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ABSTRACT 

Incorporating carbon nanotubes (CNTs) into polymer matrices to fabricate the 

CNT/polymer nanocomposites with enhanced mechanical, electrical and thermal 

properties has received a great deal of  interest ever since the discovery of  CNTs and 

their characteristics, such as high flexibility, low mass density and large aspect ratio. When 

disposed of  at the end of  consumer use, the fate of  these nanocomposites will depend 

much on their interactions with the microorganisms. However, such microbial 

interactions with the CNT/polymer nanocomposites in the environment are not well 

understood. In this study, we investigated the biofilm formation, which involves the 

attachment and proliferation of  microorganisms to a surface, on CNT/polycaprolactone  

(PCL) nanocomposite coated surfaces. For investigation of  biofilm developing processes 

on both PCL and CNT/PCL nanocomposite coated surfaces and exploration of  possible 

formation mechanisms, Pseudomonas.aeruginosa wild type was used as a model 

microorganism and biofilm growth in a drip flow reactor and static batch were 

performed. The results indicate that bacteria on the CNT/PCL nanocomposite surface 

started off  alive at early time points and began to die afterwards. This was attributed to 

the digestion or biodegradation of  the polymer layer that led to the exposure and 

accumulation of  CNTs on the surface. Growth of  living colonies was still able to occur 

despite the antimicrobial surface, with a dead layer of  microorganisms close to CNTs 

exposed on the CNT/PCL nanocomposite surface and the living colonies on top of  that. 

As the incubation time increased, the layer of  dead cells increased in thickness and the 

presence of  living colonies became more apparent. 

Advisor: Dr. Edward Bouwer 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Polymers, because of their broad scope of properties and ease of production, are 

prevalent in every aspect life, ranging from similar daily plastics, such rubber bands, 

garbage bags, drinking bottles and so on, to the coating materials used in the aerospace 

industry (1-3). Incorporation of carbon nanotubes (CNTs) into a polymer to prepare the 

CNT/polymer nanocomposite has received increasing attention due to the beneficial 

materials properties that CNTs can impart on the polymer, such as high tensile strength, 

extraordinary hardness, excellent thermal and electrical conductivity (4-6). These CNTs 

can enhance a polymer’s mechanical, electrical and thermal properties and expand the 

polymer’s original use greatly (5, 6). This has led to industrial manufacturing of 

nanoproducts for consumer use. Since these nanocomposites will eventually enter the 

environment at the end of their life cycle, their ultimate fate will depend strongly on their 

interaction with microorganisms in landfills, surface waters, and soils. Thus, 

understanding their effect on microbial communities will provide insight into the fate 

and implications of these novel nanomaterials. 

In most natural or industrial environment, bacterial communities aggregate in the 

form of biofilms (8-10). Biofilms can form on either living or non-living surfaces, from 

the natural environment to the industrial settings, or even in human body (8, 10). As 

soon as the first microbes attach to a surface, the biofilm formation starts, going through 

the process of reproduction, irreversible attachment, maturation and dispersion (11). In 

fact, the attachment of bacteria and formation of biofilms are considered to be the first 
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steps towards biodegradation before the release of enzymatic extracellular polymeric 

substance (EPS) to break down the products (12-14). If the surface impedes or inhibits 

the biofilm formation, the following biodegradation will be limited or terminated.  

Although recent research has shown that CNTs have antimicrobial properties to 

various microorganisms, their cytotoxicity or antimicrobial properties to biofilms has not 

been well established (18-23). Furthermore, few studies have been conducted to explore 

the effect of CNT/polymer nanocomposites on the biofilm formation. Previous studies 

on the CNTs cytotoxicity have proposed that CNTs can penetrate the cell membrane 

and cause the cell to rupture due to the high aspect ratio of CNTs (21, 22), but the EPS 

secreted and maintained in the biofilm has the potential to act like a shield to protect the 

inner cells (13). So the preliminary knowledge on the biofilm formation on the 

CNT-containing surfaces is needed to fully understand the toxicity and related applicable 

merits of CNTs. 

In this study, we investigated the development and possible mechanisms for the 

biofilm formed on CNT/polycaprolactone (PCL) nanocomposite coated surfaces. 

Experiments with Pseudomonas.aeruginosa (P.aeruginosa) wild type in static batch and drip 

flow reactors showed that biofilms still formed on the CNT/PCL nanocomposite coated 

surfaces, although they consisted of more dead bacteria compared to the PCL controls. 

Moreover, dead bacteria close to the CNT/PCL coated surface emerged when PCL in 

the nanocomposite had been digested or degraded and CNTs dispersed inside became 

exposed at the surface. Following this, a dead layer of bacteria was formed and then at 

later time points, living cells could colonize on top of this dead layer, indicating that 
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CNTs retard biofilm formation, but did not inhibit it. This study will provide critical 

knowledge to understand the biodegradation of the CNT/Polymer nanocomposites. 

 

1.2 Thesis Organization 

The organization of this thesis can be described as follows. Chapter 1 presents 

background information and objectives of this study. Chapter 2 presents a literature 

review on the discovery and development of CNTs, CNT/polymer nanocomposites and 

biofilm. Chapter 3 describes the materials and methods used. 

 Chapter 4 reports the biofilm incubation results in both static batch experiments and 

a continuous drip flow reactor. Three dimensional images from the Confocal Laser 

Scanning Microscope were operated to observe the biofilm structures. Furthermore, 

some possible mechanisms were proposed and discussed in this part as to different 

biofilm formation processes. At last, implications and applications of  this study in 

respect to the interaction between the CNTs and microorganism is discussed in this 

chapter. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Carbon Nanotubes (CNTs) 

2.1.1 Introduction to CNTs 

CNTs are cylindrical sheets of  sp2- hybridized carbon atoms and were first reported 

by Iijima in 1991 (24). They are of one dimensional structure with a significantly large 

aspect ratio, usually greater than 1000 (24). CNTs can be envisioned as long, hollow 

‘cylinders’ composed of rolled-up graphene sheets with diameters on the nanometer scale 

and length on the micron scale (25, 26). 

