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General introduction 
 

 

 

 

1.1 Nanomaterials  

Nanomaterials are considered to be materials which are sized between 1 and 100 nm in at least one 
dimension1–3. The properties of material at nanoscale are often quite different from those of the bulk 
materials. The differences are commonly believed to be caused by two primary size-dependent factors: 
surface effects and quantum effects4. In general, nanomaterials can be generated by nature and conventional 
industrial processes as well as nanomanufacturing technologies2. 

 

Fig. 1.1 Scale diagram: objects at different scales. Nanomaterials are typically 1-100 nm in at least one dimension. 

1.1.1 Nature nanomaterals 

Nanomaterials exist in nature universally in the forms of nanodots, nanowires, nanotubes, nanosheets 
and even nanomachines. They can be produced through a lot of natural processes, such as dust storms, 
wildfires, weatherings, erosions and physiological activities of some plants and animals.  

Dust storms are believed to be one of the major sources of natural nanoparticles5. The particles 
produced through dust storms usually sized in a range from nanometers to micrometers. Small particulates 
(including nanoparticles) are also present in the smoke of wildfires (such as forest fires and grass fires) that 
may be caused by lightnings, volcanic eruptions, sparks from rockfalls as well as human activities6. 
Nanomaterials in nature can also be produced through weatherings and erosions processes. In addition to 
inorganic nanomaterials, a vast array of organic nanomaterials exists in nature as well. Actually, many 
organisms, such some bacteria7,8 and viruses (20-300 nm), are in nanoscale in size. Some viruses can be 
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regarded as organic nanoparticles or used as templates to synthesize materials on the nanoscale9–11. 
Meanwhile, many organisms produce nanomaterials through intracellular and extracellular processes. For 
example, magnetotactic bacteria can synthesize magnetite nanoparticles which are used for navigation 
relative to the earth’s magnetic field12,13. Another example is nanobacterium that can synthesize a shell of 
calcium phosphate in nanoscale to cover itself and this process might have a potential role in forming kidney 
stones7,8,14. 

1.1.2 Synthetic nanomaterials 

Nanomaterials can be fabricated by numerous procedures15–20. Generally speaking, there are three basic 
approaches to making nanomaterials: top-down, bottom-up and mixed methods. Top-down preparation is a 
subtractive method to fabricate nanomaterials starting from bulk materials by using some external radiation 
and/or chemical while bottom-up preparation is an additive method to fabricate nanomaterials starting from 
precursor molecules or atoms. A critical fact to consider with engineered nanomaterials is that they can be 
synthesized in almost any shape and size by materials scientists. Followings are some typical synthetic 
nanomaterials used in biomedicine or biotechnology (Fig. 1.2). 

 
Fig. 1.2 Examples of synthetic nanomaterials used in biomedicine or biotechnology. 

Polymeric Nanoparticles21–25: Polymeric nanomaterials can be prepared either from natural polymers, 
including collagen, alginate, albumin and gelatin, or synthetic polymers, such as polycarprolactone (PCL), 
polyethylene glycol (PEG) and poly(D,L-lactide-co-glycolide) (PLGA) by the polymerization of the 
prefabricated polymer or the monomers. The polymerization of monomer units may be accomplished using 
the emulsion or interfacial methods. For biomedicine use, many polymeric nanomaterials consist of a 
cargos-containing (such as drugs) hydrophobic core that and a hydrophilic surface layer to stabilize the 
nanomaterials in aqueous solution. According to the structure, polymeric nanomaterials can be further 
divided into nanocapsules and nanospheres. Nanocapsules are comprised of an aqueous or oil core and a 
shell while nanospheres are comprised of a solid mass. 

Liposomes26–28: Liposomes are artificially-prepared spherical vesicles composed of one or more 
phospholipids bilayers. Liposomes are widely used as delivery vehicles due to their good biocompatibility 
and closed sphere structure which can shield the hydrophobic parts from the water. Cargos with different 
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hydrophilicities can be carried either encapsulated in the aqueous volume or within the bilayers of liposomes. 
Many methods have been developed for the preparation of liposomes, including mechanical dispersion 
methods, solvent dispersion methods and detergent removal method. The correct method for liposome 
preparation is determined by many parameters, such as the optimum size of liposome for the intended 
applications, the properties of the dispersing medium, the physicochemical characteristics of the liposomal 
ingredients and those of the materials to be carried and the possibility of the preparation on a large scale. 

Gold Nanoparticles15,29–31: Because of their unique optical, electronic and surface properties, gold 
nanoparticles (AuNPs) are receiving great attention. Besides spherical shape, gold nanoparticles are also 
engineered with the shape of rods, cages, stars and shells used to coat other nanoparticles. The intrinsic 
properties and the relevant applications of AuNPs largely rely on the size, shape, surface chemistry and 
aggregation state. Numerous approaches exist for fabrication of AuNPs, such as Turkevich method, 
Brust-Schiffrin method, Perrault-Chan method and others. Generally speaking, AuNPs are produced by the 
simple reduction of metal salt precursors with reducing agents under certain conditions in a liquid 
environment. This initiates the formation of neutral gold atoms from gold ions and thus forming 
nanoparticles. To prevent the aggregation of the formed nanoparticles, some sort of stabilizing agent is 
usually required during the preparation processes.  

Quantum Dots32–34: Quantum dots (QDs) are first discovered by Alexei Ekimov in 198135 while the 
term "quantum dot" is first reported by Mark Reed in 198836. QDs are semiconductor nanocrystals that are 
small enough (typically sized from 1 to 10 nm) to exhibit quantum mechanical properties. They have been 
widely studied in the field of transistors, solar cells, LEDs, diode lasers as well as biological imaging. 
Additional attractive advantages of QDs for imaging are their higher stability than conventional organic 
fluorophores and lack of photobleaching and chemical degradation. However, QDs are typically comprised 
of heavy metals such as cadmium, mercury and lead which are usually toxic. Several different methods have 
been developed to produce quantum dots, including top-down preparation methods (such as molecular beam 
epitaxy, ion implantation and X-ray lithography) and bottom-up methods (self-assembly of the precursor 
compounds dissolved in solutions). Recently, many researches have been focused on the developing of 
heavy-metal-free QDs using “green” procedures, which means that QDs do not contain any heavy metal 
composition and the synthetic procedure for them does not use the non eco-friendly reagents. 

Magnetic Nanoparticles37–41: Magnetic nanoparticles (MNPs) are usually composed of magnetic 
elements such as iron, nickel, cobalt and their chemical compounds that allow them to be manipulated under 
magnetic field. They have attracted intense interest and show great potential in a variety of applications, such 
as nanomaterial-based catalysts, data storage, environmental remediation, sensors, bioseparations, magnetic 
resonance imaging (MRI) for medical diagnosis and therapeutics. Currently, three major types of MNPs are 
being produced and used: ferrite nanoparticles, metallic nanoparticles and metallic core with a shell. Ferrite 
MNPs are the most extensively studied MNPs up to date. Just like other nanoparticles, the surface of MNPs 
is also need to be modified to improve their stability in medium. Magnetic nanoparticles can be synthesized 
by many methods, such as the co-precipitation method, thermal decomposition method and microemulsion 
and flame spray synthesis method. For biomedical applications, the protection, stabilization and 
functionalization of MNPs by precious metals, such as gold, and biomoleculars are important and necessary. 
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Carbon Nanotubes42–45: A carbon nanotube (CNT) can be considered as a sheet of graphene that is 
rolled into a cylindrical tube46–48. According to the number of graphene layers, carbon nanotubes can be 
further classified as single-walled carbon nanotubes (SWCNTs, a single graphite sheet that is seamlessly 
rolled into a cylindrical tube) and multi-walled carbon nanotubes (MWCNTs, more than one layer of 
graphene that are concentrically rolled into cylindrical tubes like the growth rings of a tree). Two models are 
developed to represent the structures of MWCNTs. In one model, MWCNTs are described as a Russian doll 
that the sheets of graphene are arranged in concentric cylinders. In another model, MWCNTs are described to 
be a parchment that a single sheet of graphene is rolled around itself just like a scroll of parchment. 
MWCNTs are more commonly existed with the Russian Doll structure and the individual layers can be 
described as a SWCNT. Due to their unique inherent physical and chemical properties, CNTs showed great 
promise and widely used industrial, biology, biomedicine, and so on 43,44. Since they were first discovered in 
1991 (MWCNTs)48 and 1993 (SWCNTs)46,47, CNTs and their derivatives have been produced by many 
approaches on the industrial scale, including arc discharge, laser ablation, plasma torch, chemical vapor 
deposition (CVD) and high-pressure carbon monoxide disproportionation. 

1.2 Nanomaterials in nanomedicine 

Nanomedicine is defined as the application of nanoscience and nanotechnology in medicine for 
treatment, diagnosis, monitoring and controlling of biological systems49. Due to the small size, vast surface 
area and diverse surface chemistry, nanomaterials play an important and direct role in nanomedicine50–55. The 
main applications of nanoparticles in medicine include drug delivery, molecular imaging, biological isolation, 
stem cell research, cancer therapy and so on. It’s believed that next generation nanomedicine will dependent 
on the development of novel nanomaterials. 

1.2.1 Cargo delivery 

The use of nanomaterials in delivery of drugs, genes, proteins or other biomolecules for treating various 
diseases is widespread41,56–62. Compared with the traditional delivery system, the major advantage that 
nanomaterials-based delivery system can provide is that they can easily cross the cell plasma membranes and 
other biological barriers63–65. Meanwhile, the therapeutic effect can be enhanced by prolonging half-life and 
circulation time of drugs in vivo, reducing the administration frequency and the negative side effects of drugs 
and regulating the release of drugs in a sustained and controllable manner. What’s more, drugs-carrying 
nanomaterials can be passively accumulated in a particular location, such as the cancerous place, through the 
enhanced permeability and retention (EPR) effect66,67.  

Among various of nanomaterials, CNTs are developed as promising delivery carriers for disease 
treatment due to their unique physical and chemical properties68. For example, MWCNTs were used as 
nanocarriers for the delivery of anti-inflammatory drugs in one report69. MWCNTs were treated with acid 
sonication to improve the hydrophilicity of the outer and inner surfaces and the anti-inflammatory drug 
dexamethasone were loaded in the nanotubes. The open ends of the drug-carrying nanotubes were sealed 
with polypyrrole (PPy) films to prevent the unwanted release of drugs. The results showed that the prepared 
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drug-carrying system can effectively load drugs and release them in a controllable manner by electrical 
stimulation. In another very recent report, SWCNTs were used for the delivery of siRNA which can 
specifically regulate gene expression. SWCNTs were functionalized with succinated polyethyleimine to 
improve the dispersibility in water. The authors found a significant uptake of Cy3-labeled siRNA specific to 
Braf (siBraf) and gene silencing in the tumor tissue and resulted in attenuation of tumor growth in a mice 
melanoma model by using this delivery system62. 

1.2.2 Biological imaging 

With the brilliant progress in biomedical technology, biomedical researchers recognized that the disease 
and patients are heterogeneous, and each patient needs optimized therapy based on the differences in genetic 
factors, physical conditions and the disease characteristics. In this regard, in vivo imaging approaches are 
fascinate tools to visualize the abnormal state of the body and monitor biological circumstance at the targeted 
site70,71. In general, imaging modalities in the clinic include optical imaging, photoacoustic imaging, 
ultrasound (US), computed tomography (CT) and magnetic resonance imaging (MRI) and so on. Each 
imaging modality has its own advantages and intrinsic limitations72,73.  

Nanomaterials have been widely used in different imaging methods, such as iron oxide nanoparticles for 
MRI, gold nanoparticles for CT, CNTs and quantum dots for optical imaging. They can also be combined 
with each other by co-encapsulation or conjugation to develop multimodal imaging platforms74. What’s more, 
by using traditional organic nanoparticles (e.g., liposomes, micelles and polymeric nanoparticles) as a carrier, 
more than two imaging agents can be integrate together. For example, tri-modal imaging probes for 
PET/optical/MRI have also been designed by combining radiometal chelates, such as 64Cu-DOTA and 
111In-DOTA75. In another report, gold-coated iron oxide nanoroses with multiple functions, including 
aptamer-mediated targeting, optical/magnetic resonance dual imaging and photothermal/chemotherapy dual 
therapy were demonstrated76. In particular, CNTs have also been widely used in imaging of living subjects. 
For example, SWCNTs modified with cyclic Arg-Gly-Asp (RGD) peptides were prepared and used as 
contrast agents for photoacoustic imaging of tumours77. To image live cells, tissues and animals by using 
CNTs, techniques include Raman, photoacoustic and near-infrared photoluminescence can be used78. 

1.2.3 Targeted cancer therapy 

Cancer has become a leading cause of death worldwide. In 2012 alone, cancer caused up to 8.2 million 
deaths and 14.1 million new cancer cases, according to the World Health Organization. With the 
development of nanoscience and nanotechnology, nanomedicine shows the potential to enable novel 
approaches to treat cancers and nanomaterials play an important and direct role in nanomedicine-based 
cancer treatment. So far, a wide range of nanomaterials, such as polymeric nanomaterials, liposomes, MNPs, 
AuNPs, QDs and CNTs, were used in cancer diagnosis or therapy. In addition to the delivery of dugs for 
cancer treatment, the fascinating and unique properties of nanomaterials made themselves to be good 
candidate for cancer therapy, such as AuNPs or CNTs-mediated photo-hyperthermia therapy and magnetic 
nanoparticles-mediated magnetic-hyperthermia therapy79. For example, H. Moon et al demonstrated that the 
photothermal effect of SWCNTs upon irradiation by near-infrared (NIR) light, which is in the tissue 
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transparency regions, was able to induce the destruction of solid malignant tumors in vivo in a noninvasive 
manner80. To improve the tumor imaging and photothermal effect of SWNTs, researchers modified SWCNTs 
with noble metal, such as gold, to get the SWCNTs-metal nanocomposites. They found that SWCNTs-Au 
composite nanomaterials dramatically improved the photothermal killing efficacy of cancer cells due to the 
strong surface plasmon resonance absorption by the Au shell81. Meanwhile, MWCNTs were also applied in 
cancer therapy research. J. W. Fisher et al. demonstrated the capability of MWNTs to increase tumor injury 
upon laser irradiation through the improved and controlled thermal deposition and the down-regulated heat 
shock protein (HSP) expression82.  

To achieve targeted cancer therapy, nanomaterials are usually functionalized with targeting ligands, 
such as antibodies, peptides or aptamers. For example, SWCNTs were functionalized with the F3 peptide 
which can be used to target nucleolin, a protein that was found on the surface of endothelial cells in the 
vasculature of solid tumors, to achieve targeted cancer cell killing83. 

1.2.4 Stem cell research 

Stem cells have shown great potential in the field of medicine because of their ability to self-renew and 
generate multiple cell lineages through differentiation, and stem cell implantation has been considered as a 
promising therapeutic strategy for various diseases and defects84–86. Two major aspects in stem cell study are 
to keep the stemness when cells undergoing proliferation and to control the directional differentiation to a 
desired cell lineage. It is known that stem cell proliferation or differentiation can be regulated by the 
properties of the cell culture substrata, revealing a possible approach to manipulate the behavior of stem cells 
with nanomaterials. 

Due to the unique mechanical, optical, electrical and surface properties, CNTs, showed great potential in 
stem cell research. Actually, CNTs have been used to promote neural differentiation of stem cells. For 
example, Y. -S. Chen et al found that the neural differentiation of human bone marrow mesenchymal stem 
cells (hBMMSCs) can be induced and maintained by carboxylated MWCNTs without any exogenous 
induction factors through the up regulation of the expression of neural growth factors and trapping them to 
create a proper microenvironment for long-term neural differentiation87. In another study, the 
length-dependent effects of the MWCNTs on the behavior of PC12 cells were studied88. The researches 
found that short MWCNTs showed higher cellular internalization and greater capacity to improve PC12 cell 
differentiation. The underlying mechanism was explained by the up-regulated expression of neurotrophin 
signaling pathway associated TrkA/p75 receptors and Pincher/Gap43/TH proteins. Namgung et al reported 
that the growth direction and differentiation of human mesenchymal stem cells (hMSCs) could be controlled 
by culture them on different CNT networks89. Cells cultured on the aligned CNT networks showed 
directional growth and improved proliferation and osteogenic differentiation compared to those cultured on 
randomly oriented CNT networks.  

Besides CNTs, other nanomaterials, such as gold nanoparticles (AuNPs) have also been used in the stem 
cell research. In one report, cellular effects of AuNPs on the differentiation of MSCs and the associated 
mechanism were investigated90. The researchers found that AuNPs improved the osteogenic differentiation of 
MSCs higher than adipogenic differentiation through activating p38 MAPK signaling pathway, which can 
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regulate the expression of relevant genes to induce osteogenic differentiation and inhibit adipogenic 
differentiation.  

1.3 Nanomaterials in tissue engineering 

Tissue engineering has been developed as a promising approach to improve or replace biological 
functions by the combination of cells, scaffolds and growth factors91,92. Among these three key factors, the 
scaffolds play a crucial role by furnishing a biomimetic microenvironment to control cell functions and 
guiding new tissue formation93–96. So, a scaffold with appropriate properties, such as good biocompatibility, 
high mechanical property and feasible inner structure is highly demanded for tissue engineering by 
furnishing a biomimetic microenvironment to control cell functions and to guide new tissue formation. Since 
cells in biological systems create and directly interact with nanostructured extracellular matrices (ECM), 
nanomaterials with excellent biomimetic features and physiochemical properties show great potential in the 
fabrication of novel biomaterials and scaffolds for tissue engineering97,98.  

1.3.1 Nanomaterials for bone tissue engineering 

Bone is a type of dense connective tissue that plays a critical role as the protective and supportive 
framework for the body. What’s more, bone also serves as a vital place to store nutrients, minerals and 
produce red and white blood cells. Nowadays, a variety of bone fractures and bone diseases represent 
universal and serious clinical problems. Currently, bone defects are often treated with surgical procedures 
which are usually restricted by the limited supply, poor biocompatibility and the risks of immune rejection 
and diseases transmission. Bone tissue engineering provides a encouraging alternative approach to treat bone 
defects99. An adapted scaffold that serves as a temporary support is one of the most critical factors in tissue 
engineering. 

