared to

the controls (Figure 9).

In the above experiments, AHA-SWNTs readily aggregated

in the KGM-2 medium, although they were soluble at the

0.5 mg/ml concentration. DMSO and Pluronic F127 vehicles

were used to test the dispersion ability and penetration of the

aggregated AHA-SWNTs. AHA-SWNTs had formed large ag-

gregates within the KGM-2 medium at 24 h (Figure 10a). In

contrast, 1% Pluronic F127 dispersed the nanotubes within the
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FIGURE 4
Graph illustrating IL-6 release by 0.000005 and 0.05 mg/ml AHA-SWNTs. Histogram with different letters (A, B) denote mean values that are statistically

different at p < .05. Data represent the means ± SEM.

medium, forming much smaller aggregates (Figure 10b). The

1% DMSO solution still showed large aggregates and did not

disperse the AHA-SWNTs as much as the 1% Pluronic F127

treatment (Figure 10c).

Viability was also assessed with HEKs exposed to 1%

Pluronic F127, which showed a significant decrease compared to

the controls. AHA-SWNTs alone significantly reduced viability

compared to the controls. Pluronic F127 + AHA-SWNTs did

FIGURE 5
Graph illustrating IL-8 release by 0.000005 and 0.05 mg/ml AHA-SWNTs. Histogram with different letters (A, B) denote mean values that are statistically

different at p < .05. Data represent the means ± SEM.

not decrease viability compared to the AHA-SWNT treatment

alone. One percent DMSO did not affect viability compared

to the controls, and the viability was not different between the

AHA-SWNT + 1% DMSO treatment and AHA-SWNT–alone

treatment (Figure 11).

We further investigated the effect of the surfactant Pluronic

F127 on AHA-SWNT–induced cytokine release from 1 to 48 h.

IL-6 expression was significantly greater than controls at 4, 8, 12,
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FIGURE 6
Transmission electron micrograph of HEK treated with 0.000005 mg/ml of

AHA-SWNTs at 24 h. Arrow depicts aggregated AHA-SWNTs.

and 48 h treated with 0.05 mg/ml of AHA-SWNTs alone. The

0.05 mg/ml AHA-SWNT + 1% Pluronic F127 treatment caused

a significant decrease in IL-6 expression compared to the AHA-

SWNT–alone treatment from 4 to 48 h (Figure 12). Normalized

IL-8 release by HEKs exposed to 0.05 mg/ml of AHA-SWNTs

showed an increase compared to controls by 24 and 48 h. The 1%

Pluronic F127 + AHA-SWNT treatment caused a decrease in

IL-8 expression compared to the AHA-SWNT–alone treatment

at 24 and 48 h (Figure 13). The release of TNF-α was greater

than control at 1, 4, 12, and 48 h with AHA-SWNTs alone. The

AHA-SWNT + 1% Pluronic F127 treatment markedly caused

a decrease in TNF-α expression compared to the AHA-SWNT–

alone treatment (Figure 14). The IL-1β data showed no differ-

ence between the AHA-SWNT–alone treatment and the com-

bined AHA-SWNT + 1% Pluronic F127 treatmnet at any time

point (data not shown).

DISCUSSION

Most cytotoxicity studies of SWNTs have focused on the res-

piratory responses. Pulmonary toxicity of SWNTs was studied

in mice (Lam et al. 2004) and in rats (Warheit et al. 2004),

which showed an induction of epithelioid granulomas that was

similar to a foreign body tissue reaction. Pharyngeal aspiration

of SWNTs in C57BL/6 mice led to neutrophil accumulation

FIGURE 7
Transmission electron micrograph of HEKs dosed with 0.05 mg/ml of

AHA-SWNTs at 24 h. Arrows show multiple large vacuoles containing

aggregated AHA-SWNTs in HEKs.

accompanied by an early elevation of the proinflammatory cy-

tokines such as TNF-α and IL-1β (Shvedova et al. 2005). Re-

search has also been conducted on SWNTs in immortalized

HEKs but not on normal HEKs (Shvedova et al. 2003). Our

study has shown that AHA-SWNTs did not show cytotoxicity

until the 0.00005 mg/ml concentration, which led to a decrease

in viability at 24 h compared to controls. The increase in IL-6

and IL-8 expression indicated that AHA-SWNTs could initiate

an early inflammatory response. IL-6 is a classical proinflam-

matory cytokine that is secreted by keratinocytes when cells are

exposed to irritants (Sugawara et al. 2001). Keratinocytes have

also been shown to release TNF-α prior to IL-8 and IL-1β as

an activator of keratinocyte injury (Allen et al. 2000; Freedberg

et al. 2001). In this study, IL-1β release was not detected. At

0.05 mg/ml AHA-SWNTs induced the release of TNF-α at the

12-, 24-, and 48-h time points that were above the detection limit

(data not shown). TNF-α probably was expressed earlier and is

a potential initiator that induced the proinflammatory response,

resulting in an IL-6 and IL-8 release.

Immortalized HaCaT cells exposed to nonfunctionalized

SWNTs showed oxidative stress, a decrease in glutathione

levels, and a depletion of vitamin E. Higher concentrations

of the SWNTs caused ultrastructural changes, including al-

tered cytoplasmic organelles (Shvedova et al. 2003). How-

ever, this study was conducted in immortalized cells and did

not evaluate for inflammation. Recently, it has been shown

that SWNTs can activate nuclear factor (NF)-κB in a dose-

dependent manner in HEKs (Manna et al. 2005) and that

NF-κB is capable of activating IL-6 expression (Xiao et al.

2004) in autocrine human myeloma cells. As a result, it is

possible that AHA-SWNTs induced IL-6 expression in part

from the activation NF-κB initiated by TNF-α. IL-1β also
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FIGURE 8
Transmission electron micrograph of HEKs dosed with 0.05 mg/ml of AHA-SWNTs at 24 h. (a) Note several vacuoles containing 0.05 mg/ml AHA-SWNTs

(arrow and arrowhead). (b) Higher magnification of the arrowhead region in a showing large aggregations and small fine aggregates (arrow).

induces IL-8 in bronchial cells via NF-κB (Edwards et al.

2005). AHA-SWNT–induced IL-8 secretion may be initiated

from the activation of IL-1β, although it was expressed slightly

and under the detection limit or occurred rapidly and then

ceased.

The synthesis of carbon-based materials requires a catalyst,

such as Fe and Ni. Nonpurified iron-rich SWNTs converted su-

peroxide radicals into hydroxyl radicals more effectively than

purified SWNTs, and caused the loss of glutathione (GSH) in

cells and the accumulation of lipid hydroperoxides (Kagan et al.

2006). It is necessary to use pure SWNTs with little or no residual

FIGURE 9
Cytokine adsorption by 0.05, 0.005, and 0.0005 mg/ml of AHA-SWNTs by 24 h.

catalysts. In this study, the inflammatory response was probably

not due to the catalysts, because AHA-SWNTs were purified by

the fluorination and subsequent functionalization process, and

the purity was greater than 99.8% (Chiang et al. 2001).

Apoptosis occurred in T lymphocytes showing annexin V–

positive cells following treatments with MWCNTs (Bottini et al.

2006). Our MWCNTs studied in HEKs did not show any apop-

totic cells by TEM (Monteiro-Riviere et al. 2005a). This differ-

ence could be due to the method of preparation of the nanotubes

or that the T lymphocytes exposed to the nanotubes may be

more sensitive to apoptosis than HEKs. In the current study, no
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FIGURE 10
Light micrograph of 0.05 mg/ml of AHA-SWNTs. (a) AHA-SWNTs alone. (b) AHA-SWNTs in 1% (w/v) Pluronic F127. (c) AHA-SWNTs in 1% (w/v) DMSO.

Magnification, ×50.

apoptotic HEKs were found by TEM following treatment with

derivatized single-wall nanotubes.

Intratracheal exposure of SWNTs at high concentrations

caused death and granulomas in lungs with agglomerates of 10

to 100 nanotubes; the aggregation properties may be due to its

electrostatic character (Lam et al. 2004; Warheit et al. 2004).

TEM also revealed MWCNTs in the intracytoplasmic vacuoles

of HEKs (Monteiro-Riviere et al. 2005a). Our present study

not only depicted the presence of aggregated AHA-SWNTs,

but less aggregation of the AHA-SWNTs within the intracy-

toplasmic vacuoles of HEKs. A study with hat-stacked carbon

nanofibers (H-CNFs) implanted in the subcutaneous tissue of

rats also showed a decrease in H-CNF aggregation, but after 4

weeks, and appeared shorter in size over time (Yokoyama et al.

2005). Our study showed higher concentrations of AHA-SWNT

aggregates in HEKs, which is different from the H-CNFs, pos-

sibly due to our time differences and the structure of the nan-

otubes. The structural difference in H-CNFs and SWNTs may

be explained by the fact that the edges of the stacked graphene

layers are on the H-CNF surface that provides additional sites

for hydrophilic groups to attach. This arrangement could pro-

FIGURE 11
MTT viability of HEKs treated with AHA-SWNTs alone, 1% Pluronic F127, 1% Pluronic F127 + AHA-SWNTs, 1% DMSO, and 1% DMSO + AHA-SWNTs

at 24 h. Histogram with different letters (A, B, C, and D) denote mean values that are statistically different at p < .05. Data represent the means ± SEM.

vide water-soluble SWNTs by functionalization that can mimic

the H-CNF structure.

In addition, different types of carbon black have been

shown to adsorb dyes such as neutral red and MTT, which can

also interfere with the absorption spectra. Carbon black may

also adsorb constituents of grow media as well as proteins

(Monteiro-Riviere and Inman 2006). Adsorption of albumin

and fibrinogen by SWNT membranes may also exist (Meng et

al. 2005). Derivatized fullerenes are capable of associating with

the protein of human immnunodeficiency virus (HIV) protease

(Marcorin et al. 2000). In our viability study, IL-8 in the

medium was assessed with log-interval concentrations of AHA-

SWNTs (Figure 3). IL-8 release was greater with an increase

in AHA-SWNT concentrations, but decreased at 0.05 mg/ml of

AHA-SWNTs as compared to the 0.005 mg/ml concentration.

At 0.05 mg/ml concentration, AHA-SWNTs alone are capable

of adsorbing cytokines, especially IL-6, IL-8, and IL-10 (Figure

9). As a result, the cytokine concentrations that were observed

may be even greater due to this adsorption, and therefore

the amount of cytokine release for AHA-SWNTs may be

underestimated.
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FIGURE 12
IL-6 release of HEKs treated with AHA-SWNTs alone, 1% Pluronic F127, and 1% Pluronic F127 + AHA-SWNTs at 24 h. Histogram with different letters

(A, B, C, and D) denote mean values that are statistically different at p < .05. Data represent the means ± SEM.

DMSO, a stratum corneum permeation enhancer, did not

effectively disperse the aggregates (Figure 10c) and did not

significantly influence the AHA-SWNT viability, (Figure 11).

Nonionic surfactants such as Pluronic F127 are relatively mild

and nonirritating. It has been shown that 1% Pluronic F127 was

nontoxic to HEKs in culture and did not increase MWCNT cy-

totoxicity (Monteiro-Riviere et al. 2005b). These studies were

conducted by assessing viability with the neutral red assay. In our

current studies, the MTT assay showed a decrease in viability to

some extent by Pluronic F127. The viability difference may be

explained by the method used to assess viability, different stages

of the cell cycle, and differences in cell lots from the manufac-

turer. However, 1% Pluronic F127 dispersed the AHA-SWNT

aggregates into finer particles that was similar to the MWCNT

FIGURE 13
IL-8 release of HEKs treated with AHA-SWNTs alone, 1% Pluronic F127, and 1% Pluronic F127 + AHA-SWNTs at 24 h. Histogram with different letters (A,

B, C, and D) denote mean values that are statistically different at p < .05. Data represent the means ± SEM.

study and did not cause a decrease in viability. At 0.05 mg/ml

AHA-SWNTs decreased HEK viability by 24 h, whereas the

addition of 1% Pluronic F127 addition was capable of shielding

AHS-SWNT cytotoxicity. Compared to the AHA-SWNT–alone

treatment, the cytokine response decreased when Pluronic F127

was added to the culture medium containing the AHA-SWNTs.

These studies have demonstrated that 1% Pluronic F127 can de-

crease the cytotoxicity of AHA-SWNTs. Our previous data also

showed less irritation assessed by IL-8 release when MWCNTs

were dosed with this surfactant (Monteiro-Riviere et al. 2005b).

This may be explained by the nonionic surfactant causes a sus-

pension of AHA-SWNTs by coating the surface and by form-

ing micelles in the medium (Matthew et al. 2002; Moore et al.

2003; Monteiro-Riviere et al. 2005b). Also, it is possible that
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FIGURE 14
TNF-α release of HEKs treated with AHA-SWNTs alone, 1% Pluronic F127, and 1% Pluronic F127 + AHA-SWNTs at 24 h. Histogram with different letters (A,

B, and C) denote mean values that are statistically different at p < .05. Data represent the means ± SEM.

this micelle formation altered the AHA-SWNT surface proper-

ties. Pluronic F127 may be capable of altering the inflammatory

response by shielding some of the cell membrane receptors and

thereby decreasing the AHA-SWNT adsorption to the cell mem-

brane, leading to less cytokine release.

Previously, we have reported that the solubility of AHA-

SWNTs is dependent on the ionic strength of the solution (Zeng

et al. 2005). Addition of salts to an aqueous solution at a pH

7.0 can result in aggregation of the SWNTs and their precipita-

tion from the solution. A solution of AHA-SWNTs (0.5 mg/ml)

incubated at 37◦C showed aggregation after 48 h and after 4

days the nanotubes precipitated out. Aggregation can also occur

when the AHA-SWNT stock solution is kept at room tempera-

ture for 2 months. Aggregation of AHA-SWNTs was also seen

24 h after nanotubes were introduced into the medium. We pro-

pose that simple aqueous solubility is an insufficient parameter

by which to guide the potential application of functionalized

AHA-SWNTs for biological applications.

In conclusion, our data show that AHA-SWNTs are capa-

ble of localizing within intracytoplasmic vacuoles of HEKs. In

addition, derivatized AHA-SWNTs can initiate an early inflam-

matory response, as demonstrated by an increase in IL-6 and

IL-8. Also, the increase in cytokines may even be greater due

to the fact that adsorption of the AHA-SWNTs can occur. The

toxicity of SWNTs, as depicted by a decrease in viability, can be

dependent on several physiochemical factors, such as their phys-

ical shape, diameter, length, and functionalization. Our studies

investigated the dispersion ability of Pluronic F127 on AHA-

SWNT aggregation, showing that it was capable of dispersing

AHA-SWNTSs into smaller particles.

It should be noted that AHA-SWNTs are anionic and the

effects of the surface charge in controlling aggregation are

important. We propose that in order to understand the inter-

play between functionalized SWNTs and their interactions in

cells, a systematic study of functionalized SWNTs with differ-

ent charges and aggregation properties needs to be conducted.
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Due to the superior photoemission and photostability character-

istics, quantum dots (QD) are novel tools in biological and medical

applications. However, the toxicity and mechanism of QD uptake

are poorly understood. QD nanoparticles with an emission

wavelength of 655 nm are ellipsoid in shape and consist of

a cadmium/selenide core with a zinc sulfide shell. We have shown

that QD with a carboxylic acid surface coating were recognized

by lipid rafts but not by clathrin or caveolae in human epidermal

keratinocytes (HEKs). QD were internalized into early endosomes

and then transferred to late endosomes or lysosomes. In addition,

24 endocytic interfering agents were used to investigate the

mechanism by which QD enter cells. Our results showed that

QD endocytic pathways are primarily regulated by the G-protein–

coupled receptor associated pathway and low density lipoprotein

receptor/scavenger receptor, whereas other endocytic interfering

agents may play a role but with less of an inhibitory effect. Lastly,

low toxicity of QD was shown with the 20nM dose in HEK at 48 h

but not at 24 h by the live/dead cell assay. QD induced more actin

filaments formation in the cytoplasm, which is different from

the actin depolymerization by cadmium. These findings provide

insight into the specific mechanism of QD nanoparticle uptake in

cells. The surface coating, size, and charge of QD nanoparticles

are important parameters in determining how nanoparticle

uptake occurs in mammalian cells for cancer diagnosis and

treatment, and drug delivery.

Key Words: quantum dot nanoparticles; endocytosis; lipid rafts;

G-protein–coupled receptor; scavenger receptor; cytotoxicity.

The explosive growth in the nanotechnology industry leads

to a large number of novel nanomaterials for biomedical

applications, yet the knowledge regarding their toxicity is

minimal. Many nanomaterials have been shown to become

localized within cells. Coated magnetite nanoparticles (NPs)

were found in human mammary carcinoma cells (Jordan et al.,
1999; Zhang et al., 2002). Poly(D,L-lactide-co-glycolide) NP-

containing 6-coumarin as a fluorescent marker were internal-

ized in cultured rabbit conjunctival epithelial cells (Qaddoumi

et al., 2004). Functionalized fullerenes have been localized in

human fibroblasts (Sayes et al., 2004) and human epidermal

keratinocytes (HEKs) (Rouse et al., 2006). Both multiwalled

carbon nanotubes (Monteiro-Riviere et al., 2005) and function-

alized single-walled carbon nanotubes have been localized in

the cytoplasmic vacuoles of HEK (Zhang et al., 2007).