CNTs come in two basic types: single walled-carbon nanotubes (SWNTs) and 

multi-walled carbon nanotubes (MWNTs) as shown in Figure 1 (27, 28). SWNTs only 

have one sheet of  the rolled-up graphene and a diameter of  around 1 nanometer, with a 

tube length which could be a million times longer. MWNTs usually consist of  two or 

more cylinders coaxially arranged around a central hollow core with van der Waals forces 

holding adjacent layers together (28). The interlayer distance is approximately 0.34 

nanometers and the diameter of  the MWNTs can be from several nanometers to several 

hundred nanometers (28). 

The chemical bonding of  CNTs is a network of  entirely sp2 carbon-carbon bonding, 

which is stronger than the sp3 carbon-carbon bonding in the diamond. This gives CNTs 

supreme mechanical properties (24). Peng et al revealed that individual CNT shells have a 

tensile strength of  up to 100 GPa, making CNTs the strongest and stiffest materials yet 

discovered in terms of  the tensile strength (29). Additionally, CNTs also have excellent 

electrical and thermal properties (30, 31). Compared to other carbonaceous materials, all 



these strengths contribute to the potential for CNTs to be used in fields of  energy 

storage, semi-conductor, transistor, medical applications and so on.  

 
FIGURE 1. Schematic representation of  single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs) (27). 

Increasing commercial interest in CNTs has led to the greater possibility of  their 

interaction with humans and the environment. Research has shown that due to CNTs’ 

unique material characteristics, like small diameter and large aspect ratio, they have the 

potential to alter the cell membrane, cellular process or even be uptaken by living cells, 

resulting in adverse biological effects (7, 19, 21). In a study on the cytotoxicity of  

unrefined SWNTs to immortalized human epidermal keratinocytes, it was shown that 

accelerated oxidative stress, loss in cell viability, and morphological alteration of  cellular 

structures occurred (32). Other researchers demonstrated that MWNTs exhibit less 

toxicity than SWNTs because the latter have a smaller diameter and higher surface area 

and thus easier access to the cell membranes (21). The cytotoxicity effect of CNTs has 

been demonstrated over a wide range of microorganisms (18, 20, 33). As for the 

cytotoxicity mechanism, some studies have proposed the disruption of  intracellular 

metabolic pathways, oxidative stress, physical membrane damage causing cell material 

rupture and generation of  reactive oxygen species (ROS) (20, 35, 36) . Therefore, when 
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put into wide production and application, CNTs deserve much attention with regards to 

their interactions with humans and the environment. 

 

2.1.2 CNT Functionalization  

As CNTs are intrinsically subject to strong van der Waals forces and prone to 

aggregate (24), overcoming these forces and breaking up the CNT bundles is the first 

challenge involved in suspending CNTs in liquid or solid media. The functionalization of 

CNTs is an effective way to prevent CNTs aggregation, which makes it possible for a 

better dispersion and alignment of the CNT nanocomposites (37, 38).  

The functionalization can be divided into covalent sidewall functionalization and 

non-covalent sidewall interactions (38). The former process can be accomplished by 

either modification of surface-bound carboxylic acid groups on the tubes or direct 

reaction of a reagent with CNT sidewalls, typically at defect sites in the carbon sp2 

structure (38). Usually, functional hydrophilic groups such as –COOH or –OH are 

grafted onto CNTs during the oxidation of with strong acids and chemical oxidants 

(39-41). Thus the solubility of CNTs in low to high polarity can be improved depending 

upon the percentage of oxygen grafted to the CNT surface. Non-covalent sidewall 

interactions involves surfactants which have a non-polar solvent and polymers that 

adsorb to and wrap around the CNTs. Triton X, CTAB (Cetyltrimethylammonium 

bromide), and SDS (sodium dodecyl sulfate) are commonly used surfactants (38). Natural 

surfactants, that are bioavailable and biocompatible, such as natural organic matter or 

ethylcellulose are also useful in dispersing CNTs. In this study, ethylcellulose was used 
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since it helped to disperse slightly oxidized CNTs in chloroform, a moderately polar 

solvent. 

 

2.2 CNT/polymer Nanocomposite 

2.2.1 Introduction to the CNT/polymer Nanocomposite 

Polymer nanocomposites consist of a polymer having nanoparticles or nanofillers 

dispersed in its polymer matrix. The first ever polymer nanocomposites using CNTs as a 

filler were reported in 1994 by Ajayan et al (42). Since then, many research efforts have 

been made to understand the relationship between property and structure and develop 

more commercially accessible fabrication methods. The main driving force of this 

research can be attributed to CNTs’ excellent properties mentioned in Section 2.1 and 

the relatively low cost of many polymers. By incorporating CNTs into the polymer, a 

large number of polymer properties can be improved, such as electrical conductivity, 

thermal stability and mechanical strength, significantly expanding the polymer’s 

application (4, 5, 6). According to the specific application, CNT/polymer 

nanocomposites can be classified as structural or functional composites (43). For the 

structural composites, the unique mechanical properties of CNTs, such as the tensile 

strength and strain to fracture, are explored to obtain structural materials with much 

improved mechanical properties. As for functional composites, many other excellent 

properties of CNTs, such as electrical, thermal and optical properties along with their 

mechanical properties, are utilized to develop multi-functional composites for 

applications (44). 
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2.2.2 Fabrication of the CNT/polymer Nanocomposite 

Preparation of a well-dispersed CNT suspension is a crucial step in the fabrication of 

CNT/polymer nanocomposite. A true solvent for the dispersion of pristine CNTs has 

not yet been found (15). But with the aid of CNT functionalization or mechanical 

dispersion, like ultrasonication or shear-mixing, CNTs can be moderately dispersed in 

many solvent and maintained a state of uniform suspension for a long time (45). 

