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ABSTRACT 

 
Functional Materials Based on Surface Modification of Carbon 

Nanotubes for Biomedical and Environmental Applications 

 
Afnan Mashat 

 

Since the discovery of carbon nanotubes (CNTs), they have gained much 

interest in many science and engineering fields. The modification of CNTs by 

introducing different functional groups to their surface is important for CNTs to be 

tailored to fit the need of specific applications. This dissertation presents several 

CNT-based systems that can provide biomedical and environmental advantages.  

In this research, polyethylenimine (PEI) and polyvinyl alcohol (PVA) were used 

to coat CNTs through hydrogen bonding. The release of doxorubicin (DOX, an anti-

cancer drug) from this system was controlled by temperature. This system represents 

a promising method for incorporating stimuli triggered polymer-gated CNTs in 

controlled release applications. 

To create an acid responsive system CNTs were coated with 1,2-Distearoyl-sn-

glycero-3-Phosphoethanolamine-N-[Amino(Polyethylene glycol)2000]-(PE-PEG) and 

Poly(acrylic acid) modified dioleoy lphosphatidyl-ethanolamine (PE-PAA). An acid-

labile linker was used to cross-link PAA, forming ALP@CNTs, thus making the 

system acid sensitive. The release of DOX from ALP@CNTs was found to be higher 

in an acidic environment. Moreover, near infrared (NIR) light was used to enhance 

the release of DOX from ALP@CNTs.  
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A CNT-based membrane with controlled diffusion was prepared in the next 

study. CNTs were used as a component of a cellulose/gel membrane due to their 

optical property, which allows them to convert NIR light into heat. Poly(N-

isopropylacrylamide) (PNIPAm) was used due to its thermo-sensitivity. The 

properties of both the CNTs and PNIPAm’s were used to control the diffusion of the 

cargo from the system, under the influence of NIR.  

CNTs were also used to fabricate an antibacterial agent, for which they were 

coated with polydopamine (PDA) and decorated with silver particles (Ag). Galactose 

(Gal) terminated with thiol groups conjugated with the above system was used to 

strengthen the bacterial targeting ability. The antibacterial activity of 

Ag/Gal@PDA@CNTs was examined on Escherichia coli. NIR was used to enhance 

the antibacterial activity of Ag/Gal@PDA@CNTs. 

Finally, CNTs were used as a support for methyl orange (MO) and palladium 

catalysts (Pd). MO was used due to its ability to enhance the catalyst activity. 

Pd@CNTs composites were used to test the reduction rate of nitrite with and without 

the addition MO. The results showed that over repeated cycles of nitrite reduction, the 

activity enhancement was lost. 

In summary, CNTs are promising building blocks for preparation of smart and 

stimuli responsive systems that have potential for a wide range of applications. The 

methods presented are simple and can be scaled up for industrial processing purposes.  
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Chapter 1 : Introduction to Carbon Nanotubes 
	  

 
1.1 Nanotechnology and Nanomaterials  

 

Nanotechnology is defined as science, engineering and technology conducted at 

the nanometer scale i.e. one-billionth of a meter. This multi-disciplinary area covers a 

huge and diverse group of materials and devices from physics, biology and chemistry. 

In addition, the field of nanotechnology has a large impact on both scientific research 

and in industrial applications.1, 2 Nanotechnology is believed to be the technology of 

the future and it is one of the fastest growing technologies today. 

The interest in nanotechnology has increased with the development of 

nanomaterials.  These nanomaterials have a dimension (i.e. shapes, size or thickness) 

which is less than 100 nm. The wide range of available nanomaterials has opened up 

access to a varied range of applications.3 Nanomaterials can be classified according to 

several categories. Those categories might include dimensions and composition. 

Depending on their composition, nanomaterials can be classified into four different 

groups (Figure 1-1).4, 5 

 

Figure 1-1. Classification of nanomaterials depending on their dimensions:6 (a) 0D, (b) 1D, 

(c) 2D and (d) 3D. 
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Zero-dimensional nanomaterials (0D)  

0D nanomaerials have all the three dimensions at the nanoscale. They are the 

simplest building blocks which are used to design other nanomaterials. 0D includes 

nanoparticles, nanocluster and nanocrystals (e.g. quantum dots, gold and silver 

nanoparticles). 

One-dimensional nanomaterials (1D) 

1D nanomaterials have one dimension outside the nanometer range. Nanowires, 

nanorods and nanotubes are examples of 1D materials. Those materials have a 

diameter in the nano range while they are long (their length can be several 

micrometers). 

Two-dimensional nanomaterials (2D) 

2D nanomaterials have two dimensions outside the nanometer range. Nanofilms 

and nanosheets are classified as 2D nanomaterials. These materials have a large area 

that can be several square micrometers. However, their thickness is in the nanometer 

range.   

Three-dimensional nanomaterials (3D) 

3D nanomaterials include bulky materials whose dimensions are all outside the 

nanometer range. Individual blocks of these materials are less than 100 nm.4, 7 

On the other hand, nanomaterials, can also be classified into several different 

groups depending on their composition.  

Composite nanomaterials 

Composite nanomaterials are a group of nanomaterials that contain a mixture of 



 19	  

nanoparticles within the bulk material. The physical, chemical and mechanical 

properties of bulk materials are improved by the incorporation of nanomaterials. Also, 

the size of nanomaterials used to form the composite may provide specific 

applications.8, 9 

 

Metal-based nanomaterials 

Metal-based nanomaterials are materials made of metallic nanoparticles such as 

metal oxides, gold and silver.  This group includes nanoparticles, such as Al2O3, 

CeO2, Fe2O3, NiO and TiO3. The incorporation of nanoparticles into other materials 

(e.g. polymeric materials) enhances the toughness and the stiffness of those materials. 

In addition, some metal oxide nanoparticles have broadband UV absorption 

characteristics. Taking the advantage of this unique feature will enable their usage in 

different applications; for instance, TiO3 is used in sunscreen applications.10  

 

Silicon-based nanomaterials 

Silicon-based nanomaterials have the advantage of being scaled up with low 

preparation cost, since silicon is the second most abundant element on earth. Those 

materials have been used in a variety of applications such as catalysis, energy and 

biology.11	  

	  

Carbon-based nanomaterials 

Carbon-based nanomaterials are materials are composed mostly of carbon. They 

have unique chemical, mechanical, electrical and thermal properties, which lead to a 
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diverse area of applications. They have been used as sensors, energy storage, 

nanoscale electronic components and delivery applications. This group of materials 

include fullerenes and graphene, nanodiamonds and carbon nanotubes (Figure 1-2).12  

Carbon nanotubes (CNTs) are just one of the many promising nanomaterials, 

but are currently considered one of the most important groups of nanomaterials.3 

 

 

Figure 1-2. Different types of carbon-based nanomaterials.12  

	  

1.2 Discovery and classification of CNTs 
	  

Carbon nanotubes (CNTs) were first discovered by Iijima, in 1991.13 At that 

time, Iijima found what were then called multi-walled carbon nanotubes (MWCNTs) 

using high resolution transmission electron microscopy, while studying the by-

products of fullerenes synthesized by the arc discharge method.13 However, the 

existence of CNTs (tubular fullerene) had been predicted previously in by Smalley 

(1990) and Dresselhaus (1991), respectively. Nevertheless, the formation of single-

walled carbon nanotubes (SWCNTs) was first reported by Iijima and Ichihashi,14 and 

by Bethune,15  who submitted their paper independently in 1993. 
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Figure 1-3. Wrapping graphene sheet to form SWCNT.16 

 

CNTs are graphene sheets rolled up into tube-like structures that consist of sp2 

carbon arranged in aligned benzene rings with diameters in the nanometer scale and 

with length on the a micrometer scale (Figure 1-3).16, 17 CNTs can be classified into 

SWCNTs and MWCNTs, according to the number of graphene sheets (Figure 1-4).18 

The length of both kinds varies from 100 nm to 10 or several µm. The diameter of 

SWCNTs ranges from 1-2 nm and they have a high surface area, which allows 

multiple molecules to bind or load along the sidewall of the tubes. In addition, the 

polyaromatic surface of SWCNTs makes aromatic molecules bind easily by π–π 

interaction.19, 20 On the other hand, MWCNTs are formed from multiple layers of 

graphene and they have an outer diameter ranging usually from 30-50 nm.20, 21  

                          

Figure 1-4. SWCNT and MWCNT respectively.18 	  
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1.3 Synthesis and purification of CNTs 
	  

CNTs are generally synthesized by three different methods; chemical vapor 

deposition (CVD), arc discharge and laser ablation. These three techniques are the 

most important methods that contribute to large scale capacity production. Other 

methods do exist but are not widely utilized. During the synthesis of CNTs a carbon 

source, an energy source and, most of the time, a catalyst are required. Arc discharge 

and laser ablation are high temperature techniques which were first used to synthesize 

CNTs. However, these techniques have been replaced by low temperature methods 

such as CVD.16 CVD is a promising method that is used to synthesize and produce 

CNTs on a large scale. 

At the present time, CNTs are available on the market for prices that range 

from 0.1-25 to 50-400 $/g for MWCNTs and SWCNTs respectively. The prices of 

CNTs have decreased compared to ten years ago, when CNTs were more expensive 

than gold. However, the price is still high if the CNTs have special functionality, 

length, etc. It is expected that the price will further decrease in the future to an 

acceptable level as end user demand continues to grow.22  

Impurities are always formed when preparing CNTs, such as carbonaceous or 

metallic impurities. The type and amount of impurities depends on the production 

method. These impurities may affect some of the properties of CNTs; therefore, the 

development of a simple purification method is important. CNTs can be purified by 

chemical oxidation, physical separation or by a combination of physical and chemical 

methods. However, acid treatment is the most common method used for the 

purification of CNTs.16, 23 
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1.4 Limitations of CNTs   
	  

CNTs, despite being very useful, do have several factors that can limit their 

usage. Insolubility is one of the problems associated with CNTs. Pristine CNTs are 

insoluble in water and usually form large bundles in water and other solvents. This 

limits their direct use in certain applications such as biomedical applications.24  

Another issue is the toxicity of CNTs, as they may be toxic to humans and the 

environment. Impurities such as transitional metals (Ni, Fe and Co) and other 

impurities produced during the synthesis and purification of CNTs are among the 

factors that cause toxicity. With the increase and development of nanotechnology 

applications, the production of CNTs has increased, and therefore the opportunity for 

people to come in contact with CNTs, either directly or indirectly is increasing too.24, 

25  

Several recent in-vitro studies have shown that the cytotoxicity of CNTs has 

increased due to their agglomeration, cellular uptake and induced oxidative stress. On 

the other hand, most in vivo studies on CNTs have reported insignificant toxicity. In 

addition, the renal clearance of CNTs from the body has been reported, although 

small amounts of CNTs accumulated in the certain organs, such as lungs, liver and 

spleen.25-27  

 
The conflicting data regarding the toxicity of CNTs is due to the variability of 

several parameters. Some of those include; type of CNT, i.e. SWCNTs or MWCNTs, 

number of layers, shape, length, surface charge and modifications24,  in addition to the 

differences in production and purification procedures. Therefore, published results on 

toxicity of CNTs are often conflicting and inconsistent. For this reason, more studies 

are needed to provide consistent data.  
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While some deleterious effects of CNTs have been reported, their advantages 

can be exploited in many applications.  For instance, when CNTs are used as filters to 

remove microbes there is a concern that, while the killing of microorganisms is 

wanted, some of CNTs might leach into the environment which is unwanted.28, 29 

Another example is the use of CNTs to absorb organic and inorganic contaminants, 

which is essential to purify water.30 However, this could lead to introducing other 

contaminants into the environment. Therefore, a careful weighing up of the 

advantages of CNTs and their risks is needed.31  

To date, tremendous efforts have been employed to improve the solubility, 

dispersability and biocompatibility of CNTs, in addition to reducing their toxicity. 

This can be achieved by different functionalization methods.32 It has been proven that 

the toxicity of functionalized CNTs is lower, compared to agglomerated CNTs.33	  

 

 

1.5 Functionalization of CNTs 
	  

Functionalization is the term used to describe the formation of functional 

groups on the surface of CNTs.34 Due to the high hydrophobicity of the surface of 

pristine CNTs, functionalization is required to make CNTs soluble in aqueous 

solutions. This is important in order for CNTs to be used in biology, chemistry and 

medicine.20 The surface of CNTs can be functionalized by either covalent or non-

covalent interaction19 (Figure 1-5).  
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Figure 1-5. Possible methods to functionalize CNTs. 

	  

	  

Covalent approach 

Various covalent methods are available to functionalize CNTs and this is done 

through chemical reaction. The most common method is oxidation. An oxidizing 

agents, such as nitric acid, can be used to form carboxylic groups at the defects of 

CNTs sidewalls and at their ends.35, 36 The formed oxidized CNTs are soluble in 

water, but they can aggregate in the presence of salts, due to the charge screening 

effects. For this reason, further modification is needed when CNTs are to be used for 

biological applications, because of the high salts content in biological solutions. To 

further modify CNTs, amphiphilic polymers such as poly(ethylene glycol) (PEG) are 

widely used to form stable CNTs-PEG conjugates.20, 37, 38  

The covalent modification of CNTs by polymers is essential, since long 

polymer chains, even at a low degree of functionalization, can help in dissolving 

CNTs in a wide range of solvents. There are two methods that are applied to attach 

polymers covalently on the surface of CNTs, which are defined as “grafting to” and 

“grafting from”. The “grafting to” method depends on the attachment of the polymer 

chain on the surface of CNTs.39 As an example of the use of the “grafting to” 
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approach, Koshio and co-workers reported the chemical modification of CNTs by 

poly(methyl methacrylate) (PMMA) through ultrasonication.40 However, the “grafting 

from” method relies on the immobilization of the polymer precursors on the surface 

of CNTs, followed by the propagation of the polymer.39 Functionalization of 

MWCNTs by PMMA was reported by Hwang and co-workers, where they followed 

the “grafting from” technique. The polymer composite was synthesized by the 

addition of MMA monomers to MWCNTs in the presence of radical initiator.41 The 

cycloaddition reaction is another method to functionalize CNTs covalently. This 

reaction occurs on the aromatic sidewalls, in contrast to oxidation, where the reaction 

occurs at the end and at the defects of CNTs.42 Despite the ability of covalent 

functionalization to solubilize CNTs, chemical functionalization could destroy and 

distort the properties of the CNTs network.19  

 

 

Non-covalent approach 

 In contrast, the physical properties of CNTs are preserved when non-covalent 

coating is used, since this method does not disrupt the chemical structure of the π-

network of CNTs. Non-covalent functionalization of CNTs is usually carried out by 

using polymers or amphiphilic surfactant molecules to form a coating around CNTs. 