Quantum dot (QD) nanoparticles are of special interest because

they have been used as fluorescent probes for biomedical

applications, especially cellular imaging. Many dyes and

contrast agents are unstable and therefore the QD physico-

chemical parameters including chemical composition, surface

charge, small size, water solubility, and fluorescence stability

enable QD to be utilized as ideal agents for intracellular

tracking or biomedical imaging or as a model for drug delivery

of active molecules and diagnostics.

QD are bright photostable semiconductor heterogeneous

nanocrystals that consist of a colloidal core surrounded by one

or more surface coatings. Shell coatings are frequently applied

in one or more layers to increase solubility in aqueous medium,

reduce leaching of metals from the core, and facilitate

customized surface chemistries for the attachment of con-

jugates to therapeutic and diagnostic macromolecules, receptor

ligands, or antibodies (Derfus et al., 2004; Michalet et al.,
2005). Unlike other engineered nanostructures, QD are easily

detected due to an unusually intense and photostable

fluorescence and are commercially available in various sizes

and shapes with diverse surface coatings, making QD useful

tools to determine the cellular uptake pathways of small

particles. These unique fluorescence properties with specific

surface functionalizations have been used in cell imaging,

immunohistochemistry, and cancer targeting (Gao et al., 2004;

Xing et al., 2007). Negatively charged QD coated with

dihydrolipoic acid or positively charged QD coated with

polyethylene glycol (PEG) attached with a polyethylenimine

coating can be incorporated into human cells (Duan and Nie,

2007; Jaiswal et al., 2003). Our laboratory showed QD with

a CdSe core and CdS (Zhang et al., 2008) or ZnS shell

(Ryman-Rasmussen et al., 2007a, b), were capable of entering

HEK. A series of carboxylic acid–coated QD with different

emission wavelengths are now available commercially to track

proteins in cells (Invitrogen website, 2009). These QD consist
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of a CdSe core/ZnS shell and can be coated with PEG, PEG-

amine (NH2), or carboxylic acid (COOH). However, the

mechanism of cellular uptake is unknown and the toxicity of

nanoparticles within biological systems is a concern.

NP uptake by cells may occur through several different

mechanisms, and classified into phagocytosis and pinocy-

tosis. Pinocytosis includes macropinocytosis with uptake of

particles > 1 lm, clathrin or caveolae-mediated endocytosis, or

clathrin/caveolae independent endocytosis. Caveolae consist of

plasma membrane invaginations of 50- to 80-nm size con-

taining cholesterol and sphingolipids, receptors and caveolins

(Lajoie and Nabi, 2007; Pelkmans et al., 2002). Endocytosis of

various membrane receptors may also occur via lipid rafts

(Nichols, 2003). Lipid rafts provide a platform for the assembly

of receptors, adaptors, regulators, and other downstream

proteins as a signaling complex, and may be joined with

caveolae. Clathrin-coated pits of 100–200 nm have been shown

to be associated with the key protein clathrin and other scaffold

proteins such as AP-2 and eps15 (Ehrlich et al., 2004).

Macropinocytosis is a form of endocytosis related to cell

surface ruffling and provides a route for non-selective

endocytosis of solute macromolecules. Macropinosomes are

more than 0.2 lm in diameter, and may be as large as 5 lm

(Swanson and Watts, 1995). Specialized phagocytosis via

protease activation receptor 2 occurs in HEK that take up

melanosomes from adjacent melanocytes. It is possible that NP

may be taken up by cells via their size selectivity that may

match those of endocytic pits.

NP endocytosis by cells not only depends on the size of the

NP, but also the surface coating and charge. Carboxydextran-

coated superparamagnetic iron oxide nanoparticles (SPION)

were internalized by human mesenchymal stem cells, and the

efficiency of uptake was correlated to the amount of carboxyl

groups on the NP surface (Mailander et al., 2008). Cationic

D,L-polylactide (PLA)-NP entered Hela cells in greater amounts

than anionic PLA-NP (Dausend et al., 2008; Harush-Frenkel

et al., 2007). NP uptake may also depend on the length of the

surface coating (Chang et al., 2006), or the type of cells (Xia

et al., 2008). However, the specific endocytic mechanism by

which cells internalize specific NP such as QD remains

unknown but the mechanism of cellular uptake is important in

the field of nanomedicine, cancer diagnosis, and treatment.

In this study, we evaluated 24 potential endocytic inhibitors

that may be classified into seven major groups based on their

effects in cells (Table 1): cytoskeleton, caveolae/lipid rafts,

clathrin, macropinocytosis, G-protein coupled receptor

(GPCR)-associated pathway, melanosome transfer mediated

pathway, and low density lipoprotein/scavenger receptor

related pathway. The effects of these inhibitors on QD uptake

were evaluated by flow cytometry for inhibition quantification

and also viewed by confocal laser scanning microscopy

(CLSM) for fluorescence imaging. We also investigated

whether QD endocytosis was receptor-mediated. Furthermore,

the localization of QD on the cell membrane or in the

cytoplasm was examined with organelle markers. Lastly,

because QD aggregates remain in lysosomes, the potential

toxicity in the acidic compartment was evaluated by viability

and F-actin cytoskeleton methods. These findings provide

information on the specific endocytic pathway that QD NP

utilize and help understand the mechanism of penetration into

cells that could be used for diagnosis and treatment of cancer.

MATERIALS AND METHODS

Quantum dots. QD with a CdSe core and ZnS shell were obtained from

Molecular Probe/Invitrogen (Eugene, OR). QD with emission maxima at 655

nm (QD655) have an ellipsoid core/shell with diameters of 6 nm (minor axis)

by 12 nm (major axis). Each size was obtained with three different surface

coatings: PEG, PEG-amine, or polyacrylic acid (carboxylic acids, COOH).

These coatings are, respectively, neutral, positive, or negatively charged as

supplied at physiological pH. The hydrodynamic diameters were measured by

TABLE 1

Inhibitors and their Function and Concentration

Name Function Final conc.

Nocodazole Disrupts microtubule (cytoskeleton) 10.0 lg/ml

CytD Inhibit F-actin polymerization (cytoskeleton) 10.0 lg/ml

MbCD Cholesterol-depletion reagent (caveolae/

lipid rafts)

5.0 mg/ml

Lovastatin Cholesterol depletion (caveolae/lipid rafts) 10.0 lg/ml

Genistein Inhibit F-actin recruitment to clathrin pits a

(clathrin)

10.0 lg/ml

CPM Inhibitor of Rho GTPase (clathrin) 10.0 lg/ml

Y-27632 Related to cytoskeleton and melanosome

transfer b

10.0 lg/ml

NaN3 ATP inhibitor (ATP) 3.0 mg/ml

DMA Naþ/Hþ exchanger inhibitor

(macropinocytosis)

10.0 lg/ml

WMN PI3K inhibitor (macropinocytosis) 100.0 ng/ml

LY PI3K inhibitor (macropinocytosis) 10.0 lg/ml

PTX Inhibitor of Gi a subunit (GPCR) 100.0 ng/ml

CTX Activator of Gs a subunit (GPCR) 1.0 lg/ml

U-73122 PLC inhibitor (down stream of GPCR) 4.0 lg/ml

SRP PKC inhibitor (down stream of GPCR) 1.0 lg/ml

TrpI Inhibitor of PAR-2 pathway (melanosome) 1.0 mg/ml

NCM Melanosome inhibition (melanosome) 122.1 lg/ml

BMA1 Inhibits endosome acidification (endosome) 100.0 ng/ml

CRQ Inhibits endosome acidification (endosome) 125.0 lg/ml

BFA Interferes with Golgi, endosome and

lysososome

10.0 lg/ml

PolyI Scavenger receptor inhibitor 10.0 lg/ml

FCD Scavenger receptor inhibitor 10.0 lg/ml

LDL Ligands for LDL receptor 10.0 lg/ml

AcLDL Ligands for scavenger receptor 10.0 lg/ml

Note. a ¼ Genistein inhibits tyrosine kinase activities that can phosphorylate

actin and recruit the cytoskeleton proteins to clathrin-coated pits and enhance

the internalization of clathrin mediated endocytosis. b ¼ Y-27632 is the

inhibitor of ROCK and abolishes actin filaments. It is also used to inhibit

melanosome transfer to keratinocytes via protease-activated receptor 2 (PAR-2)

pathway.
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size exclusion chromatography on high-performance liquid chromatography

with a major axis for QD655 were 45 nm (PEG), 20 nm (PEG-amine), and 18

nm (COOH). QD were sold as Qtrackers Nontargeted Quantum Dots (PEG) or

Qdots ITK Amino (PEG) or Carboxyl QD, respectively. QD were supplied at

concentrations ranging from 2 to 8.7mM in a 50mM borate buffer of pH 9.0

(carboxylic acid–coated QD) or pH 8.3 (PEG and PEG-amine–coated QD)

(Ryman-Rasmussen et al., 2006). The size distribution is estimated at 3% based

on TEM. Typically, it is estimated that there are 800–1200 carboxylic acid per

QD (Molecular Probe/Invitrogen). The polydispersity index measurement is not

particularly useful for an engineered construct such as this due to the large

dissimilarity between the molecular weights of the constituents (e.g., cadmium

vs. carbon) and not provided by the manufacturer.

Reagents and antibodies. Mouse antibodies for human caveolin 1,

clathrin (heavy chain), EEA1, lysosome-associated membrane glycoproteins

1 (LAMP1) (CD107a), CD63, were purchased from BD Biosciences (San

Jose, CA). Live/dead cell assay, normal goat serum, BODIPY FL phallacidin,

Alexa fluor 488 conjugated cholera toxin B (CTB), Alexa fluor 488 F(ab’)2

fragment of goat anti-mouse IgG, LDL, AcLDL were purchased from

Molecular Probes, Invitrogen (Eugene, OR). All the inhibitors, including

nocodazole, cytochalasin D (CytD), methyl-b-cyclodextrin (MbCD), lova-

statin, U-73122, Y-27632, genistein, 5-(N,N-dimethyl)-amiloride (DMA),

sodium azide (NaN3), wortmannin (WMN), Ly294002 (LY), pertussis toxin

(PTX), cholera toxin (CTX), staurosporine (SRP), bafilomycin A1 (BMA1),

chloroquine (CRQ), trypsin inhibitor (TrpI), niacinamide (NCM), chlor-

promazine (CPM), brefeldin A (BFA), polyI, and fuicodan (FCD), are from

Sigma-Aldrich (St Louis, MO).

Transmission electron microscopy. To determine the morphology of

QD655-COOH in water or in media of the cells, QD (20nM) were incubated at

37�C for 24 h in water or prepared in keratinocyte growth medium 2 (KGM-2)

with borate buffer for stability. Solutions were diluted in water, and 10 ll of the

solution was placed on formvar-coated grids for transmission electron

microscopy (TEM). To observe QD localization in cells, HEK were treated

with 20nM of QD for 24 h, rinsed, and fixed in Trump’s fixative and routinely

processed for TEM and viewed on a Philips EM208S transmission electron

microscope.

Fluorescence quantification of QD using a spectrofluorometer. To

quantitate the uptake dynamics of QD by a spectrofluorometer, neonatal HEK

(Cambrex, Corp, Walkersville, MD) were seeded in 24-well plates, and then

incubated with 2nM of QD for 2, 6, 12, and 24 h. Note that 250,000 cells per

well occupied around 90% the area of each well to exclude QD non-specific

binding on the plastic bottom of the well, and Millex syringe driven filter with

0.22-lm pore (Milipore Corporation, Bedford, MA) was used to filter QD in

KGM-2 to remove the large aggregates of QD in KGM-2. The cells were then

washed by Hanks’ balanced salt solution (HBSS) and assayed on a tunable

Gemini EM microplate spectrofluorometer (Molecular Devices, Downingtown,

PA). The excitation wavelength was 360 nm and the emission wavelength at

655 nm with a cut off of 610 nm. Controls consisted of background

fluorescence without QD.

Chemical and immunostaining. To observe the colocalization of CTB

and QD, CTB (Alexa Fluor 488 labeling) was incubated with HEK along with

QD, fixed as above and observed by CLSM. For all other staining, cells were

washed and fixed. Cells were permeabilized by 0.1% Triton X-100, blocked

with 5% normal goat serum. Cells were washed and F-actin stained by

BODIPY FL phallacidin for 20 min, or mouse anti-human antibodies at 5 lg/ml

for 1 h and were incubated with Alexa fluor 488 F(ab’)2 fragment of goat anti-

mouse IgG at 5 lg/ml for 1 h. Live/dead assay (Invitrogen Corp.) was

performed on HEK in 24 wells dosed with 20nM of QD for 24 h. HEK were

washed, stained with ethidium homodimer-1(EthD-1; 2lM) and calcein AM

(CAM; 1lM), fixed, embedded for CLSM.

CLSM and fluorescence microscopy. All samples were analyzed by

a Leica TCS SP1 confocal laser scanner interfaced to an inverted Leica IMBE

microscope with an X40 plan apochromat objective. The microscope was

equipped with a confocal differential interference contrast (DIC) system. QD

were excited with a UV (351 and 364 nm) and an argon laser (488 nm) with

emission channels of 645–665 nm for QD. Alexa fluor 488 conjugates, calcein

AM (CAM), or fluorescein isothiocyanate (FITC)-labeled fluorochrome were

excited with argon laser (488 nm) with emission channels of 510–540 nm. Alexa

Fluor 546 conjugates were excited by krypton-argon laser (568 nm) with

emission channels of 572–600 nm. Ethidium homodimer-1 (EthD-1) was exited

by krypton-argon laser and the emission channels of 590–610 nm were collected.

Z-series optical sections were taken at 0.3-lm intervals, and three-dimensional

images were captured and assembled by using LCS Lite software and showed as

Supplementary video 1. In CLSM, the autofluorescence does not appear in

cultured human epidermal keratinocytes especially when excited by the UV light

or argon laser and collected at ~655 nm. Samples were also analyzed on

a Olympus X71 fluorescence microscope (Olympus, Tokyo, Japan).

Sample preparation for flow cytometry. HEK were seeded in 24-well

plates and dosed with QD with/without inhibitors. Table 1 describes the

inhibitors used and their function/concentration. Cells were washed in HBSS,

suspended and neutralized by trypsin-ethylenediaminetetraacetic acid, centri-

fuged and resuspended, fixed and analyzed in BD FACScan Flow Cytometer

(BD Science, San Jose, CA) with 10,000 cells gated on the basis of forward and

side scatter. A 488-nm laser was used to excite the QD and the data stored and

processed using CellQuest Pro software (San Jose, CA).

Quantification for QD uptake inhibitory effects by inhibitors. Cells that

were incubated with QD with/without inhibitors were washed, suspended and

fixed for flow cytometry. The inhibition effects were calculated using the

following formula and the results listed in Supplementary Table 2: inhibitory

effects ¼ (mean fluorescence intensity for inhibitor sample X% of gated HEK -

mean fluorescence intensity for cell only sample X% of gated HEK)/(mean

fluorescence intensity for control sample X% of gated HEK - mean

fluorescence intensity for cell only sample X% of gated HEK). The gated

line separates the HEK with high fluorescent intensities from the cells in the

negative control that were not treated with QD.

Size and zeta-potential determination. QD655-COOH was diluted by

100mM phosphate buffer (PBS) at the pH of 4.5, 5, 5.5, 6, 7, 8, 9. Size and

zeta-potential of QD were examined by Zeta-sizer Nano-ZS (Malvern

Instruments Inc., Worcestershire, UK) with a 633-nm laser. To exclude any

extraneous signals in the scattered light intensity due to sample fluorescence,

a narrow band filter with a wavelength centered at 632.8 nm with a bandwidth

of 10 nm was used.

Statistical analysis. The mean values of inhibition effects (normalized to

control) with different inhibitors with a series of concentration were calculated

and the significant differences (p < 0.05) determined using PROC GLM

Procedure (SAS 9.1 for Windows; SAS Institute, Cary, NC). When significant

differences were found, multiple comparisons were performed using Tukey’s

studentized range HSD test at p < 0.05 level of significance.

RESULTS

QD Uptake is Determined by Surface Coatings

Figure 1 shows that only a few HEK internalized PEG (Fig.

1C) or PEG-amine (Fig. 1D) coated QD at 20nM, whereas

carboxylic coated (QD655-COOH) at 2nM were taken up in

greater amounts and localized around the periphery of the

nuclei at 24 h (Fig. 1A) but more agglomeration was noted

with the 20nM of QD655-COOH (Fig. 1B). Therefore, we

depicted a series of experiments to investigate the endocytic

mechanisms only with QD655-COOH due to the high

efficiency uptake with the carboxylic acid coating. TEM

was used to visualize the QD655-COOH (Referred as ‘‘QD’’
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until specified) subcellular localization in HEK at 24 h.

At 20nM, QD were found primarily around the periphery of

the nuclear membrane and in intracytoplasmic vacuoles

(Fig. 2A). The elliptical shape of the individual QD can be

visualized at higher magnification (Fig. 2B). QD in water

appeared normal, whereas QD in KGM-2 tend to stick along

the edge of the precipitated proteins at 24 h (Fig. 2C). In

addition, QD did not change in shape based on TEM when

incubated with serum free KGM-2 suggesting QD are stable

in the cell culture medium (Fig. 2C). Live CLSM was utilized

to observe the QD uptake until 8 h (data not shown). At

30 min, QD were distributed throughout the entire cytoplasm,

showing localization in the subcellular compartments and

forming punctate areas with weak fluorescence. Later, the

punctate fluorescence areas increased in intensity and

gradually formed around the periphery of the nuclei. Three-

dimensional images of QD internalization at 30 min are

shown as Supplementary Video 1. The fluorescence intensity

of QD associated with cells increased with time and became

saturated at 12 h quantitated by a spectrofluorometer. These

studies suggest the physicochemical parameters of QD may

affect nanoparticle uptake in cells, the precise mechanism of

QD endocytosis and internalization into the subcellular

organelles may require receptor recognition which is the

focused of the study.