Currently, there are three main methods available to achieve this: solution mixing, melt 

mixing and in situ polymerization. 

Solution mixing involves three major steps: disperse CNTs in a suitable solvent by 

ultrasonication or mechanical mixing, mix with the polymer at room or elevated 

temperature, and obtain the composite by precipitating or casting a film (46). This 

method might be completed by adding the surfactant to increase the CNT dispersion (45, 

46). Melt mixing uses a high temperature and a shear to disperse the CNTs into the 

polymer matrix. In in situ polymerization, CNTs are mixed with monomers and then 

these monomers are polymerized (46). These two methods are good to obtain the 

CNT/polymer nanocomposite films when the CNTs loading is relatively low (44-46). 

 

2.2.3 Environmental Applications of the CNT/polymer Nanocomposite 

As the result of  its reinforced mechanical, thermal, and electrical properties, CNT 

/polymer nanocomposites can be expected to have a wide range of  commercial 

applications: heat resistant, chemical sensor, electromagnetic absorbent, photoemission 

and so on (5, 6, 43).  
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One noteworthy point is the application of  nanocomposites in the biomedical field 

as antimicrobial materials (20, 47-49). As mentioned in Section 1.1, microorganisms can 

potentially lose viability when they are in direct contact with CNTs because the 

needle-like structure of  CNTs can easily penetrate though the membrane and cause the 

cell rupture (35). But thanks to CNTs’ ability to interact with cells and across cell 

membranes, CNT-containing polymer nanocomposite can be used as surface coating 

materials to decrease the microorganism accumulation and growth. At the same time, 

these nanocomposites avoid the high cost of  pure CNTs and limited range of  material 

properties. For example, by dispersing SWNT into a biomedical polymer-PLGA, 

researchers found that the viability and metabolic activities of  

Escherichia.coli and Staphylococcus.epidermidis were significantly diminished (50). Additionally, 

these antimicrobial properties can be and have been used in the water disinfection field 

to modify the membrane with anti-biofouling characteristics (48, 51, 69, 70).  

 

2.3 Biofilm 

2.3.1 Introduction to the Biofilm 

 A biofilm is the predominant form of  microbial life in aqueous environments (13). 

It forms when certain microorganisms adhere to the surface of an object in a moist 

environment and begin to reproduce (15). Biofilm formation occurs as a result of a 

sequence of events: initial attachment, irreversible attachment, maturation I, maturation 

II and dispersion as shown in Figure 2 (11). They are everywhere around us, on us and 

even in us and can be as thick as 2 mm. The microorganisms attach to the surface of an 



object by secreting a slimy, glue-like substance, which are called the extracellular 

polymeric substances (EPS) (9). The EPS acts like a shell to protect the inner 

microorganisms from the external hostile environment, assists the dissemination of 

necessary nutrients and thus allow the development of a complex, three-dimensional 

bacterial community (9, 11).  

 
FIGURE 2. Five stages of the biofilm formation. Each stage of development in the 

diagram paired with a photomicrograph of a developing P.aeruginosa biofilm. All 
photomicrographs are shown to same scale (11). 

 The formation of a biofilm can be both positive and negative (14). On one hand, the 

attachment of the bacteria onto a surface and the development of a biofilm are the first 

step for the biodegradation or bioremediation. On the other hand, biofilms can cause 

severe the biofouling on the water disinfection membranes and reduce their performance 

significantly (52, 69, 70). 

 Pseudomonas.aeruginosa was used in this study as a model microorganism to develop an 

understanding of the biofilm formation on CNT/polymer nanocomposites. Pseudomonas 

species are ubiquitous in water, wastewater and soil system. Moreover, this bacterium is 

frequently responsible for biodegradation of organic matter and organic contaminants (9, 

10, 53). 
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2.3.2 Methods of Studying the Biofilm 

 As biofilms form regularly in the environment, it is essential to characterize and 

understand them. In order to grow a consistent biofilm, one must employ some kind of  

reactor. It is recommended because a reactor allows the controlled growth of  a biofilm 

and imitation of  the natural environment as much as possible (54). Some growth 

parameters, such as substrate type and amount, food source, oxygen supply, temperature, 

flow shear stress, residence time and microorganism type, could be set in a biofilm 

reactor.  

 Three types of  reactors are the mostly used: batch reactor, continuous stirred flow 

reactor (CSFR) and plug flow reactor (11, 14, 54). Batch reactors are more like a closed 

system in which conditions in it are constantly changing and not suitable to form a stable 

biofilm. In a CSFR, the reactor is stirred continuously to limit variability and is widely 

used in the wastewater treatment plants. For the plug flow reactor, constituents in the 

reactor are changing as the media flows across it due to the metabolic activities of  the 

microorganism. It consists of  Flow Cell Reactor and Drip Flow Reactor (DFR). DFR 

has been used to study the surface-associated biofilm research in terms of its advantage 

of low shear, continuous nutrient supply and good model of the natural environment 

(55). 