From the composition aspect, bone are rich in unique nano scale components, including the 
hydroxyapatite nanocrystallites and the organic matrix that is mainly composed of collagen100. The crystals 
are often 20-80 nm in length and 2-5 nm in thickness101, and the protein constituents of bone matrix are also 
in nanometer scale in dimension. Accordingly, compositing with nanomaterials should be a promising 
approach to construct novel scaffolds for bone tissue engineering. Indeed, scaffolds containing various 
nanomaterials have been fabricated and used for bone tissue engineering in the past year. For example, 
researchers found that primary human osteoblasts cultured in the needle-like HA nanoparticles coated 
biphasic calcium phosphate scaffolds showed upregulated osteogenic gene expression and improved alkaline 
phosphatase activity compared to control groups102. Another example is that researchers found that 
MWCNTs/PCL composite scaffolds can promote the proliferation and differentiation of rat 
bone-marrow-derived stroma cells (BMSCs) than that of pure PCL control group and the effects were 
dependent on the concentration of MWCNTs103. X. Li et al demonstrated that MWCNTs might regulate 
inducible cells in the soft tissues to form inductive bone by the adsorption of proteins which might improve 
the cell attachment, proliferation and differentiation104. 
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1.3.2 Nanomaterials for cartilage tissue engineering 

Cartilage is a type of connective tissue comprised of cells called chondrocytes that secrete a great deal 
of nanostructured extracellular matrix (ECM) that is rich in fibers of collagen and sometimes elastin. 
Cartilage is stiffer and less flexible than muscle but is not as hard as bone and widely exists in the joints 
between bones, ears, nose, ribcage and other parts of the bodies of human and animals. Unlike other tissues, 
cartilage is a type of avascular tissue. The nutrients for chondrocytes are supplied by diffusion through the 
matrix under the help of the pumping effect produced by compression. In addition, the mobility of 
chondrocyte in the dense ECM is limited and the presence of progenitor cells is lacking. Therefore, 
compared to other tissues, cartilage is a low growth and regenerative tissue105. 

Cartilage tissue engineering has also benefited from the development of nanoscience and 
nanotechnology. Nanomaterials, such as nanoceramics and CNTs, have been used to improve the mechanical 
or biological properties of the scaffolds used in cartilage tissue engineering. In one report, the authors 
developed a nanocomposite photopolymerized hydrogel106. Mechanical strength of the hydrogels was 
notably improved through the in situ mineralization with calcium phosphate nanocrystals and the mineralized 
co-polymer firmly adhered to the nearby cartilage that could help to restore physical force loaded in the 
defected areas. In another study, rosette nanotubes (RNTs) fabricated by the self-assembly of DNA base pairs 
were introduced into a 3D scaffold by electrospinning technique for cartilage defect treatment107. The results 
showed that this nanostructured scaffold improved the cell adhesion, viability and subsequent functions 
compared to that of the control scaffold without RNTs. 

1.3.3 Nanomaterials for vascular tissue engineering 

Due to the increasing prevalence of vascular diseases, vascular implants with improved efficiency to 
replace the damaged blood vessels are demanded. Since vascular tissue is a kind of layered structure 
possessing numerous nanostructured features, nanomaterials have exhibited a great potential in the vascular 
tissue engineering. For example, a heparin-nanomodified acellular bovine jugular vein scaffold was created 
in one report108. Heparin was securely binded to the scaffold and nanoscale coatings were formed around the 
fibers. The modification of scaffolds markedly enhanced the biomechanical stability, reduced the adhesion of 
platelet and induced the proliferation of endothelial cells in vitro, and decreased the calcification in vivo in a 
rat model.  

In vascular tissue engineering, an important requirement about the ideal vascular scaffold should 
restrain the proliferation of vascular smooth muscle cells (VSMCs) and stimulate the proliferation of 
endothelial cells (ECs). The response of VSMCs and ECs to TiO2 nanotube arrays was studied in one 
study109. The results showed that nanotubes improved the proliferation and motility of ECs, reduced the 
proliferation of VSMCs, and down-regulated the expression of inflammation and coagulation associated 
molecules in both cell types. 

1.3.4 Nanomaterials for neural tissue engineering 

The nervous system is consists of two major subparts: the central nervous system (CNS) and the 
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peripheral nervous system (PNS). The CNS consists of the brain and the spinal cord, while the PNS consists 
of nerves that originate from the brain and spinal cord and innervate the rest of the body110. The nervous 
system injuries can be caused by stroke, neurodegenerative disorders, trauma or encephalopathy. Generally, 
there are two different repair procedures for these two systems after injury111,112. The damaged PNS usually 
regenerate through the proliferation of Schwann cells, phagocytosing myelin, forming bands of Bünger and 
sprouting axons in the distal segment113. However, CNS injuries are much more difficult to repair than PNS 
injuries because of the lack of Schwann cells and the easy formation of thick glial scar tissue around the 
neural therapy materials which will prevent proximal axon growth and inhibit neuron regeneration. 

The need for neural tissue engineering arises from the difficulty of the nerve cells and neural tissues to 
regenerate on their own after neural damage has occurred. The development of nanomaterials provides a 
promising approach to fabricate novel materials for neural tissue engineering. For example, Ketul C. Popat et 
al fabricated PCL nanowire surfaces to culture and maintain the differentiation of neuronal cells114. Key 
neuronal markers were expressed by cells cultured on nanowire surfaces and the neuronal phenotypic 
behavior of the cells was detected compared to that of the cells cultured on the control surfaces. Ging-Ho 
Hsiue et al found that neural differentiation of human bone marrow mesenchymal stem cells (hBMMSCs) 
can be induced and maintained by carboxylated MWCNTs without any exogenous induction factors87. 

1.3.5 Nanomaterials for other tissue engineering 

Nanomaterials have also been used in other soft tissues, such as the skin and bladder. In one paper, the 
preparation of sandwich-type scaffolds composing of nanofiber membranes with nanoscale cues for skin 
tissue engineering was reported115. The nanostructured fibers of this scaffold presented nanotopographic 
factor to the cultured NIH 3T3 fibroblasts and primary rat skin cells, stimulating their migration in vitro and 
enhanced the re-epithelialization of wound in vivo. In another report, an asymmetric CGC membrane was 
fabricated by the injection of collagen I nanoparticles into the prefabricated porous chitosan-genipin (CG) 
membrane116. Fibroblasts cultured on the CGC membrane showed higher efficient in wounds healing than 
both gauze and the commercial wound dressing, Suile. The application of nanomaterials in bladder tissue 
engineering was summarized in a review report117. 

1.4 Potential risks of nanomaterials 

As described, nanomaterial applications are being developed increasingly and achieved tremendous 
progresses in different fields. However, it is important to note that there is still much remaining to be 
elucidated concerning their potential adverse health. 

In medical applications, the ability to be internalized by cells is being considered to be the precondition 
for a success of nanomaterials-based applications in disease diagnosis and therapy. However, the internalized 
nanomaterials may produce some negative effects on cells. For example, when nanomaterials enter the 
biological system and accumulate within cells, they may disrupt the organelle integrity, alter gene expression 
and lead to other intracellular changes. In addition, they may translocate between different cells that finally 
poses risks to the health. In the past few years, research data on the acute and chronic toxicity of 
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nanomaterials are expanding but are not yet complete. Meanwhile, research reports related to the genotoxicity 
of nanomaterials are still limited.  

The assessment of safety of nanomaterials are complicated because of a great variety in nanomaterial 
types, stabilizing coating agents, physicochemical properties of the nanomaterials, cellular incubation 
conditions, cell types and the investigation methods. Furthermore, regardless of all these differences 
mentioned above, the ‘‘nano’’ factor itself can induce many negative effects. As the size of nanomaterials 
approaches to that of the natural proteins, nanomaterials can easily penetrate the biological barriers and enter 
the places where the particles with larger size can not reach, such as the cell nucleus118,119. The high specific 
surface area of nanomaterials endow they with high surface energy and reactivity, resulting in strong 
interaction with cell components120. What’s more, the enhanced retention of nanomaterials in subcellular 
organelles can cause a high local concentration that free ions can not reach and induce more severe adverse 
cellular effects121.  

Therefore, with the increasing applications of nanomaterials in medicine, further systematic and 
well-designed toxicological studies are needed. Due to intravenous and subcutaneous injections, nanomaterial 
carriers for drug-delivery application need to undergo biosafety evaluation. Evaluation of the toxicology of 
nanomaterials by extrapolation from data with parent fine (or bulk) particles may not be appropriate, 
considering the unique physicochemical properties of selected nanoparticles. Therefore, specific, 
no-observed-effect level (NOEL) need to be determined from toxicological studies with nanomaterials, 
especially for those nanomaterials designed for use in nanomedicine. A battery of tests for evaluation of the 
toxicity of nanomaterials is also essential in future studies because individual tests each cover only one 
aspect of toxicity.  

1.5 Motivation and objectives 

Because of their small size, large specific surface area and high surface atomic slot insufficiency, 
nanomaterials exhibit fascinating and novel properties that are often vastly different from their bulk 
counterparts. Nanomaterials usually have low weight, high plasticity and high electrical/thermal conductivity 
as well as unique optical properties. The unique properties of nanomaterials offer excellent platforms for 
their applications to the diagnosis and therapy of diseases. Meanwhile, since cells in biological systems 
create and directly interact with nanostructured extracellular matrices (ECM), nanomaterials with excellent 
biomimetic features and physiochemical properties show great potential in the fabrication of novel 
biomaterials and scaffolds for tissue engineering. Among various nanomaterials, carbon nanotubes (CNTs), 
especially single-walled carbon nanotubes (SWCNTs) have attracted intense interest and shown promising 
applications in the realm of targeted drug/gene delivery, diagnostics, cancer research and tissue engineering. 

For biomedical usage, the interaction of nanomaterials with biological systems, especially with cells is 
the focus of current investigations. The success of nanomaterials-based applications in disease diagnosis and 
therapy largely depends on whether the designed nanomaterials can be easily internalized by cells. However, 
the internalized nanomaterials may produce some negative effects on cells. For example, when nanomaterials 
enter the biological system and accumulate within cells, they may disrupt the organelle integrity, alter gene 
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expression and lead to other intracellular changes. Therefore, one of the crucial issues regarding 
nanomaterials-based applications that have to be addressed is to understand how nanomaterials interact with 
cells and to uncover their potential risks. Meanwhile, feasible techniques are needed to detect the subtle 
changes of cells when they are exposed to nanomaterials. 

Therefore, the objectives of this study are to investigate the biosafety and interactions of SWCNTs with 
cells and to explore the potential of SWCNTs-based applications in stem cell research and tissue engineering, 
and to develop novel method for the investigation of interactions of nanomaterials with cells. All of these 
researches are expected to facilitate the nanomaterials-based biomedical applications. On the other hand, the 
investigation of the effects of nanomaterials on cells will contribute to a deeper understanding of the 
interactions of nanomaterials with biological system and help to design more reasonable and effective 
nanomaterials for clinical trials. 
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Cellular interaction of collagen-functionalized SWCNTs in 2D cell 

culture system 
 
 
 
 

2.1 Summary 

Carbon nanotubes (CNTs) have shown great potential for biological and medical applications because 
of their intrinsic unique properties. However, applications of CNTs have been severely restricted by their 
super-hydrophobicity and easy aggregation in aqueous medium, which are related to cytotoxicity and other 
negative cellular effects. What’s more, the interactions of CNTs with cells need to be thoroughly investigated 
before they can be applied in clinical trials. In this part, single-walled carbon nanotubes (SWCNTs) were 
functionalized with collagen (Col-SWCNTs). The Col-SWCNTs retained the inherent properties of SWCNTs 
and the suspension solution was stable for months. The cellular effects, uptake and intracellular distribution 
of the Col-SWCNTs were investigated by using them for culture of bovine articular chondrocytes (BACs). 
The Col-SWCNTs showed no obvious negative cellular effects and high amount of SWCNTs were 
internalized by cells. The internalized Col-SWCNTs were distributed in the perinuclear region and retained 
in the cells for more than one week. Adsorption of SWCNTs by extracellular matrix (ECM) was shown to be 
an important step for cellular uptake of SWCNTs. The high stability, easy cellular uptake and long retention 
in cells of the Col-SWCNTs will facilitate the biomedical and biotechnological applications of SWCNTs. 

2.2 Introduction 

Among various nanomaterials, carbon nanotubes (CNTs) have attracted intense interest and shown great 
potential for biomedical and biotechnological applications, including delivery of bioactive molecules such as 
drugs1–4, proteins5–7 and nucleic acids8,9; targeted cancer therapy10–12 and biological imaging13–16. The great 
potential of CNTs results from their small size, large surface area, low density, high stability and other 
unique inherent mechanical, optical and electrical properties18–20. One of the most fascinating benefits of 
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CNTs is the ability to efficaciously traverse biological barriers and enter even cell nuclei21–23 in an energy 
dependent or independent manner7,24–31. Nevertheless, the applications of CNTs have been severely restricted 
by their super-hydrophobicity and easy aggregation in aqueous medium. The features are associated with 
cytotoxicity and other negative cellular effects32, whereas well-dispersed CNTs show no apparent 
cytotoxicity6,7,33. Therefore, stable CNT dispersion systems that retain the intrinsic CNT properties and have 
no or negligible negative cellular effects are desirable. Many previous studies have been devoted to 
increasing the dispersibility and avoiding aggregation of CNTs in aqueous medium6,15,29,30,33–37. One of the 
most common processes is to introduce hydrophilic carboxylic acid groups at the ends of the tubes and at the 
site of defects on the sidewalls through multistep acid treatment using oxidizing acid to improve the 
dispersibility of CNTs in an aqueous medium6,7,29. The acid-treated CNTs are necessary precursors for the 
synthesis of a number of other functionalized CNTs. However, the complicated procedures may randomly 
cut CNTs and result in a change in the fundamental optical properties. On the other hand, several studies 
have shown that CNTs can be non-covalently functionalized by surfactants34, carbohydrates4,30 and proteins 
31,36 as well as nucleic acids15,27,37 and other biomolecules12,35 to improve the dispersibility. However, it is 
quite difficult to obtain a high yield of isolated CNTs via some of these approaches and many of these 
dispersants usually produce significant negative cellular effects. 

Collagen, the most abundant protein in mammals, has a wide variety of applications in tissue 
engineering and regenerative medicine because of its regular helical structure, excellent biocompatibility and 
moderate immunogenicity. Previous studies show that collagen/SWCNT composite materials have great 
utility as scaffolds in tissue engineering38. Collagen has also been used to stabilize silver nanoparticles in 
water39. The Col-functionalized silver nanoparticles are stable over one month and show non-toxic effects on 
human fibroblasts and keratinocytes. However, to the best of our knowledge, there is no report characterizing 
Col-SWCNT dispersions. Additionally, the interaction between Col-SWCNTs and cells has also barely been 
investigated, especially cellular effects and uptake over long times. 

Meanwhile, regarding the cytotoxicity of CNTs, published data were fiercely debated and extremely 
inconsistent. Some papers demonstrated that CNTs are toxic to multiple types of cells40–42, whereas other 
studies came to completely opposite conclusions if the CNTs were well-dispersed in water6,7,33. So the effects 
of CNTs on cells need to be thoroughly investigated before they can be used in clinical trials. 

In this part of study, single-walled carbon nanotubes (SWCNTs) were non-covalently functionalized 
with type І collagen (Col-SWCNTs) to improve their dispersibility in aqueous solution and used for culture 
of bovine articular chondrocytes (BACs). The cellular effects were investigated through WST-1 assay, 
live/dead staining and collagen II staining. The cellular uptake of Col-SWCNTs was quantified through 
concentration-dependent ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy. In addition, the 
distribution of Col-SWCNTs in cells was investigated using confocal Raman imaging. 
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2.3 Materials and methods 

2.3.1 Preparation of Col-SWCNTs 

To improve the dispersibility in water, SWCNTs (purity > 90%, 0.7-1.3 nm in diameter, Sigma-Aldrich, 
USA) were functionalized with collagen using a simple non-covalent approach. Briefly, 1,000 μg SWCNTs 
were sterilized using ultraviolet light for 2 hours and put in 10 mL 0.1 wt% collagen solution that was 
prepared by diluting 1.0 wt% collagen aqueous solution (type І collagen in pH = 3.0 acetic acid aqueous 
solution, Nippon Meat Packers Inc., Japan) with pH = 3.0 acetic acid aqueous solution. The mixture was 
sonicated (135 W, Bransonic, Japan) in an ice bath for 2 hours. The dispersion solution was then centrifuged 
(Tomy MX-301, Japan) at 20,000× g for 30 minutes to remove aggregated and bundled SWCNTs. Finally, 
the supernatant was collected and underwent an additional centrifugation round. 

2.3.2 Characterization of Col-SWCNTs 

The morphology of Col-SWCNTs was examined by high-resolution transmission electron microscopy 
(TEM, JEM-2100F, JEOL, Japan) after being deposited onto a carbon-coated copper grid. AFM images of 
Col-SWCNTs deposited on a mica substratum were taken in the tapping mode using an MFP-3D-BIO atomic 
force microscope (Asylum Research, CA). The length of the SWCNTs was measured using an ImageJ 
software. The final concentrations of Col-SWCNTs in the dispersions were determined via 
concentration-dependent UV-vis-NIR spectroscopy (V-7200, JASCO, Japan). For each concentration of 
SWCNT dispersion, the NIR absorbance intensity was obtained at 1032 nm. To investigate the stability of 
Col-SWCNT dispersions, NIR spectroscopy data were acquired from the supernatant immediately after 
centrifugation and from the same sample after 63 days of storage at room temperature. To obtain the Raman 
spectra of Col-SWCNTs, the supernatant was dropped and dried on a glass slide, then placed under the 
objective of the Raman microscope. After focusing, the Raman spectrum of the dried sample was recorded 
(laser excitation wavelength = 532 nm, 100 mW power, 3 second collection time).  

2.3.3 Cell culture and incubation with Col-SWCNTs  

Bovine articular chondrocytes (BACs) were isolated from the articular cartilage derived from a 9-week 
old female calf. Freshly isolated chondrocytes were defined as P0. BACs that were subcultured twice (P2) 
were used in this study. The BACs were cultured in 75 cm2 tissue culture flasks (BD Falcon, USA) with 
normal cell culture medium at 37 °C in humidified air containing 5% CO2. The normal cell culture medium 
was Dulbecco’s modified Eagle’s medium (DMEM, Sigma, USA) supplemented with 10% fetal bovine 
serum, 4,500 mg/L glucose, 4 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.1 mM 
nonessential amino acids, 0.4 mM proline, 1 mM sodium pyruvate and 50 µg/mL ascorbic acid. P2 cells 
were seeded into 6-well, 24-well, 96-well plates and 4-chamber culture slides (BD Falcon, USA) at a density 
of 50,000 cells/cm2. After 4 hours of pre-culture, the cell culture medium was changed to DMEM containing 
Col-SWCNTs for the experimental samples. DMEM containing the same amount of collagen as the 
experimental samples was used as a positive control. To prepare the cell culture medium containing 
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Col-SWCNTs, the Col-SWCNT dispersion was diluted with DMEM to a designed concentration. 