QD were Recognized by Lipid Rafts

To investigate if QD uptake is mediated by clathrin or

caveolae, QD were incubated with HEK and stained with

clathrin and caveolin 1. Our study showed that caveolin 1,

a marker for caveolae, had slight colocalization with QD at 1 h,

whereas clathrin and the adaptor protein eps15 of clathrin did

not colocalize with QD at 1 h (Fig. 3A). In addition, QD were

coincubated with cholera toxin B (CTB, conjugated with Alexa

Fluor 488), a lipid raft marker. CTB colocalized with QD at 15

min (Fig. 3B), but colocalization decreased and showed greater

fluorescence with a punctate pattern at 30 min (Supplementary

Fig. 1) and 1 h (Fig. 3B). In addition, CTB and QD competed

with each other so that cells containing large amounts of QD

were not stained by CTB (Supplementary Fig. 1), suggesting

CTB and QD may occupy some of the same lipid raft sites on

the cell membrane.

FIG. 1. QD655 with different coatings in HEK. QD coated with carboxylic acid (COOH), PEG, PEG-amine (NH2) were incubated with HEK for 24 h. (A)

QD655-COOH at 2nM, note the punctate areas at the peripheral of the nucleus. The large agglomerates are indicated by an arrow. Z-stack analysis by CLSM

determined that the agglomerates were mainly on the surface of the cells. (B) QD655-COOH at 20nM shows clear large QD agglomerates at both poles of the

nuclei. (C) QD655-PEG at 20nM. The horseshoe pattern that fills most of the cytoplasm is evident. (D) QD655-NH2 at 20nM did not show QD in the cytoplasm

except some agglomerates (smaller than those of PGE-coated QD) were found on the surface of cells and determined by DIC and by Z-stack analysis.
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To further support the hypothesis that QD endocytosis is via

the lipid raft/caveolae pathway but not the clathrin dependent

pathway, cholesterol-depletion reagents such as methyl-b-

cyclodextrin (MbCD) and lovastatin, or clathrin endocytic

inhibitor CPM, were used. If QD fluorescence stability was

affected by some of the endocytic interfering agents (inhib-

itors), the cells were first pre-treated with the inhibitors for 1 h,

then treated with QD for 30 min (preincubation method). If QD

fluorescence stability was not affected by the inhibitors, then

the pretreated cells can be treated with QD and the inhibitors

together for 30 min to confirm if there was a continuous

inhibitory effect on the cells, and will be referred to as the

coincubation method. All cells were washed, suspended and

fixed for CLSM or FCM. The Supplementary Table 1 describes

the stability of QD influenced by the inhibitors in greater detail.

QD uptake inhibitory effects with all different inhibitors were

evaluated by FCM and the results showed in Supplementary

Table 2. Inhibitory effects of MbCD and lovastatin were seen

by CLSM (Fig. 3C); uptake of QD was reduced to 52.9% by

MbCD coincubation in a concentration-dependent manner

(Fig. 3D). In comparison, CPM did not inhibit QD uptake

(Supplementary Table 2). Therefore, lipid rafts may provide

a platform for the assembly of QD, receptors, adaptors, and

regulators as a signaling complex and may be joined with

caveolae/lipid raft but not clathrin.

QD Translocation into Endosomes

Internalized macromolecules are normally translocated via

endosome and lysosomes containing varying amounts of

hydrolases which often leads to rapid destruction and

degradation of macromolecules (Tjelle et al., 1996). After

QD were internalized into the cytoplasm of HEK, early

endosomes were formed via membrane invagination that

engulfed the QD, which was demonstrated by their colocaliza-

tion with an early endosome marker, EEA1 at 1 h;

colocalization gradually decreased with time and was not

present at 12 h (Fig. 4A). The early endosome acidification

slowly formed late endosome and lysosome that was

recognized by CD63 and LAMP1, respectively. QD did not

colocalize with CD63 at 1 h, whereas colocalization was found

FIG. 2. TEM of QD655-COOH in HEK for 24 h. (A) HEK depicting the localization of QD655-COOH (20nM) at the periphery of the nuclear membrane

(insert) and in cytoplasmic vacuoles (arrow). (B) Higher magnification of the insert in (A) showing individual QD (bottom left) and along the nuclear membrane

(arrow). (C) QDs were incubated in water or serum-free KGM-2 at 37�C for 24 h.
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at 6 h (data not shown) and 12 h, and the strongest colocalization

occurred at 24 h (Fig. 4B). Similar increase in QD colocaliza-

tions with LAMP1 was noted from 6 h to 24 h (Supplementary

Fig. 2). This suggests that QD were localized within late

endosomes or lysosomes. To further support this hypothesis,

endosome interfering reagents bafilomycin A1 (BMA1), chlo-

roquine (CRQ), and brefeldin A (BFA) were used. BMA1 and

CRQ can inhibit endosome acidification and thereby could serve

as potential inhibitors of QD uptake and their subsequent fusion

during late endosome formation (Seglen, 1983; van Weert et al.,
1995). BMA1 and CRQ slightly reduced QD uptake observed

with CLSM when coincubated with QD (Fig. 5A). The

inhibitory effect of CRQ on QD endocytosis was dose

dependent when evaluated by FCM (Fig. 5B). The slight

inhibitory effect did not occur with preincubation, suggesting

their role in post-uptake inhibition. Furthermore, the failure of

colocalization of QD and CD63 by BMA1 or CRQ at 6 h

prevented the uptake of QD in the late endosome (Supplemen-

tary Fig. 3). BFA interfered with endosome formation by

inducing tubulation of the Golgi complex, endosome and

lysosome membrane (Wagner et al., 1994). QD uptake was

inhibited by BFA as evaluated by FCM, and QD distribution

presented tubulated-liked pattern suggesting QD in endosome

tracking with trans-Golgi tubular network (Fig. 5A). BFA at 1.6,

4, and 10 lg/ml were able to attenuate QD uptake to the same

extent by FCM (79.1% for 1.6 lg/ml and 77.24% for 10 lg/ml

compared with control). The phenomenon that preincubation

and coincubation of BFA led to similar inhibitory effects

(Supplementary Table 2) illustrate that QD uptake inhibition by

subcellular organelles is sensitive and consistent. The pH value

in the endocytic compartments decreases from early endosomes

(5.9–6.0) to lysosomes (5.0–5.5) in Chinese hamster ovary cells

(Mukherjee et al., 1997). The pH in lysosomes can be as low as

4.5 (Asokan and Cho, 2002). We showed that QD were not

stable in PBS at pH 4.5–5 when evaluated by dynamic light

scattering (DLS) (Fig. 5C), suggesting the possible aggregation

of QD in late endosomes and lysosomes. Moreover, the zeta-

potential at pH 4.5 was �18 mV (Fig. 5D) (< �30 mV, stable),

FIG. 3. QD colocalization with caveolin 1, clathrin, eps15, or a lipid raft

marker. (A) HEKs were incubated with QD for 1 h and caveolin 1, clathrin, and

eps15 were stained. Top row, caveolin 1 staining and its minor colocalization

with QD. Middle row, clathrin staining depicting no colocalization with QD at

1 h. Bottom row, the clathrin adaptor protein, eps15 staining did not localize

with QD at 1 h. Scale bar ¼ 10 lm. (B) QD colocalization with lipid raft

(stained by Alexa Fluor 488 conjugated CTB) at 15 min and 1 h. Left column,

CTB-Alexa 488 staining (green); middle column, QD (red); right column,

overlay of CTB and QD (yellow). Scale bar ¼ 10 lm. (C) QD uptake inhibition

by MbCD or Lovastatin at 30 min. Nuclei are labeled with DAPI (blue). Scale

bar ¼ 10 lm. (D) QD uptake inhibitory effects by MbCD are dose dependent.

The QD fluorescence associated with cells was quantified by FCM. The

inhibition effects are shown as the fluorescence (percentage) relative to

controls. Mean ± SE are the average of duplicates (p < 0.05, Tukey HSD test).

Histogram with different letters (A, B, C, and D) denote mean values that are

statistically different at p < 0.05.
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which is typically a non-stable surface charge. Our colocaliza-

tion and QD stability studies at different pHs suggest that QD

could be stable and dispersed in early endosomes (near neutral

pH), but more aggregated and fused in late endosomes/

lysosomes due to the acidic pH.

Endosome and lysosome formation require microtubules to

form a network in the cytoplasm, whereas actin generates

forces to induce membrane invaginations (Cole and Lippincott-

Schwartz, 1995; Schafer, 2002). To evaluate the cytoskeletal

effects associated with QD endocytosis, we used four different

FIG. 4. QD colocalization with EEA1 or CD63. (A) EEA1 staining (green) of HEK with QD at 1 and 12 h. Note the QD distribution in HEK show a punctate

pattern at 1 h and a perinuclear pattern at 12 h. Scale bar ¼ 10 lm. (B) CD63 staining of HEK with QD at 1, 12, and 24 h. Scale bar ¼ 10 lm.
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filament interfering agents. CytD disrupted F-actin filaments

via actin depolymerization. However, the uptake of QD was

not inhibited but slightly induced, and QD localization in early

endosome was not affected (Fig. 6A). Y-27632, a specific

inhibitor of Rho-associated kinase (ROCK) that can inhibit

actin stress fiber formation (Katoh et al., 2001), did not inhibit

QD uptake and influence its initial localization in early

endosome (Fig. 6A). Genistein, a tyrosine kinase inhibitor that

inhibits actin recruitment in caveolae (Rejman et al., 2005) did

not inhibit QD uptake (Supplementary Table 2). Only

nocodazole, a microtubule inhibitor, was found to decrease

QD uptake and QD colocalization with EEA1 by CLSM

(Fig. 6B). With FCM, nocodazole showed a significant

reduction in QD uptake with a dose-dependent inhibitory

effect (Fig. 6C). These results suggest that QD endocytosis is

independent of F-actin and caveolae, but requires microtubules.

Regulation of QD Endocytosis by GPCR

To determine if a more specific endocytic pathway was

involved, another QD with three different surface coatings with

an emission of 565 nm was used as an inhibitor to investigate

whether QD uptake was receptor mediated. QD565 coated with

PEG, PEG-NH2, or COOH was preincubated with HEK at

4nM. One hour later, QD (QD655-COOH, same as previous

QD) was added to each of the three QD565 surface coatings for

30 min. As shown in Figure 7A, neither QD565-PEG nor

QD565-NH2 at 4nM inhibited QD uptake, whereas QD565-

COOH at 4, 10, and 25nM were capable of reducing the QD

uptake in a concentration-dependent manner. At the highest

concentration of 25nM of QD565-COOH, QD were internal-

ized slightly by HEK (7.88%), demonstrating that the surface

coating of the QD rather than the core/shell complex

determines QD uptake. These results suggest that a more

specific pathway may be involved in QD recognition and

internalization. Therefore, we investigated GPCR, a more

specific receptor-mediated endocytic pathway. GPCR belongs

to the largest family of membrane bound receptors and are

targets of many drugs, and could play a role in QD endocytosis.

We studied the effects of GPCR-related pathway using PTX,

CTX, U-73122, and SRP because they are inhibitor of Gai-

protein (G protein a subunit i family), Gat/s-protein activator,

inhibitor of phospholipase C (PLC), and the inhibitor of protein

kinase C (PKC) respectively. PTX but not CTX, reduced QD

uptake, whereas U-73122 strongly blocked QD uptake as

visualized by CLSM (Fig. 7B). QD inhibition by U-73122 was

dose dependent and showed a significant decrease to 42.3% at

10 lg/ml compared with controls (Fig. 7C). In comparison,

FIG. 5. QD uptake inhibition by endosome interfering reagents. (A) QD

uptake inhibition by endosome interfering reagents of BMA1, CRQ or BFA at

30 min and visualized by CLSM. Scale bar ¼ 10 lm. (B) Dose-dependent QD

uptake inhibitory effects with CRQ. The QD fluorescence associated with cells

was quantified by FCM compared with controls and the Mean ± SE are the

average of duplicates (p < 0.05, Tukey HSD test). Histogram with different

letters (A and B) denote mean values that are statistically different at p < 0.05.

(C) QD size in PBS at different pHs. Error bars ± SE, n ¼ 7. (D) QD zeta-

potential in PBS at different pHs. Error bars ± SE, n ¼ 7.

MECHANISM OF QUANTUM DOT NANOPARTICLE UPTAKE 145

84

Supplementary Table 2


FIG. 6. QD uptake inhibition by cytoflilament disruptions. (A) QD uptake inhibition by CytD and Y-27632. F-actin was stained by Bodipy FL phallacidin

(yellow, left column). Note that CytD and Y-27632 depolymerized F-actin. EEA1 as an early endosome marker is labeled (green). Scale bar ¼ 10 lm. (B) QD

uptake inhibition by nocodazole at 30 min. EEA1 staining (green) of HEK is shown. Scale bar ¼ 10 lm. (C) QD uptake inhibitory effects by nocodazole at

different concentrations. HEK were preincubated with nocodazole with indicated concentrations, and then QD applied to HEK for 30 min. QD fluorescence

associated with cells was quantified by FCM. Mean ± SE are the average of duplicates (p < 0.05, Tukey HSD Test). Histogram with different letters (A, B, and C)

denote mean values that are statistically different at p < 0.05.
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FIG. 7. QD uptake is receptor recognized and involved in GPCR-associated pathway. (A) QD655-COOH uptake inhibition with QD565 with different

coatings at 30 min. Mean ± SE are the average of duplicates (p < 0.05, Tukey HSD Test). Histogram with different letters (A, B, C, and D) denote mean values that

are statistically different at p < 0.05. (B) QD uptake inhibition by GPCR associated pathway inhibitors at 30 min. PTX, CTX, U-73122, and SRP are the inhibitor

of Gai-protein (G-protein a subunit i family), Gat/s-protein activator, inhibitor of phospholipase C (PLC), and the inhibitor of PKC, respectively. Scale bar ¼
10 lm. (C) Dose-dependent QD uptake inhibitory effects with U-73122. HEK were preincubated with indicated concentrations of U-73122 for 1 h, and then

incubated by 4nM of QD plus the inhibitor for 30 min. The QD fluorescence associated with cells was quantified by FCM compared with controls. Histogram with

different letters (A, B, and C) denote mean values that are statistically different at p < 0.05.
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SRP induced the QD uptake detected by FCM (125.9%,

Supplementary Table 2). However, the small increase in uptake

of the QD by SRP was probably due to an increase in large

amounts of QD agglomerates at the periphery of the cells when

visualized by CLSM but showing less fluorescence in the cell

cytoplasm compared with controls (Fig. 7B).

LDL/Scavenger Receptors in QD Uptake

These above results suggest QD endocytosis is regulated by

the GPCR-associated pathway and may be receptor-specific.

Recently, low-density lipoprotein receptors (LDLRs) were

found to induce PKC translocation to plasma membrane via

Gai protein (Heo et al., 2008). LDLR or scavenger receptors

(SRs) recognize and regulate LDL or acetylated low-density

lipoprotein (AcLDL) uptake. It has been determined that the

size of human LDL is 24–26 nm (Yamane et al., 1996). Our

study also showed that the hydrodynamic size of QD in KGM-

2 measured by DLS was 27.5 nm (Table 2), similar to the size

of LDL (28.2 nm) or AcLDL (28.1 nm), suggesting the

potential for SR/LDLR recognition for QD uptake. Scavenger

receptor class B type I (SR-BI) recognized the AcLDL, which

is negatively charged (Fukasawa et al., 1995) and is similar to

the QD used in this study (Fig. 5D). In addition, LDLR and

SC-BI are present in HEK (te Pas et al., 1991; Tsuruoka et al.,
2002). We hypothesized that LDLR and SR-BI may play a role

in QD endocytosis due to the similar size/charge of LDL/

AcLDL with QD, and the link with GPCR-associated proteins.

Therefore, the inhibitors of the SR such as polyI or FCD were

studied. Scavenger receptor inhibitors strongly reduced the

uptake of QD in CLSM (Fig. 8A). Inhibition by polyI and FCD

showed a strong inhibitory effect when evaluated by FCM

(Supplementary Table 2). We also used the LDL and AcLDL

which served as ligands for LDLR/SR to observe if they could

compete with QD and block QD uptake. LDL strongly reduced

the QD fluorescence in HEK, and AcLDL showed less

competition with QD in CLSM (Fig. 8A). The inhibitory

effects by both proteins were dose dependent, whereas BSA at

25 lg/ml served as the protein control and did not show any

inhibitory effect (Fig. 8B).

QD Uptake by Macropinocytosis and HEK Pathways

The macropinocytosis pathway was investigated by using

four inhibitors. The inhibitor 5-(N,N-dimethyl)-amiloride

(DMA) is a Naþ/Hþ exchanger that slightly reduced QD

uptake to 87.58% compared with controls, whereas QD

distribution by CLSM were similar to the controls. Phosphoi-

nositide 3-kinase (PI3K) is a key kinase for regulating

macropinocytosis and can be inhibited by Ly294002 (LY)

and wortmannin (WMN) (Araki et al., 1996). No inhibitory

effects were noted with either of these inhibitors. NaN3, which

was thought to play a preferable role in macropinocytosis

(Chen et al., 2006), inhibited the QD uptake by coincubation

(77.88%) but not by the preincubation method (Supplementary

Table 2). QD uptake reduction by NaN3 coincubation with QD

was probably due to QD degradation in the KGM-2 by NaN3

(Supplementary Table 1). These results suggest that macro-

pinocytosis is not involved in QD uptake pathways.