 

2.3.3 Microscopic Investigation of the Biofilm 

 Identifying and understanding the biofilm formation process and its interior 

structure remains an active research area ever since the discovery of  the biofilm. Some 
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study used isolation or plate counting methods to determine the bacterial community, 

which neglected the dynamic development of  biofilm formation (56, 57). Other study 

employed the electronic microscope to observe the micro structure following the 

morphologic damage of  the biofilm during fixation and dehydration (58). More recently, 

advanced microscopic technology enables people to see the heterogeneity and 

complexity of  the biofilm. An important part of  this progress is the study with Confocal 

Laser Scanning Microscope (CLSM) (59). For example, the understanding of biofilm 

formation by Pseudomonas aeruginosa has been enhanced greatly by detailed imaging studies 

from CLSM (9, 10, 60). 

 The CLSM is a novel, ‘high-tech’ epifluorescence microscope that utilizes a laser 

scanning method for the three-dimensional detection of  biological objects labeled with 

fluorescent markers for the first time (59). It offers the advantages of  imaging either 

living or fixed specimen and using one or more fluorescent probes which cannot typically 

be carried out using conventional microscopy, making it possible for the time-elapsed 

microbial studies and live/dead cells observation (59, 65). The acquired images could be 

simulated and reconstructed by related software, like Slidebook, to visualize and analyze 

the biofilm structure.  
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CHAPTER 3 MATERIALS AND METHODS 

3.1 CNT/PCL Nanocomposite Coated Surfaces Preparation 

3.1.1 CNT/PCL Nanocomposite Suspension  

Polyvinyl alcohol (PVOH) (Sigma Aldrich, MW=31,000-50,000, 98-99% hydrolyzed) 

was first used in our study. Despite its practicality in short term, this polymer was prone 

to dissolve in water over long periods of  time, which was not practical in our long time 

biofilm formation experiments. Another widely used, biodegradable polymer, 

Polycaprolactone (PCL) (Sigma Aldrich, average MW=45,000), was chosen based on its 

stability in water, its ability to biodegrade rapidly on experimentally relevant timescales 

(days to weeks), and its compatibility with CNTs (25, 26). Pristine MWNTs were ordered 

from the Nanolab (Nanolab Inc., USA), 15 ± 5 nm in diameter and 5-20 μm in length, 

>95% purity. In order to oxidize the pristine multi-walled carbon nanotubes (O-MWNTs) 

with functional groups such as carboxyl and hydroxyl groups on the surfaces, 1 g 

MWNTs were added to 0.3 M HNO3 and refluxed for 5 hours at 110 °C. The resulting 

O-MWNTs were washed with deionized water continuously until the pH of  the filtrate 

reached 7 and dried in the oven at 80 °C overnight. The oxygen content of  the 

O-MWNTs was 4.1 %. as determined by x-ray photoelectron spectroscopy (XPS) (PHI 

5600 XPS, 58.7 eV Pass Energy, 0.125 eV/step, Mg Kα X-rays) and CASA XPS software. 

Oxygen content of  the O-MWNTs. Figure 3 indicates the quality of  CNTs after 

oxidation using Transmission Electronic Microscopy (TEM). 



    

FIGURE 3. TEM images of  the O-MWNTs used in this study. Scale bar in left image is 
500 nm when in right image is 1μm. Imaged by Iruhany Boyer Sosa (Centro de Química, 

Instituto Venezolano de Investigaciones Cientificas (IVIC), Altos de Pipe, Venezuela). 

The CNT/PCL nanocomposite suspensions were prepared by solution blending via 

sonication. CNTs were added in a certain weight percentage with respect to the PCL 

mass added at a later point in the sonication process. O-MWNTs were dispersed in 

chloroform (99.8% GR ACS, Cat #CX1055-6, EMD) by high-power ultrasonication 

(Branson 1510, 70 Watts, Emerson, USA). Ethyl Cellulose (Sigma-Alrich, Cat #433837), 

which is a natural and biocompatible surfactant, was added to get better dispersion. Then 

the mixed solution was ultrasonicated in cold ice-water bath for 3 hours. Water was 

changed every 20 minutes to ensure the temperature of  bath did not evaporate the 

chloroform and heat up the solution. Then PCL (Sigma-Alrich, Cat #440752) was added 

and the mixture was ultrasonicated for another 2 more hours following the same 

ice-water bath procedure. In the last step, suspension from the former step was 

centrifuged (PowerSpin LX Centrifuge, Unico, USA) at 3000 rpm for 5 minutes to 

remove any glass or remaining bundled particles and the supernatant of  the suspension 

was removed for spray-coating. In order to get a 2 wt/wt% CNT/PCL nanocomposite 

suspension, 8 mg O-MWNTs and 400 mg PCL are needed. The mass ratio of  CNT 

versus EC is controlled as 1 to 5 so the mass of  EC added should be 40 mg. 40 ml is the 
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volume of  chloroform. For the 5 wt/wt% suspension, 20 mg O-MWNTs, 400 mg PCL, 

100 mg EC and 40 ml Chloroform were mixed. As for the 10 wt/wt% one, 40 mg 

O-MWNTs, 400 mg PCL, 200 mg EC and 40 ml Chloroform were included. The PCL 

controls include same amounts of  EC, PCL and chloroform as in each CNT loading 

group without the added CNTs. 

 

3.1.2 Octadecyltrichlorosilane (OTS) Modification of Glass Slides 

OTS is used in the semiconductor industry to form a self-assembled monolayer thin 

film on silicone dioxide substrates (61, 62). It consists of  a long, hydrophobic 

hydrocarbon chain C18H37- and a polar, hydrophilic trichlorosilane group -SiCl3 at its head 

schemed in Figure 4. When coating the glass slides with the OTS, the lone alkyl group 

binds to the silicates in the glass, relinquishing the chlorine atoms and resulting in a 

carpet of  hydrocarbon chains lining the slides as shown in Figure 4 (62). In this way, a 

more hydrophobic surface could be obtained. Several studies have reported the 

preparation of  hydrophobic surfaces by modifying glass slides with the OTS for 

microbial studies (63, 64). In our study, as PCL is inherently hydrophobic, this 

modification provided an easier substrate for polymer adhension.  