However, the length of CNTs can sometimes be reduced if sonication is applied 

during functionalization. Thus, many aqueous solutions of CNTs, especially 

SWCNTs, are prepared by the non-covalent approach. Aromatic molecules have been 

used to functionalize CNTs con-covalently, since they can bind to the polyaromatic 

graphitic surface of CNTs through π-π stacking. For instance, pyrene and its 

derivatives are used to solubilize CNTs.43 Also, single-stranded DNA has been used 
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to solubilize CNTs due to the ability of aromatic DNA molecules to be attached to the 

CNTs surface via π-π stacking.44 In addition to those molecules, CNTs were also 

solubilized by using fluorescein (FITC) terminated PEG chains.45 In addition, the 

CNTs’ sidewalls can also be used to conjugate drugs through π- π stacking and 

hydrophobic interactions.20 Doxorubicin (DOX) is an anti-cancer drug that has been 

widely used with SWCNTs. DOX can be loaded on SWCNTs by incubation at basic 

pH.46, 47 Besides π-π interaction, Van der Waals forces are also a way to suspend 

CNTs in aqueous solutions. Hydrophobic parts of different amphiphiles have been 

attached to the surface of CNTs through this force and through hydrophilic effects, 

while the water solubility was achieved from polar heads.48 As an example of this, 

Tween-20 and a Pluronic triblock copolymer were used to functionalize CNTs.49	   

Coating CNTs has to meet several characteristics to be ideal for specific 

biological applications. Firstly, the molecules that are used for coating should be non-

toxic and biocompatible. Another important characteristic for coating is stability, in 

order to avoid its detachment from the CNTs surface in biological solutions. Lastly, 

having functional groups on the coating molecules that can be conjugated with other 

molecules, such as antibodies, to form different conjugates based on CNTs is 

beneficial for various biological applications.47  

 

 

Endohedral filling  

 

Besides the covalent and non-covalent modification of CNTs, which are 

considered under exohedral functionalization, CNTs can also be modified by the 

endohedral functionalization route. This method includes filling the inner cavities of 
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CNTs with different elements. The cavity confinement of CNTs is useful to protect 

functional molecules from the external environment, in the case when the surrounding 

environment is unstable or toxic. The inner cavity of CNTs can act as an active host 

for different molecules. CNTs have been filled by organic compounds (e.g. dyes), 

carbon nanostructures (e.g. graphene, C60) and metals, such as Pd. Filling the CNTs 

can be achieved by ex situ insertion through the open tips of CNTs or by in situ 

insertion during the synthesis of CNTs.39, 50 

 

 

Modification by biomolecules 

The functionalization of CNTs by biomolecules can be done by either covalent, 

and non-covalent methods or through the encapsulation method.39 CNTs have been 

used to transport and deliver different biomolecules into cells.51 Huang et al. have 

attached bovine serum albumin (BSA) covalently to CNTs via diimide-activated 

amidation. The obtained conjugate CNTs-BSA was found to be highly soluble in 

water.52 In addition, Dai’s group reported the formation of a CNTs-protein complex 

through electrostatic interaction.53 Other groups have decorated CNTs by adding 

biomolecules via π-π interaction between the graphitic surface of CNTs and the 

conjugated molecule or through chemisorption at the carboxylic defect on the CNTs 

surface. In addition, biomolecules have been encapsulated inside CNTs. The internal 

cavity of open-ended MWCNTs (diameter 2-10 nm) can accommodate a suitable size 

of biomolecules. Enzymes, DNA and RNA have been encapsulated into the cavity of 

CNTs.39  
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1.6 Applications of CNTs 
	  

	  

 

Figure 1-6. Some current and potential applications of CNTs.8 

 

CNTs have special chemical, physical, electrical and thermal characteristics. 

These characteristics make the CNTs promising materials in various applications 

ranging from the field of electronics,54-56 energy,22, 57, 58 environments30, 59 to health 

care19, 60 (Figure 1-6). In this section, a brief background review of the uses of CNTs 

for environmental and biomedical applications is presented. 

 

1.6.1 Biomedical applications of CNTs   

Due to the unique properties of CNTs, they are now widely used in many 

applications.16, 61 However, the low solubility of CNTs and their toxicity are the main 

issues that hinder their usage in many applications, specifically biomedical 

applications. CNTs tend to aggregate, due to their high hydrophobicity. This can be 
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overcome by proper functionalization (covalent or non-covalent interaction). Another 

problem associated with using CNTs in biomedical applications is biodegradation. 

Researchers have recently found that CNTs can degrade under physiological 

conditions.62 These drawbacks of CNTs are being addressed and will continue to be, 

as there are several ways to favor their degradation and improve their 

biocompatibility. 

Several characteristics have made CNTs good vehicles for delivery; they have 

good loading capacity, they can be internalized into the cells and they can be 

targetable through functionalization. In addition, their other properties include Raman 

scattering and optical absorption in the near infrared region, all of which can be 

incorporated with the drug delivery system.63   

As a drug delivery vehicle, oxidized CNTs are usually preferred over pristine 

CNTs, as the presence of carboxylic groups on the surface of oxidized CNTs help the 

them to be further functionalized easily. Also, oxidized CNTs contain fewer 

impurities compared to pristine CNTs and they can enter the cells easily, due to their 

short size. Long hydrophilic polymers are the most common functionalization 

methods used for drug delivery to tumor cells. For example, poly(acrylic acid) (PAA), 

chitosan and PEG are used, as they can improve the systems’ biocompatibility.63, 64 

Also, the combination of an active with a passive strategy, is often used to form 

“double targeting”. Another efficient way to increase the uptake of the drug loaded on 

CNTs is by using ligands for targeting. For instance, folic acid (FA) can be used for 

targeting, since it can be recognized on many tumor cells that contain over-expressed 

FA receptors.65 Also, loading paramagnetic particles onto CNTs could be a targeting 

strategy, as the movement of CNTs can be directed by the magnetic particles when a 

magnetic field is applied.64	  Moreover, for the drug delivery system, in addition to 
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being targeted, in order to allow the drug to be released at a controllable site and time, 

it is important for it to be triggered. Different stimuli are used for triggering, which 

could be external, such as ultrasound, light and electromagnetic field or internal, such 

as pH, enzymatic activity and redox status.66  

CNTs have also been used to enhance molecular imaging by improving the 

selectivity and detection sensitivity. CNTs have served as a contrast agent for 

magnetic resonance imaging (MRI). This can be achieved by either incorporating 

super paramagnetic iron oxide (SPIO) nanoparticles or paramagnetic gadolinium 

(Gd3+).67, 68 In addition, CNTs can be used for optical imaging, since they display a 

near-infrared photoluminescence in the range 700-1100 nm, which represents the 

biological spectral window.69 In this range, the photobleaching, absorption and 

scattering are minimized in water, tissues and cells.70   

The optical properties of CNTs allow them, not only to be used as a drug carrier 

and in imaging tools but also to be used as therapeutic devices. When CNTs are 

irradiated at wavelengths around 700-1100 nm, CNTs will emit heat, which will lead 

to the death of cells due to the local hyperthermia caused by heat, with limited effect 

on the surrounding tissues. This strategy is dubbed as photothermal ablation, which is 

mainly applicable in cancer therapy.63, 71  

Raman spectroscopy is a technique that can provide information about different 

features of CNTs. In the range of 1590-1600 cm-1, which is named the G band, both 

SWCNTs and MWCNTs have a peak, due to stretching of the C–C bond of graphene. 

In addition, the radial breathing mode in the range 150-300 cm-1 can be related to the 

diameter of SWCNTs.72 Since Raman spectroscopy can verify different features of 

CNTs, Raman spectroscopy and imaging can be combined and used to monitor cells 

labeled by CNTs. In one of the studies, the blood circulation and biodistribution of 
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PEGylated SWCNTs were examined by Raman spectroscopy in a mouse model. The 

results showed the ability to localize targeted SWCNTs in a tumor model using the 

Raman technique.73	  

 

1.6.2 Environmental applications of CNTs  

The use of nano-materials such as CNTs in wastewater treatment has increased 

in recent years. Many applications of CNTs have been reported with respect to water 

treatment. Despite the poor solubility and dispersability issue that could be  

considered a disadvantage in biomedical applications, in water treatment this could be 

an advantage.74 CNTs can be released and used for treatment, but then directly 

recovered using separation methods. Also, residual CNTs can be removed,  which 

will minimize or even prevent any possible risk to human health.75  

CNTs are used as sorbents and they have shown good adsorption capability and 

high affinity to  adsorb many pollutants. They have been used as sorbents for heavy 

metals76 in addition to organic77 and inorganic pollutants.78 Several characteristics  

make  CNTs good materials for adsorption. They have high surface areas compared to 

bulk particles. Also, the small size of CNTs, with their layered and hollow structure, 

contributes much in their role for adsorption.  In addition, their affinity towards target 

contaminants makes adsorption easy, since they can be functionalized by different 

functional groups.74 Moreover, the selective adsorption and the high capacity of CNTs 

for microorganisms make CNTs useful adsorbents for bacteria.75  

There are many studies where CNTs were used as adsorbents to remove 

contaminants. CNTs have been used to adsorb heavy metals, such as lead. Wastewater 

can be contaminated by lead in different ways and protecting the environment from 



 33	  

lead is essential, since it can cause anemia, mental retardation and kidney diseases 

when it is present in high levels in drinking water. In one of the studies, CNTs were 

oxidized with nitric acid and used for the adsorption of Pb2+ from water. The degree 

of adsorption depended on the pH value of the solution. The high capability of CNTs 

to adsorb lead has shown the great impact that CNTs can have in environmental 

protection applications.79 Another group has tested the capacity of CNTs to adsorb 

microcystins (MCs), which are toxins produced by harmful cyanobacterial blooms. 

MCs can cause the growth of tumors in the human liver, therefore their removal has a 

huge interest in environmental problems. In this study, CNTs and wood-based 

activated carbon (ACs) and clays were used to test the adsorbance of MCs. It was 

found the CNTs have a great ability to adsorb MCs.80 

Another use of CNTs is their use as a catalyst support. They have been used as a 

support in photo-catalysis81 and in catalytic wet air oxidation.82 Several factors make 

the CNTs a great catalyst support besides their easy functionalization, which is an 

advantage in almost all CNTs applications. Both the high surface area of CNTs and 

their adsorption capacity are helpful to allow contaminants to be adsorbed before they 

are degraded by the catalysts. Also, CNTs can be used in different conditions, due to 

their chemical stability and their resistance to both acidic and basic environments.83  

Al2O3 supported on CNTs has been used for the adsorption of fluoride from 

water. The adsorption was tested over a wide pH range (5.0-9.0). The high adsorption 

capacity of Al2O3/CNTs towards fluoride under a wide range of pH values has made 

them a promising material for removing fluoride from water.84  

CNT-based membranes are also promising nano-materials for filtration and 

desalination. This is due to their surface chemistry, mechanical strength, thermal 
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stability and their strong antimicrobial activity. Also, the high water flux within CNTs 

pores is good for desalination processes, since it allows high permeability and salt 

rejection.85 However, synthesizing membranes with uniform pore size is still a 

challenge that needs to be addressed. Also, the reproducibility and cost of those 

membranes should be considered.83  

Some CNTs based membranes have been used as antimicrobial filters to remove 

bacteria and other microbes. Macro filters of aligned CNTs have been fabricated by 

Srivastave, et al.28 These filters have been used for two important applications; the 

filtration of bacteria (Escherichia coli) from water and the remediation of heavy 

hydrocarbon contaminants.  CNTs filters can be cleaned for repeated filtration simply 

by ultra-sonication and autoclaving, which gives them an advantage over 

conventional membrane filters.28 In addition to the use of CNT as antimicrobial 

filters, they have been used as additives to the membranes to prevent fouling. 

Membrane fouling depends on the interaction between foulants and the surface of the 

membrane. Changing the surface chemistry of the membrane is an efficient method to 

control membrane fouling. Acid treated CNTs are merged with a polysulfone 

membrane and were used to enhance the resistance to fouling. Although CNTs are 

hydrophobic in nature, after their treatment by acids, the carboxylic acid groups give 

them the property of hydrophilicity. Since many foulants are hydrophobic, by 

increasing the hydrophilicity, the resistance to fouling will be increased.86	  	  	  

Another application for CNTs in respect to the environment is using them as 

sensors. CNTs have several properties that have captured the interest of researchers 

interest to develop CNT-based sensors for different applications.30, 87 CNTs offer a 

number of advantages that give them the ability to enhance the traditional carbon 

electrode sensor platforms. These advantages include their high surface area, 



 35	  

chemical stability and mechanical stiffness, in addition to the variety of easy ways in 

which they can be functionalized.88	  CNT-based sensors can be used in environmental 

monitoring. They have been used to monitor and detect some of the toxic gases,30 for 

example, sulfur oxide,89 nitrogen dioxide90  and ammonia91 at room temperature. In 

addition for being a good chemical sensor, CNTs can be used as biosensors in order to 

detect microbial pathogens and to monitor the environmental microbial ecology. For 

instance, the detection of Salmonella was studied using SWCNTs covalently 

functionalized by Salmonella monoclonal antibodies. Those functionalized SWCNTs 

were placed on a glassy carbon electrode and the presence of Salmonella was tested 

before and after the formation of antigen-antibody complex. This system has a 

potential advantage to be used in pathogen detection.92
  

 

 

1.7 Organization of the thesis 

	  

In this thesis, innovative functionalized CNTs are employed in both biomedical 

and environmental applications. The major focus of this thesis is using non-covalent 

interaction and self-assembly to develop promising systems that can be used for 

different applications, ranging from drug delivery to the elimination of contaminants. 

This thesis is composed of seven chapters, beginning with an overview of CNTs 

in chapter one. In chapter two, the use of CNTs as a thermo-sensitive drug delivery 

system is reported. A zippered polymer, polyethylenimine (PEI) and polyvinyl 

alcohol (PVA) are used to coat CNTs. The release of the drug from this system is 

controlled by temperature. High release is observed at high temperature (40oC) and 

low release at lower temperature (25oC). The release depends on the hydrogen bonds 
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between PEI and PVA which are affected by temperature. The results are verified by 

testing the system on different cell lines.  

In chapter three, CNTs are coated by two lipid-polymers (LP): 1,2-Distearoyl-

sn-glycero-3-Phosphoethanolamine-N-[Amino(Polyethylene glycol)2000] (PE-PEG) 

and Poly(acrylic acid) modified dioleoylphosphatidylethanolamine (PE-PAA). An 

acid-labile linker is used to cross-link PAA, forming ALP@CNTs, thus making the 

system acid sensitive. In addition, near infrared (NIR) light is used to enhance the 

release of DOX from ALP@CNTs. The in vitro results showed that ALP@CNTs 

caused more death in HeLa cells when NIR is applied comparing to ALP@CNTs 

alone.  

In chapter four, CNTs are used to form a membrane with a polymer-based gel. 

CNTs are used as one of the membrane components due to their ability to convert 

NIR light into heat. Poly(Nisopropylacrylamide) (PNIPAm) is used because of its 

thermally affected swelling properties. Both CNTs and PNIPAm’s properties are used 

to control the diffusion of the cargo from the system under the influence of NIR light.  

Chapter five reports the use of CNTs as an antibacterial agent. CNTs are coated 

with polydopamine (PDA) and decorated with silver particles (Ag). Galactose (Gal) 

terminated with thiol groups is further used to give the system specificity to bind to 

galactose binding proteins on the bacterial walls, forming Gal/Ag@PDA@CNTs. The 

antibacterial activity is tested on Escherichia coli (E. coli) with and without NIR 

irradiation. 

The use of CNTs as a support for palladium catalysts (Pd) and methyl orange 

(MO), as an example of azo dyes is presented in chapter six. MO was used because of 

its ability to enhance the reduction rate. The reduction of nitrite is enhanced when 
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Pd@CNTs/MO is used compared to Pd@CNTs. However, the reduction enhancement 

is lost over repeated cycles of nitrite reduction. This verifies that the MO was not 

strongly attached to the CNTs. In the last chapter, a summary of all the chapters is 

presented. 
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Chapter 2 : Zippered Release from Polymer-gated 
Carbon Nanotubes 

 

	  

 

Figure 2-1. Schematic representation of PEI/PVA coated CNTs before the effect of 

temperature (left) and after the temperature effect (right). 