2.3.4 Determination of cellular effects of Col-SWCNTs 

To evaluate cell viability, BACs were cultured in 96-well plates with or without Col-SWCNTs for a 
designated period from 4 hours to 15 days. The medium was changed every 3 days. At each time point, cell 
viability was evaluated by WST-1 assay. The medium was replaced with 110 µL of WST-1 solution (Roche, 
Germany, 10 µL of WST-1 stock solution diluted with 100 µL of complete medium) and the cells were 
cultured for an additional 3 hours. The absorbance of each well of the 96-well plates was measured at 440 
nm using a plate reader (Benchmark Plus, USA) to determine cell viability. Live/dead staining with a 
Cellstain Live-Dead Double Staining kit (Dojindo, Japan) was also used to confirm live and dead cells after 
cell culture. The staining was conducted according to the manufacturer's instructions. Briefly, cells, after 
being cultured in 24-well plates with or without Col-SWCNTs for 4 days, were washed with warmed PBS 3 
times and incubated in 2 mM calcein-AM and 4 mM propidium iodide (PI) in serum-free DMEM for 15 
minutes. The cells were then immersed in serum-free medium after being rinsed with PBS. The live/dead 
images were observed using an inverted fluorescence microscope (Olympus, Japan). Immunological staining 
of type II collagen was performed to evaluate cell function. Briefly, cells cultured in 24-well plates in normal 
DMEM with or without Col-SWCNTs and normal DMEM containing collagen were fixed by 4% 
paraformaldehyde solution and incubated sequentially with proteinase K for 10 minutes for antigen retrieval, 
peroxidase blocking solution for 5 minutes and 10% goat serum solution for 30 minutes. The cells were then 
incubated with the first antibodies (rabbit polyclonal anti-collagen type II, Sanbio B.V., Uden, Netherlands) 
for 1 hour, followed by incubation with the peroxidase-labeled polymer-conjugated second antibodies 
(Dakocytomation Envisionþ, Dako, CA) for 30 minutes. The cells were then incubated with 
3,3'-diaminobenzidine (DAB) for 5 minutes to visualize the bound antibodies. The nuclei were 
counterstained with hematoxylin. The stained samples were observed under an optical microscope. All 
procedures were performed at room temperature (RT). 

2.3.5 Cellular uptake of Col-SWCNTs 

To determine the amount of Col-SWCNTs internalized in the BACs, the cells were cultured in 6-well 
plates in normal DMEM with Col-SWCNTs for 3 days. The medium was then changed to normal DMEM 
without Col-SWCNTs and the cells were cultured for another 6 days. The total culture period was 9 days. As 
is well known, cells are surrounded by their own ECM after cell culture. To precisely determine the amount 
of cellular uptake of SWCNTs, cells should be harvested without ECM. In this study, the cell culture medium 
was removed from the cell culture plates and the cells were washed with PBS three times. Next, the BACs 
were treated with trypsin/collagenase mixed solutions to separate the BACs from the surrounding ECM. 
After centrifugation, the supernatant (trypsin/collagenase solution) was collected and the cell pellet was 
washed with warm PBS through two rounds of washing-centrifugation. The PBS supernatant from each 
round was also collected and added into the collected trypsin/collagenase supernatant. The amount of 
SWCNTs in this mixed collection was measured using UV-vis-NIR spectroscopy and considered to be the 
amount of SWCNTs absorbed in the ECM. The washed cells were ruptured via a papain (Sigma, USA) 
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buffer solution and the amount of SWCNTs was measured and considered to be the amount of SWCNTs 
taken up in cells. Before being ruptured, the cells were counted with a cytometer and the population doubling 
time (PDT) was calculated using the equation PDT = t × log2 / (logN – logN0), where N0 represents the 
initial cell number, N represents the final cell number and t represents the time interval between N0 and N.  

2.3.6 Intracellular distribution of Col-SWCNTs 

An inverted confocal Raman microscope (AMANplus, Nanophoton, Japan) with a 532 nm laser (500 
mW) and phase objectives (Nikon Microsystems, Japan) was used for both Raman and phase-contrast 
imaging. Briefly, after the BACs were cultured in 4-chamber culture slides in normal DMEM with 
Col-SWCNTs for 4 hours to 5 days, the cells were washed with warm PBS and fixed with 4% 
paraformaldehyde solution to prevent morphological and chemical changes during image acquisition. After 
that, the samples were washed with PBS and the slides were mounted and hermetically sealed using nail 
lacquer. A phase-contrast image of a cell population was focused, revealing cellular morphologies including 
the nuclei and extensions. And then, a horizontal confocal Raman image (x-y imaging mode) was acquired to 
investigate the time course change of SWCNTs distribution in cells. Furthermore, an entire vertical section 
image (x-z imaging mode) of a single cell and a cell population after being cultured with Col-SWCNTs for 3 
days were acquired to show the detailed SWCNTs distribution. The confocal Raman spectra from 779.7 to 
1970.0 cm-1 were collected and the G-band, indicative of SWCNTs, was used to map the distribution of 
SWCNTs. Control of imaging parameters and processing and data analysis were performed in a Raman Data 
Viewer software (Nanophoton, Japan). 

2.3.7 Statistical analysis  

All data were reported as mean ± standard deviation (SD). One-way analysis of variance was performed 
to reveal statistical differences followed by Tukey’s post hoc test for pairwise comparison. All statistical 
analyses were executed using Kyplot 2.0 beta 15. 

2.4 Results and discussion 

2.4.1 Dispersibility and stability of Col-SWCNTs  

The main intrinsic drawbacks of SWCNTs are their super-hydrophobicity and easy aggregation in 
aqueous medium. Although various methods have been introduced to improve the dispersibility of SWCNTs, 
facile and effective methods for functionalizing SWCNTs are desirable. In this study, we used type І collagen 
to modify SWCNTs by non-covalent adsorption for good dispersion in an aqueous phase (Fig. 2.1a). Fig. 
2.1b shows the high resolution TEM image of the Col-SWCNTs, revealing the lattice spacing of individual 
carbon layer and surface of the nanotube was coated by collagen. The morphology of Col-SWCNTs was 
observed using AFM after the Col-SWCNTs were deposited on a mica substratum (Fig. 2.1c). Most of the 
Col-SWCNTs were individually dispersed on the surface, suggesting the individual dispersion state of 
Col-SWCNTs in solution. The length of the nanotubes measured from the image was 235 ± 42 nm. The 
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dispersibility of Col-SWCNTs and their stability in aqueous solutions were evaluated using UV-vis-NIR and 
Raman spectroscopy. The high absorbance of SWCNTs in the NIR spectrum originates from the electronic 
transitions between the first or second van Hove singularities of the nanotubes. The data in Fig. 2.1d revealed 
a highly linear relationship between the concentration of nanotubes and the corresponding NIR absorbance at 
1032 nm with R2 = 0.9999. This NIR spectroscopy calibration curve was used to determine the concentration 
of SWCNTs in the aqueous solutions. It was confirmed that SWCNTs with the same concentration were 
found to exhibit similar NIR intensities in water, PBS buffer, cell culture medium, trypsin/collagenase 
solution and papain solution. The full range UV-vis-NIR spectra of the same Col-SWCNTs dispersion 
solution immediately after preparation and after storage for 63 days were exactly the same (Fig. 2.1e), 
indicating that the Col-SWCNTs solution was highly stable during storage. The concentration of SWCNTs in 
this supernatant was up to ≈ 30 μg/mL. Therefore, highly stable nanotube solutions consisting of individually 
dispersed SWCNTs could be obtained after functionalization with collagen. 

 
Fig. 2.1 (a) Schematic of a collagen-functionalized SWCNT (Col-SWCNT). The color parts indicate collagen molecules. 

(b) High resolution TEM image of Col-SWCNTs. (c) AFM image of Col-SWCNTs deposited on a mica substratum. (d) 

Correlation between the NIR absorbance at 1032 nm and the corresponding SWCNT concentration. The inset shows a 

photo of the Col-SWCNT solution. (e) Full range UV-vis-NIR spectra of Col-SWCNTs obtained from the same samples 

immediately after preparation (time = 0 day) and after 63 days of storage. (f) Raman spectrum of pristine and 

Col-functionalized SWCNTs. 

In a typical SWCNT Raman spectrum, the following intense bands can be observed: 120-300 cm-1 for 
the radial breath mode (RBM) that is caused by uniaxial vibrations of SWCNTs, 1580-1600 cm-1 for the 
tangential G band that is caused by stretching along the C-C bonds in the graphitic plane and 1330-1360 cm-1 
for the disorder-induced D band that provides information regarding amorphous impurities and carbon 
nanotube wall disorders. The Raman spectra of the pristine SWCNTs and dried Col-SWCNTs on the glass 
slides showed these characteristic peaks and were similar except for the peak at 1100 cm-1 (Fig. 2.1f). The 
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new peak at 1100 cm-1 resulted from the collagen backbone, confirming the modification of SWCNTs by 
collagen. 

All these results indicated that functionalization of SWCNTs with collagen did not affect the optical 
properties of SWCNTs and that the Col-SWCNTs were individually dispersed in the aqueous solution, highly 
stable and suitable for further biological research.  

2.4.2 Cellular effects of Col-SWCNTs  

Fig. 2.2a shows the results of WST-1 assays on the metabolic activity (cell viability) of cell populations 
upon exposure to Col-SWCNTs at a concentration of ≈ 15 µg/mL over time. No obvious differences were 
observed among the cells cultured with normal culture medium, medium supplemented with collagen or 
medium supplemented with Col-SWCNTs during the 15 days of culture. The results indicated that 
Col-SWCNTs at a concentration of ≈ 15 µg/mL did not affect cell viability. The viability of the cells was 
further confirmed by live/dead staining (Fig. 2.2b). Few red-stained cells were detected. Most of the cells 
were alive in all of the three culture conditions with or with Col-SWCNTs. 

 
Fig. 2.2 (a) WST-1 assay of BACs cultured for 1 to 15 days with normal medium, medium with collagen and medium 

with Col-SWCNTs. (b) Live/dead staining of BACs after being cultured with normal medium, medium with collagen 

and medium with Col-SWCNTs for 4 days. (c) Collagen II staining of BACs after being cultured with normal medium, 

medium with collagen and medium with Col-SWCNTs for 2 weeks. 

Type II collagen is a specific marker of articular chondrocytes. The expression of type II collagen 
indicates that the function of articular chondrocytes is maintained. In this study, cells cultured in all groups 
were positively stained with anti-collagen II antibody (Fig. 2.2c), indicating that the Col-SWCNTs did not 
affect the capacity for expression of chondrogenic genes. These results indicated that the Col-SWCNTs did 
not show any negative effects on the functions of bovine chondrocytes.  

2.4.3 Cellular uptake of Col-SWCNTs  

The success of many SWCNT-based applications in nanomedicine and nanotechnology largely depends 
on whether and how many CNTs can be taken up by cells. The major pathways for the cellular uptake of 
SWCNTs include passive uptake, by which SWCNTs penetrate cell membranes in a manner similar to that of 
nanoneedles22,43,44 and active uptake via clathrin-mediated endocytosis6,28,33. The adsorption of some 
biocompatible molecules, such as BSA, DNA and peptides, on the surfaces of SWCNTs may induce and 
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facilitate receptor-mediated endocytosis of nanotubes5,22,29. The cellular uptake of Col-SWCNTs by bovine 
chondrocytes during cell culture was investigated using UV-vis-NIR spectroscopy (Fig. 2.3a). The cells were 
cultured with DMEM supplemented with Col-SWCNTs at a concentration of 5 µg/mL for 3 days. Next, the 
medium was changed to normal DMEM without Col-SWCNTs. The amount of SWCNTs in the entire cell 
population increased over time and then remained stable after being cultured for 6 days. The trend for the 
amount of cellular uptake of SWCNTs to increase was maintained even when the cell culture medium was 
changed to normal medium without Col-SWCNTs. To explain this phenomenon, SWCNTs in the 
extracellular matrix (ECM) were quantitatively investigated (Fig. 2.3b). The amount of SWCNTs in the 
ECM increased during the first 3 days of culture with medium containing Col-SWCNTs and decreased when 
the culture medium was changed to that without Col-SWCNTs. Cells are surrounded by ECM. After the 
culture medium was changed to DMEM without Col-SWCNTs, no new SWCNTs were absorbed in the ECM. 
The amount of SWCNTs in the ECM should maintain unchanged. However, the cells should continually 
uptake SWCNTs from the ECM that surrounds the cells. Therefore, the amount of cellular uptake of 
SWCNTs still increased while the amount in the ECM decreased after the cell culture medium was changed 
to SWCNT-free medium. From these results, we suggest that absorption of SWCNTs by the ECM could be 
an important step for the cellular uptake of the SWCNTs, especially for the cells with abundant ECM such as 
chondrocytes, which has not been previously shown.  

 
Fig. 2.3 (a) Quantification of cellular uptake of Col-SWCNTs in a BAC population after different culture time. (b) 

Amount of SWCNTs absorbed in the ECM during cell culture. (c) Average amount of Col-SWCNTs internalized in a 

single cell after different culture time. 

Based on the cellular uptake of SWCNTs by the population of cells, the amount of SWCNTs uptaken by 
a single cell was calculated (Fig. 2.3c). The uptake amount of SWCNTs by a single cell increased to a peak 
at day 3 and then decreased over time. In this study, the population doubling time (PDT) of the BACs was 
calculated to be 2.8 ± 0.4 days. Therefore, the decrease in uptake by a single cell after 3 days may be caused 
by cell division, which can dilute the average amount of SWCNTs in one cell45. At day 3, there were up to 
2.9 ± 0.1 pg of SWCNTs per cell, which was much higher than previously reported25,33. In other words, up to 
ten million (≈ 10.3 ± 0.4 × 106 SWCNTs/cell) SWCNTs (molecular mass ≈ 170 kDa for length ≈ 235 nm, 
diameter ≈ 0.9 nm) were internalized by one cell on average. The high uptake of Col-SWCNTs will facilitate 
their applications for SWCNT-based drug delivery, DNA transport, biological probing, intracellular imaging 
and cancer therapy.   
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It has been reported that CNTs are expelled from cells through exocytosis after internalization over 
hours or days25,30. However, in this study, Col-functionalized SWCNTs were retained in the cells for over a 
week, suggesting that the Col-SWCNTs were cytocompatible and appropriate for CNT-based cell imaging 
and cell therapy. The enhanced uptake and prolonged dwell time of Col-SWCNTs in cells should be 
attributed to the bioactive collagen on the surface of nanotubes. 

2.4.4 Intracellular distribution of Col-SWCNTs  

 

Fig. 2.4 (a) Phase-contrast, Raman and merged micrographs and (b) phase-contrast micrograph and x-z cross section 

confocal Raman image of a single cell after being cultured with Col-SWCNTs for 3 days. X-z cross section scanning 

was performed along the yellow line in the phase-contrast micrograph. (c) Phase-contrast, Raman and merged 

micrographs and (d) phase-contrast micrograph and x-z cross section confocal Raman image of a BAC population after 

being cultured with Col-SWCNTs for 3 days. The color-coded scale bar represents the G-band intensity of SWCNTs. 

To visualize cellular uptake and the intracellular distribution of SWCNTs, confocal Raman imaging was 
performed. Fig. 2.4a shows the phase-contrast and x-y plane scanning confocal Raman images of a single 
cell. The phase-contrast image clearly revealed the cellular morphology of BACs, including the cell shape, 
nucleus position and cell extension. To confirm that the confocal Raman scanning was performed within the 
cell rather than outside the cell, the measured plane was focused on the nucleus of the cell. The confocal 
Raman image showed that SWCNTs were primarily located around the nucleus. This result was consistent 
with previous reports24,26,29,31 and was supported by the x-z plane scanning confocal Raman imaging 
performed across the center of nucleus (Fig. 2.4b). By imaging multiple cells (Fig. 2.4c and d), cellular 
uptake was confirmed within the population of cells and the intensity of SWCNTs was most prevalent in the 
perinuclear region. Meanwhile, change of SWCNTs distribution in cells with culture time was investigated 
by observing the cells after being cultured with Col-SWCNTs for 4 hours, 1, 3 and 5 days (Fig. 2.5). The 
amount of SWCNTs internalized in cells increased with culture time and the intensity of the G-band of 
SWCNTs showed the highest value at the third day. The result was well consistent with the quantification 
data of cellular uptake of Col-SWCNTs using UV-vis-NIR as shown in Fig. 2.3. 
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Fig. 2.5 Phase-contrast, Raman and merged micrographs of BACs after being cultured with Col-SWCNTs for different 

time (4 hours, 1 day, 3 days and 5 days). The color-coded scale bar represents the G-band intensity of SWCNTs. 

2.5 Conclusions 

In summary, well-dispersed SWCNTs in aqueous solutions were obtained through functionalization of 

SWCNTs with type І collagen. The inherent properties of SWCNTs were retained after collagen 
functionalization and the Col-SWCNT suspension solution was stable over 63 days. The Col-SWCNTs 
showed no obvious negative cellular effects on the BACs in this 2D cell culture system. Cellular uptake of 
Col-SWCNTs by BACs was confirmed and up to ten million SWCNTs were internalized in one cell on 
average. The distribution of Col-SWCNTs in the cells was most prevalent in the perinuclear region. 
Absorption of SWCNTs by the ECM could be an important step during the SWCNT uptake process. The 
results suggested that SWCNTs functionalized by collagen should be suitable for applications in biomedicine 
and biotechnology.  
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Investigation of nanomaterials-mediated cell effects using atomic force 

microscopy 
 

 

 

3.1 Summary 

Besides the traditional investigation methods, feasible techniques that permit real-time, accurate and 
effective detection of the subtle changes of cells when they were exposed to nanomaterials are also highly 
needed. Atomic force microscopy (AFM) has been developed as a powerful tool in the imaging of cells and 
probing their mechanical properties under physiological conditions. In this part, AFM was employed to 
investigate the effects of nanomaterials on cells. Two different types of nanomaterials (SWCNTs and Fe-FeO 
core-shell magnetic nanoparticles) and three types of cells (BACs, hMSCs and HeLa cells) were used. 
WST-1 assay and live/dead staining showed that the cells had almost the same levels of viability. However, 
AFM measurement showed that the cells changed their Young’s modulus when different types of 
nanomaterials with different diameters were applied in the cell culture medium for different time. The results 
indicated that the effects of nanomaterials on the mechanical properties of cells were dependent on 
nanoparticles size, concentration and cell type as well as exposure time. More importantly, AFM was 
demonstrated to useful to identify the subtle changes of the mechanical properties of cells when they were 
exposed to nanomaterials even for very short time. 