 

FIGURE 4. Chemical structure of  the Octadecyltrichlorosilane (OTS) (61). 
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FIGURE 5. A schematic representation of  the influence of  water on the surface 
modification of  an oxide surface by the OTS (62). R- represents the long hydrocarbon 

chain C18H37-. 

The procedure for OTS modification involves first cleaning glass slides (FisherBrand 

Frosted Microscope Slides, Cat #12-550-13) by soaking them in the detergent powder 

(Alconox, Cat #1004) for 30 minutes, and rinsed with Milli-Q water. Then the slides 

were etched with 4.0 M NaOH for 30 minutes, rinsed with Milli-Q water and dried in a 

uniform stream of  nitrogen. Subsequently, the clean glass slides were put into a gravity 

convection oven (Model 16 GCA, cat.no.31477, Precision, USA) at 85 °C and dried 

overnight. The next day, slides were immersed in a 0.20 v/v% OTS/Hexane (95% GR 

ACS, Cat #HX0302-3, EMD) solution for 30 minutes and ultrasonicated first in hexane 

and then ethanol to remove excess OTS and hexane respectively. In the last step, slides 

were dried with a uniform stream of  nitrogen and put in the 85 °C oven for 30 minutes.  

 

3.1.3 Spray-coating Glass Slides Surfaces 

We used a spray-coating method to coat slides with the suspension. The 

spray-coating process was completed in a biosafety cabinet (Labconco Purifier Class II 

Biosafety Cabinet, Labconco, USA). Slides were put onto a hot plate (Fisher Scientific™ 

Isotemp™ Basic Stirring Hotplates) at 85 °C to accelerate the solvent evaporation. Two 
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slides were placed in a row and sprayed at one time. Each slide was sprayed with 

approximately 4.60 ml nanocomposite suspension at a pressure of  30 psi by using a 

Badger 200 Single Action, Internal Mix Series Air-brush (Badger Air-Brush Co. Franklin 

Park, IL) at a distance of  approximately 15 cm from the slide. After the spray, slides were 

immediately put in separate sterile petri dishes. The spray coating experimental setup and 

sample slides before and after the coating are shown as photos in Figure 6 and 7. 

Scanning Electron Microscopy (SEM) images of  the coated slide surfaces were also taken 

and are presented in Figure 8 to check the coating quality of  the nanocomposite and to 

determine whether or not CNTs were exposed at the surface. 

 

FIGURE 6. Photo of  the spray coating setup. 
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FIGURE 7. Sample slides before and after the spray-coating of  PCL and 2 wt/wt% 
CNT/PCL nanocomposite. Left one corresponds to the regular OTS-modified glass 
slide, middle one corresponds to the PCL control and right one corresponds to the 2 

wt/wt% CNT/PCL coated slide. 

 

 

FIGURE 8. SEM images of  the 2 wt/wt% CNT/PCL nanocomposite coated surfaces. 
Scale bar in the image is 500 nm. Imaged by David Goodwin (JHU, Department of  

Chemistry). From the image, CNTs were not visibly present or distinguishable from the 
PCL at the surface of  the nanocomposite. 

 

3.2 Bacteria Culture Preparation 

P.aeruginosa wild type was used as the model microorganism in this study. To prepare 

the frozen stocks, cells were grown overnight at 37 °C to the exponential phase. Sterile 

glycerol was added to the cell suspensions (10% v/v final concentration), and the 

mixture was distributed into the 1 ml eppendorf  cube and stored at -80 °C. Cultivation 
 18
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of  the P.aeruginosa in the experiment included a two-step procedure to provide a better 

time arrangement and experimental repeatability. In the first step, 0.50 ml of  P.aeruginosa 

frozen stock was thaw and grown in 75 ml LB broth (25 g/L) on a 225 rpm incubator 

shaker at 37 °C for overnight. 0.20 ml of  this P.aeruginosa overnight culture was 

transferred to 100 ml Basal Mineral Media (BMM) (66), diluted by 1 to 500 to minimize 

transfer of  dead cells and LB broth, and grown to the exponential phase (O.D. 0.040 to 

0.060 at 540 nm) on the incubator shaker at 300 rpm. The optical density (O.D.) of  the 

inoculum at 540 nm was measured with a UV-Spectrometer (Ultrlspec 3100 pro, 

Amersham Biosciences, USA). Then the P.aeruginosa inoculum after the two-step 

procedure was ready to be inoculated in either the static batch experiments or the drip 

flow reactor. 

 

3.3 Biofilm Growth in the Static Batch Experiments  

The batch biofilm growth was completed in the sterile petri dishes. Each slide was 

inoculated by adding 20 ml of  the 1:500 diluted P.aeruginosa inoculum to thinly cover the 

sample. Biofilms in petri dishes were cultivated for the necessary time at room 

temperature. Samples were stained and imaged according to the procedure discussed later 

in this section. 

 

3.4 Biofilm Growth in the Drip Flow Reactor (DFR) 

As mentioned in Section 2, DFR is a low shear system with a continuous nutrient 

supply, to model slow-flowing water in the natural environment. The reactor is fit for us 



to house six slides at one time for biofilm growth (51). The DFR (Model DFR 110-6, 

Biosurface, USA) for the biofilm incubation was assembled and prepared according to 

the manufacturer’s specifications. Some modifications on the DFR experimental settings 

were adjusted to meet your experimental needs. For example, the reactor was set as a 

negative angle with the port side higher than the drip side, which is opposite to the 

ordinary drip flow reactor setting (33, 34), shown in Figure 9. In addition, slides with 

bacteria were immersed inside each chamber instead of  dripping onto them drop by drop. 