We also studied whether QD could be internalized into cells

via the melanosome-transfer pathway, which is specific for

HEK (Sharlow et al., 2000). Y-27632, TrpI, and NCM can

inhibit melanosome transfer into keratinocytes (Hakozaki et al.,
2002; Scott et al., 2003; Seiberg et al., 2000). However,

Y-27632, TrpI, and NCM did not inhibit QD uptake visualized

by CLSM and quantified by FCM (Supplementary Table 2).

QD Toxicity on HEK and the Cytoskeleton

The toxicity of QD should be considered as protein markers

in biomedical applications. Monteiro-Riviere et al. (2009)

showed that neither low (2nM) nor high (20nM) concentrations

of QD decrease HEK viability when evaluated by the cell titer

blue assay and cell titer 96 AQ assay (Promega Corp.,

Madison, WI) at 24 h. However, when using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay,

QD toxicity showed a statistically significant decrease at high

concentrations. In our study, the live/dead cell assay was used

to assess QD toxicity. After 24 h of QD (20nM) incubation, no

dead cells were noted but the morphology of HEK appeared

more spherical compared with controls, whereas at 48 h of

incubation slight cell death with EthD-1 staining (red) was

noted and calcein AM green staining was less compared with

controls (Fig. 9A). In addition, there was an increase in F-actin

stress fibers at 20nM of QD at 24 h (Fig. 9B), suggesting long

term incubation of QD can alter the cytoskeleton staining

pattern, which is different from cadmium toxicity that induces

F-actin depolymerization (Mills and Ferm, 1989). Although the

QD toxicity in HEK was low and dependent on the assay used,

the detectable F-actin change in morphology may alter the

structure of cells thereby compromising experimental results.

DISCUSSION

In summary, a figure of a cell is provided to illustrate the

potential pathways for the QD uptake mechanism (Fig. 10). This

indicates the inhibitors used and their effectors, and QD

intracellular localization and translocation within the cytoplasm.

The carboxylic QD are capable of internalizing into the cells

rather quickly and this endocytosis process could be dependent

on lipid rafts and the GPCR pathway (labeled in green). The

TABLE 2

The Size (nm) of QD, LDL, AcLDL in water or KGM-2

QD655-COOH LDL AcLDL

Water 21.94 ± 0.97 25.72 ± 0.6 27.56 ± 0.88

KGM-2 27.54 ± 0.13 28.24 ± 0.24 28.11 ± 0.26
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precise uptake mechanism for other nanomaterials or NP may

still be unknown but for QD655-COOH is primarily recognized

by the LDLR/SR-BI. Also, it is believed that the surface

coatings and charge could be the key determinant for NP to be

recognized by certain receptor(s). Carboxylic acid–coated QD

with different emission wavelengths can be conjugated with

active molecules to target specific proteins in cells. It has been

thought that only the surface conjugations of peptide/antibody/

RNA determined the endocytic pathways. However, there is

concern that if this conjugation is not efficient, the ability of QD

to penetrate cells and nanoparticle targeting may be influenced

by the unconjugated areas or the surface coating itself. In

addition, due to the cytotoxicity seen and the increase in F-actin

stress fibers by QD, suggest that QD may not be ideal to target

proteins in live cells for long-term use.

Most of the protein/macromolecule endocytosis depends on

clathrin-mediated endocytosis, in which the adaptor proteins

(AP-2 and eps15) are required for clathrin pit formation

(Benmerah et al., 1998; Tebar et al., 1996). Several types of

NP such as SPION (FITC labeled, 50 nm) and PEG-PLA of

~90 nm have been shown to enter cells via this pathway

(Harush-Frenkel et al., 2008; Lu et al., 2007). Our results

clearly show that QD uptake was clathrin independent based on

the following reasons: (1) no colocalization was found between

QD and clathrin at 1 h; (2) staining of eps15, a clathrin adaptor

protein (Sieczkarski and Whittaker, 2002), did not colocalize

with QD; (3) CPM, a cationic amphiphilic drug used to prevent

clathrin-mediated virus endocytosis by disrupting the assembly

of the clathrin pits on the cell surface (Stuart and Brown, 2006;

Wang et al., 1993), did not inhibit QD endocytosis. Instead,

QD colocalized partially with caveolin 1 and the uptake was

sensitive to cholesterol removal reagents such as MbCD and

lovastatin (Fig. 3C). Clathrin pits are 120 nm in size, whereas

caveolae are smaller ~60 nm in size (Conner and Schmid,

2003). The well-dispersed QD in KGM-2 cell medium may be

recognized partially by caveolae due to its smaller size that

FIG. 8. Scavenger receptor are involved in QD uptake. (A) QD uptake inhibition by scavenger receptor inhibitors of polyI and FCD, or receptor ligands of

LDL and AcLDL, and were present by CLSM. (B) QD uptake inhibitory effects by receptor ligands (LDL or AcLDL) and bovine serum albumin (BSA) control.

Mean ± SE are the average of duplicates (p < 0.05, Tukey HSD Test). *Indicates statistically significant difference from control.
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may wrap the individual QD tightly. The minor colocalization

of QD with caveolin 1, and the slow internalization of caveolae

(Conner and Schmid, 2003), indicate the QD uptake may be

regulated via caveolae partially participated through cholesterol

dependent routes. Therefore, lipid rafts mediated endocytosis

was taken into account. Raft mediated endocytosis can lead to

rapid ligand uptake that can be restored within 30 min after

a change of environment (Damke et al., 1995). Our negatively

charged QD rapidly became internalized into HEK at 5 min,

suggesting a raft mediated pathway involvement. CTB is

a nontoxic cell-binding moiety that interacts with gangliosides

GM1 on the surfaces of mammalian cells, and its conjugation

with different types of fluorochromes was used as a marker for

lipid rafts (Harder et al., 1998; Janes et al., 1999; Wang et al.,

FIG. 9. QD present minor but long-term cytotoxicity. (A) QD cytotoxicity evaluated by Live/Dead assay. HEK were incubated with 20nM of QD for 24 and

48 h. The cells were incubated with 1lM calcein AM/2lM EthD-1 for 30 min. The fluorescence of calcein AM (green, left column), EthD-1 (red, second column),

overlay (third column), and DIC mode (fourth column) are shown. Scale bar ¼ 50 lm.
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2006). QD were found to colocalize with CTB at the cell

periphery by 15 min and in the cytoplasm by 30 min,

suggesting the QD uptake pathway is mediated by lipid rafts

(Fig. 3B). It has been reported that positively charged particles

can internalize into cells via the clathrin-mediated pathway.

Positive charged mesoporous silica NP of 110 nm were taken

up by 3T3-L1 mouse embryonic cells and hMSC via clathrin

and actin dependent endocytosis (Chung et al., 2007). Also,

positively charged D,L-PLA-NP was found to enter Hela cells

via clathrin-mediated endocytosis (Harush-Frenkel et al.,
2007). Our laboratory has shown that the carboxylic acid–

coated QD565 were present in greater number than QD655 in

HEK. However, our results depicted that the negatively

charged QD uptake was lipid raft mediated, which is different

from the uptake of positively charged NP that are clathrin

dependent.. However, the exact relationship between NP

surface charges and pathways (clathrin or caveolae) is

unknown and needs further clarification.

Little is known whether NP can be recognized and

internalized by specific cell membrane receptors that behave

similar to receptor bound ligands and some viruses. GPCR are

the largest family of membrane bound receptors and can be

coupled to the activation of phospholipase Cb (PLC-b), which

can increase calcium concentration and PKC activation,

through G proteins of the aq family (G-aq) (Dorsam and

Gutkind, 2007), whereas Gbc subunit released from Gai/o can

also activate PLCb (Rebecchi and Pentyala, 2000). QD uptake

was attenuated by PTX, Gai inhibitor, and by U-73122, a PLC

inhibitor, suggesting the role of Gi protein and its downstream

effector phospholipase in regulating QD uptake. SRP is

a microbial alkaloid with activity against a variety of protein

kinases, including PKC and PKA (Swannie and Kaye, 2002).

SRP did not show the inhibition of cell-associated QD uptake

evaluated by FCM, but QD accumulation with a large amount

was seen along the periphery of the cell membrane but not in

the cytoplasm (Fig. 7B). PKC regulates the internalization and

trafficking of numerous plasma membrane proteins, and

sequesters caveolin to the pericentrion, the juxtanuclear

compartments (Idkowiak-Baldys et al., 2006). Thus, PKC

activity disruption may block QD movement to perinuclear

FIG. 10. QD nanoparticle endocytic pathway. QD uptake mechanism and subcellular localization with 24 inhibitors with different inhibitory functions and

protein markers for organelles. Lipid rafts, caveolin 1, clathrin, early endosome, late lysosomes are stained (teal). Inhibitors are located near the targets where they

exert their functions. Inhibitory effects are labeled in green, whereas no inhibitory effects are labeled in black. Briefly, QD were first recognized by lipid rafts (CTX

as marker, which binds to ganglioside GM1) and get internalized into early endosome (EEA1 as the marker), then localized in late endosome (CD63) and remained

in the lysosome (LAMP1). QD uptake was through the GPCR and the downstream proteins regulated by Gi protein, PLC, and PKC. These inhibitors blocked QD

uptake, indicating QD endocytosis may be recognized by specific receptors. The inhibitors for scavenger receptors (polyI and FCD) greatly blocked QD. LDL/

AcLDL competed with QD and reduced QD internalization suggesting that LDLR/SR-BI may be the most appropriate receptors of QD uptake.
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compartments, thereby leads to QD accumulation near the

periphery of the cells that could be similar to the adenovirus

after PKC inhibition (Nakano et al., 2000).

Based on the finding that QD uptake was regulated by

several key proteins in GPCR-associated pathways, we

hypothesized that QD internalization may require a specific

pathway. Studies have reported that acetylated and oxidized

LDL NP uptake by macrophages was class A scavenger

receptor mediated and PTX-sensitive (Chang et al., 2008;

Whitman et al., 2000). Oxidized LDL was capable of inhibiting

hepatitis C virus entry in human hepatoma cells and SR-BI is

an essential component of the receptor complex for the virus

(von Hahn et al., 2006). SR-BI recognized the acetylated

low-density lipoproteins (AcLDL) and phosphatidylserine-

containing liposomes (PS-liposomes), which are both nega-

tively charged (Fukasawa et al., 1995, 1996). In addition, LDL

was later localizing in endosome-lysosomal compartments

(Maxfied and Wüstner, 2002). LDLR and SC-BI are present in

HEK (Ponec et al., 1992; Tsuruoka et al., 2002), whereas

CD36, another type of SC-B, was not expressed in normal

HEK (Alessio et al., 1998) and SC-A expression was not

reported. Inhibitors of SR (polyI and FCD) and receptor

ligands (LDL or AcLDL) significantly blocked QD uptake

(Fig. 8A), suggesting the LDL/SR pathway was strongly

involved in QD uptake. The fact that QD could be recognized

by LDLR/SR, lipid raft dependent and GPCR pathway

regulated, indicated that QD uptake may differ from the uptake

mechanism of other larger NP, that normally occurs through

the clathrin mediated pathway, or macropinocytosis primarily

if the NP is greater than 200 nm (Harush-Frenkel et al., 2007;

Khalil et al., 2007).

HEK are skin cells which are involved in melanosome

uptake pathway via the phagocytosis pathway, which is mainly

regulated by PAR-2, a member of GPCR (Sharlow et al.,
2000). Receptors that transmit signals through heterotrimeric G

proteins activate Rho-dependent pathways through a variety of

signaling intermediates (Fukuhara et al., 1999). Further, PAR-1

receptor signaling has been linked to Rho through the

pertussis-toxin insensitive G12a family of proteins (Majumdar

et al., 1998; Martin et al., 2001). Phagocytosis is Rho protein

dependent and can be blocked by difficile toxin B or Y-27632,

inhibitors of Rho or its kinase (Scott et al., 2003). Serine

protease inhibitors that interfere with PAR-2 activation, such as

the soybean TrpI, induced depigmentation of the skin (Seiberg

et al., 2000). In addition, NCM is a biologically active form of

niacin (vitamin B3) that effectively inhibits melanosome

transfer in melanocyte-keratinocyte co-culture model system

(Hakozaki et al., 2002). However, Y-27632, TrpI, and NCM

did not block the QD uptake, indicating that the melanosome-

transfer like independent pathways were not involved in NP

endocytosis.

QD could internalize in cells like some virus particles because

they are similar in size. Beer and Pedersen (2006) found that

NIH3T3 cells took up amphotropic murine leukemia virus by

attaching to large rafts where the caveolin 1 was not enriched,

which is similar to the QD endocytic pathway. Therefore, it

would be of interest to compare the endocytic pathways of this

virus to that of the QD pathways presented in this paper to

determine a possible linkage between the ‘‘lifeless’’ and living

matters. However, the leukemia virus is 110 nm, which is

different from our QD, which was 27 nm in the culture medium.

Small round viruses of 18–24 nm (Saif et al., 1990), picorna-like

virus of 30 nm (Wang et al., 1999), and M. rosenbergii
nodavirus of 30 nm (Arcier et al., 1999), could follow the same

mechanistic pathways as our QD due to size.

Finally, we cannot generalize that all NP will follow these

pathways or even state that all negatively charge NP will be

involved in these specific pathways. The data reported here

does indicate that cellular internalization can be prevented

using different endocytic inhibitory agents. Also, we have

shown that QD655 with a carboxylic acid coating is regulated

primarily by the LDLR/SR pathway and the G-protein–coupled

receptor associated pathway is also involved. This study

provides insight that the surface charge and size are

determinant factors that may play a major role in understanding

the cellular mechanism of QD NP uptake in cells.
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Supplementary figures and legends 
 

 

 

 

 

 
Supplementary Figure 1. QD co-localization with lipid rafts. QD co-localized with cholera toxin B (CTB, 
conjugated with Alexa Fluor 488), a lipid raft marker at 30 min (upper row). CTB in some cells also 
competed with QD to exclude QD access, or vice versa (bottom row). Left column, Alexa Fluor 488 
staining showing lipid raft marker (green); Middle column, QD fluorescence (red); right column, overlay 
of protein markers and QD (yellow). Scale bar=10 μm.  
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Supplementary Figure 2. QD co-localization with LAMP1 (lysosome marker) at 1 h, 12 h and 24 h. HEK 
were incubated with QD and stained with LAMP1. Increase magnification of a cell with high overlap 
between QD and LAMP1 at 24h (bottom row). Scale bar=10 μm. 
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Supplementary Figure 3. BMA1 and CRQ prevented QD localization in late endosome. HEK were pre-
incubated with BMA1 or CRQ for 1 h, and then co-incubated by 4 nM of QD with the inhibitor at the 
same concentration for 6 h. HEK were stained with CD63 and observed in CLSM. Scale bar=10 μm. 
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Supplementary Methods 
 
QD stability by inhibitors. The potential inhibitors and their effects on cells together with 
the concentration used in this study are listed in Table 1, and can be classified as cytoskeleton 
interfering, caveolae/lipid rafts, clathrin, melanosome transfer mediated, ATP, 
macropinocytosis, GPCR related, endosome interfering, or scavenger receptor/LDLR related 
reagents. Three concentrations were used for some inhibitors to examine their dose 
dependent inhibition effects. Before inhibitors were applied to HEK, their influence on QD 
stability was quantified by co-incubation with QD. Briefly, QD at 4 nM were mixed with 
inhibitors and incubated at 37ºC, fluorescence was detected with a spectrofluorometer, the 
data collected and normalized to control (without inhibitors) and indicated in QD stability 1, 
Supplementary Table 1. In addition, QD stability may also be influenced by inhibitors in the 
cell culture system. The fluorescence was measured at 0.5 h (similar to above) except that 
HEK were seeded in the wells (QD stability 2, Supplementary Table 1). The stability 
obtained from the above two experiments were compared to each other to determine if the 
inhibition effects are reliable when co-incubation of the inhibitor with QD were applied to 
HEK. 
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Supplementary Tables 
 Supplementary Table 1. QD fluorescence stability with inhibitors at 30 min. QD Stability 1: QD at 4 
nM containing the individual inhibitor at indicated concentration in KGM-2 were incubated at 37 °C. The 
stability was calculated relative to control (QD in KGM-2 without inhibitors, set as 100%). This table only 
shows the results at 30 min (QD stability 1). QD stability 2: HEK were incubated with QD at 4nM with 
individual inhibitor and, the overall fluorescence in KGM-2 relative to control was measured at 30 min. 
Pre-incubation: HEK were pre-incubated with each inhibitors for 1 h. The medium containing the 
inhibitors in HEK was aspirated, and then treated with QD alone to the cells for 30 min. Co-incubation: 
HEK were also pre-incubated with the inhibitors for 1 h, then incubated with QD and the inhibitors for 30 
min to see the effects of inhibitors continuous inhibition on the cells. If the data for “QD stability 2” varied 
greatly from control (<~95%), the decrease of the QD uptake could be probably due to the overall 
fluorescence decrease by inhibitors and HEK. If the QD fluorescence is not stable by an inhibitor, the co-
incubation method will be not “reliable” since the decreased QD uptake could be due to QD overall 
fluorescence decrease by inhibitors. The “reliable” inhibition effects are marked by “√”. SE: standard error. 
n=3. 
 