 

2.1  Introduction 
	  

CNTs exhibit several remarkable characteristics that make them ideal to be used 

as drug carriers.1, 2 This is due to their huge surface areas and the high drug loading 

capacity that can be achieved, in addition to their ability to cross the cell membranes 

because of their nano size.3 Functionalization of CNTs is crucial to lower the toxicity 

and increase the biological accessibility associated with this material.4 Coating with 

biocompatible polymers is one of the most important methods for functionalization or 

modification of CNTs.5-8 
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Controlling the release of cargo from a delivery vehicle is an important factor in 

the system’s design, as it greatly limits the side effects of excess release.9 Several 

controlled release systems have been developed in the last few years. For instance, a 

photosensitive system was used to control the release of different molecules from 

coumarin-modified mesoporous materials.10, 11 A dual anion and pH controlled gate-

like system has been reported using linear polyamines anchored on the outer surface 

of mesoporous materials.12 A magnetic field based on nanocomposite membranes was 

also used to control the release of drugs by providing a reversible on-off system.13 

Other controlled release systems were triggered by pH,14-17 enzyme18-20, light21-24 and 

redox.25, 26  

The “Zipper effect” is a term used to describe the interaction between two 

polymers through hydrogen bonding.27 Based on alternate deposition of polymers, 

one with a hydrogen bond acceptor and the other with a hydrogen bond donor, 

multilayer films can be formed.28 The thickness and the morphology of the multilayer 

films can be changed, depending on the interaction between the hydrogen bonds. This 

type of interaction is sensitive to temperature and thus increasing temperature can 

lead to dissociation of hydrogen bonds.27, 29 

 In this chapter, a CNT-based temperature sensitive system is reported for 

controlled release applications. Polyethylenimine (PEI) and polyvinyl alcohol (PVA) 

were used to coat CNTs via the zipper effect (Figure 2-1). CNTs-PEI/PVA were 

successfully loaded with doxorubicin (DOX) and the release curves were tested at 25, 

37, 40 and 70oC. The designed system is thermosensitive, as it opens at 40oC and 

closes (no release) at 25oC, while minor release is observed at 37oC. In vitro testing 

was carried out to verify that the system is safe and suitable for drug delivery. The 

release profile confirms that CNTs-PEI/PVA can successfully store DOX and release 
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on demand by increasing the temperature to 40oC. Increasing the temperature to 70oC 

was only done to further verify the system’s experimental dependence on increasing 

temperature. 

 

2.2 Experimental Section 
	  

2.2.1 Synthesis of CNTs-PEI and CNTs-PEI/PVA 

 

 

 
 
Figure 2-2. Synthesis of polymer-gated CNTs. 

 
 
  The functionalization of CNTs was accomplished as follows:30, 31 carboxylic acid 

functionalized CNTs (CNT-COOH) were added to oxalyl chloride and refluxed at 

60oC for 24 h to convert the carboxylic acids to acyl chlorides. The excess oxalyl 

chloride and other acidic products were removed under vacuum, and then PEI in 

anhydrous DMF was added and reacted at 40oC for 24 h. CNTs-PEI were obtained 

after drying under vacuum overnight. PVA aqueous solution (2 %) was added to the 

pre-dispersed CNTs-PEI aqueous solution. After stirring for 24 h, CNTs-PEI/PVA 

were formed via hydrogen bonding complexation between PVA and PEI (Figure 5-2). 

The surface modification of each step was tested by thermogravimetric analysis 
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(TGA) using a TG 209 F1 Iris (Netzsch Company) with a heating rate of 10oC/min in 

nitrogen. Also, Raman spectra were recorded using a confocal micro-Raman 

spectrometer (Horiba Jobin Yvon/Labram Aramis) with an excitation wavelength of 

473 nm.  

	  

 
2.2.2 DOX Loading  

 CNTs-PEI/PVA (200 mg) were dispersed in 10 mL of water. Then, an 

aqueous solution of DOX was added and stirred at 40oC for ~24 h. The sample was 

then cooled down in an ice bath for 2 h, washed with water and isolated by 

centrifugation, and finally the release was tested using a fluorescence 

spectrophotometer.  

 DOX loading efficiency was estimated by measuring the absorbance of 

unloaded DOX at 485 nm relative to the predefined calibration curve (Figure 2-3).    

 

 

Figure 2-3. The relation between the intensity and the concentration of DOX in DMSO 

solutions measured by UV-Vis-NIR spectrometry.  
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The concentration of DOX on CNTs-PEI/PVA was calculated. Based on the 

UV-Vis-NIR spectra, 34.128 µg of DOX can be loaded on 1 mg of CNTs-PEI/PVA. 

A series of DOX in DMSO solutions with known concentrations were used to get the 

calibration curve, as shown in Figure 2-3. 

DMSO was added to 1 mg of CNTs-PEI/PVA. The absorbance of DOX was 

tested after all the DOX had been released by the influence of DMSO dissolving the 

polymers. After the absorption of DOX on 1 mg CNTs-PEI/PVA had been measured, 

the DOX concentration was calculated by the compensation on the equation:  

Y = 0.015X + 5.66 × 10-3 

 

2.2.3 DOX release from CNTs-PEI/PVA 

DOX-loaded CNTs-PEI/PVA were tested at 25oC, 37oC, 40oC and 70oC in 

water. The fluorescence intensity of the released DOX was determined by a 

fluorescence spectrophotometer (Cary Eclipse) in the range of 520-650 nm when the 

excitation wavelength was set at 485 nm and continuous “on-off” (40oC-25oC) 

intensities were also recorded. 

 

2.2.4 Cytotoxicity assay 

The cytotoxicity was measured by the Alamar Blue reduction assay (Sigma) 

using human lung fibroblast (LF), breast adenocarcinoma (BA) and HeLa cell lines 

(ATTC). Only living cells are able to manage the reduction of Alamar blue. Cells 
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were cultivated in a 96-well microtiter plate (2x104 cell/well in Eagle's minimal 

essential medium (EMEM) + 10% Fetal Bovine Serum (FBS), 200 µL/well) at 37oC 

in a humidified 5% carbon dioxide atmosphere. The cytotoxicity was also measured 

by lactate dehydrogenase assay (LDH) (Sigma) using LF, BA and HeLa cell lines and 

Human Dermal Fibroblast adult and neonatal (ATTC). The release of LDH is an 

indication of cell death. Cells were cultivated in a 96-well microtiter plate 2 × 104 

cell/well in EMEM + 10% FBS, 200 µL/well at 37◦C in a humidified 5% carbon 

dioxide atmosphere. The optical density was measured at 492 nm with a microplate 

reader. The mean of four measurements for each cell line was determined (n =4).  

 

2.2.5 In vitro drug uptake 

Breast adenocarcinoma (BA) cultured on poly-D-lysine-coated coverslips was 

treated with CNTs-PEI/PVA (50 µg/mL), fixed in 4 % paraformaldehyde in PBS for 

10 min at room temperature, incubated for 10 min on ice with PBS containing 0.3 % 

Triton X-100, and washed again 3 times with PBS. The coverslips were then 

incubated for 20 min at 37 °C in PBS containing 5 % goat serum, and washed again 

with PBS. After washes, slides were incubated for 5 min on ice in PBS containing 

DAPI (50 µg/mL), and then washed with PBS and mounted on glass slides. At the 

end of the process, fluorescent signals were visualized with a fluorescence 

microscope (AXIO, Zeiss). 
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2.3 Results and Discussion 
	  

2.3.1 Characterization of CNTs-PEI and CNTs-PEI/PVA 

 

Figure 2-4. TGA curves of CNTs-COOH (red), CNT-PEI (blue) and CNTs-PEI/PVA (green). 

 
Thermogravimetric analysis (TGA) (Figure 2-4) was used to characterize the 

surface modification of CNTs.32 For CNTs-COOH, there was no significant weight 

loss (12 %) after the temperature was increased to 800oC. However, at the same 

temperature, the weight loss of CNTs-PEI was 40 %, and CNTs-PEI/PVA showed 

more than 45 % weight loss.	  

Raman spectroscopy was used to probe the structure of CNTs, CNTs-PEI and 

CNTs-PEI/PVA respectively in the 110-2000 cm-1 region (Figure 2-5).33 The intensity 

ratio (IG/ID) of the tangential mode (G band, 1500-1600 cm-1) to the disorder mode (D 

band, 1300-1400 cm-1) is often used to characterize functionalized CNTs.33, 34 Figure 

2-5a shows that the IG/ID ratios (2.6, 3.7 and 3.6) of CNTs, CNTs-PEI and CNTs-

PEI/PVA were increased after grafting with polymers, compared to those of CNTs-
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COOH.  At the same conditions, the positions of D bands remain unchanged, which 

may suggest a decrease in defects on the CNTs. The frequency and modal distribution 

of Radial Breathing Modes (RBM, 150-350 cm-1) is the most important feature in 

characterizing the diameter and chirality of CNTs. After grafting with PEI and then 

complexing with PVA, there was a blue shift in the RBM and the intensities of peaks 

with smaller Raman shifts got weaker (Figure 2-5b). This could be due to a case 

where the CNTs are no longer in direct contact with each other after successful 

grafting and complexation. 

 

Figure 2-5. Raman spectra of (a) CNTs-COOH, CNTs-PEI, and CNTs-PEI/PVA. (b) RBM 

and fitting peaks in Raman spectra of CNTs-COOH, CNTs-PEI, and CNTs-PEI/PVA 

 
 High-resolution transmission electronic microscopy (HR-TEM) was 

performed on a Titan 80-300 with accelerating voltage of 300 kV. HR-TEM was used 

to examine the CNTs thickness after grafting and complexation. As expected, an 

increase in the polymer thickness was observed when comparing the CNTs-PEI 
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(Figure 2-6b) and CNTs-PEI/PVA (Figure 2-6c) to CNTs-COOH (Figure 2-6a). 

While the thickness of PEI on the CNTs surface was around 0.9 nm, it was around 2 

nm when PVA was complexed with it. The uniform, amorphous polymer layer on the 

CNTs surface is clearly distinguished from the ordered walls of the CNTs-COOH. 

Scanning electron microscopy (SEM) observations were carried out on a Quanta 600 

FEG scanning electron microscope (SEM, FEI Company). Compared to the initial 

CNTs-COOH (Figure 2-6d), SEM images of the final product (Figure 2-6e) show a 

good homogenous dispersion of CNTs and excellent control over the distance of 

CNTs bundles by the zippered PEI/PVA complex.  

 
 
 
 

 

 

Figure 2-6. HR-TEM of (a) CNTs-COOH, (b) CNTs-PEI, and (c) CNTs-PEI/PVA. The scale 

bar is 5 nm. SEM image of (d) CNTs-COOH and (e) CNTs-PEI/PVA. The scale bar is 1 µm. 
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2.3.2 Thermosensitive DOX release from CNTs-PEI/PVA 

The operation of CNTs-PEI/PVA was first tested with Rhodamine B (RhB) 

before using DOX. The system successfully released RhB at elevated temperature 

while no release was observed at 25oC (Figure 2-7a). Also, there was no release from 

the control samples CNTs-COOH and CNTs-PEI at 25oC and 40oC (Figure 2-7b). The 

system was then loaded with DOX and the release curves (Figure 2-7a) showed that 

DOX is stable in water (Figure 2-7a). However, at body temperature (37oC) there was 

a slow release. At high temperatures, i.e. 40oC, the release of DOX was observed at a 

faster rate, which increased at 70oC. This behaviour is ascribed to the nature of 

hydrogen bonding between PEI and PVA, complexing at low temperature and 

decomplexing at high temperature. As a control, DOX was loaded onto CNTs-COOH 

and CNTs-PEI, similarly to CNTs-PEI/PVA, and then the systems were tested at 

25oC, 40oC and 70oC (Figure 2-7b). The intensities were too weak to be estimated at 

~585 nm (emission wavelength of DOX) and unchanged, which show low DOX load 

efficiencies in these control samples after washing. The ‘‘on-off’’ switch experiments 

show the reversibility of the DOX temperature sensitive release. Going back to 25oC, 

a little leakage of DOX exists, which was attributed to a mismatched ‘‘zipper’’ of PEI 

and PVA (Figure 2-7c). The ‘‘on-off’’ experiment was first conducted at 40oC (on) 

and 37oC (off). Although a change in intensity could be seen, the slopes in the graph 

were too close to illustrate the difference. A plot of the ‘‘on-off’’ switch at 40oC (on) 

and 25oC (off) shows clearly the system’s temperature dependence (Figure 2-7c). 

 



 56	  

	  

Figure 2-7. (a) Rhodamine B (RhB) release from CNTs-PEI/PVA at different temperatures. 

(b) No release from control samples (CNTs-COOH, CNTs-PEI at 25oC and 40oC). 

Loading occurs by π-π interactions between CNTs and DOX that play an 

important role in the initial loading. At a relative higher loading temperature (40oC), 

the ‘‘zippers’’ are opened and DOX can penetrate the sparse polymeric network and 

attach to the surface of the CNTs. After the polymers are cooled down (25oC), 

‘‘zippers’’ are formed between PEI and PVA, which limit the free movement of the 

attached DOX. At this point, the high local concentration of DOX induces the quench 

of fluorescence. When the temperature is increased, in the drug release experiment, 

the ‘‘zippers’’ are broken and the attached DOX can diffuse into the environment, 

causing the increase in fluorescent signals. However, during the process of ‘‘on-off’’ 

switch experiments, ‘‘zippers’’ cannot be exactly recovered and are mismatched 

because of the nature of polymer chains, which induces the partial leakage of DOX. 

For the control samples, COOH groups or loose PEI polymers cannot hold DOX after 

washing. Poor loading efficiencies of DOX lead to unchanged fluorescent intensities. 

Thus, polymer ‘‘zippers’’ are important to retain DOX on the CNTs and then control 

its release through thermosensitivity. 
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Figure 2-8. (a) DOX release from CNTs–PEI/PVA at different temperatures. (b) No release 

from control samples (CNTs–COOH, CNTs–PEI at 25oC, 40oC and 70oC). (c) Temperature 

sensitive ‘‘on-off’’ switch of CNTs–PEI/PVA. 

 

2.3.3 Thermosensitive in vitro DOX release and cell viability studies 

To verify that CNTs-PEI/PVA are safe to use at different temperatures, three 

different human cell lines were examined (lung fibroblast (LF), breast 

adenocarcinoma (BA) and HeLa) using two different methods, Alamar blue and LDH. 

Four sets of cells were placed in 96-well plates, and samples were treated in the 

following order: Control (no treatment), CNTs-PEI/PVA, DOX-loaded CNTs-
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PEI/PVA and DOX only (positive control). After 48 h of incubation at 37oC, cell 

viability was assessed using Alamar blue dye, where the active metabolism of alive 

cells can reduce the Alamar blue efficiently. As shown in Figure 2-8 b, the results 

indicated that the CNTs treatment is not toxic to cells either in LF or BA; although, in 

HeLa around 15% of cell death was observed compared to the untreated cells 

(control). Similar results were observed by the LDH method, where the cell death was 

very low (Figure 2-8e). To further investigate the feasibility of CNTs-PEI/PVA as a 

drug delivery system, the same human cell lines (LF, and BA and HeLa) were used. 