These modifications were necessary for the hydrophobic, OTS-modified surfaces, since 

the hydrophobicity will make it impossible for the media to maintain constant coverage 

on the slides, causing bacteria to artificially die as a result of  lacking nutrients. The 

assembled DFR experimental apparatus photo in this study is shown in Figure 9. 

   

FIGURE 9. Photos of  the negative angle setup of  DFR. Left one corresponds to the 
cross section view and right one corresponds to the top view. 
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FIGURE 10. Photo of  the assembled DFR apparatus in the study. 

At the start of  each set of  DFR experiments, each coated slide was placed in a sterile 

petri dish and inoculated by adding 20 ml of  the 1:500 diluted P.aeruginosa BMM 

inoculum to thinly cover the slide. After the inoculation, the slide was allowed to sit for 1 

hour to initiate the microbial attachment to the surfaces. At the same time, the BMM 

with a low carbon source concentration (0.18g/L) was flowed through the reactor at a 

flow rate of  0.35 ml/min for each chamber, corresponding to a flow residence time of  

40 minutes, with the Ismatec BVK peristaltic pump (IDEX, Germany). After the 1 hour 

attachment, slides were rinsed in the deplete media (66) before being put into the 

chamber to remove the loosely adherent bacteria. Biofilms in the DFR were cultivated 

for necessary time at room temperature with constant addition of  media. 
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 Carbon source concentration in regular Basal Mineral Media is too high, causing thick biofilm to form in the 
air-liquid interface and interrupting the experiment. 
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3.5 Staining Procedure 

The LIVE/DEAD BacLight Bacterial Viability Kits (Invitrogen, Life Technology, 

USA), which consists of  two nucleic acid stains, green- fluorescent SYTO 9 and red- 

fluorescent propidium iodide (PI), was used to stain the cells in the biofilm. Stains were 

diluted in autoclaved milli-Q water to 3 μm each and used immediately. Before the 

staining, each slide was rinsed in the depleted media to wash away the loosely adhered 

bacteria. Then 0.50 ml of  the mixed stains were deposited on each slide and covered 

from light for 20 minutes due to the photosensitivity of  the stains. All cells were stained 

with SYTO 9 which fluorescence green, and cells with compromised membranes were 

stained with PI, which reduced the fluorescence of  the SYTO 9 in these cells and caused 

them to fluoresce red upon imaging. Thus, dead cells appeared red and living cells 

appeared green upon imaging with CLSM as described in the next section. Then slides 

were rinsed with the depleted media to remove the excess stains and mounted in 

Vectashield Mounting Media (Vector Laboratories, Inc., USA) to keep them wet. 

Otherwise, cells on top could die of  drying out and interfere with the imaging result. 

Slides were immediately brought to the Integrated Imaging Center at JHU for imaging. 

 

3.6 Confocal Laser Scanning Microscope (CLSM) and Image Analysis 

Cells on the slide surfaces were observed with the Zeiss LSM 510 Multiphoton and 

Confocor 3 laser scanning microscope (Carl Zeiss, Germany). Images were visualized by 

a 40× water immersed objective with a 1.2 numerical aperture in water immersion. Dual 

channel mode was used: a 488 nm Argon laser (30 mW at 5% output) to excite the 
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SYTO 9- stained cells, while a 543 nm He/Ne laser (1.2 mW) to excite PI- stained cells. 

The gains were adjusted using the brightest red and green cells in the range indicator 

mode on the pure PCL biofilms: this was possible since thicker biofilms always have 

some degree of  living and dead cells. Images were obtained and cropped using the 

procedure developed with the ZEN software (Carl Zeiss, 2009). The three-dimensional 

images were reconstructed by the microscope software Slidebook (Intelligent Imaging 

Innovations) for XYZ projections and stored as TIFF files. 

 



3.7 Flow Chart of the Study 

 

FIGURE 11. Flow chart of  the study, including primary materials and methods. 
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1 Drip Flow Reactor Experiments 

The Drip Flow Reactor (DFR) is designed for biofilm incubation under low shear 

conditions, which is a desired system to model the natural biofilm formation 

environment (55). Our reactor consists of  six parallel chambers, each capable of  holding 

a regular 75mm×25 mm glass slide. As it has been found by our research group that the 

2 wt/wt% CNT/PCL nanocomposite exhibits little biodegradation compared to the 

lower CNT loading nanocomposites after being exposed to the P.aeruginosa for 8 months, 

we decided to investigate the biofilm development on CNT/PCL nanocomposites with 

this loading. If  this surface will inhibit the microorganism attachment or biofilm 

formation, it’s possible that the biodegradation of  this nanocomposite will be retarded. 