Supplementary Table 1. QD fluorescence stability with inhibitors at 30 min 
Name QD stability 1 (%) ±SE QD stability 2 (%) ±SE Pre-incubation Co-incubation 

Nocodazole 84.18  1.81 88.07  0.06 √   
CytD 96.89  3.11 95.96  0.44 √ √ 
M�CD 86.71  1.61 96.99  0.97 √ √ 
Lovastatin 102.81  2.38 107.20  0.41 √ √ 
DMA 73.05  0.81 91.43  1.92 √   
WMN 97.16  1.73 98.32  0.08 √ √ 
LY 101.75  0.06 94.98  0.13 √ √ 
PTX 101.74  0.17 102.35  1.17 √ √ 
CTX 99.95  2.09 95.93  0.92 √ √  
U-73122 100.20  0.45 74.75  0.43 √   
SRP 104.64  0.00 103.77  0.57 √ √ 
BMA1 109.70  0.49 97.65  0.46 √ √ 
CRQ 98.22  0.49 98.89  1.21 √ √ 
Y-27632 92.53  0.42 101.44  0.38 √ √ 
TrpI 100.36  0.56 53.37  1.17 √   
NCM 94.55  1.91 97.39  0.81 √ √ 
Genistein 69.75  0.98 69.06  0.67 √   
CPM 101.02  2.07 105.03  0.47 √ √ 
NaN3 97.62  1.19 91.96  0.43 √   
BFA 104.51  1.02 104.64  0.18 √ √ 
PolyI 95.74  1.18 98.61  1.56 √ √ 
FCD 99.14  0.55 97.58  0.86 √ √ 
LDL 108.97  0.92 105.07  1.00 √ √ 
AcLDL 109.02  0.62 102.53  0.60 √ √ 

99



 
Supplementary Table 2. QD uptake inhibitory effects with different inhibitors. Cells were incubated 
with QD with/without inhibitors were suspended in the HBSS for FCM. The calculation for the inhibitory 
effects was depicted in the Supplementary Methods. Reliable by pre-incubation (pre) or co-incubation (co) 
was marked by “√” (Supplementary Table 1). The underline of “√” indicates the inhibitory effects are 
shown by confocal images in Figures or Supplementary Figures. FCM-pre: inhibition effects by pre-
incubation method and evaluated by FCM. FCM-co: inhibitory effects by the co-incubation method and 
evaluated by FCM. SE: standard error of duplicates. Samples were also observed by CLSM, the 
fluorescence decrease/increase (compared to control) were defined as the following: fluorescence deceased 
strongly (-3); fluorescence decreased mildly (-2); fluorescence decreased slightly (-1); no change (0); 
fluorescence increased slightly (+1). Although this method was subjective, it is based on the investigator’s 
experience with the amount of the fluorescence intensity within the field.  
*Small increase in QD uptake by SRP was detected by FCM probably due to large amounts of QD 
agglomeration at the periphery of the cells, while less fluorescence was seen in the cell cytoplasm 
compared to controls by CLSM (Fig. 7B). 
 
 

Name pre/co FCM-pre ±SE Confocal-pre FCM-co ±SE Cofocal-co 
Nocodazole √ 64.10 0.30 -3     
CytD √ / √ 113.62 2.87 +1 119.42 2.02 +1 
MβCD √ / √ 89.21 0.22 -1 52.90 0.14 -3 
Lovastatin √ / √ 79.56 6.46 -1 67.76 3.29 -2 
DMA √ 87.58 5.40 -1     
WMN √ / √ 115.46 3.90 0 105.15 1.67 0 
Ly  √ / √ 94.45 2.29 0 88.35 3.89 0 
PTX √ / √ 87.37 0.28 -2 81.36 10.55 -2 
CTX √ / √ 106.29 8.21 0 92.99 5.15 0  
U-73122 √ 42.44 4.38 -3     
SRP √ / √ 125.94 4.45 -1 127.70 8.39 -1* 
BMA1 √ / √ 101.22 3.18 0 81.82 1.04 -1 
CRQ √ / √ 97.68 1.27 -1 78.23 2.95 -1 
Y-27632 √ / √ 131.11 3.45 +1 122.75 5.54 +1 
TrpI √ 103.30 0.17 +1     
NCM √ / √ 103.84 0.00 0 107.01 3.38 +1 
Genistein √ 99.37 1.40 0     
CPM √ / √ 104.16 0.61 0 91.19 3.25 -1 
NaN3 √ 99.12 6.72 0 77.88 2.20 -1 
BFA √ / √ 82.57 0.01 -3 77.24 1.67 -2 
PolyI √ / √ 36.36 0.15 -3 28.53 0.96 -3 
FCD √ / √ 34.49 0.22 -3 24.18 1.46 -3 
LDL √ / √ 106.72 2.19 0 50.08 1.23 -2 
AcLDL √ / √ 86.94 6.78 -1 87.05 9.09 -2 
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a b s t r a c t

Derivatized fullerenes could be used in biomedical applications and be suitable vectors for drug delivery
due to their small size, large surface area and solubility. However, the interactions of derivatized fullerenes
with biological systems and cells are not well understood. A water-soluble fullerene-substituted pheny-
lalanine (Bucky amino acid, Baa) poly-lysine derivative with a FITC label (Baa-Lys(FITC)-(Lys)8-OH) was
characterized by dynamic light scattering, transmission electron microscopy with negative staining, gel
electrophoresis, zeta-potential, and UV/vis spectroscopy. Viability assays depicted the cytotoxicity was
time, concentration and assay dependent. A decrease in ATP and glutathione at the high concentrations
Endocytosis
Cytotoxicity
Human epidermal keratinocytes
Cellular uptake
Nanoparticle

suggests that reactive oxygen species may be involved. Baa-Lys(FITC)-(Lys)8-OH was present near the
cell membrane at 15 min and entered into the cytoplasm by 30 min but did not localize in the lyso-
somes. Endocytic inhibitors were used to investigate the uptake mechanism. These results showed that
the endocytic pathways could be mediated by caveolae/lipid rafts and cytoskeletal components. A scav-
enger receptor inhibitor completely blocked the uptake of Baa-Lys(FITC)-(Lys)8-OH, suggesting a specific
endocytic pathway was strongly involved in Baa-Lys(FITC)-(Lys)8-OH cellular uptake.

© 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Fullerenes have great potential in biomedical applications due
to their anti-HIV activities, scavenging of reactive oxygen species
and free radicals, antitumor effects and other applications (Bosi
et al., 2003; Durdagi et al., 2009). However, fullerenes and their
derivatives have been shown to be toxic. Study with fullerenes
in murine and human macrophages suggested slight toxicity
(Fiorito et al., 2006), although the work did not indicate if the
fullerenes aggregated in water or in the culture medium. The
aggregation of carbon-based nanoparticles (NP) makes it difficult
to study their cytotoxicity in vitro (Monteiro-Riviere and Inman,
2006). Monteiro-Riviere et al. (2009) depicted the adsorption of
several viability dyes by nonsoluble carbon-based NP, thereby
overestimating or underestimating NP cytotoxicity. Even some
functionalized carbon NP are soluble in water but may form aggre-
gates in media over time and adsorb proteins in the medium, such
as cytokines released from the cells (Zhang et al., 2007). Since
fullerenes are not easily dispersed in water, they must be stirred in
water for two months to be water-soluble (Oberdörster et al., 2006).
In addition, the solvent tetrahydrofuran (THF) has been utilized to
prepare stable fullerene suspensions in water by solvent evapo-
∗ Corresponding author. Tel.: +1 919 513 6426; fax: +1 919 513 6358.
E-mail address: Nancy Monteiro@ncsu.edu (N.A. Monteiro-Riviere).
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tion (Alargova et al., 2001). The stable C60 suspension induces
enotoxicity as a result of DNA damage in human lymphocytes

hawan et al., 2006). Fullerene solutions may also be toxic to
uman dermal fibroblasts or mouse fibrosarcoma cells by generat-
g reactive oxygen species (ROS) thereby inducing cell membrane

amage, lipid peroxidation and cell death, while water-soluble
olyhydroxylated fullerene has less toxicity (Sayes et al., 2004;
man et al., 2006; Isakovic et al., 2006). Hydroxylated fullerenes

60(OH)24 have been shown to be toxic to vascular endothelial cells
nd induces phototoxicity in HaCaT keratinocytes, an immortal-
ed human epidermal cell line (Yamawaki and Iwai, 2006; Zhao

t al., 2008). Cytotoxicity studies conducted with fullerenes sug-
est a strong interaction between fullerenes and cells. However,
e exact endocytic mechanism of how fullerenes enter into cells
mains unknown. The process of how cells recognize fullerenes

nd the mechanism of cellular uptake is the subject of this study.
Fullerenes can be functionalized with amino acids, such as a

llerene-substituted phenylalanine (Baa) (Yang and Barron, 2004;
ang et al., 2007a). Previously, we have shown that the insoluble
aa exposed to human epidermal keratinocytes (HEK) caused min-

al toxicity at concentrations less than 40 �g/ml (Rouse et al.,
006). Since Baa-functionalized peptides are sufficiently dispersed
water, we investigated the cytotoxicity of a fullerene-substituted

oly-lysine derivative of a peptide with a FITC label (Baa-Lys(FITC)-
ys)8-OH) based on absorbance, fluorescence and luminescence

ssays. In addition, we evaluated glutathione levels and ATP

dx.doi.org/10.1016/j.toxlet.2009.08.017
http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:Nancy_Monteiro@ncsu.edu
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logy Let

-
f
e
-
e
-

e
-
e

l
l

-
s
-
S

e
s
t

d
-
r
-

s
%
ll
ll
,
-
,

8

:
f
s
e
r

s
e
o

l
a
d

-

d

f
v

c
P

2

c
c
f
w
a
i
o
a
g
n

2
i

e
fl
i
o

2

t
s
B
n
m
B

2

i
f
S
i
s

3

3

The synthesis of Baa followed by poly-lysine derivatization has
been reported (Yang and Barron, 2004; Yang et al., 2007a). The

Fig. 1. Structure of Baa-Lys(FITC)-(Lys)8-OH showing the special relationship
between the C60, poly-lysine peptide and the FITC residues.
150 L.W. Zhang et al. / Toxico

levels in HEK by Baa-Lys(FITC)-(Lys)8-OH to explore whether reac
tive oxygen species (ROS) were involved in the mechanism o
toxicity. Using a fluorescein isothiocyanate (FITC) labeled fulleren
allowed us to observe Baa-Lys(FITC)-(Lys)8-OH within cells by flu
orescence microscopy. Previously, functionalized fullerenes can b
localized in HEK (Rouse et al., 2006) which is a human epider
mal cell line and in an immortalized human embryonic kidney
epithelial cell line (HEK-293) (Yang et al., 2007b). Others hav
shown that a photosensitizer-derivatized fullerene can be local
ized in human T-lymphocytes (Rancan et al., 2007). However, th
precise mechanism of fullerene endocytic pathways has not been
fully investigated. Several endocytic inhibitors were used to revea
the cationic peptide derivatized Baa uptake pathways in a HEK cel
line. It is important to know the exact endocytic mechanism and
to assess the toxicity so that derivatized fullerenes may be used in
drug delivery studies.

2. Methods

The chemical structure and the synthesis steps for the Baa-Lys(FITC)-(Lys)8

OH may be found in the Supplementary material. Baa-Lys(FITC)-(Lys)8-OH wa
dissolved in water as a stock solution (2.5 mg/ml). The hydrodynamic size and sur
face charge of Baa-Lys(FITC)-(Lys)8-OH was evaluated with a Zeta-sizer Nano-Z
(Malvern Instruments Inc., Worcestershire, UK).

2.1. UV–vis spectroscopy

Baa-Lys(FITC)-(Lys)8-OH aqueous solution was transferred to a quartz cuvett
and the absorbance read at intervals from 300 to 700 nm on a Spectronic Genesy
5 UV–vis spectrophotometer (Thermo-Fisher Scientific, Waltham, MA). nC60 (Xia e
al., 2006) and FITC was also evaluated and used as a control.

2.2. Negative staining

Baa-Lys(FITC)-(Lys)8-OH (10 �l) was pipetted onto the formvar-coated grid an
dried for 1 min on filter paper to absorb the excess Baa-Lys(FITC)-(Lys)8-OH. Baa
Lys(FITC)-(Lys)8-OH was stained with 8 �l of aqueous 2% phosphotungstic acid fo
30 s, air-dried for 30 min, and then viewed on a Philips EM208S transmission elec
tron microscope.

2.3. Viability assays

Neonatal HEK (Lonza Corp, Walkersville, MD) were seeded in cell culture flask
(75 cm2; ∼500,000 cells) and grown to 80% confluency at 37 ◦C in a humidified 5
CO2 environment. HEK were harvested by trypsinization and plated into 96-we
culture plates (0.32 cm2 growth area) at approximately 12,500 cells/100 �l per we
and grown in a humidified environment of 5% CO2. Upon reaching 70% confluency
the cells were exposed to keratinocyte growth medium 2 (KGM-2) containing Baa
Lys(FITC)-(Lys)8-OH from the stock solution at four different concentrations, 6.25
12.5, 25 and 50 �g/ml, as well as KGM-2 alone which served as the control for 2,
and/or 24 h.

2.3.1. MTT assay
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

HEK were incubated with 200 �l of 0.5 mg/ml MTT for 3 h and rinsed with 200 �l o
Hank’s Buffered Salt Solution (HBSS) for 2 min, and 100 �l of 70% isopropanol wa
added to each well and incubated for 40 min on a rotating platform to dissolve th
MTT. Microplates were read at 550 nm in a Multiskan microplate spectrophotomete
(Thermo LabSystems, Milford, MA) equipped with Ascent Software (version 2.6).

2.3.2. CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)
The medium (100 �l) containing Baa-Lys(FITC)-(Lys)8-OH in 96-well plates wa

added with 20 �l of 96AQ for each well and incubated for 3 h and the absorbanc
at 450 nm was quantified with a Multiskan microplate spectrophotometer (Therm
LabSystems, Milford, MA) equipped with Ascent Software (version 2.6).

2.3.3. CellTiter-Blue® assay (CTB)
CTB solution (20 �l) was added to each well containing the samples in 100 �

of medium and incubated for 3 h. The fluorescence was quantitated on a Spectr
Max Gemini EM spectrophotometer with an excitation wavelength of 560 nm an
an emission wavelength of 590 nm.

2.3.4. CytoTox-GloTM cytotoxicity assay (CTGC)
The assay reagent of 50 �l was added to the wells for 15 min at room tem

perature. The luminescence (L1) was measured by a Spectra Max Gemini EM
spectrophotometer. Lysis reagent of 50 �l was added to wells, mixed and incubate
103
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or another 15 min and the luminescence (L2) was measured. The luminescence for
iable cells was equal to total L2 minus L1.

The absorbance, fluorescence or luminescent values were normalized by the
ontrols and expressed as percent viability. All the assays were purchased from
romega Corp. (Madison, WI).

.4. Sample preparation for flow cytometry

HEK were seeded in 24-well plates and the inhibitors were pre-dosed in the
ell culture for 1 h. The endocytic inhibitors such as methyl-�-cyclodextrin (M�CD),
hlorpromazine (CPM), cytochalasin D (CytD), sodium azide (NaN3), nocodazole, and
uicodan (FCD) were used. The cells were dosed with the Baa-Lys(FITC)-(Lys)8-OH
ith and without inhibitors for another 1 h. Cells were washed in HBSS, suspended

nd neutralized by trypsin–EDTA, centrifuged and resuspended, fixed and analyzed
n BD FACScanTM Flow Cytometer (BD Science, San Jose, CA) with 10,000 cells gated
n the basis of forward and side scatter. A 488 nm laser was used to excite the QD
nd the data stored and processed using CellQuest Pro software (San Jose, CA). The
ated line separates the HEK with high fluorescent intensities from the cells in the
egative control that were not treated with Baa-Lys(FITC)-(Lys)8-OH.

.5. Quantification for Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effects by the
nhibitors

The inhibition effects were calculated using the following formula: inhibitory
ffects = (mean fluorescence intensity for inhibitor sample × % gated of HEK − mean
uorescence intensity for cell only sample × % gated of HEK)/(mean fluorescence

ntensity for control sample × % gated of HEK − mean fluorescence intensity for cell
nly sample × % gated of HEK).

.6. Confocal laser scanning microscopy (CLSM) and fluorescence microscopy

All samples were analyzed on a Leica TCS SP1 confocal laser scanner interfaced
o an inverted Leica IMBE microscope 40× plan apochromat objective. The micro-
cope was equipped with a confocal differential interference contrast (DIC) system.
aa-Lys(FITC)-(Lys)8-OH was excited with argon laser (488 nm) with emission chan-
els of 510–540 nm. Images were also captured on an Olympus X71 fluorescence
icroscope (Olympus, Tokyo, Japan) with Image Pro Plus (Media Cybernetics Inc.,

ethesda, MD).

.7. Statistical analysis

The mean values of inhibition effects (normalized to control) with different
nhibitors and a series of concentrations were calculated and the significant dif-
erences (p < 0.05) determined using PROC GLM Procedure (SAS 9.1 for Windows;
AS Institute, Cary, NC). When significant differences were found, multiple compar-
sons were performed using Tukey’s Studentized Range HSD test at p < 0.05 level of
ignificance.