Four sets of each cell line (6 wells in each set) were placed in 96 well plates: 

untreated cells (negative control), cells treated with unloaded CNTs-PEI/PVA, cells 

treated with DOX loaded CNTs-PEI/PVA and DOX only (positive control). After 24 

h the four cell sets of each cell line were incubated for three hours at 40oC to aid the 

DOX release and a cell viability test was used to assess the effect on each treated cell 

line. As shown in Figure 2-8, unloaded CNTs have no cytotoxic effect on cells. On 

the other hand, treatment with DOX loaded CNTs caused more than 60% cell death in 

HeLa and LF (Figure 2-8a, d). For the BA, the percentage of cell death was about 

30%. The effect of the CNTs was further tested on healthy primary cells, (Human 

Dermal Fibroblast adult (HDFa) and Human Dermal Fibroblast neonatal (HDFn)), 

and it was found that unloaded CNTs have no cytotoxic effect on primary cells, 

whereas treatment with DOX-loaded CNTs caused more than 70% cell death (Figure 

2-10). Based on previous observations, the CNTs drug delivery efficiency at 35oC 

(Figure 2-9c, f) and 37oC (Figure 2-9b, e) was compared to the efficiency at 40oC 

(Figure 2-9a, d). Results show that the polymer-gated CNTs did not deliver the drug 

efficiently at 35oC and 37oC, in comparison to the efficiency at 40oC. Although 

survival rates for treated BA and LF cells were almost equal to those of untreated 
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cells at 35oC and 37oC, the survival rates of treated HeLa cells showed an average  

30% lower than those of the untreated ones at the same temperatures. These results 

indicate that CNTs work more efficiently at temperatures higher than 37oC, which can 

help the CNTs specificity in delivering the drug to tumors since they display higher 

temperatures than the normal body tissues (37oC).35 Moreover, the system could also 

be triggered using an external heating source. 

	  

Figure 2-9. Cell viability study at different temperatures. LF, BA and HeLa at (a) 40oC (b) 

37oC (c) 35oC, using the Alamar blue method; LF, BA and HeLa at (d) 40oC (e) 37oC (f) 

35oC, using the LDH method.  

	  

 



 60	  

Figure 2-10. Cell viabilities of primary cells: Human Dermal Fibroblast adult (HDFa) and 

Human Dermal Fibroblast neonatal (HDFn). Blank= (no treatment), Part= (CNTs-PEI/PVA), 

Part+DOX= (DOX loaded into CNTs-PEI/PVA), and DOX= (cell treated only with DOX). 

 

2.3.4 Cellular uptake of DOX 

 

Figure 2-11. Fluorescence microscopy images of BA cells incubated with CNTs-PEI/PVA at 

(a) 35oC, (b) 37oC, and (c) 40oC. They show the uptake of DOX (red) and the nuclei (blue), 

which were stained with DAPI. a1, b1 and c1 are the bright field images of BA cells. a2, b2 

and c2 are images of red DOX. a3, b3 and c3 are images of blue nuclei. a4, b4 and c4 are 

merged images of the bright field and DOX. a5, b5 and c5 are merged images of the bright 

field, DOX and DAPI. The scale bar for all the images is 200 µm. 

	  

CNTs-PEI/PVA which were loaded with DOX were further incubated with 

breast adenocarcinoma (BA) cells for 2.5 h at 35oC, 37oC and 40oC, and analyzed 

using fluorescence microscopy. CNTs-PEI/PVA were shown to be well dispersed in 
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the cell culture media; however, aggregates (Figure 2-11) were also seen, and this is 

due to the nature of the CNTs.36 Gentle sonication for 5-10 min helped in decreasing 

aggregation of the CNTs. DOX can be easily located in cells due to its red 

fluorescence as can be seen in Figure 2-11a4, b4 and c4, where merged images of the 

bright field and DOX are represented. The nuclei were stained with DAPI (blue, 

Figure 2-11a3, b3 and c3), and merged views of the bright field and DOX with the 

nuclei are represented in Figure 2-11-a5, b5 and c5. Comparing the uptake of DOX at 

the three different temperatures, it can be seen clearly that the intensity of the DOX at 

35oC (Figure 2-11a) is lower than the intensity at 37oC (Figure 2-11b). It is expected 

that at 37oC the system will be opened more than at 35oC, and consequently it will 

release more DOX. At 40oC (Figure 2-11c), an increase in fluorescence intensity was 

not seen, as many dead cells had been washed away during sample preparation. This 

result is coherent with the drug uptake study presented in Figure 2-9. Also, TEM was 

taken for DOX loaded CNTs-PEI/PVA treated BA cells (Figure 2-12). 

 

Figure 2-12. (a) TEM images of untreated BA cells, (b) DOX-loaded CNTs-PEI/PVA treated 

BA cells. The red arrows point to CNTs-PEI/PVA that appears adhering to the cell 

membrane. 



 62	  

2.4  Conclusion 
	  

A temperature sensitive drug delivery system based on polymer-gated CNTs has 

been reported. The hydrogen bonding between PEI and PVA controlled the release of 

the loaded DOX (34.128 µg/mg). The release of DOX was tested in different cell 

lines (LF, BA, HeLa, HDFa and HDFn) under different temperatures. At 40oC, the 

hydrogen bonds were decomplexed, which allowed the drug to be released. On the 

other hand, no release was observed at 25oC and only slow release at 37oC. These 

preliminary results indicate that this system is safe and can be potentially useful in 

future CNTs drug delivery applications. 
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Chapter 3 : Self-Assembly of Phospholipids/Polymers 
on Carbon Nanotubes for Stimuli Responsive Drug 
Release 
	  

	  

3.1 Introduction 
	  

Carbon nanotubes (CNTs) are considered good candidates for drug delivery 

applications owing to their special characteristics. CNTs have the ability to cross 

biological barriers,1 which provides a possible way for the drug to be delivered to the 

cytoplasm and, in many cases, to the nucleus.2 In addition to those properties, the 

optical property of CNTs have made their use in photo-thermal treatment efficient. 

CNTs can absorb near infrared (NIR) light and convert it to heat. This NIR in the 

range of 700-1100 nm, can penetrate to a large depth in biological tissues with 

minimum absorbance. This has encouraged the use of NIR in biomedical 

applications.3, 4 However, while the poor dispersion of CNTs has limited their uses in 

biomedical applications, different methods have been developed to disperse CNTs in 

aqueous solutions.5  

CNTs can be dispersed by chemical (covalent) or physical (non-covalent) 

methods.6 In the chemical treatment, the surface of CNTs can be functionalized in 

order to decrease their agglomeration and improve the chemical compatibility with 

the used medium. The drawback of this method is that structural defects can be 

introduced from aggressive chemical functionalization. On the other hand, the 

physical method is the most attractive technique for the dispersion of CNTs since 

different groups can be adsorbed on the surface of CNTs without disturbing their 

structure.7 
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The dispersion of CNTs non-covalently by phospholipids has shown a promise 

in drug delivery.8 Phospholipids are one of the cell membrane components, thus 

having excellent biocompatibility. Also, the amphiphilic structure of phospholipids 

provides the ability to be self assembled with different carriers.9, 10 Phospholipid-

poly(ethylene glycol) has been used by Dai et al. to disperse CNTs. While the 

hydrophobic chain of the lipids are anchored on the surface of CNTs, the hydrophilic 

chain of the polymer will provide the system with the needed solubility and 

compatibility.11 Similarly, phospholipid polyethylene glycol amine (LP) (1,2-

distearoyl-sn-glycero-3- phosphoethanolmine-N-[amino(polyethyleneglycol)- 2000] 

was used by another group to coat CNTs. A highly stable dispersed CNTs solution 

was formed with this coating.12  

In this work, a dual stimuli drug delivery system based on CNTs was 

developed. Efficient dispersion of CNTs in aqueous solution was achieved using two 

different lipids-polymers (LP);1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-

[Amino(Polyethylene glycol)2000](PE-PEG) and poly(acrylic acid) modified 

dioleoylphosphatidylethanolamine (PE-PAA). The lipid (hydrophobic part) attaches 

to the surface of the CNTs and the polymer (hydrophilic part) points towards aqueous 

solutions. While PE-PEG has increased the overall dispersability, PE-PAA gave the 

system the acid responsively property. An acid-labile linker was used to cross link 

PAA forming ALP@CNTs. However, a non acid-labile cross linker was used to form 

NLP@CNTs as a control sample. Doxorubicin (DOX, an anti cancer drug) was 

loaded on both samples and the release was tested at different pH. Moreover, near 

infrared (NIR) light (808 nm) was used to enhance the release of DOX from 

ALP@CNTs. This system represents a promising method to disperse CNTs with dual 

stimulus that can be used for future drug release and delivery applications (Figure 3-
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1). 

 

Figure 3-1. Schematic representation for the preparation of lipids-polymers on CNTs 

(LP@CNTs). The scheme shows the two LP that were used. After the CNTs were dispersed, 

DOX was loaded and then the sample was cross linked by an acid-labile linker to form 

(ALP@CNTs). The arrows show the expected pathway of ALP@CNTs inside the cell. 

 

3.2 Experimental Section  
	  

At the beginning, CNTs were dispersed non-covalently by the use of lipids-

polymers (LP). Two different LP were used; PE-PEG and PE-PAA. PE-PEG is 

commercially available and it was used as received. On the other hand, PE-PAA was 

synthesized by our group (unpublished work). The synthesis procedure of PE-PAA is 

described in the appendix (Figure A). After CNTs were dispersed, they were cross 

linked by either an acid-labile or non acid-labile linker to form ALP@CNTs or 
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NLP@CNTs respectively.   

 

3.2.1 Preparation of lipids-polymers modified CNTs (LP@CNTs) 

In brief, LP@CNTs were prepared according to a published protocol13 with 

some modifications. First, CNTs were purified by sulfuric and nitric acids (3:1) with 

the aid of sonication at 60oC for 4 h. Second, 10 mg CNTs with 10 mL methanol and 

10 mL chloroform were sonicated with a probe sonicator for 15 min until CNTs were 

fully dispersed in the solution. After that, 12.5 mg of PE-PAA and 12.5 mg of PE-

PEG were added to the dispersed CNTs solution and the mixture was sonicated for 

around 30 min in a bath sonicator. This was followed by the evaporation of solvents 

and drying the sample under vacuum. Third, the CNTs were re-dispersed in PBS and 

the sample was applied to freezing-thawing cycle 5 times, and then dried. The sample 

was then sonicated again for 1 h and washed by water using a filter centrifuge tube to 

remove unbounded LP. The washed sample was collected and used for the following 

steps for DOX loading and cross linking.  

 

3.2.2 Characterization of LP@CNTs 

High resolution transmission electron microscopy (HR-TEM) measurements 

were performed on a Titan 80-300 with accelerating voltage of 300 kV. HR-TEM 

technique was used to image the surface of CNTs before and after the modification 

with LP. Dried LP@CNTs and CNTs were dispersed in ethanol and sonicated for 15 

mins. A drop of each sample was deposited on a TEM grid for imaging.  
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Raman spectra were recorded using a confocal micro-Raman spectrometer 

(Horiba Jobin Yvon /Labram Aramis) with an excitation wavelength of 785 nm. 

LP@CNTs was tested as a solution, while CNTs was tested as a powder. Raman was 

used to get information about the defects on the CNTs surface, which could verify the 

successful coating of LP on the CNTs.  

 

3.2.3 DOX loading 

0.5 mL of LP@CNTs were mixed with 50 µL of sodium bicarbonate buffer (pH 

8) and 30 µL of DOX solution (5 mg/mL, 10 mM). The sample was incubated at 4oC 

for 24 h. Excess DOX was removed by filtration. The amount of loaded DOX was 

measured by UV-Vis-NIR by comparing the intensity of the original DOX solution 

and the supernatant at wavelength 485 nm. 

 

3.2.4 Cross linking 

0.6 mL of DOX loaded LP@CNTs were mixed with 1.03 mg of EDC. Then, 

0.62 mg NHS and 1.75 mg 2, 2'-(propane-2, 2-diylbis(oxy))bis(ethan-1-amine) were 

added as an acid-labile cross linker which was prepared following literature.14 The 

sample was stirred overnight to form (ALP@CNTs). The same procedure was 

followed to prepare a control sample by using 1.25 mg of Cadaverine as a control 

(non acid-labile cross linker) to form (NLP@CNTs). 
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3.2.5 In vitro release study of DOX 

The release of DOX from DOX loaded ALP@CNTs and NLP@CNTs was 

measured under the physiological temperature of 37oC at pH 4 and 7. Dialysis tubes 

with MWCO 10K were used. From each sample 1 mL was placed in the tube and 

incubated with 14 mL PBS with either pH 4 or 7 under continuous shaking. At 

predetermined intervals, the fluorescence intensity of released DOX in the dialysate 

was determined by fluorescence spectrophotometer (Cary Eclipse).  

A similar procedure was followed at pH 7 at 25oC to test the release of DOX 

with 5 min of NIR irradiation (808 nm, 4 w/cm2) where the NIR was subjected toward 

the sample. 

The influence of NIR irradiation on the release of DOX was further tested in 

HeLa cells. Cells were placed in a 24 well plate and incubated for 24 h at 37oC in a 

5% CO2 incubator to allow the cells to be attached. Cells were treated with 

ALP@CNTs and DOX loaded ALP@CNTs (CNTs concentration= 1 µg/mL) and 

incubated for 10 h. After incubation, cells were collected in small glass vials using 

trypsin and then the samples were subjected to NIR laser for 15 min. Cells were then 

placed in 96 well plates and incubated for 3 h (n≥4). CCK8 assay was used to test the 

viable cells. 

Zeiss LSM 710 upright confocal laser scanning microscope (CLSM) was used 

to test the cellular uptake of ALP@CNTs and NLP@CNTs. HeLa cells were 

incubated in 8 well chambered culture slides for 24 h. Cells were treated by either 

DOX loaded ALP@CNTs or DOX loaded NLP@CNTs for 1 h and 10 h. After 

incubation, cells were washed by PBS then stained by DAPI. Cells were fixed by 

paraformaldehyde and washed by PBS prior to imaging.  
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3.2.6 Localization of LP@CNTs inside the cells 

Transmission electron microscopy (TEM) was also used to test the 

internalization of LP@CNTs into cells. HeLa cells were incubated with LP@CNTs 

for 2 h. After incubation, PBS was used to remove excess of LP@CNTs in the 

medium. The sample was fixed, dehydrated and then embedded in epoxy resin before 

sectioning and imaging.  

 

3.2.7 Cytotoxicity tests 

Cell counting kit-8 (CCK8) assay was used to measure the toxicity of 

ALP@CNTs. For this propose, HeLa cell lines were seeded in 96 well plates with a 

density of 5X103 cells/well. Cells were incubated for 24 h at 37oC in a 5% CO2 

incubator. After 24 h, the cells were treated by different concentration of ALP@CNTs 

for 24 h. This experiment was performed several times (n≤ 6) and the average values 

were used. 

 

3.3 Results and Discussion 
	  

3.3.1 Characterization of LP@CNTs 

The morphology of CNTs and LP@CNTs was investigated by HR-TEM. The 

observed layer on the surface of LP@CNTs (Figure 3-2, b) confirms the presence of 

the LP coating on the CNTs surface when it is compared to CNTs (Figure 3-2, a)  
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Figure 3-2. HR-TEM images of (a) CNTs and (b) LP@CNTs.  

 

	  
	  

Figure 3-3. Raman spectra of (a) CNTs and (b) dispersed LP@CNTs. 

 

Raman spectroscopy is a useful tool for CNTs characterization. The two 

characteristic bands G (1500-1600 cm-1) and D (1300-1400 cm-1) can provide 

information about the defectiveness on the surface of CNTs. Raman can monitor the 

strength of adherence of different functionalities on the surface of CNTs.15 The IG:ID 

ratio was 0.82 and 1.5 for CNTs and LP@CNTs respectively (Figure 3-3). Similar 
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results have been reported previously by other groups.16 Also, LP@CNTs has a lower 

D intensity compared to CNTs sample, which suggest that the interaction between 

CNTs and LP has induced some changes on the surface of CNTs.  