In the experiment, slides coated with pure PCL and 2 wt/wt% CNT/PCL 

nanocomposites were exposed in sterile petri dishes to 20 ml of  P.aeruginosa 1:500 diluted 

BMM inoculum for 1 hour. After the rinse of  Depleted Media, these slides with 

P.aeruginosa cells attached were immersed in chambers and experienced mild shear when 

the drip of  media fell into the chamber continuously. After incubation for 24, 48 and 72 

hours, bacteria associated with the surface were stained with the LIVE/DEAD BacLight 

stains and visualized by the CLSM.  
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FIGURE 12. CLSM micrographs of  the DFR, 24-hour-old, LIVE/DEAD-stained 
P.aeruginosa wild type biofilms on PCL control (panel A), and 2 wt/wt% CNT/PCL 
nanocomposite (panel B) coated surfaces. The top view corresponds to the biofilm from 
the media side, the side view corresponds to the cross section part of  the biofilm growth 
on different surfaces, whereas the bottom view corresponds to the biofilm in direct 
contact with the surface. The green cells indicate the live cells stained with SYTO 9, and 
the red cells indicate the compromised and dead cells stained with PI. Scale bar, 50μm. 
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FIGURE 13. CLSM micrographs of  the DFR, 48-hour-old, LIVE/DEAD-stained 
P.aeruginosa wild type biofilms on PCL control (panel A), and 2 wt/wt% CNT/PCL 
nanocomposite (panel B) coated surfaces. The top view corresponds to the biofilm from 
the media side, the side view corresponds to the cross section part of  the biofilm growth 
on different surfaces, whereas the bottom view corresponds to the biofilm in direct 
contact with the surface. The green cells indicate the live cells stained with SYTO 9, and 
the red cells indicate the compromised and dead cells stained with PI. Scale bar, 50μm. 
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FIGURE 14. CLSM micrographs of  the DFR, 72-hour-old, LIVE/DEAD-stained 
P.aeruginosa wild type biofilms on PCL control (panel A), and 2 wt/wt% CNT/PCL 
nanocomposite (panel B) coated surfaces. The top view corresponds to the biofilm from 
the media side, the side view corresponds to the cross section part of  the biofilm growth 
on different surfaces, whereas the bottom view corresponds to the biofilm in direct 
contact with the surface. The green cells indicate the live cells stained with SYTO 9, and 
the red cells indicate the compromised and dead cells stained with PI. Scale bar, 50μm. 
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As shown in each of  the Figure 12, Figure 13, and Figure 14, P.aeruginosa biofilms 

formed on both PCL control and 2 wt/wt% CNT/PCL nanocomposite surfaces. In 

notable contrast, more dead bacteria were present in 2 wt/wt% CNT/PCL surfaces than 

those in pure PCL ones. If  combining the side view 2 from Figure 12, Figure 13 and 

Figure 14 together, one might notice that the thickness of  biofilms on both groups 

increased as the incubation time went by. Furthermore, more mushroom-shaped colonies, 

rather than a flat and uniform layer, were present in the 24-hour old and 48-hour old 

biofilms. It could reflect the colonization process of P.aeruginosa cells, during which only a 

few colonies attached to the coated surface. Biofilms were initiated on the basis of  these 

first colonies and developed later. A more morphologically flat and uniform biofilm was 

observed at the longest incubation time of  72 hours, which is shown in Figure 14. These 

experiments indicated that biofilms still formed on the CNT/PCL nanocomposite 

surfaces, although they consisted of  a dead layer of  cells while the majority of  cells on 

PCL controls were alive. 

Appearance of  living cells on the top of  a dead layer of  cells in biofilms on 

the CNT/PCL nanocomposite coated surface. As shown from the top views and 

side views of  panel B in Figure 13 and 14, more green-stained, live cells emerged on the 

top of  the biofilm, with a layer of  dead ones below them. One study showed the 

cytotoxicity effect of  SWNTs on the E.coli biofilm formation indicated that dead cells in 

direct contact with CNTs at the surface could act as a ‘shield’ to protect the upper cells 

from being exposed to the underlying CNTs and the food source to support the viability 

of  the upper layer of  cells (18). As in our experiment, bacteria were not in direct contact 
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with CNTs but were exposed to the dispersed CNT/PCL nanocomposite when first 

introduced to the surface. Since we were using the PCL, a biodegradable polymer, 

P.aeruginosa cells were prone to digest or biodegrade the polymers, allowing a first layer of  

biofilm to temporarily form on the surface. As soon as some of  the polymer layer was 

digested or degraded after 24 hours, underlying dispersed CNTs inside would become 

exposed to the initially formed biofilm and cause their loss of  viability. The fact that 

more living cells were present close to the surface in the 24-hour old biofilm than that in 

both 48-hour old and 72-hour old biofilms might support this (Bottom view from panel 

B in Figure 12, 13 and 14). This reflects the antimicrobial property of  the CNT/PCL 

nanocomposite surfaces in terms of  killing bacteria close to the surface and inhibits their 

growth. However, more attention should be paid to the presence of  living cells on top of  

the dead layer of  cells, demonstrating the less inhibition of  the CNT-containing surface 

to subsequent biofilm development. 

Cell death deep inside the mushroom-shaped colonies. As shown in the side 

and bottom view in Figure 12, 13 and 14, some dead cells deep inside the 

mushroom-shaped colonies appeared as red ‘patches’ on both pure PCL controls and 

CNT/PCL coated surfaces. Different from dead cells observed in the bottom layer on 

the 2 wt/wt% CNT/PCL coated surface, where they were killed by dispersed CNTs and 

present more broadly on the whole surface, these dead ‘patch’ cells just concentrated in 

the center of  the mushroom-shaped colonies, even in the pure PCL controls. This 

suggested that some internal factors regulating the biofilm development and dispersal 

might have a more important role than external environmental impacts in this cell death 
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process. Study on the physiological activity and formation of  biofilm have observed the 

cell death and lysis in P.aeruginosa wild type, by a prophage involved mechanism and 

proposed that this cell death has an important role in the survival of  subpopulation cells 

and subsequent biofilm formation (9). Moreover, other papers have reported that oxygen 

gradient does exist in the biofilm structure, leading to the speculation that the internal 

portion of  biofilm experience nutrient limitation and starvation (60, 67). Therefore, we 

proposed that the appearance of  the ‘patch’ dead cells inside our mushroom-shaped 

colonies is a natural process which requires more investigation on the heterogeneity of  

the biofilm formation.  