. Results and discussion

.1. Baa-Lys(FITC)-(Lys)8-OH

dx.doi.org/10.1016/j.toxlet.2009.08.017
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structure of Baa-Lys(FITC)-(Lys)8-OH (Fig. 1) depicts the relation-
ship between the C60, poly-lysine peptides and FITC residues. Due
to the small size of the fullerenes, the samples were performed at

relative high concentrations enabling sufficient signals for dynamic
light scattering (DLS). At the 2.5 mg/ml, the Baa-Lys(FITC)-(Lys)8-
OH was orange but transparent when placed in water. The sample
exhibited two peaks by DLS with a Zeta-sizer Nano-ZS (Malvern
Instruments Inc., Worcestershire, UK) (Fig. 2a). The size distri-
bution by intensity showed a small peak of 6.99 ± 1.22 nm that
extended asymmetrically to ∼25 nm, while another peak was
shown at 189.2 ± 16.2 nm suggesting possible aggregates. The

T
la
H
th
la
in
fo
p

Fig. 2. Hydrodynamic sizes, TEM, and UV/vis spectrum of Baa-Lys(FITC)-(Lys)8-OH. (a) Hydr
(lower panel) in water (green) and cell culture medium (red). (b) Negative staining of Baa-Ly
while Baa-Lys(FITC)-(Lys)8-OH was transparent. The right panel is the inverse of the left,
Lys(FITC)-(Lys)8-OH (blue), and FITC (green) in aqueous solution. (For interpretation of the
of the article.)
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alue of 6.99 nm was similar to the reported size of C60(OH)24
.1 ± 2.4 nm by DLS (Yamawaki and Iwai, 2006). The size of the Baa-
ys(FITC)-(Lys)8-OH at 2.5 mg/ml was also evaluated in the KGM-2.

he small peak increased to 8.37 ± 0.11 nm and was sharper, with
rge aggregates 211.8 ± 16.0 nm compared to the water peaks.
owever, when the size distributions were presented by volume,
e small peak composed more than 99.9% of the volume and the
rge aggregates less than 0.1%, indicating most of the NP were small
size. Interestingly, Baa-Lys(FITC)-(Lys)8-OH was not observed on
rmvar-coated grids by transmission electron microscopy (TEM),

robably due to the low electron-density of the fullerene and

odynamic sizes of Baa-Lys(FITC)-(Lys)8-OH by intensity (upper panel) and volume
s(FITC)-(Lys)8-OH. Phosphotungstic acid produced an electron dense background,
clearly depicting the individual NP. (c) The UV/vis spectrum of nC60 (pink), Baa-
references to color in this figure caption, the reader is referred to the web version

dx.doi.org/10.1016/j.toxlet.2009.08.017
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Fig. 3. Cytotoxicity of Baa-Lys(FITC)-(Lys)8-OH. (a) MTT viability of Baa-Lys(FITC)-
(Lys)8-OH at 2, 8, and 24 h. Histogram with different letters (A and B for 2 h; a–e for
8 h; �, �, � for 24 h) denote mean values that are statistically different at p < 0.05.
(b) MTT assay, absorbance-based 96AQ assay, fluorescence-based CTB assay and
luminescence-based CTGC cytotoxicity assay of Baa-Lys(FITC)-(Lys)8-OH for a series
of concentrations at 8 h. Histogram with different letters (A–C for 96AQ; a–e for MTT;
a–d for CTB; �, �, �, � for CTGC) denote mean values that are statistically different
at p < 0.05. (c) The decrease of GSH and ATP levels was Baa-Lys(FITC)-(Lys)8-OH
concentration dependent. Histogram with different letters (A–D) denote the mean
values that are statistically different at p < 0.05.
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its small size. Negative TEM staining with phosphotungstic acid
showed that Baa-Lys(FITC)-(Lys)8-OH was ∼4 nm (Fig. 2b) which
is consistent with the calculated 4.3 nm size and similar to th
Baa-Lys(FITC) nuclear localization signal (NLS) of 3.5 nm (Rous
et al., 2007). In addition, the surface charge of the Baa-Lys(FITC)
(Lys)8-OH was investigated by gel electrophoresis which showed
a positive charge for Baa-Lys(FITC)-(Lys)8-OH due to its move
ment to the anode (data not shown). The Zeta-sizer quantified
the positive zeta-potential with the value of 26.4 ± 2.6 mV which
indicated the stability of the NP in aqueous solution. Finally, th
ultraviolet–visible (UV–vis) absorption spectra of Baa-Lys(FITC)
(Lys)8-OH provided some of the internal and external information
of the molecular components. Fullerenes in toluene were evapo
rated, resulting in a water suspension of nC60 (Xia et al., 2006) and
served as the control. This yellow solution peaks at 265 and 340 nm
(Fig. 2c), which is consistent with the data by Fortner et al. (2005)
In comparison, Baa-Lys(FITC)-(Lys)8-OH has a peak at 245 nm and
a smaller peak at 325 nm, indicating the ∼15–20 nm peak shift to
the left. In addition, Baa-Lys(FITC)-(Lys)8-OH had another peak a
505 nm probably due to the FITC label on the NP surface, becaus
FITC itself has a peak of 460 nm. Usually, proteins or peptides with
tryptophan/tyrosine peak at 280 nm. The UV–vis result also con
firmed that Baa-Lys(FITC)-(Lys)8-OH did not contain the above two
amino acids.

3.2. Cytotoxicity observed with the Baa-Lys(FITC)-(Lys)8-OH in
vitro

Several studies showed that positively charged NP may caus
cytotoxicity in cells (Kurtoglu et al., 2009), while negatively charged
NP showed less toxicity (Wang et al., 2009). In order to study th
Baa-Lys(FITC)-(Lys)8-OH endocytic mechanism and the potentia
use in drug delivery, the toxicity must first be evaluated. The high
est concentration that did not cause toxicity in HEK was used a
the dosing concentration to study the endocytic pathways. There
fore, HEK were dosed with a series of concentrations at 6.25, 12.5
25 and 50 �g/ml over 2, 8 and 24 h. The MTT assay showed tha
HEK viability significantly decreased (p < 0.05) in a dose-dependen
manner at 2, 8 and 24 h (Fig. 3a). The Baa-Lys(FITC)-(Lys)8-OH a
the 25 �g/ml was the highest concentration that did not show
a significant decrease in viability at 2 h, while at the 12.5 �g/m
showed no decrease in toxicity in viability at 8 and 24 h. Addi
tional assays were also conducted because it has been shown
that carbon-based NP can interfere with several viability assay
causing erroneous data (Monteiro-Riviere et al., 2009). To con
firm the viability accuracy, additional assays such as CellTiter 96®

AQueous One Solution Cell Proliferation Assay (96AQ), CellTiter
Blue® assay (CTB) and CytoTox-GloTM cytotoxicity assay (CTGC)
were conducted at 8 h (Fig. 3b). However, 96AQ only detected
a viability decrease at the highest dose 50 �g/ml. The overlap
of the peak absorbance of Baa-Lys(FITC)-(Lys)8-OH at 460 nm
(Fig. 2c) with 96AQ absorbance reading at 450 nm may explain
the low sensitivity. Thereby, 96AQ assay may not be suitabl
to evaluate Baa-Lys(FITC)-(Lys)8-OH at high concentrations. CTB
showed similar cytotoxicity values as the MTT assay except fo
the 50 �g/ml, where the CTB assay was more sensitive. CTB is
fluorescence-based assay with excitation/emission wavelength o
560/590 nm and FITC fluorescence from Baa-Lys(FITC)-(Lys)8-OH
did not interfere with the fluorescence. Thereby, CTB is a mor
accurate and sensitive viability assay than the absorbance-based
MTT and 96AQ assay. The luminescence-based CTGC assay showed
greater cytotoxicity than any of the other assays from 12.5 to
50 �g/ml with the viability decreasing to 20.8% at the 50 �g/m
while 45.5% was shown by CTB and 57–58% by MTT and 96AQ. Over
all, Baa-Lys(FITC)-(Lys)8-OH cytotoxicity did vary, but was highly
dependent on the assay signal/background ratio, or assay typ
105
absorbance, fluorescence or luminescence based). This was also
imilar to previously reported data with carbon-based nanoparti-
les (Monteiro-Riviere and Inman, 2006; Monteiro-Riviere et al.,
009).

ATP serves as an energy source for cells and glutathione (GSH)
he reduced form protects cells from injury by toxins or free radicals
ere also evaluated at different Baa-Lys(FITC)-(Lys)8-OH concen-

rations at 8 h. ATP and GSH decreased in a dose-dependent manner
Fig. 3c) indicating GSH may be converted to its oxidized form glu-
athione disulfide induced by Baa-Lys(FITC)-(Lys)8-OH. Also, this
uggested ROS could be involved in the mechanism of cytotoxic-
ty induced by Baa-Lys(FITC)-(Lys)8-OH. Poly-lysine was used as a
oating in the cell culture plates and FITC as a common label are
onsidered to be non-toxic. However, the poly-lysine may help to
isperse fullerene to soluble NP and facilitate the fullerene uptake

n the cytoplasm of HEK thereby inducing the toxicity.

dx.doi.org/10.1016/j.toxlet.2009.08.017
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3.3. Baa-Lys(FITC)-(Lys)8-OH distribution and uptake mechanism

It has been reported that fullerenes have luminescence proper-

ties (Levi et al., 2006), but the light intensity is extremely low and
cannot be seen under normal light microscopy. Therefore, a FITC
on one of the lysine residues in Baa-Lys(FITC)-(Lys)8-OH enabled
us to track the NP in cells. To investigate Baa-Lys(FITC)-(Lys)8-OH
cellular uptake over time, Baa-Lys(FITC)-(Lys)8-OH at a non-toxic
concentration of 6.25 �g/ml was dosed in HEK for 1, 3 and 24 h,
while FITC alone served as the fluorescence control. FITC alone
freely diffused in both the cytoplasm and the nuclei at 3 h (Fig. 4a).

p
la
a
q

O
m
d

Fig. 4. Cellular localization of Baa-Lys(FITC)-(Lys)8-OH. (a) Cellular uptake of FITC at 3 h w
for Baa-Lys(FITC)-(Lys)8-OH endocytosis. At 15 min, some particles formed on the memb
arrows depicting the cell membrane. To investigate the membrane motion of these NP dots
square and then the cell was imaged by CLSM every 3 min to observe any adjacent fluor
inward toward the nuclei over 30 min. (c) Co-localization between the FITC labeled Baa-Lys
track the lysosomes. Fluorescence microscopy was used to image Baa-Lys(FITC)-(Lys)8-OH
interpretation of the references to color in this figure caption, the reader is referred to the
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comparison, Baa-Lys(FITC)-(Lys)8-OH entered the HEK cell mem-
rane at 1 h depicting slight fluorescence distributed throughout
e cytoplasm. At 3 h, the fluorescent intensity increased along the
eriphery of the nucleus (Fig. 4a). The particles appeared to fuse into
rge aggregates by 24 h. However, the intensity of the fluorescence

t 24 h decreased compared to 3 h, probably due to fluorescence
uenching of the FITC in the cell medium (Fig. 4a).

The above observation did not depict how Baa-Lys(FITC)-(Lys)8-
H entered into the HEK. To track the NP translocation on the cell
embrane and into the cytoplasm, CLSM was utilized. HEK were

osed with Baa-Lys(FITC)-(Lys)8-OH at the highest concentration of

hich served as a control and Baa-Lys(FITC)-(Lys)8-OH at 1, 3, and 24 h. (b) CLSM
rane or along the periphery of the membrane. One cell is shown with the three
, FRAP was used to quench the FITC label of Baa-Lys(FITC)-(Lys)8-OH in the insert

escence diffusion. No diffusion on the membrane was noted, and the NP moved
(FITC)-(Lys)8-OH and the lysosomes at 2, 8, and 24 h. Lysotracker red was used to
(FITC labeling, green) and then lysotracker red (red). The scale bar = 10 �m. (For

web version of the article.)

dx.doi.org/10.1016/j.toxlet.2009.08.017
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Fig. 4. (Continued ).

50 �g/ml to allow for sufficient fluorescence for live imaging CLSM.
Very few cells were found to engulf NP prior to 15 min. At 15 min,

,
e

particles floated around the cell membrane or moved directly into
the interior of the cell. Therefore, fluorescence recovery after pho-
t
m
a
F

discrete particles were depicted adjacent to the cell membrane in
some cells. These particles moved inward into the cytoplasm and
stayed away from the cell membrane indicated by arrows (arrows
Fig. 4b) over 30 min. However, it remains unknown whether thes
107
obleaching (FRAP) was used to photobleach a small area of the cell
embrane in order to visualize whether the NP adjacent to this

rea moved into it or moved toward the interior of the cell (square,
ig. 4b). The cell was imaged every 3 min to observe any adja-
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Fig. 5. Cellular uptake mechanism of Baa-Lys(FITC)-(Lys)8-OH. (a) Endocytic inhibitors attenuated Baa-Lys(FITC)-(Lys)8-OH uptake. Six endocytic inhibitors M�CD (10 mg/ml),
CPM (10 �g/ml), CytD (10 �g/ml), nocodazole (10 �g/ml), NaN3 (3 mg/ml), and FCD (10 �g/ml) were introduced into HEK in 24-wells for 1 h. Then Baa-Lys(FITC)-(Lys)8-OH
was incubated with the cells in the presence of inhibitors for an additional 1 h. Fluorescence images were shown as Baa-Lys(FITC)-(Lys)8-OH (green, left column), DAPI (blue,
middle column) and overlay. The scale bar = 10 �m. (b) Flow cytometry quantification of the endocytic inhibitory effect compared to control. *Mean values that are statistically
different from control at p < 0.05. (c) Flow cytometry pattern of uptake for Baa-Lys(FITC)-(Lys)8-OH with and without FCD. Black line represents the cell autofluorescence
(cell only); blue line (control), cells that were incubated with Baa-Lys(FITC)-(Lys)8-OH; red line (FCD), cells that were incubated with Baa-Lys(FITC)-(Lys)8-OH and FCD. Note
that FCD completely blocked Baa-Lys(FITC)-(Lys)8-OH uptake. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of
the article.)
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Fig. 5

cent fluorescence diffusion into the quenched void. These result
showed no fluorescence diffusion from the adjacent fluorescenc
into the square indicating that whenever the particles formed at th
periphery of the cell membrane, they did not move around with th
membrane but traveled quickly into the cytoplasm.

After Baa-Lys(FITC)-(Lys)8-OH was taken up by the HEK, the NP
were distributed into the cytoplasm as small individual aggregates
To investigate the lysosomal localization of Baa-Lys(FITC)-(Lys)8
OH, lysotracker red (Molecular Probes, Eugene, OR) was used to
stain for lysosomes. Our observation depicted that Baa-Lys(FITC)
(Lys)8-OH was not localized primarily in lysosomes (Fig. 4c)
Baa-Lys(FITC)-(Lys)8-OH may be an appropriate vector for dru
delivery since the acidification of NP can be avoided and th
ligands/drugs on the surface of NP can be maintained withou
degradation. Prior to tracking lysosomes with lysotracker red, i
should be noted that it is best to conduct with FITC first, to pre
vent spurious results. Freundt et al. (2007) reported that a mercury
epifluorescence light source equipped with a 560/40 nm excita
tion filter can change the chemical structure of lysotracker red to
a fluorochrome of wavelength emission at FITC ranges, resulting in
a strong green fluorescence. The exact co-localization between
polymer-based NP/peptide conjugates and lysotracker red (Uto e
al., 2007; Zhang et al., 2008) may not be accurate and should be cau
tiously interpreted. The images obtained by our laboratory avoided
the problem by first illuminating with the FITC fluorescence fol
lowed by lysotracker red.

Since the NP were not localized within the lysosomes, bu
found along the periphery of the cell membrane as discrete dot
rather than a solid band, suggest that Baa-Lys(FITC)-(Lys)8-OH
may enter cells via a specific endocytic pathway and membran
receptors may play a role. Therefore, HEK were pretreated with
endocytic inhibitors for 1 h and Baa-Lys(FITC)-(Lys)8-OH dosed
with six different endocytic inhibitors for 1 h followed by fluores
cence microscopy (Fig. 5a). Flow cytometry was used to quantify th
uptake inhibitory effects by the endocytic interfering agents based
109
nued ).

n the fluorescence reduction compared to the control (Fig. 5b).
holesterol-depletion reagents methyl-�-cyclodextrin (M�CD), or
hlorpromazine (CPM) a clathrin endocytic inhibitor was used.
�CD was able to inhibit Baa-Lys(FITC)-(Lys)8-OH uptake and

he discrete dots in the cytoplasm were rarely observed, but CPM
id not have an inhibitory effect (Fig. 5a). To investigate whether
ytoskeletal components such as F-actin or microtubules regu-
ate the uptake, cytochalasin D (CytD), an F-actin interfering agent
nd nocodazole a microtubule inhibitor were introduced into the
ulture system. Both microfilament disrupting agents attenuated
aa-Lys(FITC)-(Lys)8-OH endocytosis with fewer and smaller dis-
rete dots remaining in the cytoplasm compared to the control.
odium azide (NaN3), thought to play a role in energy inhibition
y disrupting ATP metabolism, inhibited the Baa-Lys(FITC)-(Lys)8-
H uptake (to 65.26%) indicating ATP-dependent endocytosis was

nvolved. To find the precise mechanism that may specifically
egulate Baa-Lys(FITC)-(Lys)8-OH uptake, we hypothesized that
pecialized receptors on the HEK could be the target for fullerenes.
holesterol can be imported from the circulation as low-density

ipoprotein (LDL), which is internalized by HEK receptor-mediated
ndocytosis (Ponec et al., 1992). Scavenger receptor class B type
(SR-BI) is present in HEK and recognizes the acetylated low-
ensity lipoproteins (Tsuruoka et al., 2002). Therefore, scavenger
eceptors could play an important role in fullerene uptake. Fuico-
an (FCD), an inhibitor for scavenger receptors was utilized, and
ompletely blocked Baa-Lys(FITC)-(Lys)8-OH cellular uptake as evi-
enced by the fluorescent images (Fig. 5a). The flow cytometry data
lso showed that the fluorescence intensity was blocked to the
ased level (cell only) when FCD was introduced into the cell culture
Fig. 5c). Recently, we have shown that FCD attenuated the uptake
f carboxylic acid coated QD endocytosis (Zhang and Monteiro-
iviere, 2009). HEK may take up NP via this specific receptor
hich enhances our understanding about scavenger receptors that

egulate endocytosis. Also, this allows us to elucidate NP behav-
or in the cytoplasm and how NP interact with the intracellular
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proteins that trigger the downstream signal transduction path-
ways. Whether additional cell types utilize the same scavenger
receptors for NP cellular uptake is unknown.