3.2 Introduction 

Because of their small size, large specific surface area and high surface atomic slot insufficiency, 
nanomaterials exhibit fascinating and novel properties that are often vastly different from their bulk 
counterparts1,2. The unique properties of nanomaterials offer excellent platforms for different applications, 
including healthcare, electronics, cosmetics, textiles, information technology and environmental protection3–8. 
For biomedical usage, the interaction of nanomaterials with biological systems, especially with cells is the 
focus of current investigations9,10. The success of nanomaterials-based applications in disease diagnosis and 
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therapy largely depends on whether the designated nanomaterials can be easily internalized by cells11–13. 
However, the internalized nanomaterials may produce some negative effects on cells. For example, when 
nanomaterials enter the biological system and accumulate within cells, they may disrupt the organelle 
integrity, alter gene expression and lead to other intracellular changes14–17. Therefore, one of the crucial 
issues regarding nanomaterials-based applications that have to be addressed is to understand how 
nanomaterials interact with cells and to uncover their potential risks. Meanwhile, feasible techniques are 
needed to detect the subtle changes of cells when they are exposed to nanomaterials. 

Atomic force microscopy (AFM) has been developed as a powerful technique to study the topography 
and mechanics of materials under both air and liquid conditions18–26. Generally, AFM has four major parts of 
compositions: piezoelectric scanner, cantilever and tip, optical deflection system and electrical feedback 
system27,28. The basic principle of AFM is to sense and record the interaction between the tip and the 
specimen while the tip is scanning over the surface of the specimen. The tip is fixed to a soft cantilever that 
will be deflected from a very small force (in the piconewton range, 10-12 N) of interaction between the 
specimen and the tip. The deflection of the cantilever is detected by movement of a laser beam reflected from 
the tip and digitally transformed to a topographic image or an interaction force file of the specimen. The 
major advantages of AFM include the ability to perform measurement in aqueous, nonaqueous or dry 
conditions and the lack of a requirement for any special sample pretreatment. AFM imaging the topography 
and probing the mechanics of live cells under physiological conditions allows obtaining real information 
about cells in their natural environment.  

In this part, AFM was applied to study the effects of nanomaterials on cells. The mechanical properties 
of three types of cells (BACs, hMSCs and HeLa cells) exposed to two different types of nanomaterials 
(SWCNTs and Fe-FeO core-shell magnetic nanoparticles) were measered. The results showed that cells 
changed their Young’s modulus when different types of nanomaterials at different concentrations were 
applied in the cell culture medium for different time. The effects of nanomaterials on the mechanical 
properties of cells were dependent on nanoparticles size, concentration and cell type as well as exposure time. 
More importantly, AFM was demonstrated to be useful to identify the subtle changes of the mechanical 
properties of cells when they were exposed to nanomaterials even for very short time. 

3.3 Materials and methods 

3.3.1 Materials 

Two different types of nanomaterials (SWCNTs and Fe-FeO core-shell magnetic nanoparticles) were 
used in this part of study. SWCNTs (purity > 90%, 0.7-1.3 nm in diameter, Sigma-Aldrich, USA) were 
functionalized with collagen using a simple non-covalent approach to improve the dispersibility in water29. 
Briefly, 1,000 μg SWCNTs were sterilized using ultraviolet light for 2 hours and put in 10 mL 0.1 wt% 
collagen solution that was prepared by diluting 1.0 wt% collagen aqueous solution (type І collagen in pH = 
3.0 acetic acid aqueous solution, Nippon Meat Packers Inc., Japan) with pH = 3.0 acetic acid aqueous 
solution. The mixture was sonicated (135 W, Bransonic, Japan) in an ice bath for 2 hours. The dispersion 
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solution was then centrifuged (Tomy MX-301, Japan) at 20,000× g for 30 minutes to remove aggregated and 
bundled SWCNTs. Finally, the supernatant was collected and underwent an additional centrifugation round. 
Fe-FeO core-shell magnetic nanoparticles were bought from Boutiq, Wellington, New Zealand in aqueous 
solution and used as they were. 

3.3.2 Cell culture with nanoparticles 

Bovine articular chondrocytes (BACs, isolated from the articular cartilage derived from a 9-week old 
female calf, passage 2), HeLa cells (human cervical cancer, ATCC, Manassas, VA) and human bone 
marrow-derived mesenchymal stem cells (hMSCs, obtained from Osiris Therapeutics, Columbia, MD, 
passage 4) were used. The culture medium for BACs and hMSCs was Dulbecco’s modified Eagle’s medium 
(DMEM, Sigma, USA) supplemented with 10% fetal bovine serum. The culture medium for HeLa cells was 
Eagle’s Minimum Essential Medium (EMEM, ATCC, Manassas, VA) supplemented with 10% fetal bovine 
serum.  

For WST-1 assay, cells were cultured in 96-well plates (BD Falcon, USA) with culture medium. After 4 
hours of pre-culture, culture medium was changed to nanoparticle-containing medium with definite 
concentrations and cultured at 37 °C in humidified air containing 5% CO2. At a designated time point, cell 
culture medium was replaced with 110 µL of WST-1 solution (Roche, Germany, 10 µL of WST-1 stock 
solution diluted with 100 µL of complete medium) or 110 µL complete medium and the cells were cultured 
for an additional 3 hours. The absorbance of each well of the 96-well plates was measured at 440 nm using a 
plate reader (Benchmark Plus, USA). The cells cultured with 110 µL complete medium without supplement 
of WST-1 were used as nanoparticles sample blank to eliminate the effect of nanoparticles on the absorbance. 
The cells cultured in normal medium without nanoparticles were used as control. The relative viability of 
cells exposed to nanoparticles were expressed as percentage of (ODsample – ODblank) / (ODcontrol – ODblank) × 
100. 

For live/dead staining, cells were cultured in 24-well plates. After 4 hours of pre-culture, culture 
medium was changed to nanoparticle-containing medium with definite concentrations and cultured at 37 °C 
in humidified air containing 5% CO2. At a designated time point, cells were washed with warm PBS three 
times and stained with a Cellstain Live-Dead Double Staining kit (Sigma-Aldrich, USA) according to the 
manufacturer’s instructions. The live/dead images were observed using an inverted fluorescence microscope 
(Olympus, Japan).  

To investigate the cellular uptake of Fe-FeO core-shell magnetic nanoparticles, cells were cultured in 
24-well plates with iron nanoparticle-containing medium for 3 days and stained with an Iron Stain kit 
(Dojindo, Japan) according to the manufacturer’s instructions. The images of the stained cells were observed 
using an optical microscope microscope (Olympus, Japan). 

For AFM measurements, cells were cultured in 60 mm cell culture dishes (BD Falcon, USA). After 4 
hours of pre-culture, culture medium was changed to nanoparticle-containing medium with designed 
concentrations and cultured at 37 °C in humidified air containing 5% CO2. After cultivation for definite times, 
cells were washed with warm PBS three times and 1 mL warm culture medium was added in the cell culture 
dishes for AFM measurements. 
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3.3.3 AFM measurements  

Measurement of the mechanical property of cells was performed using a commercially available 
MFP-3D-Bio AFM microscope (Asylum Research, Santa Barbara, USA). To control the position of the AFM 
probe and to locate a cell, an optical microscope was used. Silicon nitride V-shaped cantilever (nominal 
spring constant, k = 0.06 N/m) with 600 nm-diameter glass ball as a probe (Novascan, Ames, USA) was used. 
The exact spring constant of the cantilever was measured before every set of experiment using the thermal 
tuning method30. Force distance curves were collected per cells at an indentation velocity of 4 µm per second. 
The measurement was performed in polystyrene culture Petri dishes filled with DMEM serum medium at 
room temperature. Determination of the Young’s modulus was based on the force curve that reflects the cell 
stiffness31. Force curve experiments were performed at the same loading rate equal to 5 nN and force curves 
were obtained through a standard approach. Force-volume height imaging (FVH) was performed before 
stiffness measurement (Fig. 3.1a). The scan size was set to a square from 20 pixel × 20 line to 50 pixel × 50 
line (map area of 80 × 80 µm) to collect the force curves. The FVH imaging was recorded at an indentation 
velocity of 8 µm per second and a maximum applied force 3 nN. The FVH imaging is a powerful technique, 
which can be used to choose the appropriate area on the cell surface where the force curves will be collected. 
Regions around cell center were chosen for the measurement. At each chosen region, a grid of 5 × 5 points 
was created and each point was measured. Therefore, twenty five force distance curves were collected per 
cell. 

3.3.4 Young’s modulus determination based on AFM measurements 

In AFM measurement, a probing tip indents the cells causing a deflection of the sensitive cantilever. To 
achieve the mechanical property of cells, calculation is based on the force curve which is obtained by 
monitoring the cantilever deflection. When the same load force is applied to indent control cells and cells 
treated with collagen-SWCNTs, the deflections should reflect the elastic property of the cells. In practice, it 
is important to convert force curves into force-versus-indentation curves by subtraction of two force curves, 
the one collected on a cell and the other one collected on a hard substrate (glass slide) (Fig. 3.1b). The 
force-versus-indentation curve describes the mechanical response to the applied load. The relative Young’s 
modulus value can be calculated based on Hertz-Sneddon model32. This model is described for configuration 
of a spherical probe over a flat homogeneous surface. The formula used to describe the relationship between 
the loading force F and the indentation depth is:  

 
where F is the loading force, R is the radius of the ball (AFM probe), Eeff is the reduced Young’s modulus 
and δ is the indentation depth. The reduced Young’s modulus is given by:  

 

When Esample << Etip (as is true for living cells), Eeff can be calculated as:  
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where sample and tip are the Poisson ratio. The Poisson ratio of cells is unknown, but for the majority of 
biological materials it is equal to 0.533. The important factors influencing the Young’s modulus values are (i) 
depth of probe penetration and (ii) appropriate area on the cell surface where the force curves are collected. 
In this study, the relative Young’s modulus was calculated for 200 nm indentation depth. 200 nm was chosen 
because the Hertz model is valid for small indentations where the substrate does not influence the 
calculations. In the case of the second factor influencing Young’s modulus, force curves were collected only 
at the topologically highest parts of the cells. By doing so, variability in Young’s modulus derived from 
probing different cellular structures could be minimized. A previous report34 demonstrates that each cell has 
at least three areas of different rigidity: area over nucleus, cytoplasm and cell edge. The optimal area on the 
cell surface for the measurement could be decided from the FVH imaging. This mode imaging combines 
force measurements with topographic imaging. The force curve was recorded and the sample was also 
translated in the x–y plane. The FVH image is an array of scanner positions at the points of the maximal 
deflection of the force curves. An example of Young’s modulus distribution is shown in Fig. 3.1c. The final 
Young’s modulus value was determined by fitting the Gaussian function to the histogram created from all the 
obtained data for each cell population. The center of the distribution corresponded to a mean value of the 
Young’s modulus, and the half width taken at the half height (HWHH) was regarded as a standard deviation 
(SD).  

 
Fig. 3.1 (a) Cell height map obtained in Force Map mode. Inset shows an illustration of the force spectroscopy mode: a 

grid has been set in the middle of living cell. (b) Representative force curves collected on a hard non-deformable 

surface of glass coverslip and a soft deformable surface of cell. (c) Representative Young’s modulus distributions 

obtained for cells. The center of the distribution corresponded to a mean value of the Young’s modulus, and the half 

width taken at the half height (HWHH) was regarded as a standard deviation (SD). 

3.3.5 Statistical analysis  

All data were reported as mean ± standard deviation (SD). One-way analysis of variance was performed 
to reveal statistical differences followed by Tukey’s post hoc test for pairwise comparison. All statistical 
analyses were executed using Kyplot 2.0 beta 15. 
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3.4 Results and discussion 

3.4.1 Young’s modulus of cells versus concentration of SWCNTs 

Cell Viability: Fig. 3.2a shows the results of WST-1 assays on the relative viability BACs cultured with 
Col-SWCNTs at different concentrations for 12, 48 and 96 hours. No obvious difference was observed 
between the experimental and the control groups even cells were cultured with Col-SWCNTs at a high 
concentration of ≈ 15 µg/mL over time. This result was well consistent with the results in former part.  

Cell Young’s Modulus: Fig. 3.2b shows the Young’s modulus of BACs cultured with Col-SWCNTs at 
different concentrations. The Young’s modulus of cells cultured in medium without SWCNTs was used as a 
control. BACs exposed to SWCNTs showed significant higher stiffness than did the control BACs. The 
average Young’s modulus value (E value) of control BACs was 2.04 ± 1.31 kPa. The average E value of 
BACs exposed to 5, 10 and 20 µg/mL SWCNTs was 3.64 ± 1.73, 3.48 ± 2.35 and 4.56 ± 2.11 kPa, 
respectively. Although the average E value of BACs treated with 5 and 10 µg/mL SWCNTs was almost the 
same, it increased after treatment with 20 µg/mL SWCNTs. The results indicated SWCNTs 
concentration-dependent increase in cell stiffness. The big increase of stiffness of BACs treated with 20 
µg/mL Col-SWCNTs might be due to the accumulation of SWCNTs inside the cells. The Col-SWCNTs at a 
concentration of 5 µg/mL could change the mechanical property of the cells and might avoid excess 
accumulation. Therefore, concentration of 5 µg/mL of SWCNTs was chosen for the following AFM 
measurements to investigate the nanomechanical profiles of cells.  

 

Fig. 3.2 (a) Relative viability of BACs cultured with Col-SWCNTs at different concentrations for 12, 48 and 96 hours 

through WST-1 assay. The viability of BACs cultured without Col-SWCNTs at each time point was used as a control. (b) 

Young’s modulus of BACs cultured with Col-SWCNTs at different concentrations for 3 days. (c) Young’s modulus of 

BACs cultured without or with Col-SWCNTs at a concentration of 5 µg/mL for different time. §, significant 

difference compared to all other groups, P < 0.001. ***, significant difference, P < 0.001. *, significant difference, P < 

0.05. N.S., no significant difference. 

3.4.2 Young’s modulus of cells versus cultivation time with SWCNTs 

Fig. 3.2c shows the Young’s modulus of the cells after being cultured without or with SWCNTs (5 
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µg/mL) for 0, 3, 6, 12, 24, 48 and 96 hours. The Young’s modulus of cells cultured with SWCNTs was higher 
than that of cells cultured without SWCNTs. The difference was not significant after cells cultured for 3 
hours. However the difference increased and became significant after cells cultured for more than 6 hours. 
When cells were cultured without SWCNTs, there was some difference among the different culture time, 
while the difference was not significant. When cells were cultured with SWCNTs, the Young’s modulus 
increased with culture time until 6 hours. After 6 hours, the change was not significant. These results 
indicated that the internalized SWCNTs had some effect on cellular mechanical property. Cells became 
stiffer after exposed to SWCNTs. And the changes became significant when cultivation time increased. One 
of the reasons is the amount of internalized SWCNTs. For short time period exposed to SWCNTs the amount 
of internalized SWCNTs was small and did not induce significant change. After culture for longer period, 
more SWCNTs were internalized by the cells and the influence of SWCNTs was also accumulated. Another 
reason may be due to the lag of cell response to SWCNTs which should be further studied in the future work. 
More importantly, through the traditional investigation methods, such as WST-1 assay and live/dead staining, 
no significant difference was detected (Fig. 3.2a, Fig. 2.2a and b in Chapter 2) even cells were cultured with 
SWCNTs at higher concentration and for longer time. But AFM was able to identify the subtle changes of the 
mechanical properties of cells when they were exposed to SWCNTs even for very short time, suggesting 
AFM could be a useful tool to investigate cellular effects of nanomaterials. 

3.4.3 Young’s modulus of cells versus cell type 

Cell Viability: The viability of cells was measured after the BACs, hMSCs and HeLa cells were 
cultured with SWCNT at a concentration of 20 µg/mL for 3 days. Fig. 3.3a shows that exposure to 
Col-SWCNTs at a concentration of 20 g/mL did not have any significant effect on cell viability, compared to 
the cells culture without SWCNTs.  

 

Fig. 3.3 (a) Relative viability of BACs, hMSCs and HeLa cells cultured with Col-SWCNTs at a concentration of 20 

µg/mL for 3 days through WST-1 assay. The viability of cells cultured without Col-SWCNTs was used as a control. (b) 

Young’s modulus of BACs, hMSCs and HeLa cells cultured without or with Col-SWCNTs at a concentration of 20 

µg/mL for 3 days. ***, significant difference, P < 0.001. **, significant difference, P < 0.01. N.S., no significant 

difference. 
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Cell Young’s Modulus: Fig. 3.3b shows histograms with distinct character of Young’s modulus of cells 
treated with or without SWCNTs. The smallest change of Young’s modulus value between treatment with or 
without SWCNTs was observed for hMSCs. It is important to note that the cancer cells are softer compared 
to the other, as reported in the literature35. The Young’s modulus of HeLa cells in this study was lower than 
that of BACs and hMSC and, which was in agreement with the previous report. The difference between E 
value of HeLa cells treated with or without Col-SWCNTs was also significant (P < 0.01). Mechanical 
property reflects the organization of cell cytoskeleton, in particular the actin cytoskeleton. Our results 
showed that the three different cell types showed different mechanical property when being exposed to 
SWCNTs although their viabilities were not affected by SWCNTs. The change of mechanical property was 
significant before and after the treatment with Col-SWCNTs. Although the change level was dependent on 
the cell type, stem cells, normal cells and cancer cells showed similar variation. The results conformed that 
observation by AFM may be a useful tool to investigate cellular effect of nanomaterials in addition to the 
conventional analysis and this method does not dependent on the types of cell. 

3.4.4 Young’s modulus of cells exposed to Fe-FeO core-shell magnetic nanoparticles 

Cellular Uptake: Fig. 3.4 shows the results of iron staining of BACs cultured with Fe-FeO core-shell 
nanoparticles at different concentrations for 3 days. Iron nanoparticles were stained to blue, nuclei were 
stained to red (Pararosaniline stain) while cytoplasm was stained to pink. The blue staining indicates that 
nanoparticles were internalized into the cells and the increased blue staining suggested that the amount of the 
internalized nanoparticles increased with the increasing of the concentration of nanoparticles.  

 

Fig. 3.4 Optical microscopy images of BACs stained for Fe, with the blue stains showing positive detection of Fe in 

cells treated with Fe-FeO core-shell nanoparticles at different concentrations. 