 

3.3.2 Characterization of DOX loaded LP@CNTs 

	  

Figure 3-4. (a) UV-Vis-NIR spectra of DOX feeding solution (red) and the supernatant after 

removing excess DOX from ALP@CNTs (blue), (b) UV-Vis-NIR spectra of LP@CNTs 

(black) and DOX loaded LP@CNTs (orange). The peak of DOX can be observed at 

wavelength 485 nm. The inset shows a photograph of dispersed LP@CNTs before and after 

loading DOX. 

 

UV-Vis-NIR was used to test the absorbance spectra of LP@CNTs and DOX 

loaded LP@CNTs. The absorbance peak at 485 nm for DOX loaded LP@CNTs is 

due to the π-π stacking between DOX and the surface of CNTs (Figure 3-4, b). This 

indicates the successful loading of DOX on CNTs in addition to the reddish color of 

DOX loaded LP@CNTs after free DOX was removed (Figure 3-4, b, inset). The 

amount of loading was calculated by the difference between DOX intensities of the 



 75	  

original feeding solution and the supernatant of washed DOX loaded ALP@CNTs 

(Figure 3-4, a). A molar excitation coefficient around 7.9 X 106 M-1 cm-1 for CNTs 

was used to calculate the concentration as it was measured by other group.17 The 

loading found to be around 5 mg DOX/mg LP@CNTs. 

 

 

3.3.3 Cytotoxicity 

The cytotoxicity of ALP@CNTs was measured on HeLa cells using different 

concentrations of CNTs. At relatively low CNTs concentration, results showed that 

almost 80% or higher of the cells were still alive after 24 h of incubation (Figure 3-5). 

This make ALP@CNTs considered safe, as there was no obvious toxic effect 

observed on HeLa cells.  

 

	  

Figure 3-5. Cytotoxicity of ALP@CNTs on HeLa cells. 
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3.3.4 Localization of LP@CNTs inside HeLa cells 

Transmission electron microscopy (TEM) was used to observe HeLa cells after 

the treatment with LP@CNTs. Some LP@CNTs particles can be seen inside the cells, 

which can confirm their internalization (Figure 3-6). 

 

	  

Figure 3-6. TEM images of HeLa cells incubated with LP@CNTs. The arrows show the 

LP@CNTs inside the endosomes. (b) an amplified image of (a), and (d) an amplified image 

of (c).  

 

3.3.5 Acid sensitive in vitro DOX release 

The release of DOX from ALP@CNTs and NLP@CNTs was investigated at 

37oC in buffer with pH 4 and 7 (Figure 3-7, a). The release of DOX from both 

samples was low at pH 7. Those results indicate that ALP@CNTs and NLP@CNTs 

were stable at physiological pH. However, the degradation of the acid-labile cross 

linker at pH 4 of ALP@CNTs facilitates the release of DOX. As a consequence of 
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this, the intensity of the released DOX from ALP@CNTs at pH 4 was higher than 

from NLP@CNTs. Although DOX was released from NLP@CNTs at pH 4, the 

release is still lower compared to ALP@CNTs. In addition to the degradation of cross 

linker, the observed pH dependency can be due to the deprotonation. At low pH 

values, DOX can be deprotonated leading to the decrease in the interaction between 

DOX and CNTs, which will subsequently accelerate the release of DOX. This can be 

useful since both extracellular environments of tumors in addition to the intracellular 

endosomes and lysosomes have acidic environment.  

A non cross linked LP@CNTs was used as a control to show the acid 

sensitivity of our system. While the release of DOX from ALP@CNTs was high at 

pH 4 and there was slow release at pH 7, the control samples show slow release at 

both acidic and physiological pH (Figure 3-7, b).  

 

 

 

Figure 3-7. The release of DOX from (a) ALP@CNTs and NLP@CNTs at pH 4 and 7, (b) 

ALP@CNTs and non cross linked LP@CNTs at pH 4 and 7. 
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Figure 3-8. CLSM images of HeLa cells incubated with ALP@CNTs and NLP@CNTs for 1 

h and 10 h. 

 

CLSM was used to analyze HeLa cells after they were incubated with 

ALP@CNTs and NLP@CNTs (Figure 3-8). DOX can be seen due to its red 

fluorescence and the cells nuclei were stained by DAPI (blue). After 1 h of 

incubation, there was no notable difference between the samples treated by 

ALP@CNTs and the one treated by NLP@CNTs. However, after 10 h of incubation, 

more DOX was released from the sample that was treated by ALP@CNTs compared 

to NLP@CNTs. This can be due to the degradation of the cross linker on 

ALP@CNTs which facilitates the release of DOX. 
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From the release profile of ALP@CNTs and NLP@CNTs at pH 4 and 7 and 

CLSM results, it can be observed that acid-labile cross linker gave ALP@CNTs more 

sensitivity. For this reason, ALP@CNTs will be used for all further experiments.  

 

 

3.3.6 NIR enhance in vitro DOX release 

	  

 

Figure 3-9. The change on the temperature of ALP@CNTs solution when NIR light (808 nm, 

0.5 w/cm2) was ON for 15 min and then was OFF, and (b) The release of DOX from DOX 

loaded ALP@CNTs at pH 7 with and without NIR irradiation (808 nm, 4 w/cm2). 
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The photothermal characteristic of ALP@CNTs was examined by monitoring 

the temperature during irradiation. The temperature of the ALP@CNTs solution was 

measured while irradiated by NIR (808 nm, 0.5 w/cm2) for 15 min. It was found that 

the temperature rose up to more than 40oC after 10 min of irradiation. This proves the 

photothermal effect of ALP@CNTs (Figure 3-9, a). The increase in the temperature 

was due to the heat generated after CNTs absorbed the NIR light. Although this heat 

can enhance the release, a higher laser power was used for the release experiment to 

show the difference clearly.  

In order to prove that NIR can enhance the release, two samples of DOX loaded 

ALP@CNTs were used. The release of DOX from both samples was tested at pH 7. 

One of the samples was irradiated by NIR light periodically (ON/OFF). NIR was on 

for 5 min and then was switched off for 15 min. Results showed that NIR can trigger 

the release forming a ladder curve (Figure 3-9, b). On the other hand, the release of 

DOX was very low when the sample was not irradiated by NIR light. This suggests 

that NIR can be used as a second trigger in addition to the pH to control the release of 

DOX in this system.  

To further confirm the effect of NIR light on the release of DOX, the lethal 

effect of ALP@CNTs was evaluated in vitro (Figure 3-10).  HeLa cells were treated 

by ALP@CNTs and DOX loaded ALP@CNTs alone and, in combination with NIR 

light. The concentration of CNTs was around 1 µg/mL and the samples were 

incubated with cells for around 10 h. CCK8 assay was used to measure the viability of 

the treated cells. Cells that were treated by DOX loaded ALP@CNTs alone and with 

NIR irradiation show more death percentage in comparison to death caused by the 

treatment with ALP@CNTs. The results show that the combination between DOX 

loaded ALP@CNTs and NIR light is needed to cause more death. 
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Figure 3-10. Viability of HeLa cells treated by ALP@CNTs and DOX loaded ALP@CNTs 

with or without NIR irradiation. (CNTs concentration = 1 µg/mL, 15 min NIR irradiation). 

   

3.4 Conclusion 
	  

In this work, pH and NIR sensitive drug delivery system was prepared. CNTs 

were dispersed by the use of PE-PEG and PE-PAA. Linking PAA by an acid-labile 

cross linker gave the system the sensitivity toward acid environments. The results 

showed that the release of DOX from ALP@CNTs was higher at pH 4 compared to 

pH 7. This is important for cancer treatment since tumor tissues have acid pH while 

the pH for normal tissues is around 7.4. In addition, the release of DOX was enhanced 

when NIR light was used. The ON/OFF NIR irradiation results showed the ability of 

NIR light to trigger the release of DOX.  
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Chapter 4 : NIR Remotely Controlled the Diffusion 
Through a Micro Device System 
 

	  

 

Figure 4-1. Schematic representation showing the effect of NIR irradiation on 

cellulose/gel/CNTs membrane. 

	  

4.1 Introduction 	  
	  

The demand for smart membranes is needed in many fields ranging from 

separation to controlled release applications.1 Membranes that consist of responsive 

polymers can make desired responses to different environmental stimulus. This can be 

done by changing the chemical composition or controlling the porosity of the 

membranes. This change usually is coupled with a stimulus such as pH, temperature, 

light, electric or magnetic field.2, 3  

Several possible applications of smart membranes were reported. Smart 

membranes have been used in separation processes and controlled release 

applications. The ability of the membrane to separate components could be due to the 

differences in their size, charge, diffusivity or their adsorption-desorption property. In 

addition, the release can be controlled by a “close/open” system. Depending on the 
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change on the membranes confirmation. When the pores are open, the release can be 

fast. However, there will be no release or the release can be limited when the pores 

are closed.4 

Different stimuli were used to control the diffusion through membranes. For 

instance, a photo-tunable composite membrane was prepared by our group using a 

thermo-sensitive polymer poly(hydroxycinnamic acid) incorporated in ethyl cellulose 

matrix. UV light was used to control the diffusion through this membrane.5 In 

addition, magnetic field has also been used to stimuli the membrane’s diffusion. 

Langer and co-workers prepared membranes with different transition temperatures. 

Those membranes were consisting of PNIPAm-based nanogel and super-

paramagnetic iron oxide nanoparticles. The release from their system was controlled 

by a magnetic field. Iron oxide nanoparticles behave as a source for heat and thus, 

PNIPAm collapsed and subsequently enabled the transportation of materials across 

the membrane.6  

Carbon nanotubes (CNTs) are one of the nanomaterials that have been used in a 

wide range of applications. This is due to their remarkable interesting properties.7 

Their special optical property allows them to absorb light covering the spectral range 

of near infrared (NIR) (700-1100 nm), and convert it into heat. Thus, incorporating 

CNTs with any system can give it controllability by the generated heat.8 	  

PNIAPm is one of the thermo responsive polymers. It has a lower critical 

solution temperature (LCST) around 32oC, and its conformation can be changed in 

response to their LCST. PNIPAm collapses at a temperature higher than the LCST 

while at a temperature lower than the LCST, PNIPAm molecules form a swollen 
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conformation.9, 10 The induced changes in their conformation allow them to be used 

for controllable systems.11, 12  

In this work, a remotely controllable membrane was prepared. NIR was used to 

control the diffusion through cellulose/gel/CNTs membrane. While the cellulose was 

used as a base for the membrane, CNTs were imbedded in cellulose/gel membrane 

taking advantage of their ability to absorb NIR and convert it into heat. This heat was 

used to change the conformation of the PNIPAm-based gel since they are able to 

undergo volume changes with changing the temperature. The diffusion of Rhodamine 

B (RhB, example of analyte) was tested under NIR irradiation. When NIR was ON, 

the temperature was increased which leaded to high diffusion. This was due to the 

shrinkage in gel. However, the diffusion was constant when NIR was turned OFF. In 

this situation, the temperature was lower than the LCST of the gel and therefore the 

collapsed composition prevented the fast diffusion. Those results give the membrane 

a potential to be applied when separation or controlled release systems are needed 

(Figure 4-1). 

 

4.2 Experimental Section 

4.2.1 Materials 

N-isopropylacrylamide (NIPAm), N-isopropylmethacrylamide (NIPMAm), 

acrylamide (AAm), bisacrylamide (BIS), sodium dodecyl sulfate (SDS), ammonium 

persulfate (APS), α-cellulose, 1-butyl-3-methylimidazolium chloride, Rhodamine B 

(RhB). All chemicals were purchased from Sigma Aldrich. High purity single walled 
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carbon nanotubes (HP-SWCNTs) were bought from HELIX. Mili-Q water was used 

in all the experiments.  

 

4.2.2 Preparation of gel 

PNIPAm-based gel with a transition temperature of around 37oC were prepared 

through copolymerization of 0.5 g N-isopropylacrylamide (NIPAm), 0.67 g N-

isopropylmethacrylamide (NIPMAm), and 0.044 g acrylamide (AAm). In a 500 mL 

round bottom flask, the monomers with 0.08 g bisacrylamide (BIS) were dissolved in 

150 mL water. Under a magnetic stirring condition, the mixture was purged with 

nitrogen for 30 min, and then 0.2 g of the surfactant sodium dodecyl sulfate (SDS) 

was added. The reaction was initiated by adding a solution of 0.1 g ammonium 

persulfate (APS) in 5 mL of water. The mixture was heated for 4 h at 70oC and then 

was cooled and purified by dialysis. 

 

4.2.3 Gel Characterization 

Quanta 600 FEG Scanning electron microscope (SEM, FEI Company) was used 

to characterize the morphology of the gel. In addition, Malvern Zetasizer Nano was 

used to measure the size under different temperatures. The samples were filtered by 

0.45 µm filter and the size was tested at 25oC and 50oC.  

The volume phase transition temperature (VPTT) of the gel particles was 

measured by detecting the absorbance of the sample at wavelength 500 nm from 25oC 

to 45oC. UV-Vis-NIR Spectrophotometer was used for this measurement and the 

temperature was adjusted by a temperature control. 
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4.2.4 Preparation of cellulose/gel/CNTs membranes  

α-cellulose was used as the base of the membrane. 1-butyl-3-

methylimidazolium chloride (will be referred as IL) was used as a solvent for the 

cellulose to be dissolved in. α-cellulose was added to IL while stirring at 100oC. After 

all cellulose (6.67 %) was dissociated in IL, different amounts of CNTs that were 

dispersed previously in IL were added to prepare membranes with different 

percentage of CNTs (0.5 and 1%). Afterwards, all the components were mixed with 

the gel (Table 4-1) and then spread on glass slides using a casting knife. The slides 

were immersed in water till the membranes were easily taken out and then they were 

left to be dried at room temperature. Membranes with only cellulose, cellulose/gel and 

cellulose/CNTs were prepared for control experiments.  

 

Table 4-1. The amount and percentage of the membranes components.  

 

4.2.5 Membranes Characterization 

The surface of the membranes was characterized by SEM. Membranes were cut 

into small pieces and placed on a cross sectional sample holder for imaging. 

The temperature of the membranes under the influence of NIR laser (808 nm, 

Sample Cellulose /IL (6.67 %) CNTs/IL (4 %) Gel IL 

Cellulose 3 g 5 % - - - 1 g 

Cellulose/gel 3 g 5 % - - 0.2 g 1 g 

Cellulose/CNTs (0.5 %) 3 g 5 % 0.5 g 0.5 % - 0.5 g 

Cellulose/gel/CNTs (0.5 %) 3 g 5 % 0.5 g 0.5 % 0.2 g 0.5 g 

Cellulose/gel/CNTs (1%) 3 g 5 % 1 g 1 % 0.2 g - 
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0.5 w/cm2) was tested. An optic temperature sensor was used to monitor the change in 

temperature. A small piece was cut from each membrane (~9 mm2) and placed in 1 

mL of water for testing. Each membrane was irradiated for 15 min by the laser, and 

then the laser was switched OFF till the temperature was decreased to room 

temperature.  

 

4.2.6 Dye diffusion from side-bi-side diffusion cell 

RhB was used as an example to test the diffusion through cellulose/gel/CNTs 

membranes. Side-by-side diffusion cells were used for this experiment (Figure 4-2). 

Each membrane was placed between the two cells that contain RhB (10 µg/mL, 7 

mL) in one side, and water (7 mL) on the other side. Both RhB solution and water 

were stirred during the test. At predetermined intervals, 100 µL of the water was 

collected and 100 µL of fresh water was added. The intensity of RhB was tested by a 

microplate spectrophotometer. The NIR laser was switched ON/OFF during the 

experiment.  