3.4. Summary

In summary, we have shown that Baa-Lys(FITC)-(Lys)8-OH was
cytotoxic to HEK at 25 �g/ml at 24 h. The luminescent-based
CTGC assay was most sensitive to show Baa-Lys(FITC)-(Lys)8-
OH cytotoxicity, while the 96AQ assay was least sensitive. The
cytotoxicity produced by this Baa-Lys(FITC)-(Lys)8-OH was prob-
ably due to ROS since the intracellular GSH and ATP levels were
altered. More importantly, the data suggests that Baa-Lys(FITC)-
(Lys)8-OH endocytosis is mediated by caveolae/lipid raft due to
Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effect by M�CD. Mean-
while, both F-actin and microtubules regulated endocytosis. This
ATP-dependent endocytosis most likely occurred through a scav-
enger receptor specific pathway. We conclude that the uptake of
Baa-Lys(FITC)-(Lys)8-OH is more complex than a simple endocytic
pathway. In addition, the lysosomal independent localization of
Baa-Lys(FITC)-(Lys)8-OH can be used as a suitable vector for drug
delivery because it does not localize in lysosomes so that drug
degradation will not occur in the high lysosomal pH.

Supplementary material available

Structure and synthesis of Baa-Lys(FITC)-(Lys)8-OH is available
online.
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Abstract 

The development of nanomaterials for biomedical applications has attracted a great deal of 

attention. Carbon nanotubes may interact and cross cell membranes and serve as potential 

carriers for drug delivery studies. The reflection mode in the confocal laser scanning 

microscope was used to image multi-walled carbon nanotubes (MWCNT) in human neonatal 

epidermal keratinocytes (HEK) stained with the cytoskeleton protein F-actin. Scanning 

electron microscopy depicted tight binding of MWCNT on the plasma membrane of HEK, 

while some MWCNT were located in the cell. Since keratinocytes normally engulf 

melanosomes, we hypothesized that the melanocyte transfer pathway could be a potential 

route of entry into keratinocytes. Lectins are inhibitors of the melanosome transfer pathway 

was used to study the uptake of MWCNT in keratinocytes, to see if they played a role in 

reducing the cellular uptake of MWCNT in HEK. Three different lectins, Pisum sativum (PS), 

Lycopersicon esculentum (LE), and Tetragonolobus purpureas (TP) were used as a cocktail. 

The maximal concentrations of lectins that would be non-toxic to the HEK was determined 

by 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) cell viability assay. 

These studies confirmed that lectin cocktails (PS 5μg/ml, LE 25μg/ml and TP 25μg/ml) 

decreased MWCNT interaction at the cell surface and uptake. F-actin, a cytoskeleton protein, 

was used to visualize how the MWCNT interacted with the cytoskeleton in the cells. 

MWCNT traversed through the cells’ cytoskeleton and the plasma membrane into adjacent 

keratinocytes.  
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Introduction 
The emerging field of nanomedicine may permit the use of nanomaterials in biomedical 

imaging and diagnostics. The exceptional interest in carbon nanotubes (CNT) initially resides 

in their applications for electrochemical devices, or hydrogen storage due to a high 

electrochemically accessible surface area. Their useful mechanical properties, high electronic 

conductivity and electro-sensitivity to substances make CNT useful tools as sensors and 

probes (Baughman et al., 2002). In addition, nanomaterials have extraordinary physical, 

chemical and mechanical properties that enable them to be functionalized by small chemical 

groups, localized in biological targets (organ, tumor or cells) and imaged. CNT interaction 

with biological systems has enhanced their roles as vectors for drug delivery (Bianco et al., 

2005). 

CNT can be imaged by transmission electron microscopy (TEM). Monteiro-Riviere et al. 

(2005a) reported that nonfunctionalized multi-walled carbon nanotubes (MWCNT) were 

capable of entering human epidermal keratinocytes (HEK) at 24h and were located within 

intracytoplasmic vacuoles of the cells. Single-walled carbon nanotubes (SWCNT) were 

found in macrophages by TEM (Porter et al., 2007). SWCNT functionalized with 6-

aminohexanoic acid, soluble in water and cell culture medium, were localized within 

intracytoplasmic vacuoles of HEK (Zhang et al., 2007). Other studies have shown that CNT 

relies on the surface functionalization of fluorescence markers for imaging. CNT can be 

attached to a fluorochrome to be imaged by fluorescence microscopy or confocal laser 

scanning microscopy (CLSM). Functionalized MWCNT such as amino-derivatized or 

oxidized MWCNT labeled with fluorescein isothiocyanate (FITC) were internalized by a 

wide variety of cell types (Kostarelos et al., 2007; Xiao et al., 2007). Folate conjugated 

SWCNT with Alexa Fluor 488 were localized in Hep G2 cells via a folate receptor-mediated 

pathway (Kang et al., 2008). Quantum dots (QD) were used to label SWCNT and were 

visualized in Jurkat T leukemia cells by CLSM (Bottini et al., 2006). In addition, SWCNT 

have unique near-infrared intrinsic fluorescence that can be detected in mouse peritoneal 

macrophage-like cells with near-infrared fluorescence microscopy (Cherukuri et al., 2004; 

Jin et al., 2008). SWCNT have been shown to have a photoacoustic signal at 690nm 

wavelength and can be located in vivo. Conjugated SWCNT with a arginine-glycine-aspartic 
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acid (RGD) peptide were used in photoacoustic imaging of tumors due to the high affinity of 

RGD with the αvβ3 integrin over expressed by the tumor neovasculature (De la zerda et al., 

2008). 

Although there are several known methods to detect CNT in biological tissues, these 

methods are non-direct or highly instrument dependent. How CNT interact and localize 

within the cells’ cytoplasm is unknown. Here, we report on the direct imaging of MWCNT in 

HEK by using CLSM in the reflection mode. HEK were optically sectioned by CLSM and a 

3D model was constructed to fully view their interactions with HEK. It has been reported that 

lectins are an effective inhibitor for melanosome transfer into keratinocytes (Minwalla et al., 

2001; Greatens et al., 2005). The objective of this study was to assess three different lectin 

cocktails to determine if they play a role in the inhibition of MWCNT cellular uptake into 

HEK. 
 

Materials and Methods 

MWCNT synthesis and TEM characterization 

CNT were grown using a microwave plasma enhanced chemical vapor deposition 

system. The synthesis of MWCNT was prepared as described in a previous study (Monteiro-

Riviere et al., 2005a). In this study, MWCNT (0.1mg/ml) in water were thoroughly 

suspended by sonication for 5min, and 8μl of the suspension was dropped onto a formvar-

coated copper grid examined with a FEI/Philips EM208S TEM. 

Scanning electron microscopy for MWCNT interaction with cells 

HEK dosed with MWCNT were rinsed in phosphate buffered saline (PBS) solution, 

and fixed with 4% glutaradehyde at 4°C for 1 h, and then dehydrated with a graded series of 

ethanol. The cells were dried in a critical-point dryer and sputter coated with gold/ palladium 

alloy. The samples were imaged on a JEOL JSM-6360LV scanning electron microscope 

(SEM). 

Cell culture and viability assay for lectins 

Neonatal HEK (Lonza,Walkersville, MO) were plated in 96-well plates (0.32 cm2 
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growth area) at approximately 12,500 cells per well and grown in a humidified environment 

of 5% CO2. Upon reaching 70% confluency, the cells were dosed with  0.1mg/ml MWCNT 

alone or with MWCNT with the selected lectin cocktails at different concentrations (Table 1) 

in keratinocyte growth medium 2 (KGM-2) for 24h and 48h. Viability was assessed  using 3-

(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT). The absorbance, 

directly proportional to cell viability was determined spectrophotometrically at 550 nm in a 

plate reader (Multiskan RC; Labsystems, Helsinki, Finland). The lectin cocktails consisted of 

Pisum sativum (PS), Lycopersicon esculentum (LE), and Tetragonolobus purpureas (TP) 

(Sigma-Aldrich, St Louis, MO). This study also determined the maximal concentration of 

lectins in the cocktails that was non-toxic to HEK. 

F-actin staining 

Coverslips were sterilized by 95% ethanol followed by UVB radiation and coated 

with rat tail collagen (BD Biosciences, San Jose, California) in 24-well plates. The plates 

were seeded with 150,000 cells/well HEK in 0.5 ml KGM-2 at 37ºC. Cells were dosed with 

0.1mg/ml MWCNT with or without lectins for 24h. Cells were washed with phosphate 

buffered saline (PBS) and fixed with 4% paraformaldehyde in 100mM of PBS (pH 7.4) for 

20 min on ice. Cells were washed in PBS and permeabilized with 0.1% Triton X-100 on ice 

for 5 min. Cells were washed and placed in BODIPY FL® phallacidin (Molecular Probes, 

Invitrogen, Eugene, OR) for 20 min, rinsed, and then coverslipped with anti-fade Vectashield 

mounting medium containing DAPI (Blue fluorescence staining, Vector Laboratories, 

Burlingame, CA) overnight and observed by CLSM.   

Cell culture and confocal imaging of MWCNT and F-actin 

All samples were analyzed with a Leica TCS SP1 confocal laser scanner interfaced to 

an inverted Leica IMBE microscope with a 40X plan apochromat objective. The microscope 

was equipped with a confocal differential interference contrast (DIC) system. F-actin was 

excited with an argon laser (488 nm) with emission channels of 510nm-540nm. MWCNT 

were visualized in the reflection mode. Z-series optical sections were taken at 0.3μm 

intervals, and three dimensional images were captured and assembled by using LCS Lite 

software (Leica microsystems, Wetzlar, Germany). 
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Statistical analysis 

The mean values for HEK viability were calculated and the significant differences 

(p<0.05) determined using the PROC GLM Procedure (SAS 9.1 for Windows; SAS Institute, 

Cary, NC). When significant differences were found, multiple comparisons were performed 

using Tukey’s Studentized Range HSD test at p<0.05 level of significance. 

 

 

Results 

TEM of MWCNT 

        MWCNT range from 3μm to 10μm in length and 50nm to 300nm in width (Figure 1) 

and resemble bamboo shoots. They were similar to those previously reported by Monteiro-

Riviere et al. (2005a).  

 

 

 

 

 

 

 

 

 

Figure 1. TEM of MWCNT. Note bamboo-shaped nanotubes with variable sizes. 

SEM of MWCNT with HEK 

        SEM was used to visualize the surface interactions of MWCNT with HEK. The controls 

showed prominent lamellipodial extensions of the plasma membrane. Cells dosed with 

0.1mg/ml of MWCNT for 24h also formed lamellipodia. One single long MWCNT was 

present on the surface of the cell (arrow, Figure 2) and extended down into the cell 
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(arrowhead, figure 2), while some MWCNT visualized by SEM adhered to the plasma 

membrane of the cell and were difficult to detach with washing.  

 

 

 

 

Figure 2. SEM of MWCNT associated with 

HEK. HEK dosed with 0.1mg/ml MWCNT 

depicts MWCNT on the surface of  the cells 

(arrows). One single MWCNT can be seen 

extending beneath the cell surface (arrow 

head). 

Viability assay of lectins 

Lectins may play a critical role in melanosome cellular uptake and have been shown 

to inhibit melanosome transfer from adjacent melanocytes to HEK (Greatens et al., 2005). 

Our hypothesis is that HEK may recognize MWCNT via a lectin regulated endocytic 

pathway, which is keratinocyte-specific. We utilized a cocktail consisting of  three lectins, PS, 

LE, and TP. To determine the nontoxic dose of lectin to dose the HEK, a viability study was 

conducted using MTT to assess viability at 24h and 48h. LE at 50μg/ml and TP at 20μg/ml 

were nontoxic to HEK at both 24h and 48h, while PS showed a statistically significant 

decrease in cell viability at 10μg/ml at 24h (data not shown). For the cocktail toxicity studies, 

four groups with different concentration of the following combinations were used. (Cocktail 

(CT)1: PS 5μg/ml, LE 5μg/ml and TP 5μg/ml; CT2: PS 5μg/ml, LE 10μg/ml and TP 

10μg/ml; CT3, PS 5μg/ml, LE 25μg/ml and TP 25μg/ml; CT4, PS 25μg/ml, LE 25μg/ml and 

TP 25μg/ml) (Table 1). Group four (CT4) consisted of the highest concentration of lectins 

(25μg/ml for each type) and the viability significantly decrease at 48h. In comparison, CT3 

with a lower PS concentration (PS 5μg/ml, LE 25μg/ml and TP 25μg/ml) showed no toxicity 

in HEK at 24h, while the viability slightly but not significantly decreased at 48h. Therefore, 

CT3 proved to be the optimal dose to assess the inhibition effect of MWCNT in HEK 
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because it was non-toxic at 24h (Figure 3).  
Table 1. Four different concentrations of the lectin cocktail (CT) used to dose HEK at 24h. Lectins were 
obtainedfrom Pisum sativum (PS), Lycopersicon esculentum (LE), and Tetragonolobus purpureas (TP).. 
Lectins from 5μg/ml to 25μg/ml were tested for their combined effect on HEK viability. 

 
  CT1 CT2 CT3 CT4 

PS 5μg/ml 5μg/ml 5μg/ml 25μg/ml 
LE 5μg/ml 10μg/ml 25μg/ml 25μg/ml 
TP 5μg/ml 10μg/ml 25μg/ml 25μg/ml 

 
 
 

 
Figure 3. MTT viability of lectin cocktail. Capital letters (A for 24 h) or lower case letters (a, b for 48 h) 
denote significant differences (p< 0.05) across different lectin cocktail combinations. 

Confocal images of MWCNT and effect of lectins in HEK 

MWCNT were sonicated for 5min in KGM-2 medium and dosed in HEK for 24h. 

MWCNT agglomerates were noted after three PBS washes suggesting the interaction of van 

der Waal forces. In addition, some individual MWCNT below the agglomerates were blocked 

in the DIC mode (Top row, left column, Figure 4). However, using the reflection mode in 

CLSM enabled us to clearly visualize the individual MWCNT in the focal plane from those 

blocked by the agglomerates (arrow, top row, right column, overlay, Figure 4). The samples 

dosed with MWCNT plus the lectin cocktail CT3 depicted a decrease in MWCNT (Lower 

row, Figure 4).  
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Figure 4. MWCNT and lectin effects in HEK by CLSM. MWCNT at 0.1mg/ml were dosed in HEK 
culture with and without lectins. Top row: HEK dosed with MWCNT. Bottom row: HEK dosed with 
MWCNT plus lectins. Left column: DIC mode to visualize MWCNT (black) and HEK; middle column: 
reflection mode depicting individual MWCNT only (yellow, pseudocolor); right column: overlay. Arrow: 
A single MWCNT in the focal plane from those blocked by the agglomerates. Scale bar=50μm.  
 

In addition, F-actin, a cytoskeleton protein, was used to visualize how the 

cytoskeleton interacted with the MWCNT in the cells. MWCNT were found to traverse 

through the cells’ cytoskeleton and the plasma membrane into the adjacent cells (Figure 5).  
 

 
Figure 5. MWCNT and lectin effects in HEK stained by F-actin. MWCNT at 0.1mg/ml were dosed in 
HEK culture with and without lectins, and F-actin was stained to visualize the cell cytoskeleton. Top row: 
HEK dosed with MWCNT. Bottom row: HEK dosed with MWCNT plus lectins. Left column: F-actin 
(green); middle column: reflection mode depicting individual MWCNT only (yellow, pseudocolor); right 
column: overlay. Scale bar=10μm. 
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HEK with MWCNT were imaged by a series of Z-stack sections. Individual MWCNT 

(arrow) can be seen from the top sections (Sections 23-37), and was brighter for longer 

periods of time at the lower sections (Section 47-55). The side view from the three 

dimensional composition confirmed the interaction between MWCNT (white) and F-actin 

(green) (bottom, Figure 6). The three dimensional images are available in supplementary data.  