Cell Viability: The results of WST-1 assays on the relative viability BACs cultured with Fe-FeO 
core-shell nanoparticles at different concentrations are shown in Fig. 3.5a. No obvious difference was 
observed between the experimental and the control groups. Fig. 3.5b shows the live/dead double staining 
results. Live cells were stained green while dead cells were stained red. Few or no red-stained cells were 
detected. These results indicated that Fe-FeO core-shell nanoparticles did not affect the viability of BACs, or 
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the influences were too weak to be detected by the traditional methods, even the cells were cultured with the 
nanoparticles at very high concentration. 

 
Fig. 3.5 (a) Relative viability of BACs cultured with Fe-FeO core-shell nanoparticles at different concentrations for 3, 

10 and 14 days through WST-1 assay. The viability of BACs cultured without Fe-FeO core-shell nanoparticles at each 

time point was used as a control. (b) Live/dead double staining of BACs cultured with Fe-FeO core-shell nanoparticles 

at different concentrations for 3 days. 

Cell Young’s Modulus: Fig. 3.6 shows the Young’s modulus of BACs cultured with Fe-FeO core-shell 
nanoparticles at different concentrations. The Young’s modulus of cells cultured in medium without iron 
nanoparticles was used as a control. BACs exposed to iron nanoparticles showed higher stiffness than did the 
control BACs, even though there was no significant difference between the cells cultured with 5 µg/mL iron 
nanoparticles and that of the cells cultured without iron nanoparticles. Young’s modulus of BACs increased 
with the increasing of the concentration of iron nanoparticles. The results indicated that cell stiffness increase 
dependent on the concentration of iron nanoparticles. The increase of stiffness of BACs can be explained by 
the accumulation of nanoparticles inside the cells as shown in Fig. 3.4. Through the traditional investigation 
methods, such as WST-1 assay and live/dead staining, no significant difference was detected (Fig. 3.5) when 
the cells were cultured with iron nanoparticles. AFM was able to identify the changes of the mechanical 
properties of cells even the concentration of iron nanoparticles was low. These results further conformed that 
observation by AFM may be a useful tool to investigate cellular effect of nanomaterials in addition to the 
conventional analysis and this method does not dependent on the types of nanoparticles. 

 

Fig. 3.6 Young’s modulus of BACs cultured with Fe-FeO core-shell nanoparticles at different concentrations for 3 days. 

***, significant difference, P < 0.001. *, significant difference, P < 0.05. N.S., no significant difference. 
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3.5 Conclusions 

In summary, AFM was employed to investigate the effects of nanomaterials on cells. The cells showed 
almost the same levels of viability through WST-1 assay and live/dead staining. However, AFM was able to 
identify the subtle changes of the mechanical properties of cells when they were exposed to different types of 
nanomaterials at different concentrations for different time. The effects of nanomaterials on the mechanical 
properties of cells were dependent on nanoparticles size, concentration and cell type as well as exposure time. 
More importantly, AFM was demonstrated to be useful to investigate cellular effects of nanomaterials.  
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Chapter 4 
 
 

SWCNTs-based long-term stem cell labeling and imaging 
 
 
 
 

4.1 Summary 

The monitoring of grafted stem cells is crucial to assess the efficiency, effectiveness and safety of such 
stem cell-based therapies. In this regards, a reliable and cytocompatible labeling method for stem cells is 
critically needed. In this part, the collagen-functionalized single-walled carbon nanotubes (Col-SWCNTs) 
were used as an imaging probe for labeling of human mesenchymal stem cells (hMSCs) and the inherent 
Raman scattering of SWCNTs was used to image the SWCNT-labeled cells. The results showed that the 
Col-SWCNTs exhibit efficient cellular internalization by hMSCs without affecting their proliferation and 
differentiation. The prolonged dwell time of Col-SWCNTs in cells ensured the long-term labeling up to 2 
weeks. This work reveals the potential of Col-SWCNTs as a probe for long-term stem cell labeling.  

4.2 Introduction 

Stem cells have shown great potential in the field of regenerative medicine because of their capacity to 
self-renew and differentiate into multiple cell lineages, and stem cell implantation has been considered as a 
promising therapeutic strategy for various diseases and defects1-3. A critical aspect of stem cell-based 
therapies is to distinguish the implanted cells from the host cells and to monitor them in terms of their 
viability, migration, distribution and the relative contributions from the delivered cells versus host cells4-6. 
With this respect, a long-term and non-invasive ex vivo labeling method for stem cells is critically needed.  

Genetically encoded luciferase and fluorescent proteins such as green fluorescent protein (GFP) are 
commonly used for stem cell labeling and tracking7-9. They can be produced via the expression of the 
transduced reporter genes in live cells and will be passed on to progeny cells for cell tracking in a relatively 
long period of time. However, this method requires complicated genetic modification of the stem cells and is 
hard to avoid the overlap with the autofluorescence signals. A variety of exogenous contrast agents have also 
been widely used for labeling and tracking of stem cells, such as radio active isotopes, magnetic 
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nanoparticles, organic fluorophores and inorganic quantum dots (QDs)4,10-13. These exogenous contrast 
agents are easy to use and are capable of labeling cells in culture for short time. However, some of these 
fluorophores show high cytotoxicity and may suffer from photobleaching and fluorescence losing and 
therefore are not typically used to label cells for long time. 

On the other hand, carbon nanotubes (CNTs), especially single-walled carbon nanotubes (SWCNTs) 
have been extensively explored for biological and medical applications motivated by a consequence of their 
unique physical and chemical properties14-19. One of the most attractive advantages of SWCNTs is that they 
can penetrate the biological barriers and be internalized by cells effectively in an energy dependent or 
independent manner20-22. In previous part, SWCNTs functionalized with collagen (Col-SWCNTs) showed 
excellent internalization ability into bovine articular chondrocytes (up to ten million SWCNTs were 
internalized in one cell on average) without showing obvious negative cellular effects23. The internalized 
Col-SWCNTs were distributed in the perinuclear region and retained in the cells for more than one week. 
Meanwhile, as a kind of quasi one-dimensional (1D) nanomaterials, SWCNTs exhibit various unique optical 
properties which are helpful in biomedical labeling and imaging24-27. SWCNTs have sharp electronic density 
of states at the van Hove singularities, resulting in strong and distinctive resonance Raman scattering that 
includes the radial breathing mode (RBM) and tangential mode (G-band). These peaks are sharp and strong 
and can be easily distinguished from fluorescence backgrounds, which are suitable for optical imaging. 
Another important advantage of SWCNTs as fluorophores is the lack of photobleaching without any 
noticeable decay or loss of photoluminescence intensity even under extended laser excitation28. All of these 
features make SWCNTs suitable for stem cells labeling and imaging. 

In this part, collagen-functionalized SWCNTs (Col-SWCNTs) were used as a probe to label and image 
human mesenchymal stem cells (hMSCs). Internalization of Col-SWCNTs into hMSCs was conformed. The 
viability and differentiation capacity of the labeled hMSCs were investigated via WST-1 assay and 
osteogenic and adipogenic differentiation-induction experiments, respectively. The cells could be detected by 
Raman microscope easily even after 2 weeks of culture post labeling, revealing the Col-SWCNTs should be 
an useful probe for long-term stem cells labeling. 

4.3 Materials and methods 

4.3.1 Preparation and characterization of Col-SWCNTs 

SWCNTs (purity > 90%, Sigma-Aldrich, USA) were functionalized with collagen as mentioned in 
previous part to improve the dispersibility in water. Briefly, 1 mg SWCNTs were put in 10 mL 0.1 wt% 
collagen (type I, Nippon Meat Packers Inc., Japan) solution after being sterilized using ultraviolet light for 2 
hours. The mixture was sonicated (135 W, Bransonic, Japan) in an ice bath for 2 hours. The dispersion 
solution was then centrifuged (Tomy MX-301, Japan) at 20,000× g for 30 minutes twice to remove 
aggregated and bundled SWCNTs. The supernatant was collected and mixed with normal cell culture 
medium to prepare the SWCNTs-containing cell culture medium. The Col-SWCNTs could be well dispersed 
in cell culture medium and the final concentrations of Col-SWCNTs in the dispersions were determined via 
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concentration-dependent ultraviolet visible near-infrared (UV-vis-NIR) spectroscopy (V-7200, JASCO, 
Japan). 

4.3.2 Cell culture and labeling with Col-SWCNTs  

Human bone marrow-derived mesenchymal stem cells (hMSCs) were obtained from LONZA 
(Walkersvile, MD) at passage 2 (P2). The cells were cultured in 75 cm2 tissue culture flasks (BD Falcon, 
USA) with normal cell culture medium at 37 °C in humidified air containing 5% CO2. The normal cell 
culture medium was Dulbecco’s modified Eagle’s medium (DMEM, Sigma, USA) supplemented with 10% 
fetal bovine serum, 4,500 mg/L glucose, 4 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 
0.1 mM nonessential amino acids, 0.4 mM proline, 1 mM sodium pyruvate and 50 µg/mL ascorbic acid. The 
cells were subcultured once after reaching confluence and used at passage 4. To label the hMSCs, P4 cells 
were seeded into 60 mm cell culture dish (BD Falcon, USA) at a density of 5,000 cells/cm2. The cell culture 
medium was changed to DMEM containing Col-SWCNTs at a concentration of 5 µg/mL after 4 hours of 
pre-culture. After being cultured for an additional 48 hours, the cells were washed with warm PBS, collected 
by treatment with trypsin/EDTA solution and seeded in 4-chamber culture slides with normal DMEM for 4 
hours. Then the cells were washed with warm PBS and fixed with 4% paraformaldehyde solution for 15 
minutes. After that, the samples were washed with PBS and the slides were mounted and hermetically sealed 
using nail lacquer. The labeling efficiency of hMSCs was then observed by a confocal Raman microscope. A 
phase-contrast image of the cells was focused, revealing cellular morphologies including the nuclei and 
extensions. And then, a horizontal confocal Raman image (x-y imaging mode) was acquired to investigate 
SWCNTs signals in the cells. The confocal Raman spectra from 779.7 to 1970.0 cm-1 were collected and the 
G-band, indicative of SWCNTs, was used to map the distribution of SWCNTs. Control of imaging 
parameters and processing and data analysis were performed in a Raman Data Viewer software (Nanophoton, 
Japan). Meanwhile, to determine the amount of Col-SWCNTs internalized in hMSCs, the cells after being 
exposed to Col-SWCTs for 12, 24 and 48 hours were collected by trypsin/EDTA treatment. The cells were 
then washed with PBS through two rounds of washing-centrifugation and ruptured via a papain (Sigma, USA) 
buffer solution. The amount of SWCNTs in the papain buffer solution was measured using UV-vis-NIR 
spectroscopy and considered to be the amount of SWCNTs internalized in cells. Before being ruptured, the 
cells were counted with a hemacytometer. To investigate the detection efficiency of the labeled hMSCs by 
Raman imaging, the labeled hMSCs were co-cultured with unlabeled hMSCs at different ratios 
(labeled:unlabeled = 1:1, 1:50, 1:100, 0:100). After 4 hours preculture, the samples were washed with PBS, 
fixed with 4% paraformaldehyde solution for 15 minutes and observed under a confocal Raman microscope.  

4.3.3 Viability of the labeled hMSCs 

The viability of labeled hMSCs was evaluated by WST-1 assay. Briefly, the labeled hMSCs were 
cultured in 96-well plates with normal cell culture medium for a designated period of time. At each time 
point, the medium was replaced with 110 µL of WST-1 solution (Roche, Germany, 10 µL of WST-1 stock 
solution diluted with 100 µL of complete medium) and the cells were cultured for an additional 3 hours. The 
absorbance of each well of the 96-well plates was measured at 440 nm using a plate reader (Benchmark Plus, 
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USA). The cells cultured with 110 µL normal medium without supplement of WST-1 were used as SWCNTs 
sample blank to eliminate the effect of SWCNTs on the absorbance. Cells without labeling were used as a 
control. The relative viability of labeled hMSCs were expressed as percentage of (ODsample – ODsample blank) / 
(ODcontrol – ODcontrol blank) × 100. Live/dead staining with a Cellstain Live-Dead Double Staining kit (Dojindo, 
Japan) was also used to confirm live and dead cells after cell culture. The staining was conducted according 
to the manufacturer's instructions. Briefly, after being cultured in 24-well plates for 1 day, 2 and 3 weeks, the 
cells were washed with warm PBS three times and incubated in 2 mM calcein-AM and 4 mM propidium 
iodide (PI) in PBS for 15 minutes. The live/dead images were observed using an inverted fluorescence 
microscope (Olympus, Japan). 

4.3.4 Differentiation capacity of the labeled hMSCs 

The labeled and unlabeled hMSCs were seeded into 24-well plates at a density of 5,000 cells/cm2 with 
normal cell culture medium. After 4 hours, the normal medium was replaced with osteogenic or adipogenic 
differentiation medium. The osteogenic differentiation medium consisted of DMEM supplemented with 1000 
mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.1 mM nonessential 
amino acids, 50 mg/L ascorbic acid, 10% FBS, 10 nM dexamethasone, and 10 mM β-glycerophosphate. The 
adipogenic differentiation medium consisted of DMEM supplemented with 4500 mg/L glucose, 584 mg/L 
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.1 mM nonessential amino acids, 0.4 mM proline, 
50 mg/L ascorbic acid, 10% FBS, 1 μM dexamethasone, 0.5 mM methylisobutylxanthine, 10 μg/mL insulin, 
and 100 μM indomethacin. 

Alkaline phosphatase (ALP) staining was carried out after incubation in osteogenic differentiation 
medium for 1 and 3 weeks. The cells were washed with warm PBS twice and fixed with 4% 
paraformaldehyde for 10 minutes at room temperature. The fixed cells were washed with PBS three times 
and incubated with 0.1% naphthol AS-MX phosphate (Sigma, USA) and 0.1% fast blue RR salt (Sigma, 
USA) in 56 mM 2-amino-2-methyl-1,3-propanediol (pH 9.9, Sigma, USA) working solution at room 
temperature for 10 minutes, washed with PBS twice and observed by an optical microscope (Olympus, 
Japan). Differentiation percentage was evaluated by quantification of ALP stained areas. The stained images 
were analyzed by an automated image analysis software and the stained areas were converted to a percentage 
of the total area of cells.  

Alizarin Red S staining was carried out after the labeled and unlabeled hMSCs were cultured with 
osteogenic medium for 3 weeks. The cells were washed with warm PBS twice, followed by fixation with 4% 
paraformaldehyde for 10 minutes at room temperature. After that, the cells were incubated with 0.5% 
Alizarin Red S (Sigma, USA) solution at room temperature for 10 minutes, washed twice with PBS and 
observed by an optical microscope. The percentage of Alizarin Red S positively stained areas were quantified 
by analyzing the images with an automated image analysis software as mentioned above. 

Oil Red O staining was performed after the labeled and unlabeled hMSCs were cultured with 
adipogenic medium for 1 and 3 weeks. The cells were washed with warm PBS three times, fixed with with 4% 
paraformaldehyde for 10 minutes at room temperature. After treating with 60% 2-propanol for 5 minutes, the 
cells were treated with Oil Red O staining solution for 5 minutes. The Oil Red O staining solution was 
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prepared by mixing the stocking solution (0.3 g/mL, Sigma, USA) with MilliQ water at a volume ratio of 3:2 
and filtering with a 0.2 μm filter. The stained cells were washed with 60% 2-propanol once and PBS three 
times to remove the background. The photo micrographs of the stained cells were captured by an optical 
microscope. Adipogenesis percentage was evaluated by quantification of Oil Red O stained areas using an 
automated image analysis software as mentioned above. 

4.3.5 Long-term stem cell labeling capacity of Col-SWCNTs 

To study the long-term stem cell labeling capacity and investigate whether the internalized Col-SWNTs 
were released from the labeled hMSCs and internalized by the nearby unlabeled hMSCs, a homemade 
inverse co-culture system was used. At first, the unlabeled hMSCs were seeded in a 60 mm cell culture dish 
(BD Falcon, USA). The Col-SWCNTs labeled hMSCs were seeded in a dish plate that was cut from the 
bottom part of a 35 mm cell culture dish (BD Falcon, USA). After 4 hours culture, the labeled hMSCs 
attached on the surface of the dish plate. Subsequently, the dish plate with labeled hMSCs was turned over 
and put in the 60 mm cell culture dish with unlabeled hMSCs. The labeled hMSCs at the upper side and 
unlabeled hMSCs at the down side were co-cultured in the same culture system with normal cell culture 
medium for different time. At each designated time point (1, 3, 7, 10 and 14 days), both the labeled and 
unlabeled cells were collected by trypsin/EDTA treatment and re-seeded in 4-chamber culture slides 
separately. After being cultured for 4 hours, the cells were washed with warm PBS, fixed with 4% 
paraformaldehyde solution and observed by a confocal Raman microscope. Meanwhile, to determine the 
amount of SWCNTs in the labeled hMSCs at different time point after co-culture, the cells were collected by 
trypsin/EDTA treatment, washed with PBS through two rounds of washing-centrifugation and ruptured via a 
papain buffer solution. The amount of SWCNTs in the papain buffer solution was measured using 
UV-vis-NIR spectroscopy and considered to be the amount of SWCNTs in the labeled cells. Before being 
ruptured, the cells were counted with a hemacytometer. 

4.3.6 Statistical analysis  

All data were reported as mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) 
with Tukey’s post hoc test for multiple comparisons was used for statistical analysis. A value of P < 0.05 was 
considered to be a statistically significant difference. 