 

 

Figure 4-2. Side-bi-side diffusion cells. The membrane is placed between the two cells that 

contain RhB solution on one side and water on the other side. 
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4.3  Results and Discussion 
	  

4.3.1 Characterization of gel 

The particle size of the gel was measured at 25oC and 50oC using Malvern 

Zetasizer Nano. Figure 4-3 shows the difference in size after the particles were heated 

to 50oC. The diameter of the gel was reduced from around 262.4 nm to around 181.98 

nm after heating. This is evidence of the thermo-responsivity of the gel, since the 

particle size was decreased due to their shrinkage by the influence of temperature. 

Also, the gel particles have sphere shapes as shown in SEM image (Figure 4-4). The 

VPTT of gel particles was measured by UV-Vis-NIR Spectrophotometer and found to 

be around 35oC (Figure 4-5).  

 

 

Figure 4-3. The size distribution of gel particles at 25oC and 50oC.  
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Figure 4-4. SEM image of the gel particles. 

 

 

Figure 4-5. VPTT of gel particles.  

	  

4.3.2 Characterization of the membranes 

The morphology of the membranes was observed by SEM. Cellulose and 

cellulose/CNTs membrane have a smooth surface (Figure 4-6, a & c). On the other 
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hand, small sphere particles appeared on the surface of the other membranes, which 

confirm the existence of the gel (Figure 4-6, b, d & e). Although the presence of 

CNTs cannot be confirmed by SEM, the black color of the membrane (data is not 

shown) can confirm it.  

 

 

Figure 4-6. SEM images of different membranes (a) cellulose, (b) cellulose/gel, (c) 

cellulose/0.5% CNTs, (d) cellulose/gel/0.5% CNTs and (e) cellulose/gel/1% CNTs. 

 

4.3.3 Photo-sensitive dye diffusion from the membrane 

Before using CNTs as a photosensitive component on the membrane, the photo-

thermal effect of CNTs solution (~0.2 mg/mL) was tested by monitoring the 

temperature while irradiating NIR laser for 10 minutes. Data shows that the 

temperature of the control sample (water) remained constant while the temperature of 

the CNTs solution was increased during NIR irradiation. The temperature of CNTs 
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solution was increased to more than 70oC (Figure 4-7). The results confirm that the 

absorption of NIR by CNTs generates heat.  

 

Figure 4-7. The effect of NIR laser irradiation on the temperature of water and a solution of 

CNTs. 

	  

 The temperature of the membranes was also tested while they were irradiated 

by NIR laser for 15 minutes. Then, the laser was switch OFF till the temperature 

decreased to room temperature (Figure 4-8). The results show that the temperature of 

cellulose and cellulose/gel membranes was increased slightly with only around 5oC. 

On the other hand, the temperature of cellulose/gel/1% CNTs membrane was 

increased to around 38oC. However, the temperature of the same membrane with 

lower percentage of CNTs (0.5%) did not reach 30oC even after 15 min of irradiation. 

This can verify that the temperature was increased due to the higher percentage of 

CNTs, which can absorb more light and consequently generate more heat. Also, the 

addition of other components has affected the temperature while the percentage of 

CNTs was constant. The temperature of cellulose/0.5% CNTs membrane jumped to 
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around 43oC, although the temperature of cellulose/gel/CNTs membrane with the 

same percentage of CNTs did not increase that much. This can be explained as the 

presence of gel on cellulose/gel/CNTs occupied some space when it was compared to 

cellulose/CNTs membrane where CNTs covered larger area. For this purpose, 

cellulose/gel/1%CNTs was used to test the diffusion of RhB using the side-bi-side 

diffusion cells. In addition, cellulose and cellulose/CNTs were used as control 

samples.  

	  

Figure 4-8. The effect of NIR irradiation on the temperature of different membranes.  

	  

The diffusion of RhB was tested through three different membranes (cellulose, 

cellulose/CNTs and cellulose/gel/1% CNTs). Figure 4-9 shows the intensity of RhB 

while the NIR laser was OFF (white area) followed by switching it ON (yellow area). 
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RhB was leaking fast through cellulose and cellulose/ CNTs membranes. The leaking 

was increased by the time regardless of the switching OFF period (Figure 4-9, a & b). 

This can be explained as the lack of gel and CNTs in cellulose membrane led to the 

leakage of RhB quickly. Similarly, cellulose/CNTs membrane does not include gel, 

which can control the diffusion; therefore, the system was leaking fast. However, 

control diffusion was seen through cellulose/gel/CNTs membrane (Figure 4-9, c). The 

release of RhB was constant (or with insignificant increase) when the NIR laser was 

OFF, while it was increased when the laser was ON. The ON/OFF response of the 

membrane to the laser is due to both CNTs and gel particles. As CNTs absorbed NIR 

light and convert it into heat, the temperature was increased. Thus, the confirmation 

of the gel was changed with the change in temperature. PNIPAm was one of the gel 

components and it is known for PNIPAm to have a swelling/de-swelling property in 

response to their LCST.  VPTT of the gel (which can be considered as LCST) was 

calculated to be 35oC. Therefore, here when NIR was ON, more space was available 

for the RhB to pass through the membrane since the gel was shrunk when the 

temperature was higher than LCST. However, when NIR was switched OFF, the 

diffusion was tested at room temperature as no heat was generated at this time. The 

gel was swelled, preventing the RhB to be diffused easily. Such stimuli responsive 

behavior makes cellulose/gel/CNTs useful for many applications specifically when 

the control of diffusion is needed.  
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Figure 4-9. RhB diffusion through different membranes with switching the NIR laser 

(OFF/ON). (a) cellulose, (b) cellulose/CNTs and (c) cellulose/gel/1% CNTs. The yellow area 

shows the time where NIR was ON. 
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4.4  Conclusion  
	  

A controllable cellulose/gel/CNTs membrane was prepared. NIR was used to 

control the diffusion of RhB through this membrane. While the membrane was 

irradiated by 808 nm, CNTs generated heat due to their ability to absorb light in this 

wavelength. This heat helped in changing the confirmation of the used gel (PNIPAm-

based). Therefore, the gel particles were shrunk, allowing more free area for RhB to 

be diffused through the membrane. The responsivity of the system towards NIR will 

give the membrane a potential in fabricating smart membranes that can be controlled 

by an environmental stimuli. 
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Chapter 5 : NIR Irradiation Assisted the 
Antibacterial Effect of Silver Decorated Carbon 
Nanotubes 
 

 

5.1 Introduction 

The interest in materials holding antimicrobial activity has been increased with 

capability for those materials in a wide range of fields. For instance, antimicrobial 

agents are used in applications such as wallpaper, textiles,1 medicine2 and water 

disinfection.3 Recently, the increase in the resistance of microorganisms towards 

antibiotics has led to various health problems.4 Disinfectant solutions are needed to 

reduce the transmission of pathogens from infected areas to safe ones. Nanomaterials 

with antimicrobial properties have shown promise in the treatment of pathogenic 

microorganisms.5  

Silver nanoparticles are one the materials that exhibit antimicrobial activity.6 

Due to the ability of silver to kill bacteria, their usage in different applications has 

attracted attention from both companies and researchers. Although the exact 

mechanism of the antibacterial activity of silver remains unclear, several possible 

mechanisms are proposed.7 Explanations include the possibility that it is due to 

disruption of the bacterial cell wall membrane due to the production of reactive 

oxygen species, in addition, silver can bind with thiol groups in proteins, leading to 

the deactivation of the bacterial proteins. It has also been proposed that silver could 

interact with DNA, preventing its multiplication.8, 9  
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Embedding and stabilizing silver nanoparticles on porous matrixes was reported 

to provide strong antibacterial action.10 Carbon nanotubes (CNTs) are one of the 

materials that have been used as a support for silver, as the high surface area to 

volume ratio of CNTs make them attractive sorbent for chemicals and 

microorganisms from water.11 CNTs possess a special property that can be 

incorporated with their antimicrobial activity, which is a strong absorbance of NIR 

light. This characteristic can be incorporated to enhance the antibacterial activity 

when CNTs are used.12 Both single-walled carbon nanotubes (SWCNTs) and multi-

walled carbon nanotube exhibit antibacterial activity; SWCNTs have strong 

antibacterial activity compared to the moderate activity of MWCNTs. However, 

MWCNTs have economic advantages.7, 13 

CNTs are usually modified to meet the need of specific application. CNTs can 

be modified through covalent or non-covalent functionalization. Several studies have 

reported the use of polymers to coat CNTs.14 Polydopamine (PDA) is one of the 

biopolymers that have been used to modify CNTs. Due to the hydrophilicity of PDA, 

it has been used in the dispersion of CNTs in aqueous solution. In addition, PDA can 

serve as a platform for further reactions. For example, gold particles adhered to the 

surface of CNTs coated by PDA after they had been dispersed in aqueous solution of 

chloroauric acid.15 PDA is bio-adhesive as it can immobilized bacteria on its 

surface.16 A further advantage of using PDA for antibacterial applications is that PDA 

by itself also exhibits antibacterial activity. The antimicrobial activity of PDA was 

examined and it was found to have antibacterial effect towards Escherichia coli (E. 

coli) when these bacteria were coated with a layer of PDA.17  

As well as polymers, different bioactive functional groups like DNA, peptides, 

proteins and carbohydrates have been carried on the surface of CNTs. This can enable 
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effective interaction between CNTs and organisms.18 For instance, in one of the 

studies CNTs were functionalized to carry multiple carbohydrate ligands. It has also 

been found that CNTs-galacotose were highly efficient in capturing pathogens.19 

In this project, the antibacterial activity of Ag/Gal@PDA@CNTs solution was tested. 

NIR light was used to assist in killing bacteria, since the exposure of CNTs to NIR 

light can cause local heating. At the beginning, CNTs were modified by PDA coating, 

followed by decoration with Ag nanoparticles on the CNTs surface. CNTs were used 

as a support for the Ag nanoparticles, and also to take advantage of their ability to 

convert NIR into heat. While silver nanoparticles were used for their antibacterial 

activity, PDA was used to enable the dispersion of CNTs, and also for its bio-

adhesive property. In addition, galactose terminated with thiol groups (Gal-SH) was 

further conjugated with the above system. SH groups were expected to bind to the 

silver onto the surface of CNTs while the galactose would be available to bind with 

the bacteria, since galactose-binding proteins are present on the surface of bacteria 

which can help to capture the bacteria. Escherichia coli (E. coli) was used as a model 

for all the antibacterial tests as E. coli can be used as an indicator of fecal 

contamination in water resources. The antibacterial activity of Ag/Gal@PDA@CNTs 

was compared with that of Ag@PDA@CNTs. The effect of coupling with NIR light 

in order to enhance the bacterial activity was further tested (Figure 5-1). Moreover, 

after verifying the antibacterial effect of the Ag/Gal@PDA@CNTs solution, this 

solution was attached on filter paper. Preliminary results suggested that the prepared 

antibacterial agent could be incorporated with water treatment filters.  
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Figure 5-1. Schematic representation of the preparation of Ag/Gal@PDA@CNTs and 

their proposed method for binding with E. coli. 

 

 

5.2 Experimental Section 

5.2.1 Preparation of Ag/Gal@PDA@CNTs 

5.2.1.1 Preparation of PDA@CNTs 

CNTs were coated by PDA, following the procedure in the literature.20 CNTs 

(50 mg), dopamine (100 mg) and Tris (60 mg) were added to 50 mL of water. The 

mixture was sonicated for several minutes until a dispersed solution was formed. The 

mixture was then magnetically stirred at room temperature for around 12 h. The 
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sample PDA@CNTs were centrifuged, washed with water and dried at room 

temperature. 

 

5.2.1.2 Preparation of Ag@PDA@CNTs 

The deposition of Ag particles was carried out as follows;21 50 mg of 

PDA@CNTs were dispersed in 26 mL DMF under 20 min of sonication. Silver 

nitrate (100 mg) was added to the dispersed sample and heated at 62 oC for 1 h. Then 

the mixture was left at room temperature for 48 h. After that, the sample was washed 

with ethanol, water, and acetone and left to be dried at room temperature. 

 Both samples, the PDA@CNTs and Ag@PDA@CNTs, were characterized by 

thermogravimetric analysis (TGA). Ag@PDA@CNTs were also characterized by 

high resolution transmission electron microscopy (HR-TEM) coupled with Energy 

dispersive X-ray (EDX) analysis. TGA measurements were performed using a TG 

209 F1 Iris (Netzsch Company) with a heating rate of 10oC/min, in nitrogen. TGA 

was used to confirm the coating of PDA around CNTs. Since PDA can be 

decomposed faster than CNTs, the weight loss of PDA@CNTs can indicate the 

presence of PDA, as CNTs are stable and exhibit only minor weight loss till 600oC.  

In addition, to further verify the successful PDA coating, high-resolution transmission 

electron microscopy (HR-TEM) measurements were performed on a Titan 80-300 

with accelerating voltage of 300 kV. The HR-TEM technique was used to image the 

surface of the CNTs after coating by PDA and decorating with Ag nanoparticles. HR-

TEM can distinguish between the CNTs and the polymer layer around them. Energy 

dispersive X-ray (EDX) analysis was also applied. EDX can analyze the elemental 

composition  and was therefore used to check the presence of Ag particles in 
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Ag@PDA@CNTs. The sample was dispersed in ethanol and a drop of this solution 

was deposited on a TEM grid for imaging.  

  

5.2.1.3 Preparation of Gal-SH 

 

Figure 5-2. Preparation of Gal-SH. 

 

1-thio-β-D-galactose (Gal-SH) was prepared following the literature, with 

some modification.22 Briefly, the compounds 1-4 were synthesized with acetylation 

along with chlorination (Figure 5-2). This was followed by the reaction of protected 

chloride of carbohydrate with urea. Since chloride was used, sodium iodide was used 

as a catalyst to facilitate the exchange. The final product was synthesized23 through 
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dissolving 2,3,4,6-tetra-O-acetyl-1-thio-β-D-galactopyranose (150 mg, 1 eq) and 

sodium methoxide (1.5 eq) in 3 mL of methanol. The mixture was stirred at room 

temperature for 30 min. After that, the formation of product was indicated by thin 

layer chromatography (TLC) with clear consumption of the starting material. Finally, 

the reaction mixture was acidified, filtered and concentrated in vacuum. 50 mg of 1-

thio-β-D-galactose (Gal-SH) was afforded by this reaction, as a yellowish liquid. The 

proton and carbon nuclear magnetic resonance (NMR) was carried out showing 

successful formation of the product with purity > 90 % (data is not shown).  

 

5.2.1.4 Preparation of Ag/Gal@PDA@CNTs  

Ag/Gal@PDA@CNTs were prepared by using 25 mg of Ag@PDA@CNTs 

dispersed in 1 mL water. Gal-SH (250 µL, 5 mg/mL) was added to the dispersed 

CNTs solution. The mixture was stirred at room temperature for 48 h, then washed by 

water and dried under vacuum.  

 

5.2.2 Antibacterial activity of Ag/Gal@PDA@CNTs solution 

 Escherichia coli (E. coli) (K12) was used as a model for all the antibacterial 

tests. In order to prepare a suspension of E. coli, a single isolated colony was 

inoculated in 10 mL of sterile Luria-Bertani (LB) broth and incubated at 37oC for 6 h.  

The antibacterial activity of Ag@PDA@CNTs and Ag/Gal@PDA@CNTs 

solution was evaluated. A suspension of E. coli was treated by both CNTs solutions 

with a concentration of 20 µg/mL. To allow the interaction between the bacteria and 

CNTs, both bacteria and CNTs were incubated at 37oC for 1 h under shaking (200 
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rpm). After that, samples were centrifuged and the supernatant was discarded. Fresh 

LB was added and mixed with the bacterial pellet. After that, around 10 µL from each 

sample was spread on agar plates using sterile loops. All the plates were sealed and 

incubated overnight at 37oC. The growth of E. coli colonies was compared with a 

control sample.  