 

 
Figure 6. Z-series optical sections of MWCNT dosed HEK stained with F-actin. The interaction of 
MWCNT with cytoskeleton was visualized by optical sectioning cells into 70 sections. Here 20 sections 
(layer No. 23 to No. 61) are presented. An arrow in each section depicts a single MWCNT extending 
sharply to the lower layers suggesting its protrusion into the cell. The bottom image shows a side view and 
the above sections show the strong interaction between MWCNT and F-actins.. 
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Discussion 

MWCNT are insoluble in water and their interaction with cells membranes and uptake 

into cells remains unknown. This study demonstrates that MWCNT may be visualized in cell 

culture directly by using the reflection mode of CLSM. In addition, lectins may also be 

involved in MWCNT cellular uptake due to the reduction of MWCNT interactions with cells 

by the lectin cocktails. Previously, TEM clearly showed that the MWCNT were efficiently 

taken up by HEK (Monteiro-Riviere et al., 2005a). SEM was also used to observe the cell 

surface interactions with MWCNT. Even after vigorous washes with PBS, paraformaldehyde 

fixation, and dehydration with ethanol, MWCNT still remained tightly bound to the cell 

membrane which suggests that these MWCNT may strongly interact with the surface 

proteins, receptors or lipids of the cell.  

Carboxylic acid coated QD or poly-lysine coated fullerenes are capable of entering HEK 

via the low density lipoprotein related endocytic pathways (Zhang and Monteiro 2009; Zhang 

et al., 2009). However, skin cells may utilize other specific endocytic pathways to engulf 

larger nanoparticles or fiber-like nanomaterials. Dendritic melanocytes in skin reside at the 

basal layer of epidermis and have the capability to synthesize melanin within melanosomes, a 

specific organelle. Melanosomes go through four different stages before they are released 

from melanocytes into neighboring keratinocytes (Monteiro-Riviere et al., 1993; Monteiro-

Riviere 1991). The mechanism of the melanosome transfer process was found to be partially 

regulated by a protease-activated receptor 2 (PAR-2) activity (Seiberg et al., 2000). In 

addition, the surface lectin receptors may also be involved in the melanosome transfer 

process. Certain types of lectins in cell culture may reduce melanosome uptake (Minwalla et 

al., 2001; Greatens et al., 2005). Ultraviolet rays can induce the expression of lectin binding 

receptors as well as PAR-2 on the surface of keratinocytes thereby increasing melanosome 

transfer (Condaminet et al., 1997; Scott et al., 2001). The role of lectins or PAR-2 in 

melanosome uptake by keratinocytes suggests a cell-specific endocytic pathway in HEK. 

Therefore, the MWCNT interaction with the keratinocyte plasma membrane and the uptake 

mechanism may be partially explained by the melanosome transfer pathway. Lectins were 

used to investigate their roles in nanotube cellular uptake. MWCNT interaction with HEK 

can be greatly reduced by lectins as determined by direct visualization by CLSM (Figure 4 
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and Figure 5). Some MWCNT in the lectin treatments were probably washed away during 

the PBS washes compared to the samples dosed with MWCNT alone.  

This study also evaluated the concentration of lectins for optimal HEK viability. It is 

possible that the reduced interaction between MWCNT and cells may be due to cell death 

caused by relatively high concentrations of lectins. Thereby, a variety of lectins at maximal 

but nontoxic concentrations and in different combinations, were evaluated before dosing with 

MWCNT. Previously, the lectin cocktail proposed by Greatens et al. (2005) showed that 

lectin combinations at certain concentrations did not affect the viability of keratinocytes but 

greatly inhibited melanosome transfer. We tested PS, TP and LE to obtain the maximal 

concentrations that would also be nontoxic to HEK. This nontoxic concentration in 

combination of the different cocktails were used (Table 1). The optimized lectin cocktail, 

CT3, was non-toxic to cells and used for the inhibition experiments. MWCNT are not toxic 

to cells at 0.1mg/ml since MWCNT did not alter the morphology of cells as determined with 

the F-actin staining.  

  In Figure 4, we showed that MWCNT agglomerated in the KGM-2 medium even 

though sonication was utilized. Aggregation of MWCNT made it difficult to visualize 

individual MWCNT by DIC. However, by using the reflection mode in CLSM, individual 

MWCNT were seen beneath the aggregates. It is interesting that some individual MWCNT 

were found under the aggregates (arrow), illustrating the advantage of using the reflection 

mode in CLSM. This method successfully detected individual MWCNT, while other 

microscopic techniques cannot capture MWCNT in the deeper tissues or in multi-layers of 

cells. Lectins are capable of reducing the MWCNT aggregates, but less MWCNT interacted 

with cells (Figure 4, lower row). It is possible that MWCNT may adsorb the lectins so that 

the lectins on the surface of the MWCNT dispersed the agglomerates and blocked the 

interaction between the MWCNT and the cells. As a result, lectins may be similar to 

surfactants, such as Pluronic F127 which prevented MWCNT aggregations (Monteiro-

Riviere et al., 2005b). However, the interaction between MWCNT and cells can be reduced if 

HEK are preincubated with lectins before dosing with MWCNT (data not shown). Therefore, 

lectins may play a role in blocking the cell surface proteins that recognize MWCNT. The 

lectins used in this study can interact with galactosyl, fucosyl and mannose residues on the 
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cell surface (Minwalla et al., 2001). Lectins probably competed with the MWCNT and 

occupied the small sugar residues. This may suggest that the MWCNT surface may have 

chemical groups that recognize the glycosylated residues. Niacinamide is the physiologically 

active amide of niacin, vitamin B3, and has multiple functions on skin and skin cells due to 

its anti-inflammatory, anti-oxidation and most importantly, melanosome transfer inhibition 

effects (Greatens et al., 2005). Therefore, we also investigated the effect of niacinamide on 

the cellular uptake of MWCNT and found niacinamide to have no effect on MWCNT 

aggregation and MWCNT interaction with cells (unpublished studies).  

Recently, Hirano et al. (2008) reported MAcrophage Receptor with COllagenous 

structure (MARCO), a murine scavenger receptor, could recognize MWCNT and facilitate 

nanotube cellular uptake in murine macrophages. HEK have been found to express scavenger 

receptor-class B-type I (SC-BI) (Tsuruoka et al., 2002). A lectin related scavenger receptor, 

lectin-like oxLDL receptor-1, which mediated cell phagocytosis, has been investigated by 

Oka et al. (1998). Whether it plays a role in MWCNT recognition and whether lectins inhibit 

the scavenger receptor regulated nanoparticle uptake remains to be investigated. 

It is difficult to determine whether MWCNT are attached to the surface of the cells in 

DIC mode in CLSM. We used a cytoskeleton protein, F-actin as a marker for cytoskeleton 

network within the cells (Figure 5). We showed that individual MWCNT were intermingled 

between the F-actins filaments. To determine how MWCNT interacted with HEK, Z-stack 

imaging was used to optically section the cells into 20 layers which showed the localization 

of the MWCNT in HEK (Figure 6). The reflection mode method in CLSM was suitable to 

image MWCNT and may be used to assess nanoparticles such as silver or aluminum with a 

high reflection index (unpublished data) in cells and in tissues. 

Overall, this research showed that using the reflection mode in CLSM, MWCNT can be 

seen in the focal plane from those blocked by agglomerates. However, due to the resolution 

of optical microscopy, MWCNT of a smaller size (probably <30nm) may not be detected by 

this simple method. If the nanoparticle has a smooth surface,, it may reflect light and be 

detected by the reflection mode in CLSM. This study demonstrated that MWCNT interaction 

with cells and cellular uptake may be inhibited by lectin cocktails (PS 5μg/ml, LE 25μg/ml 
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and TP 25μg/ml), suggesting the interaction and cellular uptake may be cell-specific and that 

the lectin receptor mediated pathway may be involved. The fact that lectins can reduce the 

interaction of MWCNT with HEK suggests a molecular interaction mechanism may occur on 

the surface of MWCNT and the cells.  
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CHAPTER 9 CONCLUSIONS 

Society has obtained great benefits from nanotechnology in recent years. 

Consumers have been exposed to many different types of commercial products including 

cosmetics, electronics, paints, building materials, carriers for drug delivery, and reagents 

used in biomedical imaging. Workers who manufacture, ship and pack nanomaterials also 

have potential to be exposed to nanomaterials. However, it has not been well investigated 

whether nanomaterials are toxic to the consumers and the workers. Furthermore, the 

government in US and other countries lack effective plans for evaluating the safety of 

nanomaterials. This thesis demonstrated that different types of NP may induce toxicity 

during their synthesis and manufacturing processes which raises a great concern to 

occupational safety and health. Studies were focused mainly on SWCNT, MWCNT, 

fullerenes and QD.  

SWCNT are usually found to be internalized into HEK as agglomerates (Chapter 

5). The special type of SWCNT was functionalized by 6-aminohexanoic acid (AHA) and 

is soluble in water at neutral pH. Due to the low pH of lysosomes in cells, SWCNT 

bundled and aggregated. The cell viability decrease and cytokine release in HEK 

indicates that AHASWCNT are toxic at high concentrations. As nanocarriers for drug 

delivery, NP need to have strong stability in a broad range of pH, the ability to be 

eliminated from cells/tissues/body, and finally have minimal toxicity. AHA-SWCNT is 

highly stable in ultra purified water at room temperature for at least six months and stable 

in cell culture medium for two days. Therefore, due to the instability in the culture 

medium and low pH, AHA-SWCNT would have to be excreted or “pumped” out of cells 

quickly to avoid agglomeration. Otherwise, AHA-SWCNT may not be the suitable 

vectors for drug delivery. The non-homogenous nature of carbon based nanomaterials due 

to different sizes (diameter and length) of individual tubes from batch to batch 

inconsistency make it difficult to correlate the biological effects of these nanocarriers for 

drug delivery based on the variable physicochemical characterization data. In other 

words, a homogeneous suspension (same for individual NP) of NP in biological solution 

is highly recommended but probably not representative of real exposure scenarios. 
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MWCNT are larger than SWCNT and can be observed by optical microscopy (Chapter 

8). Although some of the nanotubes have been internalized, a great number of MWCNT 

can be found on the cell membrane by SEM. The diameter of MWCNT in this study was 

200-300nm with length up to 30μm. They would need to be cleaved into smaller pieces 

for cellular uptake. In comparison, fullerenes (C60) are much smaller (~1nm) and are 

homogeneous in solutions. Fullerenes NP have a relatively spherical shape with narrow 

size ranges enabling the study of size and surface charge effects for toxicity and drug 

delivery (Chapter 7).  

QD are another types of NP that attract much interest due to their homogeneous 

sizes and ease for quality control. In addition, the strong and stable fluorescence of QD 

enables researchers to track QD localization in cells and tissues. Could QD penetrate into 

the skin? Will different types/sizes/functionalization of QD have different dermal 

penetration? Could QD penetration behave differently in skin of different species? Where 

does QD residue in skin? Will QD penetration occur deep into skin that has been 

mechanically disrupted? Many of these questions were asked and the studies in this thesis 

addressed them in chapters 3 and 4. QD may penetrate into the skin within different 

layers due to the size/surface charge of QD. 

In the epidermal layer of skin, more than 90% of the cells are keratinocytes. 

Keratinocytes are capable of taking up melanosome indicating that HEK may have the 

capability of taking up nanomaterials. However, the mechanisms of the NP cellular 

uptake are not well understood. Will NP internalize into the cells non-specifically, or via a 

specialized route which is receptor recognized and internalized? We first investigated the 

QD uptake mechanisms based on classification of the endocytosis pathways. We found 

that QD uptake by HEK are primarily regulated by the G protein coupled receptor 

associated pathway and low density lipoprotein receptor/scavenger receptor, while other 

endocytic interfering agents may play a role but with less of an inhibitory effect (chapter 

6). We also found that fullerene derivative uptake occurred by the scavenger receptor 

(chapter 7). Although the endocytic mechanisms of virus have been well studied, there 

are no clues on how NP are internalized into cells. Unlike virus, these “rigid” and non-
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viable NP may behave very differently in cellular uptake compared to viruses which are 

flexible in shape. In spite of this, NP endocytosis highly depends on the size, surface 

charge and functionalization. Another issue which is important for nanocarriers for drug 

delivery is endosome escapes of NP. If the surface charge of NP is positive at relatively 

low pH (~5), these types of NP may escape from lysosomes by attaching to the inner 

surface (negatively charged) of lysosomes. As a result, the lysosomes are neutralized and 

swell, and NP could be released back to the cytoplasm preventing drug degradation and 

metabolism by enzymes within the lysosomes.  

Although the NP interaction studies with tissues and cells and their toxicity in this 

thesis focused mainly on skin and skin cells, it may be extended to other tissues and cell 

types. Keratinocytes are one type of epithelial cells, while other types of epithelial cells 

are extensively present in lungs, gastrointestinal tract, and the reproductive and urinary 

tracts. Second, there are several types of biological barriers with tight junctions which 

have certain similarity with skin barriers. NP may have difficulty to cross those barriers. 

Together, those epitheliums and biological barriers may prevent NP penetration and 

absorption. However, it is believed that NP smaller than 5nm can be quickly eliminated 

by the kidney. These indicate that if NP are larger than 5nm, there is a greater chance to 

stay within the body without being eliminated. In spite of this, it is believed that NP 

smaller than 50nm can cross the leaky blood vessels in tumors and NP nanocarriers could 

deliver drugs into the target area. However, due to the large size, these vectors may be 

sequestered not only in the tumors but also in normal organs leading to long-term 

toxicity. Therefore, biodegradable NP are highly recommended to offer a safer route for 

nano drug delivery. If the engineered NP are not used for drug delivery but are nanodrugs 

used for diagnosis, cosmetics or other everyday products, their environmental and health 

risk must be evaluated before they become extensively used by consumers. 
 

130

http://en.wikipedia.org/wiki/Lung
http://en.wikipedia.org/wiki/Gastrointestinal_tract

	Interleukin-1 and TNF-
	IL-8 and IL-6
	Zhang2009-Fullerene uptake mechanism.pdf
	Endocytic mechanisms and toxicity of a functionalized fullerene in human cells
	Introduction
	Methods
	UV–vis spectroscopy
	Negative staining
	Viability assays
	MTT assay
	CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)
	CellTiter-Blue® assay (CTB)
	CytoTox-Glo™ cytotoxicity assay (CTGC)

	Sample preparation for flow cytometry
	Quantification for Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effects by the inhibitors
	Confocal laser scanning microscopy (CLSM) and fluorescence microscopy
	Statistical analysis

	Results and discussion
	Baa-Lys(FITC)-(Lys)8-OH
	Cytotoxicity observed with the Baa-Lys(FITC)-(Lys)8-OH in vitro
	Baa-Lys(FITC)-(Lys)8-OH distribution and uptake mechanism
	Summary

	Supplementary material available
	Conflict of interest
	Acknowledgments
	Supplementary data
	Supplementary data


	Zhang2009-Fullerene uptake mechanism.pdf
	Endocytic mechanisms and toxicity of a functionalized fullerene in human cells
	Introduction
	Methods
	UV–vis spectroscopy
	Negative staining
	Viability assays
	MTT assay
	CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)
	CellTiter-Blue® assay (CTB)
	CytoTox-Glo™ cytotoxicity assay (CTGC)

	Sample preparation for flow cytometry
	Quantification for Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effects by the inhibitors
	Confocal laser scanning microscopy (CLSM) and fluorescence microscopy
	Statistical analysis

	Results and discussion
	Baa-Lys(FITC)-(Lys)8-OH
	Cytotoxicity observed with the Baa-Lys(FITC)-(Lys)8-OH in vitro
	Baa-Lys(FITC)-(Lys)8-OH distribution and uptake mechanism
	Summary

	Supplementary material available
	Conflict of interest
	Acknowledgments
	Supplementary data
	Supplementary data


	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6

	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6

	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6

	20091119-ETD-Ab to intro.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6
	Zhang2009-Fullerene uptake mechanism.pdf
	Endocytic mechanisms and toxicity of a functionalized fullerene in human cells
	Introduction
	Methods
	UV–vis spectroscopy
	Negative staining
	Viability assays
	MTT assay
	CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)
	CellTiter-Blue® assay (CTB)
	CytoTox-Glo™ cytotoxicity assay (CTGC)

	Sample preparation for flow cytometry
	Quantification for Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effects by the inhibitors
	Confocal laser scanning microscopy (CLSM) and fluorescence microscopy
	Statistical analysis

	Results and discussion
	Baa-Lys(FITC)-(Lys)8-OH
	Cytotoxicity observed with the Baa-Lys(FITC)-(Lys)8-OH in vitro
	Baa-Lys(FITC)-(Lys)8-OH distribution and uptake mechanism
	Summary

	Supplementary material available
	Conflict of interest
	Acknowledgments
	Supplementary data
	Supplementary data


	Zhang2009-Fullerene uptake mechanism.pdf
	Endocytic mechanisms and toxicity of a functionalized fullerene in human cells
	Introduction
	Methods
	UV–vis spectroscopy
	Negative staining
	Viability assays
	MTT assay
	CellTiter 96® AQueous One Solution Cell Proliferation Assay (96AQ)
	CellTiter-Blue® assay (CTB)
	CytoTox-Glo™ cytotoxicity assay (CTGC)

	Sample preparation for flow cytometry
	Quantification for Baa-Lys(FITC)-(Lys)8-OH uptake inhibitory effects by the inhibitors
	Confocal laser scanning microscopy (CLSM) and fluorescence microscopy
	Statistical analysis

	Results and discussion
	Baa-Lys(FITC)-(Lys)8-OH
	Cytotoxicity observed with the Baa-Lys(FITC)-(Lys)8-OH in vitro
	Baa-Lys(FITC)-(Lys)8-OH distribution and uptake mechanism
	Summary

	Supplementary material available
	Conflict of interest
	Acknowledgments
	Supplementary data
	Supplementary data


	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6

	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6

	11.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6


	20091113-introduction.pdf
	Interleukin-1 and TNF-
	IL-8 and IL-6