4.4 Results and discussion 

4.4.1 Stem cells labeling and detection efficiency with Col-SWCNTs 

A key premise for extraneous agents based cell labeling is that the agents can be efficiently internalized 
by the cells. It has been reported that functionalization of SWCNTs with some biocompatible molecules, 
such as BSA, DNA and peptides on their surfaces may induce and facilitate receptor-mediated endocytosis of 
nanotubes29-31. We have found that the Col-SWCNTs showed enhanced cellular uptake by bovine articular 
chondrocytes in previous part. Fig. 4.1a shows a photo of the labeled and unlabeled hMSCs pellets after 
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centrifugation. The labeled cells showed black color due to the color of the carbon nanotubes. Fig. 4.1b 
shows the amount of SWCNTs internalized by hMSCs, which was divided by the number of cells. The 
average amount of internalized SWCNTs in each cell was 2.17 ± 0.34 pg after the cells were cultured with 
Col-SWCNTs for 48 hours. In other words, the average number of internalized SWCNTs in each cell was 
7.68 ± 1.20 × 106. A high amount of Col-SWCNTs were internalized by cells, which should suffice to label 
and image the hMSCs efficiently. The internalized Col-SWCNTs were further confirmed by confocal Raman 
imaging (Fig. 4.1c, d and e). The morphology of hMSC including the cell shape, nucleus position and cell 
extension was revealed through the phase-contrast image and the measured plane was focused on the nucleus 
of the cell. The labeled hMSC showed strong Raman signals around the nucleus, suggesting the internalized 
Col-SWCNTs were primarily located around the nucleus. This result was well consistent with previous 
reports30-33 and further conformed by the vertical scanning Raman imaging performed across the centre of 
nucleus (Fig. 4.1d). By imaging multiple cells (Fig. 4.1e), cellular labeling was confirmed within the 
population of cells. The three spectra in Fig. 1f corresponded to different positions in or out the cell on the 
mapping area. Absence of the indicative G-band Raman peak of SWCNTs at 1590 cm-1 in Raman spectrum, 
which was obtained from the position out the cell (no cell region) revealed no SWCNTs were detected at the 
outside of cells. 

 
Fig. 4.1 (a) A photo of the labeled and unlabeled hMSCs pellets. (b) Quantification of the internalized Col-SWCNTs in 

hMSCs after different culture time. (c) Phase-contrast, confocal Raman and merged micrographs and (d) phase-contrast 

micrograph and x-z cross section confocal Raman image of a single hMSC labeled by Col-SWCNTs. The x-z cross 

section scanning was performed along the yellow line in the phase-contrast micrograph. The color-coded scale bar 

represents the G-band intensity of SWCNTs. (e) Phase-contrast, confocal Raman and merged micrographs of a hMSC 

population labeled by Col-SWCNTs. (f) Raman spectra (G-band) performed at position (I) outside the cell boundary 

and positions (II and III) within the cell as shown in Fig. 1e. 
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Fig. 4.2 Phase-contrast, confocal Raman and merged micrographs of the labeled hMSCs after being cultured with 

unlabeled hMSCs at different ratios (labeled:unlabeled = 1:1, 1:50, 1:100, 0:100). The color-coded scale bar represents 

the G-band intensity of SWCNTs. 

Fig. 4.2 shows the detection efficiency of the labeled hMSCs from the unlabeled hMSCs by using 
confocal Raman imaging. The ratio of the cells showed positive and negative signals for SWCNTs were 
consistent with the initio mixing ratio of labeld and unlabeld hMSCs. What’s more, the labeled cells could be 
detected easily even there were only one or two labeled hMSCs in the entire visual field. 

4.4.2 Viability of the labeled hMSCs 

 

Fig. 4.3 (a) Relative viability of SWCNTs-labeled hMSCs through WST-1 assay. The viability of unlabeled hMSCs was 

used as a control. (b) Live/dead double staining of the labeled and unlabeled hMSCs after being cultured for 1 day and 3 

weeks. 

The results of WST-1 assays on the metabolic activity (cell viability) of the Col-SWCNTs labeled 
hMSCs are shown in Fig. 4.3a. No obvious difference was observed between the experimental and the 
control groups, indicating that Col-SWCNTs exhibited no obvious cytotoxicity on hMSCs. This result was 
further confirmed by live/dead double staining (Fig. 4.3b). Live cells were stained green while dead cells 
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were stained red. Few red-stained cells were detected, suggesting that most of the cells were viable no matter 
being labeled with Col-SWCNTs or not. This result should be attributed to the good dispersibility of 
Col-SWCNTs and the bioactive collagen on the surface of nanotubes. 

4.4.3 Differentiation capacity of the labeled hMSCs 

One of the most attractive characters that hMSCs possess is their multiple differentiation potentiality. It 
is generally known that cells maintain their homeostasis through a comprehensive signalling network and 
any perturbation of this system by nanomaterials will affect cell function and behavior. Therefore, the effect 
of SWCNTs on the differentiation potential of hMSCs is a critical concern for stem cell labeling. In 
osteogenesis, differentiation of stem cells into osteoblasts is a key step and ALP is an important early marker 
for cells undergoing differentiation to form preosteoblasts and osteoblasts. ALP staining was performed to 
investigate the osteogenic differentiation potential of the Col-SWCNTs labeled hMSCs. Fig. 4.4a shows the 
ALP staining of the labeled and unlabeled hMSCs after being cultured with or without osteogenic induction 
factors for 1 and 3 weeks. When hMSCs were cultured without osteogenic induction factors, ALP was only 
slightly stained even after being cultured for 3 weeks. In contrast, the cells no matter being labeled with 
Col-SWCNTs or not were positively stained after 1 and 3 weeks of osteogenic induction culture. And no 
significant difference was detected through the quantitative analysis of the positively stained areas between 
the control and experimental groups (Fig. 4.4b), revealing that the labeling with Col-SWCNTs did not affect 
the osteogenic differentiation of hMSCs.  

 
Fig. 4.4 (a) ALP staining and (b) the relative stained area of the labeled and unlabeled hMSCs after being cultured with 

(+) or without (-) osteogenic induction factors for 1 and 3 weeks. (c) Alizarin Red S staining and (d) the relative stained 

area of the labeled and unlabeled hMSCs after being cultured with (+) or without (-) osteogenic induction factors for 3 

weeks. ***, significant difference, P < 0.001. N.S., no significant difference. 

Calcium deposition which is an important late indicator of osteogenic differentiation was assessed by 
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Alizarin Red S staining (Fig. 4.4c). Since mineralization usually happens at a late stage of osteogenic 
differentiation, Alizarin Red S staining was performed after 3 weeks of culture. Alizarin Red S staining was 
positive in both control and experimental groups and there was no notable difference between them (Fig. 
4.4d), indicating that the labeling of hMSCs with Col-SWCNTs did not affect the calcium deposition. 

 

Fig. 4.5 (a) Oil Red O staining and (b) the relative stained area of the labeled and unlabeled hMSCs after being cultured 

with (+) or without (-) adipogenic induction factors for 1 and 3 weeks. ***, significant difference, P < 0.001. N.S., no 

significant difference. 

Adipogenic differentiation capacity of the labeled hMSCs was analyzed by specifically staining 
intracytoplasmic lipids with Oil Red O. Representative optical photographs of the labeled and unlabeled cells 
after being stained with Oil Red O are shown in Fig. 4.5a. Because lipid vacuoles are specific markers for 
adipogenic differentiation of hMSCs, these results suggest that both the labeled and unlabeled hMSCs 
cultured with adipogenic introduction factors could become adipocytes. Quantification of the positively 
stained areas of the cells after 1 and 3 weeks of adipogenic induction culture demonstrated the similar levels 
of adipogenic differentiation between the labeled and unlabeled hMSCs (Fig. 4.5b), revealing the labeling 
with Col-SWCNTs did not affect the adipogenic differentiation of hMSCs. 

 

Fig. 4.6 (a) Schematic of the homemade inverse culture system used for co-culture of the labeled and unlabeled hMSCs. 
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The labeled hMSCs were cultured at the upper side of this system while the unlabeled cells were cultured at the down 

side. (b) Quantification of SWCNTs in the labeled hMSCs after being cultured in this system for 3-14 days. (c) Merged 

Raman images of the labeled and unlabeled hMSCs after being cultured in this system for different time. The 

color-coded scale bar represents the G-band intensity of SWCNTs. 

4.4.4 Long-term stem cell labeling capacity of Col-SWCNTs 

Another problem in stem cell labeling and imaging is that the ectogenous labeling agents may be 
released from the labeled cells and internalized by other nearby cells, which can cause a false-positive result. 
It has been reported that CNTs can be expelled from cells through exocytosis after internalization over hours 
or days22,34. However, in our previous part, we found that Col-SWCNTs were retained in bovine articular 
chondrocytes for over a week and the prolonged dwell time of Col-SWCNTs in cells should be attributed to 
the bioactive collagen on the surface of nanotubes. 

To conform whether the Col-SWCNTs were released from the labeled hMSCs and internalized by the 
nearby unlabeled hMSCs, a homemade inverse co-culture system was used (Fig. 4.6a). The unlabeled 
hMSCs were cultured at the down side of this system, while the Col-SWCNTs labeled hMSCs were cultured 
at the upper side. Fig. 4.6b shows the amount of SWCNTs in one cell on average of the labeled hMSC over 
time. The amount of the SWCNTs per cell decreased over time and the decrease was supposed to be caused 
by cell division, which can dilute the average amount of the internalized nanomaterials in one cell35. At day 
14, there were 0.15 ± 0.07 pg of SWCNTs per cell (0.53 ± 0.25 × 106 SWCNTs/cell), which was still valid 
for cell imaging. However, no SWCNTs were detected from the lysates of unlabeled hMSCs. To further 
visualize SWCNTs in cells, both the labeled (from the upper side) and unlabeled (from the down side) 
hMSCs were harvested and imaged by the confocal Raman microscope at different time point (Fig. 4.6c). 
The signals of SWCNTs from the labeled hMSCs through Raman imaging decreased over time, which was 
consistent with the quantitative data. But, no obvious Raman signals were detected in the unlabeled hMSCs 
cultured at the down side of the co-culture system, indicating that almost all of the internalized Col-SWCNTs 
could dwell in hMSCs for a long period of time. These results suggest the potential of collagen 
functionalized SWCNTs as a probe for long-term stem cell labeling and imaging. 

4.5 Conclusions 

In summary, SWCNTs were functionalized with collagen and used as a probe for labeling of hMSCs. 
The Col-SWCNTs showed efficient cellular internalization by hMSCs, without affecting their proliferation 
and differentiation capacity. The internalized Col-SWCNTs by hMSCs could dwell in cells for 2 weeks and 
did not come out from the cells. The good cytocompatibility and long dwell time of Col-SWCNTs reveal the 
potential of SWCNTs-based long-term stem cell labeling. 
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5.1 Summary 

Single-walled carbon nanotubes (SWCNTs) exhibit intrinsic unique physical and chemical properties 
that make them attractive candidates for biological and biomedicine applications. Cellular interaction of 
nanomaterials is a focus of current research on the nanomaterials-based applications. A proper 3D cell 
culture system that can mimic the microenvironment in vivo is quite necessary to investigate the interaction 
of SWCNTs with cells. In this part, SWCNTs/collagen composite hygrogels (SWCNTs/Col hydrogels) were 
prepared. Cellular uptake and effects of SWCNTs was investigated by culturing of bovine articular 
chondrocytes (BACs) in these 3D cell culture systems. The results showed that SWCNTs incorporated in the 
composite hygrogels could be internalized by BACs. BACs cultured in SWCNTs/Col hydrogels maintained 
their proliferation capacity when compared to the culture in collagen hydrogels (Col hydrogels). Due to the 
composite 3D scaffolds can mimic the microenvironment in vivo, these results may reflect the responses of 
cells to the nanomaterials in nature biological system more realistically and will facilitate the 
nanomaterials-based applications in tissue engineering. 

5.2 Introduction 

One of the most important characteristics of carbon nanotubes (CNTs) is that they can effectively cross 
biological barriers1,2 and therefore can be used as targeted and multi-delivery vehicles for diagnostically and 
therapeutically active molecules3,4. Meanwhile, their inherent optical, electrical and thermal properties make 
CNTs attractive candidates for biological imaging, detection and therapy3,5,6. Nevertheless, the main intrinsic 
drawback of CNTs is their extremely poor dispersibility in most of the common solvents due to their 
super-hydrophobicity and significant van der Waal’s forces7,8. These features are associated with cytotoxicity 
and other negative cellular effects9, whereas well dispersed CNTs have no apparent cytotoxicity10,11. 
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Furthermore, the success of many CNTs-based applications largely depends on how many CNTs can be 
internalized by cells. An efficient cellular uptake can greatly facilitate such applications in biomedicine and 
biotechnology. Two major pathways for the cellular uptake of CNTs have been confirmed. One describes 
CNTs as nanoneedles that can penetrate cell membranes in an energy-independent manner12,13 and another 
one suggests that cellular uptake of CNTs performed via the clathrin-mediated endocytosis14,15 which is an 
energy-dependent manner. In addition, adsorption of some biocompatible molecules, such as BSA, DNA and 
peptides, on the surfaces of CNTs may induce and facilitate receptor-mediated endocytosis of CNTs16-18. 
However, most of the cellular uptake studies in vitro have been performed with a two-dimensional (2D) cell 
culture system. 2D cell culture conditions are different from the microenvironment surrounding cells in vivo. 
As a result, the response of cells to CNTs, including cellular uptake, can not completely reflect the virtual 
behavior in their native tissue. One potential strategy to overcome the problem is to culture cells with a 
three-dimensional (3D) culture system which can mimic the natural extracellular matrix (ECM) and provide 
a functional support for cell growth, proliferation, differentiation and metabolism19-21.  

Hydrogels with their beneficial characteristics, such as high water content, controllable biodegradability 
and excellent mass transfer properties, have been extensively explored for applications in 3D cell culture and 
regenerative medicine22,23. Compared with other materials, collagen-based hydrogles are of particular interest 
because collagen is the most abundant protein in mammals, shows regular helical structure, excellent 
biocompatibility and moderate immunogenicity24. Furthermore, collagen fibrils can physically assemble with 
each other to form a collagen network (fibrillogenesis) in aqueous solution. The resulting collagen hydrogels 
show a highly porous structure and can offer a three-dimensional biomimetic microenviroment for cells. 

In this study, collagen hydrogels (Col hydrogels) were used to investigate the cellular uptake of 
single-walled carbon nanotubes (SWCNTs) in a biomimetic 3D culture system. SWCNTs were modified by 
coating their surfaces with collagen and incorporated in Col hydrogels to form the composite hydrogels 
(SWCNTs/Col hydrogels). Bovine articular chondrocytes were cultured in the SWCNTs/Col composite 
hydrogels and cellular effects of SWCNTs were investigated. 

5.3 Materials and methods 

5.3.1 Preparation of SWCNTs/Col composite hydrogels 

Prior to the preparation of SWCNTs/Col composite hydrogels, SWCNTs (purity > 90%, 0.7-1.3 nm in 
diameter, Sigma-Aldrich, USA) were coated with collagen to improve the dispersibility in water as reported 
before25. Briefly, 1,000 μg SWCNTs were sterilized using ultraviolet light for 2 hours and put in 10 mL 0.1 
wt% collagen solution that was prepared by diluting 1.0 wt% collagen aqueous solution (type I collagen in 
pH = 3.0 acetic acid aqueous solution, Nippon Meat Packers Inc., Japan) with pH = 3.0 acetic acid aqueous 
solution. The mixture was sonicated (135 W, Bransonic, Japan) in an ice bath for 2 hours. The dispersion 
solution was then centrifuged (Tomy MX-301, Japan) at 20,000× g for 30 minutes to remove aggregated and 
bundled SWCNTs. To prepare SWCNTs/Col composite hydrogels, the supernatant was mixed with 1.0 wt% 
collagen aqueous solution at a designated ratio. The SWCNTs-containing collagen solution was mixed with 
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10 times concentrated DMEM (Dulbecco’s modified Eagle’s medium, Sigma, USA) and HEPES buffer 
solution (50 mM NaOH, 260 mM NaHCO3 and 200 mM HEPES) at a volume ratio of 8:1:1. All the solutions 
were pre-cooled at 4 °C before mixing and all the operations were performed in an ice bath. The mixtures 
were placed at 37 °C for gelation to form SWCNTs/Col composite hydrogels. 

5.3.2 Characterization of hydrogels 

The microstructures of the freeze-dried Col and SWCNTs/Col hydrogels were observed and imaged 
with a JSM-5610 scanning electron microscope (SEM, JEOL, Japan). Briefly, hydrogel samples were frozen 
at -80 °C and freeze-dried for 24 hours in a freeze-dryer (VirTis AdVantage Benchtop Freeze Dryer, SP 
Industries Inc.). The freeze-dried specimens were plunged into liquid nitrogen and cut using a cold scalpel. 
The cross sections were then coated with platinum and observed by SEM at 10 kV accelerating voltage. 

5.3.3 Cell culture in hydrogels  

Bovine articular chondrocytes (BACs) were isolated from the articular cartilage derived from a 9-week 
old female calf. Freshly isolated chondrocytes were defined as P0. BACs that were subcultured twice (P2) 
were used in this study. The BACs were cultured in 75 cm2 tissue culture flasks (BD Falcon, USA) at 37 °C 
in humidified air containing 5% CO2. The culture medium was DMEM supplemented with 10% fetal bovine 
serum, 4,500 mg/L glucose, 4 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.1 mM 
nonessential amino acids, 0.4 mM proline, 1 mM sodium pyruvate and 50 µg/mL ascorbic acid (serum 
DMEM). P2 cells were seeded into the composite hydrogels during hydrogel preparation. P2 cells were 
suspended in 10 times concentrated serum DMEM to prepare cell suspension solution at a density of 1.0 × 
108 cells/cm3. The SWCNTs-containing collagen solution, cell suspension solution and HEPES buffer 
solution were mixed at a volume ratio of 8:1:1. The cells-containing mixture solution was placed in 12-well 
plates and incubated at 37 °C in humidified air containing 5% CO2 for 4 hours for formation of hydrogels. 
After hydrogel formation, 1.5 mL serum DMEM was added in each well. Cells cultured in SWCNTs-free Col 
hydrogels, which were used as control, were prepared by the same method as described above by using 
collagen solution without SWCNTs. Cell culture medium was changed every 3 days.  

5.3.4 Cell viability assay 

The proliferation of cells was evaluated by WST-1 assay. Firstly, the cell culture medium was replaced 
with 550 µL of WST-1 solution (Roche, Germany, 50 µL of WST-1 stock solution diluted with 500 µL of 
serum DMEM). After incubation for 3 hour, 100 µL of supernatant solution was collected and placed into a 
96-well plate. The absorbance was measured at 440 nm using a plate reader (Benchmark Plus, USA). 

5.3.5 Cellular uptake of SWCNTs in the composite hydrogels 

To determine the amount of SWCNTs internalized in the BACs, the cells were harvested by digesting 
the hydrogels with type I collagenase/trypsin-EDTA solution and washed with warm PBS for 3 times. Then 
the washed cells were ruptured via a papain (Sigma, USA) buffer solution and the amount of SWCNTs in the 
buffer solution was measured by using UV-vis-NIR spectroscopy. The value was considered to be the amount 
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of SWCNTs internalized in cells. Before being ruptured, the cells were counted with a cytometer. 