In addition, the antibacterial activity of Ag@PDA@CNTs and 

Ag/Gal@PDA@CNTs was compared by measuring the optical density (OD) of the 

solutions. After E. coli was mixed with CNTs samples, the samples were incubated at 

37oC for 30 and 45 min under shaking (200 rpm).  

The influence of NIR irradiation on the bacterial activity of 

Ag/Gal@PDA@CNTs solution was examined. E. coli were treated with different 

concentrations (100 µg/mL and 500 µg/mL) of Ag/Gal@PDA@CNTs solution. From 

each concentration, two samples were prepared, in addition to the control samples, 

and the total volume of each sample was 1 mL. The samples were mixed for 2 h to 

allow the binding between bacteria and CNTs to occur. After that, from each 

concentration, one sample was irradiated by NIR light for 3 min (808 nm, 4 w/cm2). 

All the samples were then placed in a 96-well plate (n=4) and incubated overnight at 

37oC. The antibacterial activity was evaluated by a microplate reader, by testing the 

absorbance at 600 nm. The absorbance of Ag/Gal@PDA@CNTs solution (100 

µg/mL and 500 µg/mL) was also measured and subtracted from the absorbance of 

treated samples. Finally, the cell viability of E. coli was calculated. 
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5.2.3 Preparation of the filter 

 To evaluate the possible usage of Ag/Gal@PDA@CNTs for water treatment 

applications, Ag/Gal@PDA@CNTs were deposited on a filter surface. Filter paper 

(PVDF, pore size 0.45 µm, Millipore, USA) was used as a support for the 

Ag/Gal@PDA@CNTs sample. Briefly, a suspension of Ag/Gal@PDA@CNTs (0.5 

mg/ mL) was dispersed in DMSO was prepared. This suspension was sonicated with a 

probe sonicator for 15 min. The dispersed mixture (6 mL) was used to coat the filter 

(17.64 cm2) by a vacuum filtration technique. The mixture was filtered several times 

through the filter to achieve high loading of the solution. Residual DMSO was 

removed though washing by ethanol solution and water. 

Scanning electron microscopy (SEM) was carried out on a Quanta 600 FEG 

scanning electron microscope (SEM, FEI Company). SEM was used to test the 

surface morphology of the filter papers before and after the addition of the sample 

Ag/Gal@PDA@CNTs on their surfaces. 

 

 

5.2.4 Antibacterial activity of the filter 

The antibacterial activity of Ag/Gal@PDA@CNTs filter towards E. coli was 

tested by placing a piece of the filter on an agar plate. The bacterial plate was 

incubated at 37oC overnight. In addition, in order to test the ability of the 

Ag/Gal@PDA@CNTs filter to retain bacteria on its surface, a solution of E. coli was 

passed thorough the filter. Cryo-SEM was used to test the surface of the 

Ag/Gal@PDA@CNTs filter after E. coli was passed through it.  
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5.3 Results and Discussion  

5.3.1 Characterization of samples 

In situ spontaneous oxidative polymerization of dopamine24 resulted in the 

formation of PDA coating around the surface of CNTs.  This was followed by the 

immobilization of silver nanoparticles on the surface of PDA@CNTs. Here, PDA was 

used to disperse CNTs due to its hydrophilicity. The modification of CNTs by PDA 

coating and the reduction of Ag nanoparticles were confirmed by several techniques. 

 

Figure 5-3. TGA curves of CNTs (blue), PDA@CNTs (green) and Ag@PDA@CNTs 

(red). 

 

TGA analysis was used to verify the successful coating of PDA on the surface 

of CNTs. TGA is a thermal analysis that can measure the change in the chemical and 

physical properties of the measured sample as function of temperature. The samples 

were heated from room temperature to 800oC, TGA of CNTs resulted in less than 5% 

weight loss after the temperature was increased to 800oC. However, after CNTs were 
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modified, PDA@CNTs started to decompose earlier, compared to CNTs, with more 

that 10% weight loss noted at 800oC (Figure 5-3). Also, the weight loss was slightly 

increased after PDA@CNTs were decorated with Ag nanoparticles, suggesting that 

PDA was still attached to the CNTs surface.  

 

 
 

Figure 5-4. HR-TEM images of Ag@PDA@CNTs. The inset shows the PDA layer on 

the surface of CNTs. 

 

HR-TEM was used to examine the PDA coating on the surface of CNTs and the 

presence of Ag nanoparticles. Figure 5-4 show a clear layer of PDA around CNTs, 

which can be distinguished from the outer walls of CNTs. Also, the decoration with 

Ag nanoparticles was verified by their presence on the CNTs surface as can be seen in 

Figure 5-4, a-b, indicated by red arrows. Moreover, EDX analysis was conducted to 

determine the elemental composition of Ag@PDA@CNTs. The EDX results show 

Ag peaks, which also confirm the presence of Ag nanoparticles on the sample (Figure 

5-5). 
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Figure 5-5. EDX result for Ag@PDA@CNTs. 

 

5.3.2 Antibacterial activity of CNTs solutions  

The ability of CNTs solutions to kill bacteria was examined, by using the plate 

method and by measuring the bacterial OD. Figure 5-6 shows the results for E. coli 

incubated with Ag@PDA@CNTs and Ag/Gal@PDA@CNTs.  

 

Figure 5-6. The colonies of E. coli bacteria (a) control, (b) mixed with 

Ag@PDA@CNTs and (c) Ag/Gal@PDA@CNTs. 
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Figure 5-7. The OD of E. coli treated with Ag@PDA@CNTs and 

Ag/Gal@PDA@CNTs solutions.  

	  

 

Ag@PDA@CNTs and Ag/Gal@PDA@CNTs were incubated with E. coli for 

different periods of time. The effect of both samples was measured by testing the 

bacterial OD. After 30 and 45 min of incubation, the effect of Ag/Gal@PDA@CNTs 

on the viability E. coli was higher than that of Ag@PDA@CNTs, which was 

measured by their OD (Figure 5-7). This could indicate that Ag/Gal@PDA@CNTs 

have a stronger antimicrobial ability towards E. coli than Ag@PDA@CNTs. It also 

suggests that galactose on Ag/Gal@PDA@CNTs may make Ag/Gal@PDA@CNTs 

bind to the bacteria more specifically compared to Ag@PDA@CNTs. 
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Figure 5-8. The viability of E. coli after treatment with different concentrations of 

Ag/Gal@PDA@CNTs solution, with and without NIR irradiation. 

 

To evaluate the influence of NIR irradiation on the antibacterial activity of 

Ag/Gal@PDA@CNTs solution, E. coli was treated by different concentrations of the 

solution. Figure 5-8 shows the cell viability of E. coli after treatment by 100 and 500 

µg/mL of Ag/Gal@PDA@CNTs solution, with and without being irradiated by NIR. 

It can be seen that the cell viability was decreased with both concentrations when NIR 

was applied. This can be explained by the CNTs absorbing the NIR light, and thus 

heat being generated, which consequently caused more death. Control samples, 

without any treatment and with only NIR irradiation showed 100% bacterial viability. 

This shows that NIR on its own is harmless and can only influence bacterial growth in 

the presence of CNTs. 

 

5.3.3 Characterization of CNTs filter 

The surface morphology of Ag/Gal@PDA@CNTs filter was characterized by 



 113	  

SEM. Compared to the control filter (Figure 5-9, a-b), SEM images show rough 

surfaces after the attachment of Ag/Gal@PDA@CNTs (Figure 5-9, c-d). This can 

verify that Ag/Gal@PDA@CNTs were spread over the filter. 

 

Figure 5-9. SEM images of (a-b) control filters and (c-d) after Ag/Gal@PDA@CNTs 

were attached to the filter surface.  

	  

5.3.4 Antibacterial activity of CNTs filter 

The antibacterial activity of the Ag/Gal@PDA@CNTs filter was evaluated by 

placing the filter on the bacterial plate. The inhibition zone around the filter can 

confirm their antibacterial property (Figure 5-10). Also, the ability of the filter to 

retain E. coli on its surface was evaluated. E. coli suspension was filtered through an 

Ag/Gal@PDA@CNTs filter.  SEM was used to verify the presence of the bacteria on 
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the filter’s surface. Figure 5-11 shows E. coli on the surface of the filter. This result 

verifies that E. coli can be captured by this filter. 

 

 
 

Figure 5-10. Antibacterial evaluation of Ag/Gal@PDA@CNTs filter. 

	  

 

Figure 5-11. SEM images of E. coli on the surface of the Ag/Gal@PDA@CNTs filter 

after filtering the bacteria through the filter. 

	  

5.4  Conclusion 

CNTs were used to fabricate an antibacterial agent. The CNTs were coated 

with polydopamine (PDA) and decorated with silver nanoparticles (Ag). Galactose 

(Gal) terminated with thiol groups was conjugated with the above system in order to 
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strengthen the bacterial targeting ability. It was found that the antimicrobial activity of 

Ag/Gal@PDA@CNTs was enhanced when NIR was coupled with this system. In 

addition, Ag/Gal@PDA@CNTs were used to fabricate a filter that exhibit 

antibacterial activity. This system presents a promising antibacterial agent that can be 

incorporated in water filters.  
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Chapter 6 : Azo Dye Conjugated Carbon Nanotubes 
Supported Palladium Catalyst for the Reduction Rate 
Enhancement of Nitrite and Bromate 
	  

 
This work was done in collaboration with Prof. Charles J. Werth group at the 

University of Illinois at Urban Champaign (UIUC), currently at The University of 

Texas at Austin. Samples preparation and characterization were done at KAUST and 

the reduction experiments and the longevity effect were tested at UIUC. 

 

6.1 Introduction 
	  

The demand for clean drinking water has increased across the world. Catalytic 

reduction based on palladium (Pd) is a promising technology for removing water 

contaminants such as oxyanious1, 2 and halogenated compounds.3 There are several 

existing methods for removing contaminants from water. However, most of them 

have some drawbacks. For instance, physiochemical processes generate concentrated 

brine, which must be treated or wasted.4 Air-stripping with activated carbon 

adsorption produces secondary waste streams. Similarly, reverse osmosis is an 

effective method, but it operation cost is high and post treatment of the effluent is 

needed.1	    

Pd based catalysts have several advantages over other water treatment 

technologies. Pd method in addition to being a simple and safe technology,5 is an 

effective way for removing a range of contaminants, providing a rapid in situ 

destruction and resulting in few or no toxic byproducts.6 Pd catalysts, and other metal 

catalysts, can have a great potential when a catalyst support is used. This is due to the 
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good dispersion that can be achieved, which will lead to larger available area for the 

catalyst to be exposed to more contaminants.7 Different supports have been used for 

Pd, ranging from silica, alumina and other metal oxides supports, to carbonaceous 

materials such as activated carbon and other carbon nanomaterials. Carbon nanotubes 

(CNTs) have many special characteristics that make them attractive materials to be 

used as a catalyst support. They have a unique strength in adsorption, large surface 

area. Also, water permeability through CNTs membrane is several orders of 

magnitude greater than conventional polycarbonate membrane.8 

Much of research has been done on the use of Pd in removing contaminants 

from water. For instant, at the Werth group, different Pd particles with controlled size 

and shape were synthesized and used for the removal of nitrite, N-

nitrosodimethylamine (NDMA), and diatrizoate. Their results showed how the 

optimal performance of Pd could be reached with varying their shape and size.9 In 

another study, rhenium-palladium bimetal catalyst immobilized on activated carbon 

(Re/Pd-AC), was used for the reduction of perchlorate. The activity and stability of 

catalyst was examined under the influence of Re speciation. It was found that the 

reduction rate was increased when Re content was increased.10 In addition to this, 

when considering the known ability of Pd to degrade some contaminants, the 

regeneration of Pd-based bimetallic catalyst was studied. Nitrate was chosen as an 

example for water contaminants, the regeneration of Pd-Cu/Al2O3 and Pd-In/Al2O3 

were tested after they were pre-fouled. The effect of the fouling on the regeneration 

was evaluated. Results showed that over several sulfide fouling oxidative regeneration 

conditions, Pd-In was chemically stable.11  

The enhancement of catalyst activity has been studied in the presence of 

different compounds. In one of the studies, the effect of several azo dyes on catalytic 
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reduction was examined. The effect was tested for the reduction of different 

contaminants; oxyanions, diatrizoate, and NDMA. By using different Pd based 

catalysts, methyl orange (MO) have enhanced the catalytic reduction kinetic of 

nitrate, nitrite, bromate, perchlorate, chlorate, and diatrizoate. However, the reduction 

of NDMA was not enhanced.9  

Herein, carbon nanotubes (CNTs) were used as a support for Pd particles and 

methyl Orange (MO). MO as an example of azo dye was used due to its ability to 

enhance the catalyst activity. Pd@CNTs/MO and Pd@CNTs were used for the 

reduction of oxyanion compounds (nitrite and bromate). The results showed that the 

presence of MO on Pd@CNTs/MO catalyst has enhanced the reduction rate several 

orders of magnitude compared to Pd@CNTs. However, the enhancement was 

decreased over time due to the MO leaching. 

 

6.2 Experimental Section 
	  

6.2.1 Preparation of Pd@CNTs and Pd@CNTs/MO composites 

Pd@CNTs were prepared as follow: CNTs-COOH (20 mg) were dispersed in 

50 mL of water. Cl4K2Pd (15 mg) was added to CNTs solution. The sample was 

sonicated for few minutes. Afterwards, the mixture was stirred at 50oC for 2 h. 

Finally, the sample was washed with water and dried in a vacuum oven overnight 

before characterization (Figure 6-1, a). 

The same procedure was followed to form Pd@CNTs/MO with the addition of 

4 mg of MO. After adding MO to the CNTs mixture, the sample was sonicated to help 

MO to be uniformly adsorbed (Figure 6-1, b). 
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Figure 6-1. Schematic representation of the preparation of (a) Pd@CNTs and (b) 

Pd@CNTs/MO composites. 

	  

6.2.2 Characterization of Pd@CNTs and Pd@CNTs/MO 

Pd@CNTs and Pd@CNTs/MO were characterized by several techniques. 

Transmission electron microscopy (TEM) and Energy-dispersive X-ray analysis 

(EDX) were used. TEM was used to test the morphology of CNTs and the presence of 

Pd, while EDX was used to determine the elemental composition of the samples.  

Also, Inductively coupled plasma optical emission spectrometry (ICP-OES) was used 

to detect Pd. On the other hand, UV-Vis-NIR spectroscopy and Fourier transform 

infrared spectroscopy (FTIR) were used to verify the presence of MO. 

 

6.2.3 Reduction of nitrite and bromate 

Catalysts (Pd@CNTs or Pd@CNTs/MO) were dispersed in water. Inside a 

reactor, hydrogen gas was spurged into the solution for around 20 min to reach 
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equilibrium state. The pH was adjusted to 5 during the whole experiment. 2 mM of 

(NaNO2 or NaBrO3) was added into the reactor. Aliquots solution was collected from 

time to time to be tested.  

 

6.2.4 Longevity study 

The same set up of reduction experiment was used for the longevity study. The 

longevity and stability of Pd@CNTs/MO catalyst were evaluated by 4 cycles of nitrite 

reduction in a batch reactor. Between each nitrite reduction cycle, Pd@CNTs/MO in 

aqueous solution was dried in oven at 80°C for 2 days (to evaporate out the solution) 

and re-suspended in fresh water before nitrite is spiked.   