 

4.2 Static Batch Experiments 

Compared to the drip flow reactor, there is no shear in the static batch experiments, 

where planktonic bacteria can initiate the biofilm formation continuously (68). Without 

external interference, static experiments can provide a preliminary insight into the 

biofilm structure and formation in the presence of  CNTs effectively, which have been 

shown to have antimicrobial properties. In order to get a preview of  their interactions 

largely, we cultivated the long term biofilm on high CNT loading nanocomposites- 5 

wt/wt% and 10 wt/wt%- coated slides for 6 days and used a pure PCL coated slide as 

the living control. 

In our static experiments, slides coated with PCL, 5 wt/wt% and 10 wt/wt% 

CNT/PCL nanocomposite were exposed in sterile petri dishes to 20 ml of  P.aeruginosa 

1:500 diluted BMM inoculum. After 6 days of  incubation, bacteria associated with the 
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surface were stained with the LIVE/DEAD BacLight stains and visualized by the CLSM. 

Same observation of  ‘living cells on the top of  a dead layer of  cells’. As 

shown in Figure 15, P.aeruginosa formed thick biofilms on the pure PCL control, 5 and 10 

wt/wt% CNT/PCL nanocomposite surfaces and the thickness reached approximately 

40-50 μm on all three slides after 6 days incubation. Biofilms on the 5 and 10 wt/wt% 

contained a large number of  dead bacteria in contact with the nanocomposite and 

formed a thick, ‘red’ layer in the biofilms, which demonstrated the antimicrobial property 

of  the CNT/PCL nanocomposite surfaces as well. Particularly, the same phenomenon of  

‘life cells on the top of  a dead cells layer’ was also observed in the static experiment as in 

the drip flow reactor. In both cases, cells adhered to the pure PCL surface can digest or 

biodegrade the polymer, while ones adhered to the CNT/PCL surface can only use dead 

cells as food sources. Since cells on the 10 wt/wt% CNT/PCL nanocomposite surfaces 

were exposed to more CNTs and died more than on the 5 wt/wt% one, subsequent 

living cells would try to eat those dead bacteria more quickly. In this way, the dead layer 

‘shield’ in the 10 wt/wt% CNT/PCL nanocomposite was thicker than that in the 5 

wt/wt% one, as shown in side views from Figure 15. 
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FIGURE 15. CLSM micrographs of  the static batch experiment, 6-day-old, 
LIVE/DEAD-stained P.aeruginosa wild type biofilms on PCL control (panel A), 5 
wt/wt% CNT/PCL nanocomposite (panel B), and 10 wt/wt% CNT/PCL 
nanocomposite (panel C) coated surfaces. The top view corresponds to the biofilm from 
the media side, the side view 1 corresponds to the cross section part of  the biofilm, side 
view 2 corresponds to the three dimension view from an angle, whereas the bottom view 
corresponds to the biofilm in direct contact with the surface. The green cells indicate the 
live cells stained with SYTO 9, and the red cells indicate the compromised and dead cells 
stained with PI. Scale bar, 50μm. 
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4.3 Implications and Applications 

Our results showed that despite the antimicrobial properties of  CNT/polymer 

nanocomposite, biofilms still formed on their surfaces on the top of  a dead layer of  

P.aeruginosa cells while PCL controls indicated mostly thick living biofilms. Moreover, 

dead bacteria close to the surface emerged when some of  the polymer layer in the 

nanocomposite has been digested or biodegraded to expose buried CNTs. The dead layer 

then act as a shield to protect the living bacteria above from being in direct contact with 

CNTs. This led to biofilm growth on an antimicrobial surface. These findings should be 

recognized in terms of  the application of  CNT nanocomposite as antimicrobial surfaces 

in a variety of  biomedical and industrial settings. For example, it has been reported the 

CNT incorporated polymer membranes to be effective in antibiofouling resistance of  

membranes in water and wastewater treatment (69, 70). Other study demonstrated the 

biomaterials based on SWNTs and biomedical polymers could inactivated the bacteria 

and eliminate medical device infections. Our study provides a significant knowledge that 

these antimicrobial surfaces can retard the biofilm formation on them but not stop it 

(47-50). However, natural systems are more complex than the simplified two experiment 

setups in our study and they include factors like the limitation of  nutrient, change of  pH, 

and the access of  diverse microorganism communities instead of  a monoculture. Also 

further study under high shear conditions need to be done to see if  biofilms formed on 

the CNT/polymer surfaces are loosely attached and can be cleared in this way. These and 

more factors should be illustrated in the future biofilm-CNT/PCL nanocomposite 

interaction research. 
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APPENDIX 

Appendix 1. The growth curve of  the P.aeruginosa wild type 

 

FIGURE 16. Growth curve of  the P.aeruginosa wild type in LB broth. 

 

Appendix 2. The biofilm formation on the OTS-modified slide surfaces 

 In order to ensure the underlying OTS coating was not cytotoxic to the P.aeruginosa 

wild type, we cultivated short-term (6 hours) biofilm on the pure OTS-modified slide 

surfaces under static conditions. As shown in Figure 16, almost the entire slide was 

covered with green-stained, live cells, indicating a benign interaction with the OTS. 

    

FIGURE 17. CLSM micrographs of  Static experiment, 6-hour-old, LIVE/DEAD 
stained P.aeruginosa wild type biofilms on OTS-modified surfaces. Left image corresponds 
to the top view from the media side while right image corresponds to the side view from 
the cross section. 
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