5.3.6 Analysis of intracellular distribution of SWCNTs 

An inverted confocal Raman microscope (AMANplus, Nanophoton, Japan) with a 532 nm laser (500 
mW) and phase objectives (Nikon Microsystems, Japan) was used for both Raman and phase-contrast 
imaging. Briefly, the cells cultured in the hydrogels with or without SWCNTs for 7 days were harvested and 
re-cultured in a 4-chamber culture slide. And then the cells were fixed with 4% paraformaldehyde solution to 
prevent morphological and chemical changes during image acquisition. After that, the samples were washed 
with PBS and the slides were mounted and sealed using nail lacquer. A phase-contrast image of the cells was 
focused, revealing cellular morphologies including the nuclei and extensions. A horizontal confocal Raman 
image (x-y imaging mode) and an entire vertical section image (x-z imaging mode) were acquired to 
investigate the distribution of SWCNTs in cells. The confocal Raman spectra from 779.7 to 1970.0 cm-1 were 
collected and the G-band, indicative of SWCNTs, was used to map the distribution of SWCNTs. Control of 
imaging parameters, processing and data analysis were performed in a Raman Data Viewer software 
(Nanophoton, Japan). 

5.3.7 Statistical analysis  

All data were reported as mean ± standard deviation (SD). One-way analysis of variance was performed 
to reveal statistical differences followed by Tukey’s post hoc test for pairwise comparison. All statistical 
analyses were executed using Kyplot 2.0 beta 15. 

5.4 Results and discussion 

5.4.1 Characterization of hydrogels 

 
Fig. 5.1 (a) Photographs of Col hydrogel and SWCNTs/Col composite hydrogel. (b) SEM images of freeze-dried (i) Col 

hydrogel and (ii) SWCNTs/Col composite hydrogel. 

Fig. 5.1a shows photographs of Col hydrogel and SWCNTs/Col composite hydrogel gelated at neutral 
pH and 37 °C. The hydrogels were sticky and became static even when vessels were put upside down. The 
pink color was due to the color of the cell culture medium. The SWCNTs/Col composite hydrogels were 
slightly black because of the incorporation of SWCNTs. The microstructure of Col hydrogels and 
SWCNTs/Col composite hydrogels were observed by SEM after freeze-drying. The Col hydrogels and 
SWCNTs/Col composite hydrogels showed the same microstructures (Fig. 5.1b). There were many 
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micropores in both hydrogels. The size of the micropores was around 100 μm. The micropore structure in the 
hydrogels should support cell movement and benefit diffusion of nutrients and metabolic substances. 

5.4.2 Cell viability in hydrogels 

 
Fig. 5.2 (a) Relative viability of BACs cultured in SWCNTs/Col composite hydrogels through WST-1 assay. The 

viability of BACs cultured in Col hydrogels was used as a control. (b) Live/dead double staining of BACs cultured in (i) 

Col hydrogels and (ii) SWCNTs/Col composite hydrogels for 7 days.  

The effect of SWCNTs on cell viability has been investigated in vitro by culturing cells with 
SWCNTs-containing culture medium. However, the published data are fiercely debated and extremely 
inconsistent9,10,11,26. Fig. 5.2a shows the results of WST-1 assays on cell viability cultured in Col hydrogels 
and SWCNTs/Col composite hydrogels over time. There was no significant difference between the two 
hydrogels, suggesting that the SWCNTs in the hydrogels did not affect cell viability. The viability of the cells 
was further confirmed by live/dead staining (Fig. 5.2b). Few red-stained cells were detected. Most of the 
cells were alive in both Col hydrogels and SWCNTs/Col composite hydrogels. 

5.4.3 Cellular uptake of SWCNTs in composite hydrogels  

 

Fig. 5.3 (a) Quantification of cellular uptake of SWCNTs in a BAC population after culture for 1 to 17 days. (b) 

Average amount of SWCNTs internalized in one cell on average after culture for 1 to 17 days. (N.S. indicates no 

significant difference, *, significant difference, P ＜ 0.05, ***, significant difference, P ＜ 0.001). 

There are many reports on the cellular uptake of SWCNTs. The effects of size, shape and surface 
functionalization of SWCNTs on internalization have been reported17,27,28. The results suggest that all of 
these parameters affect cellular uptake and surface adsorption of some biocompatible molecules, such as 
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BSA, DNA and peptides, can be an important factor to affect cellular uptake of SWCNTs16,17. In this part, 
SWCNTs were detected in the cells when the cells were cultured in SWCNTs/Col composite hydrogels. The 
amount of SWCNTs in the entire cell population increased with culture time until day 7 and remained 
unchanged since then (Fig. 5.3a). By dividing the total amount of internalized SWCNTs by cell number, the 
amount of SWCNTs internalized per cell was calculated (Fig. 5.3b). The uptake amount of SWCNTs per cell 
increased until day 7 and decreased slightly since day 7. Significant decrease was detected after culture for 
15 and 17 days. At day 7, the amount of SWCNTs per cell was 1.98 ± 0.09 pg. In other words, up to 7.01 ± 
0.32 × 106 SWCNTs (molecular mass ≈ 170 kDa for length ≈ 235 nm, diameter ≈ 0.9 nm) were internalized 
by one cell on average. The high internalization amount of SWCNTs should benefit their applications for 
delivery of therapeutic and diagnostic biomolecules. 

5.4.4 Intracellular distribution of internalized SWCNTs 

 

Fig. 5.4 Phase-contrast, Raman and merged micrographs and of (a) a few cells and a BAC population after being 

cultured in SWCNTs/Col composite hydrogels for 7 days. The x-z cross section confocal Raman image of (c) a few 

cells and (d) a BAC population after being cultured in SWCNTs/Col composite hydrogels for 7 days. The x–z cross 

section scanning was performed along the yellow line in the phase-contrast micrograph. The color-coded scale bar 

represents the G-band intensity of SWCNTs. 

Raman spectroscopy as a label-free technique is a useful tool to visualize the SWCNTs in living 
cells16,25,29. Confocal Raman imaging was performed to investigate intracellular distribution of SWCNTs. Fig. 
5.4 shows the phase-contrast and confocal Raman images of cells using different scanning modes. The 
phase-contrast image clearly revealed the cellular morphology of BACs, including the cell shape, nucleus 
position and cell extension. In x-y scanning mode, the confocal Raman image showed that SWCNTs were 
primarily located around the nucleus (Fig. 5.4a). The result was consistent with previous reports16,29,30 and 
supported by the x-z plane scanning confocal Raman imaging performed across the center of nucleus (Fig. 
5.4c). By imaging a cell population (Fig. 5.4b and d), cellular uptake was confirmed within the population of 
cells and the intensity of SWCNTs was most prevalent in the perinuclear region. The results indicated that 
SWCNTs could be internalized in cells when hydrogels were used for 3D cell culture. The internalized 
SWCNTs were predominantly distributed around the nuclei of cells. The results suggest SWCNTs/Col 
composite hydrogels may be useful for the delivery of proteins, drugs and genes for biomedical applications. 
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5.5 Conclusions 

Cellular uptake of SWCNTs in a 3D culture condition was investigated by culturing chondrocytes in 
SWCNTs/Col composite hydrogels. The SWCNTs/Col hydrogels showed no negative effects on the viability 
of chondrocytes. Uptake of SWCNTs by chondrocytes during 3D culture was confirmed by using 
UV-vis-NIR spectroscopy and 7.01 ± 0.32 × 106 SWCNTs were internalized in one cell on average. The 
internalized SWCNTs were prevalently accumulated in the perinuclear region. The results indicated that 
SWCNTs could be internalized by cells when being cultured in the 3D biomimetic Col hydrogels. 
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6.1 Summary 

Three-dimensional (3D) porous collagen sponges incorporated with single-walled carbon nanotubes 
(SWCNTs) were prepared and used for 3D culture of bovine articular chondrocytes (BACs). The pore 
structures of the sponges were controlled by using ice particulates as a porogen material. The responses of 
cells to SWCNTs were investigated in this 3D cell culture system by evaluation of cell functions and cellular 
uptake of SWCNTs. The results showed that cells adhered and spatially distributed in the porous sponges. 
The incorporation of SWCNTs in the porous sponges promoted cell proliferation and production of sulfated 
glycosaminoglycans (sGAG). Confocal Raman imaging revealed that SWCNTs could be internalized by 
cells. The hybrid porous sponges not only provided nanostructured pore surfaces to facilitate cell 
proliferation and extracellular matrix (ECM) secretion also supplied nanomaterials for cellular uptake which 
may be useful for delivery of bioactive molecules and genes into cells. 

6.2 Introduction 

Tissue engineering has been developed as a promising approach to improve or replace biological 
functions by the combination of cells, scaffolds and growth factors1,2. Among these three key factors, the 
scaffolds play a crucial role by furnishing a biomimetic microenvironment to control cell functions and 
guiding new tissue formation3,4. Scaffolds with ideal properties, such as good biocompatibility, appropriate 
mechanical property and inner pore structures are highly demanded for successful tissue regeneration. Thus 
far, a variety of scaffolds have been fabricated either from natural polymers or synthetic polymers5,6. 
Compared with other biodegradable polymers, collagen-based scaffolds are particularly attractive because 
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collagen is one of the most abundant proteins in mammals, shows regular helical structure, high 
hydrophilicity, excellent biocompatibility and moderate immunogenicity7–9. 

Except the microstructures of scaffolds, creation of nanostructures to mimic the native cellular 
microenvironments has been a great challenge. The extracellular matrix (ECM), as the main components of 
in vivo cellular microenvironments, is a hierarchically organized nanocomposite that provides structural and 
biochemical supports to the surrounding cells10. To address this challenge, researchers have made efforts on 
the design of advanced nanocomposite scaffolds that can better mimic the ECM by using existing 
nanotechnological tools11,12. One of the effective methods is to incorporate nanomaterials into porous 
scaffolds13–15. Nanomaterials may affect the functions of the cells not only through the interaction between 
their nanoscaled structures and cells, but also through the internalization. However, the effects of 
incorporated nanomaterials in porous scaffolds have not been well elucidated. Therefore, detailed interaction 
of nanomaterials with cells needs to be thoroughly investigated for their extensive application in tissue 
engineering.  

In this study, 3D collagen porous sponges (Col sponges) with controlled pore structures were prepared 
by using ice particulates as a porogen material. Single-walled carbon nanotubes (SWCNTs), as one of the 
most attractive nanomaterials, were incorporated in Col sponges to prepare SWCNTs/Col hybrid sponges by 
immersion of Col sponges in SWCNTs-containing aqueous solution. The interaction of SWCNTs with cells 
was investigated by culturing bovine articular chondrocytes in the hybrid porous scaffolds. 

6.3 Materials and methods 

6.3.1 Preparation of Col and SWCNTs/Col porous sponges 

3D collagen porous sponges (Col sponges) with controlled pore structure were prepared by using ice 
particulates as a porogen material as previously reported16–19. Ice particulates were prepared by spaying Milli 
Q water into liquid nitrogen using a sprayer. The ice particulates were sieved by sieves with 355 and 425 µm 
mesh pores to obtain ice particulates having a diameter from 355 and 425 μm. The sieving process was 
conducted in a -15 °C low-temperature chamber (Espec, Osaka, Japan). The sieved ice particulates were 
stored in closed glass bottles in a -80 °C freezer until use. Collagen solution with a concentration of 2% (w/v) 
was prepared by dissolving freeze-dried porcine type I collagen (Nitta Gelatin, Osaka, Japan) in a mixture 
solution of 0.1 M acetic acid (pH = 3.0) and ethanol at a ratio of 80:20 (v/v). The collagen solution and the 
sieved ice particulates were kept in the low-temperature chamber at -4 °C for 6 hours for temperature balance. 
The temperature-balanced ice particulates and collagen solution were mixed homogeneously at a ratio of 
50:50 (w/v) at the low-temperature chamber. The mixture was frozen in a deep freezer (-80 °C) for 6 hours 
and freeze-dried in a freeze-dryer under a vacuum of 20 Pa (VirTis AdVantage Benchtop Freeze Dryer, SP 
Industries Inc.). After freeze-drying, Col sponges were cross-linked with glutaraldehyde vapor for 6 hours, 
treated with 0.1 M glycine aqueous solution to block any unreacted aldehyde groups, washed with pure water 
for 6 times, frozen in the deep freezer (-80 °C) for 6 hours and freeze-dried again as described above to 
obtain the cross-linked Col sponges.  
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Prior to the preparation of SWCNTs/Col porous sponges (SWCNTs/Col sponges), SWCNTs (purity > 
90%, 0.7-1.3 nm in diameter, Sigma-Aldrich, USA) were coated with collagen using a simple non-covalent 
approach to improve the dispersibility in water as previously reported20–22. Briefly, 1,000 μg SWCNTs were 
sterilized using ultraviolet light for 2 hours and put in 10 mL 0.1 wt% collagen solution. The mixture was 
sonicated (135 W, Bransonic, Japan) in an ice bath for 2 hours. The dispersion solution was then centrifuged 
(Tomy MX-301, Japan) at 20,000× g for 30 minutes to remove aggregated and bundled SWCNTs. To prepare 
SWCNTs/Col sponges, pure cross-linked Col sponges was immersed in the collagen-treated SWCNTs 
aqueous solution over night, frozen in the deep freezer (-80 °C) for 6 hours and freeze-dried again as 
described above. 

6.3.2 Characterization of porous sponges  

The inner structures of the Col and SWCNTs/Col sponges were observed and imaged with a high 
resolution scanning electron microscope (SEM, S-4800, Hitachi, Japan). The freeze-dried specimens were 
plunged into liquid nitrogen and cut using a cold scalpel. The cross sections were taken out from liquid 
nitrogen and air-dried. They were then coated with platinum and observed by SEM at a 10 kV accelerating 
voltage. The mean pore size of the porous sponges was measured from the SEM images by a MetaVue Image 
System (Universal Imaging Corp., Buckinghamshire, UK). Six images were taken from each scaffold and 
used for the mean pore size calculation.  

6.3.3 Cell culture in the porous sponges 

For cell culture use, the Col and SWCNTs/Col sponges were punched into cylindrical samples (Ø8 mm 
× H3 mm). The samples were sterilized with 70% ethanol, washed 3 times with sterile Milli Q water and 
conditioned with cell culture medium at 37 °C for 30 min. Bovine articular chondrocytes (BACs) were 
isolated from the articular cartilage derived from a 9-week old female calf. Freshly isolated chondrocytes 
were defined as P0. BACs that were subcultured twice (P2) were used in this study. Cells were suspended in 
culture medium at a density of 5.0 × 107 cells/ mL. The cell suspension was seeded into the cylindrical 
sponges (100 μL/sponge) that were placed in 24-well cell culture plates (non-treated). After 4 hours, the 
sponges were transferred into 25 cm2 flasks and cultured under an atmosphere of 5% CO2 at 37 °C with 
shaking at 60 rpm for a designated time. The medium was changed twice per week. The cells in the medium 
and the cells adhered to each well of the cell culture plates after 4 hours culture after cell seeding were 
collected, counted and taken as the number of cells leaked from the sponges during cells seeding. The 
number of adhered cells to each sponge was obtained by subtracting the leaked cell number from the initial 
cell seeding number. The seeding efficiency of each sponge was calculated by dividing the number of 
adhered cells by the number of seeded cells. Six samples were used for these measurements in order to 
obtain averages and standard deviations (SD). The culture medium was Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine serum, 4,500 mg/L glucose, 4 mM glutamine, 100 U/mL 
penicillin, 100 µg/mL streptomycin, 0.1 mM nonessential amino acids, 0.4 mM proline, 1 mM sodium 
pyruvate and 50 µg/mL ascorbic acid (serum DMEM). 
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After being cultured for another 2 hours, the cell/sponge constructs were washed with PBS for 3 times 
and fixed with 0.25% glutaraldehyde solution at room temperature for 1 hour. The cell/sponge constructs 
were washed with pure water for 3 times and freeze-dried in a freeze-dryer under a vacuum of 20 Pa. The 
freeze-dried specimens were sliced using a scalpel. The cross sections were coated with platinum and the cell 
adhesion in the sponges was observed by an SEM at a 10 kV accelerating voltage. To visualize the cell 
distribution in the sponges, the cell/sponge constructs after 24 hours cell culture were collected, washed with 
PBS for 3 times and sectioned (around 1 µm in thickness) with a scalpel. The as-prepared cross-sections 
were stained with 4',6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Inc.) and observed under a 
fluorescence microscope (Olympus, Tokyo, Japan).  

6.3.4 Cell proliferation and sulfated glycosaminoglycans (sGAG) production 

Cell proliferation in the porous sponges was investigated by the DNA content measurement after 6 
hours, 1 and 2 weeks of cell culture. The cell/sponge constructs after culture for 6 hours, 1 and 2 weeks were 
washed with warm PBS, freeze-dried and digested with papain solution (400 µg/mL, with 5 mM L-cysteine 
and 5 mM EDTA in 0.1 M phosphate buffer at a pH of 6.0). An aliquot of the papain-digested solution was 
dyed with Hoechst 33258 dye (Sigma-Aldrich, St. Louis, MO, USA) and the DNA amount (n = 3) was 
measured under a spectrofluorometer (FP-6500, JASCO, Japan). The sGAG content was measured with the 
above papain digestion solution by a dimethylmethylene blue dye binding method (Biocolor, Newtonabbey, 
UK) and a microplate spectrophotometer (Benchmark Plus; Bio-Rad Laboratories, Tokyo, Japan) at 656 nm. 
The sGAG content (n = 3) was calculated based on a standard curve obtained with the standard sGAG 
supplied with the kits. 

6.3.5 Cellular uptake of SWCNTs in the porous sponges 

An inverted confocal Raman microscope (AMANplus, Nanophoton, Japan) with a 532 nm laser (500 
mW) and phase objectives (Nikon Microsystems, Japan) was used for both Raman and phase-contrast 
imaging. Cells cultured in the Col and SWCNTs/Col sponges for 2 weeks were released from the sponges by 
treatment with trypsin/collagenase mixed solution for 4 hours and re-cultured in a 4-chamber culture slide. 
After culture for 4 hours, the cells were fixed with 4% paraformaldehyde solution to prevent morphological 
change during image acquisition. After that, the samples were washed with PBS and the slides were mounted 
and sealed using nail lacquer. A phase-contrast image of the cells was focused, revealing cellular 
morphologies including the nuclei and extensions. A horizontal confocal Raman image (x-y imaging mode) 
was acquired to investigate the cellular uptake and intracellular distribution of SWCNTs. The confocal 
Raman spectra from 779.7 to 1970.0 cm-1 were collected and the G-band, indicative of SWCNTs, was used 
to map the distribution of SWCNTs. Control of imaging parameters, processing and data analysis were 
performed in a Raman Data Viewer software (Nanophoton, Japan).  
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6.3.6 Statistical analysis  

All data were reported as mean ± standard deviation (SD). One-way analysis of variance was performed 
to reveal statistical differences followed by Tukey’s post hoc test for pairwise comparison. All statistical 
analyses were executed using Kyplot 2.0 beta 15. 