 

6.3 Results and Discussion 
	  

6.3.1 Characterization of Pd@CNTs and Pd@CNTs/MO composites 

The presence of Pd particles was characterized by Transmission electron 

microscopy (TEM). The TEM images of Pd@SWCNTs and Pd@CNTs/MO (Figure 

6-2, b-c) show the distribution of Pd within the CNTs while there were no Pd particles 

appeared on the CNTs-COOH (Figure 6-2, a). 

Energy-dispersive X-ray analysis (EDX) clearly shows the peaks of Pd on the 

samples Pd@CNTs and Pd@CNTs/MO (Figure 6-2, b’-c’). However, Pd peak was 

not observed on CNTs-COOH as expected (Figure 6-2, a’). The other peaks, such as 

Cu, are from the TEM copper grid. Ni peaks were detected due to some trace metals 

possibly from the CNTs preparation. 
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Figure 6-6. (a-c) TEM images of (a) CNTs-COOH, (b) Pd@CNTs and (c) Pd@CNTs/MO 

and (a’-c’) EDX results of (a’) CNTs-COOH, (b’) Pd@CNTs and (c’) Pd@CNTs/MO. 

	  

	  

Table 6-1. ICP-OES results for (a) Pd@CNTs and (b) Pd@CNTs/MO. 
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The amount of Pd after the reaction was measured by inductively coupled 

plasma optical emission spectrometry (ICP-OES). The obtained results were 46.89 

and 46.51 mg/L for Pd@CNTs and Pd@CNTs/MO respectively (table 6-1, a-b).  

	  

Figure 6-2. UV-Vis-NIR spectra of MO, CNTs-COOH, Pd@CNTs, Pd@CNTs/MO and Pd-

MO complex. 

 

UV-Vis-NIR spectra were used to test the absorption peak of MO. For a high 

concentrated solution of MO, a strong peak was observed at around 463 nm, which is 

attributed to the presence of MO12 (Figure 6-4, red). In contrast, CNTs-COOH (black) 

and Pd@CNTs (purple) spectra did not show any peak at this wavelength. However, 

CNTs/MO (blue) and Pd@CNT/MO (orange) spectra show new peaks, which can 

indicate the presence of MO on those two samples (Figure 6-4).  
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Besides UV-Vis-NIR, FTIR was used to clarify the presence of MO on the 

sample Pd@CMTs/MO. The spectra were recorded at room temperature on the range 

of 500-4000 cm-1 using the KBr pellet method.  The characteristic bands of MO can 

be recognized on the MO spectrum (Figure 6-5, a). The stretch at wavelength number 

2925 cm-1 represents the C-H stretch, while the bands at wavelength numbers 1424 

and 819 cm-1 correspond to the benzene rings. In addition to the band at 1663 cm-1 

which belongs to aryl–N(CH3)2  of MO,13 CNTs/MO exhibit some absorption peaks 

that correspond to the characteristic peaks of MO that were not observed on CNTs-

COOH spectrum (Figure 6-5, b). This can determine the presence of MO on 

CNTs/MO samples (Figure 6-5, c). 

 

Figure 6-3. FTIR spectra of (a) MO, (b) CNTs-COOH, (c ) CNTs/MO. 

	  

The dispersion of Pd@CNTs and Pd@CNTs/MO catalysts in aqueous solution 

was characterized using Malvern mastersizer (Figure 6-6). Before analysis, samples 

were sonicated and suspended in water. Average particle sizes of Pd@CNTs and 

Pd@CNTs/MO are 15.0 and 14.1µm, respectively. Particle size distributions of these 
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two catalysts are relatively similar, which suggests that the particle size of those 

catalysts will not play an important role in their activity.  

	   	  

Figure 6-4. Particle size distributions of Pd@CNTs and Pd@CNTs/MO catalysts.  

 

6.3.2 Reduction rate enhancement 
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Figure 6-5. Catalytic activity of Pd@CNTs and Pd@CNTs/MO for nitrite and bromate 

reduction. 0.05g/L catalyst loading, [NO2
-]init = [BrO3

-]init = 2 mM, pH = 5.0. 

 

Catalytic activity of Pd@CNTs/MO for oxyanion reduction was tested in batch 

reactor and compared to that of Pd@CNTs. Figure 6-7 shows the 1st-order rate 

constants of these two catalysts for nitrite and bromate reduction. Results show that 

the catalyst (Pd@CNTs/MO) has a higher activity towards catalytic reduction of both 

nitrite and bromate relative to Pd@CNTs.  

	  

 

6.3.3 Longevity study  

 

Figure 6-6. Repeated nitrite reduction of Pd@CNTs/MO catalyst in a batch reactor, 0.05g/L 

catalyst loading, [NO2
-]init = 2 mM, pH = 5.0. Between each nitrite reduction cycle, the 
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catalyst in aqueous solution was dried in oven at 80°C for 2 days and re-suspended in fresh 

aqueous solution before nitrite is spiked.   

	  

The longevity and stability of the Pd@CNTs/MO catalyst were evaluated by 

repeated nitrite reduction in a batch reactor (Figure 6-8). At the beginning, the 

reduction rate of nitrite was (0.0301 min-1). However, for the repeated reduction 

experiment, there is a decrease in catalyst activity by 37% between the 1st cycle and 

2nd cycle of nitrite reduction and by 56% between the 1st cycle and the 4th cycle of 

nitrite reduction. By the 4th cycle, the catalyst activity of Pd@CNTs/MO (0.0133 min-

1) is close to that of Pd@CNTs (0.0139 min-1). The results from this study suggest 

that MO may not be strongly bound to the surface of Pd@CNTs and leaches out to the 

solution during nitrite reduction.  

Although azo dyes can enhance the reduction rate of contaminants, their use 

cannot guarantee reproducibility. Moreover, azo dyes are one of the pollutants that are 

present in surface and ground water and they can also be found in agricultural 

watersheds. Since they could be carcinogenic or mutagenic, they should not be 

mobilized into solution.14 For this reason, using azo dyes on CNTs for water treatment 

should be encouraged only if azo dye can stay connected onto the nanoplatform 

without leaching out into water.  

 

6.4 Conclusion 
	  

In this work, Pd@CNTs and Pd@CNTs/MO catalysts were synthesized, 

decorated and used for the reduction of oxyanion (nitrite and bromate). For fresh 

catalyst, the catalyst activity of Pd@CNTs/MO was several order of magnitude higher 
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compared to the reduction by Pd@CNTs. Pd@CNTs/MO might have potential 

applications in removing contaminants from water. However, when the longevity and 

stability of Pd@CNTs/MO were tested, over repeated cycles of nitrite reduction, the 

activity enhancement was lost. This could be due to the leaching of MO to the 

solution during nitrite reduction since MO was adhered on the CNTs surface. These 

results suggested that Pd@CNTs/MO is not stable over a long period of oxyanion 

treatment. Chemical functionalization of MO on the surface of CNTs could be done to 

overcome this leaching.  
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Chapter 7 : Summary 
 

Carbon nanotubes (CNTs) have special characteristics that make them ideal 

materials to be used in different applications. In this thesis, different functionalized 

CNTs systems were prepared. In chapter two, CNTs were successfully coated by 

polyethylenimine (PEI) and polyvinyl alcohol (PVA) through hydrogen bonds (zipper 

effect). The system CNTs-PEI/PVA was loaded with doxorubicin (DOX) and used as 

a drug delivery vehicle. The release of DOX was controlled by temperature; high 

release was observed at high temperature (40oC) and low release at low temperature 

(25oC). This was due to the complexation of hydrogen bonds at low temperature and 

de-complexation at high temperature. This system was tested on different cell lines 

(LF, BA and HeLa) and under different temperatures. Results showed that this 

thermo-sensitive system works better at higher temperatures. Since tumor cells 

display higher temperature than normal cells, this system can be used specifically to 

release more at cancer cells. In addition, this system can be used with an external 

heating source. 

In chapter three, efficient dispersion of CNTs in aqueous solution was achieved 

by the self assembly of two different lipids-polymers (LP) on CNTs; 1,2-Distearoyl-

sn-glycero-3-Phosphoethanolamine-N-[Amino(Polyethylene glycol)2000] (PE-PEG) 

and poly(acrylic acid) modified dioleoylphosphatidylethanolamine (PE-PAA). PE-

PEG has increased the overall dispersability, while PE-PAA gave the system the acid 

responsively property. An acid-labile linker was used to cross link PAA forming 

ALP@CNTs. However, an non acid-labile cross linker was used to form NLP@CNTs 

as a control sample. DOX was loaded on both samples and the release was tested at 

different pH. This is important for cancer treatment since the pH of tumor cells is 
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acidic compared to normal cells pH which is 7.4. Moreover, DOX release was 

enhanced by NIR light. This system represents a promising method to disperse CNTs 

with dual stimulus that can be further developed for future drug delivery applications. 

Although the presented in vitro results in chapter two and three showed that 

modified CNTs are relatively safe, in vivo study is still needed for CNTs samples. 

Much of work needs to be done before CNTs can be applied for clinical usage. Both 

in vitro and in vivo studies should be done with deferent dosages in order to confirm 

the safety level of CNTs samples. 

In chapter four, CNTs were used to form a remotely controllable membrane. In 

addition to CNTs, PNIPAm-based gel and cellulose were used to fabricate this 

membrane. NIR laser was used to control the diffusion through cellulose/gel/CNTs 

membrane. Rhodamine B (RhB) was used for the diffusion tests. Results indicated 

that when NIR was switched ON, the diffusion was high. This was due to the increase 

of temperature as CNTs absorbed NIR light and converted it into heat. This heat 

helped in changing the confirmation of PNIPAm-based gel, which lead to more gates 

for the cargo to pass through. However, when NIR was OFF, gates were limited since 

the temperature was not increased. This “ON-OFF” switch give the system the ability 

to allow diffusion by demand when applying or removing a NIR source. This system 

could be important when separation is needed (e.g. separating different particle sizes). 

Controlling the size of the gel will form membranes with different diffusion rates. In 

addition, this membrane can be applied when a controlled system is wanted. For 

instance, the membrane can be used in a microchip and the diffusion of the cargo can 

be controlled by NIR. 

In chapter five, a system based on CNTs was prepared and used as an 
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antibacterial agent. CNTs were coated with polydopamine (PDA) and decorated with 

silver nanoparticles (Ag). Galactose (Gal) terminated with SH group was further used, 

forming Ag/Gal@PDA@CNTs, which gave the system specificity to bind to 

galactose binding proteins on the bacterial walls. E. coli was used as a model for all 

the antibacterial tests. Results showed that the antibacterial activity of 

Ag/Gal@PDA@CNTs was enhanced when NIR was coupled with the system. Our 

preliminary results showed that this system can be considered when removing 

bacteria is needed.   

In chapter six, CNTs were used as a support for methyl orange (MO) and Pd 

catalysts. MO was used due to its ability to enhance the catalytic activity of Pd 

catalyst. CNTs were decorated by Pd with or without the addition of MO forming 

Pd@CNTs and Pd@CNTs/MO respectively. The catalytic activity of Pd was tested 

towards nitrite and bromate. Although MO enhanced the reduction rate of 

contaminants, their use cannot guarantee reproducibility. Over repeated cycles of 

nitrite reduction, the activity enhancement of Pd@CNTs/MO was lost. In addition, 

MO and other azo dyes, considered as contaminants when they present in water due to 

their possible carcinogenic effect. Chemical functionalization of azo dyes on the 

surface of CNTs could be done to overcome their leaching. Thus, the use of azo dyes 

to enhance the catalytic reduction of water contaminants is only encouraged if azo 

dyes can stay connected to the CNTs without leaching out into water.  

The above work presented in chapter five and six has shown promise to have a 

potential for future water treatment applications. However, using CNTs for water 

treatment should ensure that CNTs will not be leached into water and will not have 

any toxic effect on human health or the environment. In addition, using CNTs in a 

large scale is still a challenge till the price of CNTs decrease to an acceptable level.  
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Appendix : Supporting Information for Chapter 3 
  
  

 
	  
Figure A. Synthesis of PE-PAA and cross linking this polymer by two different cross linkers: 

(1-3) synthesis steps of PE-PAA, (4) an acid-labile cross linker, (5) non acid-labile cross 

linker, (6) PE-PAA cross linked by “4” forming ALP and (7) PE-PAA cross linked by “5” 

forming NLP. 

	  

Materials. Benzene, p-toluenesulfonic acid, chloroform, dichoromethane 

(DCM), n-hexanes, ethyl acetate (EtOAc), methanol (MeOH), triethylamine (TEA), 

methoxypentene, N- (2- hydroxyethyl) phthalimide, azobisisobutyronitrile (AIBN), 

tetrahydrofuran (THF), 1-haxaneamine, acrylic acid, bis-acrylamide, isopropanol, 1-

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

(NHS), 1-dodecanethiol, acetone, tricaprylylmethylammounium chloride, sodium 

hydroxide, sodium citrate, citric acid, sodium chloride (NaCl), hydrochloride (HCl), 

carbon disulphide, were all bought from Sigma-Aldrich. All aqueous solutions were 

prepared by deionized water (Milli-Q, 18.2MΩ. cm, 25oC). 

 

Preparation of PE-PAA. In this work, two different lipids-polymers were used 

to functionalize CNTs. 1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-
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[Amino(Polyethylene glycol)2000] (PE-PEG) which was bought from Avante and it 

was used as received. Poly(acrylic acid) modified dioleoylphosphatidylethanolamine 

(PE-PAA) which was synthesized as reported previously by our group (unpublished 

work) and below is a brief description of the synthesis protocol.  

 

1- Lipid functionalized chain transfer agent: Chain transfer agent (CTA) for 

reversible addition fragmentation chain transfer (RAFT), S- 1- dodecyl- S-(α, α′-

dimethyl- α″-acetic acid) trithiocarbonate, was prepared following literature. The 

recrystalize CTA (364 mg, 1 mmol) and NHS (138 mg, 1.2 mmol) was dissolved in 

10 mL DCM and stirred for 10 min. EDC (523 µL, 3 mmol) was then added drop 

wise. The reaction residue was stirred overnight at room temperature. The product 

was purified by a flash column to get yellow solid with 85 % yield.  

 

The product from step (a), (Figure A) (60 mg, 0.135 mmol) and DOPE (744 mg, 

0.134 mmol) were dissolved in 7 mL CHCl3. The mixture was heated at 30oC with 

stirring, and TEA (1 mL, 27 mg/mL, CHCl3) was added for 3 times every 20 min. The 

reaction was stirred overnight. After that the product was purified with a flash column 

with 50% hexane/EtOAc and then 100% methanol to give a yellow residue (95 % 

yield).  

 

2- Preparation of lipids-polymers. PE-PAA (compound 3, Figure A) was 

prepared as follows; AIBN solution (820 µL, 10 mg/mL in THF, 0.05 mmol) was 

added to a dry schlenk flask, and then dried with N2. Recrystallized acrylic acid (720 

mg, 10 mmol) and DOPE-CTA (103 mg, 0.1 mmol) were dissolved in 2 mL dry DMF 

with nitrogen purged for 30 min. After freezing-thawing cycle for 5 times to remove 
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extra oxygen, the reactor was heated at 75oC with stirring for 8 h. The product was 

precipitated with over amount of diethyl ether. And then several drops of 1-

hexaneamine was added and stirred for 24 h to remove extra CTA. The final product 

was white solid (90 % yield). 

 

3- Cross-linker. The acid-labile cross linker 2, 2'-(propane-2, 2-

diylbis(oxy))bis(ethan-1-amine), (compound 4, Figure A), was prepared following 

literature1 with minor modifications. On the other hand, the non acid-labile cross 

linker, Cadaverine, (compound 5, Figure AII), was purchased from Sigma Aldrich.     
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