6.4 Results and discussion 

6.4.1 Characterization of porous sponges 

 
Fig. 6.1 Gross appearances (a, e) and SEM images (b, c, d, f, g, h) of Col sponge (a, b, c, d) and SWCNTs/Col hybrid 

sponge (e, f, g, h). The images are shown in low (b, c, f, g) and high (d, h) magnifications. 

Fig. 6.1 shows the gross appearances (Fig. 6.1a and e) and the inner structures (Fig. 6.1b, c, e and f) of 
Col (Fig. 6.1a, b and c) and SWCNTs/Col (Fig. 6.1d, e and f) sponges. The SWCNTs/Col sponges were 
slightly black because of the incorporation of SWCNTs. The Col and SWCNTs/Col sponges showed similar 
microstructure and the large pores in all the sponges were homogeneously distributed and interconnected 
with each other through the surrounded small pores. The size of the large spherical pores in Col and 
SWCNTs/Col sponges was 359 ± 53 and 356 ± 49 µm in diameter (Table 6.1), respectively. The large pore 
size was well consistent with the size of the ice particulates. Observation under a high magnification showed 
that tube-like nanostructure was found on the surface of the walls of the SWCNTs/Col sponges (Fig. 6.1f), 
while the surface of the walls of Col sponges was smooth (Fig. 6.1c). 

Table 6.1 Size of the large spherical pores in Col and SWCNTs/Col sponges. 

Scaffold type Pore size (μm) 

Col sponge 359 ± 53 

SWCNTs/Col sponge 356 ± 49 

The data are represented as the mean ± SD, n = 6. 

No significant difference was detected between Col and SWCNTs/Col sponges. 

Pore architecture has been reported to have a markedly effect on the properties of the porous scaffolds 
and behaviors of the seeded cells, as well as the formation of new tissues19,23. Therefore, a scaffold with 
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appropriate pore structures, such as high porosity, optimal pore size and good interconnectivity, is highly 
demanded for tissue engineering. In this study, spherical ice particulates with a diameter range from 425 µm 
to 500 µm were used as a porogen material to control the pore structure of Col and SWCNTs/Col sponges. 
Observation by SEM showed that the Col and SWCNTs/Col sponges had similar pore structures, indicating 
that the introduction of SWCNTs did not affect the porous structures of the sponges. The large spherical 
pores in both scaffolds were homogeneously distributed throughout the sponges and interconnected with 
each other through the surrounded small pores. The size of the large pores was well consistent with the size 
of the ice particulates, indicating the large pores were the negative replicas of the ice particulates. The small 
pores were induced by the ice crystals that were formed at the freezing step during sponge preparation. 

6.4.2 Cell seeding and spatial distribution in porous sponges 

Table 6.2 Cell seeding efficiency of BACs in Col and SWCNTs/Col sponges. 

Scaffold type Cell seeding efficiency 

Col sponge 94.9 ± 1.8% 

SWCNTs/Col sponge 95.1 ± 2.2% 

The data are represented as the mean ± SD, n = 6. 

No significant difference was detected between Col and SWCNTs/Col sponges. 

The seeding efficiency of BACs in Col and SWCNTs/Col sponges was 94.9 ± 1.8% and 95.1 ± 2.2%, 
respectively (Table 6.2). No significant difference was observed between them. The process of cell seeding 
did not affect the porous structure of the sponges (Fig. 6.2a and c). The cells adhered and spread on the 
surfaces of the large pores in both Col and SWCNTs/Col sponges (Fig. 6.2 b and d).  

 
Fig. 6.2 Adhesion of BACs in Col sponge (a, b) and SWCNTs/Col hybrid sponge (c, d) after being cultured for 6 hours. 

The images are shown in low (a, c) and high (b, d) magnifications. 

The spatial cell distribution in the porous sponges was investigated by observing cell nuclei that were 
stained with DAPI after the cells were cultured in the sponges for 24 hours. Cell nuclei were observed in the 
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whole specimen although slightly more cells were located on the surface layer of the sponges (Fig. 6.3a and 
b). Col and SWCNTs/Col sponges showed similar cell distribution.  

 

Fig. 6.3 Spatial cell distribution of BACs in Col sponge (a) and SWCNTs/Col hybrid sponge (b). Cell nuclei were 

stained by DAPI and observed under a fluorescence microscope. 

In tissue engineering, an universal issue is that a thin cell-layer may be formed rapidly on the exterior 
surface of the porous scaffolds which is caused by the heterogeneous cell seeding and distribution and will 
subsequently result in a failure of the functional tissue regeneration24,25. Therefore, a spatial distribution of 
cells throughout porous scaffolds is desirable to avoid the problems for even ECM deposition and uniform 
tissue regeneration. In this study, cells adhered and distributed both on the surface and in the inner pores of 
the sponges. The spatial cell distribution should be due to the high homogeneity of the spherical large pores 
and good interconnectivity of the sponges, which facilitated the smooth delivery of cells throughout the 
sponges. 

6.4.3 Cell proliferation and sGAG production 

 

Fig. 6.4 DNA amount of BACs cultured in Col and SWCNTs/Col hybrid sponges for 6 hours, 1 and 2 weeks (a). sGAG 

amount (b) and the ratio of sGAG/DNA (c) of BACs cultured in Col and SWCNTs/Col hybrid sponges for 1 and 2 

weeks. The data are represented as the mean ± SD, n = 3. **, significant difference, P < 0.01; *, significant difference, 

P < 0.05. 
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DNA quantification was performed to evaluate the proliferation of cells in the porous sponges. Fig. 6.4a 
shows that the DNA amount increased over time, indicating that the cells proliferated in both sponges. The 
DNA amount in SWCNTs/Col sponges was significantly higher than that in the Col sponges when the cells 
were cultured for 1 and 2 weeks, suggesting that cells proliferated more quickly in SWCNTs/Col sponges 
than did in Col sponges during cell culture. 

The total amount of sGAG secreted by the whole cell population in each sponge was measured and the 
amount of sGAG/DNA ratio was calculated from the sGAG and DNA contents of each sample. Both the total 
amount of sGAG (Fig. 6.4b) and the sGAG/DNA ratio (Fig. 6.4c) increased significantly over time in both 
sponges, indicateing that the chondrocytes produced extracellular matrices continually during the whole 
culture period. The sGAG content in the SWCNTs/Col sponges was significantly higher than that in the Col 
sponges. The sGAG/DNA ratio in the SWCNTs/Col sponges was higher than that in the Col sponges. These 
results indicated that the SWCNTs/Col sponge were more favorable to the production of cartilaginous ECM 
than the Col sponges. 

It has been reported that cells can sense and respond differently to the substrates under various 
conditions, including the changing of the geometry and topography26–28. And the interaction of cells with 
surface topology has been proved to be a significant signaling modality in regulating cell functions, such as 
cell adhesion, alignment, migration, proliferation and cytoskeleton organization. In native microenvironment, 
cells interact with ECM components in the nanometer scale10,29. Nanoscaled surface topology has been 
shown to have positive effect on the cell behaviors30–32. In this study, the cell proliferation and sGAG 
production were improved by the incorporation of nanoscaled topography provided by SWCNTs in the 
SWCNTs/Col sponges. Since SWCNTs have high surface energy and high ability to adsorb proteins, they 
can adsorb various proteins from the culture medium and these proteins may affect cell functions such as 
proliferation and ECM secretion. Meanwhile, cells secrete soluble factors which can benefit cell functions 
during cell culture. Such secreted factors may also be adsorbed and concentrated by SWCNTs and provide 
continuous stimulation to cells. In contrast, the soluble factors secreted by cells cultured in collagen sponges 
were remained in the medium and removed during medium replacement every time. 

6.4.4 Cellular uptake of SWCNTs in sponges 

 
Fig. 6.5 Phase-contrast, Raman and merged micrographs of BAC population after being cultured in Col and 

SWCNTs/Col hybrid sponges for 2 weeks. The color-coded scale bar represents the G-band intensity of SWCNTs. 
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Confocal Raman imaging was performed to visualize the cellular uptake of SWCNTs. Fig. 6.5 shows 
the phase-contrast and confocal Raman images of cells after being cultured in the Col and SWCNTs/Col 
sponges for 2 weeks. The phase-contrast image clearly revealed the cellular morphology of BACs, including 
the cell shape, nucleus position and cell extension. The signals of SWCNTs were only detected from the cells 
cultured in the SWCNTs/Col sponges. The intensity of SWCNTs signals was most prevalent in the 
perinuclear region, indicating that SWCNTs could be internalized by BACs and predominantly distributed 
around the nuclei of cells, which was well consistent with previous reports20,33,34. Merged images indicated 
that most of the cells showed uptake of SWCNTs although a small amount of cells showed negative signal 
for SWCNTs uptake.  

As a unique quasi one-dimensional material, SWCNTs have been widely explored for the delivery of 
various biomolecules, including drugs, proteins and genes35–37. Achieving spatially and temporally controlled 
delivery of biomolecules represents another key factor in tissue regeneration. In this study, Raman imaging 
results revealed that SWCNTs in the hybrid sponges could be internalized by the cells. Our previous studies 
showed that the internalization of collagen-functionalized SWCNTs did not affect the cell viability and 
proliferation20,21. Furthermore, due to the ability of implantation into designated location, the hybrid sponges 
may achieve controlled and localized delivery of biological factors which will benefit tissue developing. 
Therefore, incorporation of nanomaterials in macroporous sponges highlights the importance of combining 
physicochemical and biological cues at different scales to improve cell functions in scaffolds and should be 
an attractive strategy for preparation of functional scaffolds for tissue engineering. 

6.5 Conclusions 

Hybrid 3D porous collagen sponges with controlled pore structures were prepared by using ice 
particulates as a porogen material and coating with SWCNTs. Incorporation of SWCNTs in the sponges 
improved cell proliferation and sGAG production through offering nanoscaled topography. The SWCNTs in 
the hybrid sponges could be internalized by cells, which may benefit the controlled and localized delivery of 
biological factors. Due to similarity of 3D culture in the hybrid porous sponges to the in vivo 
microenvironment, the results reflected the responses of cells to the SWCNTs more realistically than 2D 
culture. The hybrid scaffolds will be useful for tissue engineering. 
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Concluding remarks and future prospects 
 
 
 
 

7.1 Concluding remarks 

This research focused on the interaction of SWCNTs with cells and their biomedical applications in 
stem cell research and tissue engineering. Firstly, SWCNTs were functionalized with collagen (Col-SWCNTs) 
to improve their dispersibility in water and the interaction of Col-SWCNTs with cells was investigated in 2D 
cell culture system. Subsequently, AFM was used to investigate the changes of mechanical properties of cells 
when they were exposed to nanomaterials. Furthermore, Col-SWCNTs were explored for long-term stem cell 
labeling and imaging. Finally, SWCNTs/Col composite hydrogels and porous sponges were prepared. The 
interaction of SWCNTs with cells was investigated in the 3D cell culture systems to explore the application 
possibility of these composite scaffolds for tissue engineering. 

Chapter 1 introduces the background on nanomaterials. Representative nanomaterials and their 
applications in nanomedicine and tissue engineering were reviewed. Potential risks of nanomaterials-based 
applications were summarized. Investigation of the interaction of nanomaterials with cells was motivated. 

Chapter 2 describes the functionalization of SWCNTs with collagen (Col-SWCNTs) and the interaction 
of Col-SWCNTs with cells in 2D cell culture system. The Col-SWCNTs retained the inherent properties of 
SWCNTs and the suspension solution was stable for months. The cellular effects, uptake and intracellular 
distribution of Col-SWCNTs were investigated by using them for culture of bovine articular chondrocytes 
(BACs). High amount of Col-SWCNTs were internalized by cells without obvious negative cellular effects. 
The internalized Col-SWCNTs were distributed in the perinuclear region and retained in the cells for more 
than one week. The high stability, easy cellular uptake and long retention time in cells of the Col-SWCNTs 
will facilitate the biomedical applications of SWCNTs. 

Chapter 3 describes the investigation of the changes of cell mechanical properties induced by 
nanomaterials using AFM. Two different types of nanomaterials (SWCNTs and Fe-FeO core-shell magnetic 
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nanoparticles) and three types of cells (BACs, hMSCs and HeLa cells) were used. The results indicated that 
the effects of nanomaterials on the mechanical properties of cells were dependent on nanoparticles size, 
concentration and cell type as well as exposure time. More importantly, AFM was demonstrated to be useful 
to identify the subtle changes of the mechanical properties of cells when they were exposed to nanomaterials 
even for very short time. 

Chapter 4 describes the Col-SWCNTs-based long-term stem cell labeling and imaging. The results 
showed that Col-SWCNTs exhibited efficient cellular internalization by hMSCs without affecting their 
proliferation and differentiation. The prolonged dwell time of Col-SWCNTs in cells ensured the long-term 
labeling for up to 2 weeks. This part of work revealed the potential of Col-SWCNTs as a probe for long-term 
stem cell labeling and imaging. 

Chapter 5 describes the preparation of SWCNTs/Col composite hydrogels and the interaction of 
SWCNTs with cells in the hydrogels. The SWCNTs/Col hydrogels showed no negative effects on the 
viability of BACs. Uptake of SWCNTs by BACs was confirmed by using UV-vis-NIR spectroscopy and 
confocal Raman imaging. The internalized SWCNTs were prevalently accumulated in the perinuclear region. 
The results indicated that SWCNTs could be internalized by cells when being cultured in the 3D biomimetic 
collagen hydrogels. 

Chapter 6 describes the preparation of SWCNTs/Col composite porous sponges and the interaction of 
SWCNTs with cells in the sponges. Incorporation of SWCNTs in the sponges improved cell proliferation and 
sGAG production through offering nanoscaled topography. The SWCNTs in the composite sponges could be 
internalized by cells, which may benefit the controlled and localized delivery of biological factors. Due to 
similarity of 3D culture in the composite porous sponges to the in vivo environment, the results reflected the 
responses of cells to the SWCNTs more realistically than 2D culture. The composite scaffolds will be useful 
for tissue engineering. 

In conclusion, SWCNTs were functionalized with collagen and the interaction of SWCNTs with cells 
was investigated in 2D and 3D cell culture systems. The Col-SWCNTs showed high stability, easy cellular 
uptake and good cytocompatibility, which will facilitate the SWCNTs-based biomedical applications, such as 
drug/gene delivery, biological imaging and cancer therapy. Meanwhile, AFM was employed to investigate 
the effects of nanomaterials on cells. The results showed that AFM was able to identify the subtle changes of 
the mechanical properties of cells when they were exposed to nanomaterials and could be a useful tool to 
investigate cellular effects of nanomaterials. Furthermore, the Col-SWCNTs were used as an imaging probe 
for labeling of hMSCs. The results showed that the Col-SWCNTs exhibit efficient cellular internalization by 
hMSCs without affecting their proliferation and differentiation and Col-SWCNTs should be a good candidate 
for long-term stem cell labeling. Finally, SWCNTs were incorporated in collagen hydrogels and porous 
sponges to construct 3D cell culture system to investigate 3D interaction between SWCNTs and cells. The 
results of cells cultured in SWCNTs/Col composite scaffolds should reflect the responses of cells to the 
nanomaterials in nature biological system more realistically and the composite scaffolds will facilitate the 
nanomaterials-based applications in tissue engineering. 
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7.2 Future prospects 

Application of nanomaterials in cancer diagnosis and therapy: Cancer, as a leading cause of death 
worldwide, accounting for 8.2 million deaths and 14.1 million new cancer cases in 2012 and those numbers 
are predicted to rise to 13 million deaths and 22 million cases annually within the next two decades, 
according to the World Health Organization. Current treatments based on surgery, radiation therapy and 
chemotherapy are often associated with severe side effects. Therefore, new approaches to treat cancer that do 
not rely on traditional therapeutic regimes are very important. The development of nanomedicine provides a 
novel approach to treat cancers. The critical issue in nanomedicine is the creation of innovative functional 
nanomaterials. Among various nanomaterials, carbon nanotubes (CNTs) have attracted intense interest and 
shown great potential in cancer treatment due to their unique inherent properties. In this study, SWCNTs 
were functionalized with collagen (Col-SWCNTs) and the Col-SWCNTs showed high stability, easy cellular 
uptake and long dwell time in cells, all of these results suggested the possibility of SWCNTs-based cancer 
imaging and destruction.  

Multifunctionalization of nanomaterials: Each of the nanomaterials has its limitation. The limited 
features provided by one single type of nanomaterials can not meet the complex requirements of disease 
diagnosis and therapy. The elegant multifunctional materials in biological systems inspire scientists to design 
analogous hierarchical structures with multifunctional capabilities by hybridization or combination of 
different types of nanomaterials for diagnosis, imaging and therapy of disease. For example, depositing a thin 
layer of gold around the carbon nanotubes (gold-plated CNTs) can be expected to be used as photoacoustic 
and photothermal contrast agents with enhanced near-infrared contrast even using low laser fluence levels. 
Endowing carbon nanotubes with superparamagnetic properties by coating them with magnetic nanoparticles 
can achieve simultaneous biological isolation, MRI/NIR dual imaging and NIR photodynamic/magnetic 
hyperthermia dual therapy. In addition, nanomaterials can be engineered with targeting ligands such as 
antibodies, peptides and aptamers for targeted drug delivery or cancer therapy.  

The fate of nanomaterials in vivo: Despite the many proposed advantages of nanomaterials, increasing 
concerns have been expressed on their biocompatibility, biodistribution and long term fate in vivo in 
biomedical applications. It is known that most nanomaterials tend to exhibit high uptake in the 
reticuloendothelial system (RES) (liver, spleen, etc.) once injected into animals and are not rapidly excreted. 
Whether or not and how these materials are cleared from the body is unknown in many cases, because of the 
difficulties in long term in vivo tracking and monitoring of the materials. Currently used radio labels or 
fluorescent labels for nanomaterials are useful for in vivo tracking over short periods of time (a few hours to 
a few days), but these labels may gradually dissociate from the materials or decay and lose activity over time. 
It is thus highly desirable to detect nanomaterials based on their intrinsic physical properties rather than 
relying on radiolabels or spectroscopic tags for indirect detection/measurement. The direct detection method 
may lead to a more accurate assessment of how nanomaterials behave in vivo in both short and long terms, 
i.e., during the blood circulation stage and during time periods lasting several months.  
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