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Abstract 

Carbon nanotube (CNT) arrays are emerging as versatile nanostructures that can be used 

in many applications including gene transfection technology. To understand the transport of 

molecules through an array of CNTs, diffusion of molecules was studied experimentally and 

analytically. A procedure using fluorescent spectroscopy was developed to measure the 

concentration change of fluorescein salt in a two-reservoir system separated by a CNT array. 

Experiments were conducted to measure how changing the initial concentration gradient and 

reservoir volume size impacted the diffusivity of the system. For 2 mL reservoirs, diffusivities 

were measured between 2.56 ∗ 10ିଵଵ  
௠మ

௦
 and 3.51 ∗ 10ିଵ  

௠మ

௦
. Diffusivities were measured 

between 2.5 ∗ 10ିଵଵ  
௠మ

௦
 and 7.91 ∗ 10ିଵଵ  

௠మ

௦
 for reservoirs of 5 mL volume. Changing the 

starting concentration in the range of 4.29 to 100.1 μM did not significantly affect the value of 

diffusivity for a given reservoir size. Using the Stokes-Einstein equation and Fick’s laws of 

diffusion, an analytical model was developed to estimate the diffusivity of fluorescein salt to be 

5.17 ∗ 10ିଵଵ  
௠మ

௦
. The results of experimentation and modeling provide a method to predict the 

time needed for concentrations of molecules to diffuse through the CNT array. The use of a 

fluorescent spectroscopy device can be applied to study diffusion of other molecules and 

properties of carbon nanotubes. 
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 1.0 Introduction 

The emerging world of nanotechnology is a dynamic environment that offers a unique 

intersection of materials science, biology, and chemistry. As the academic understanding of 

chemistry develops, new methods of manufacturing and studying nano and microstructures have 

been produced. The utilization of nanostructures can be seen in many applications, such as 

chemical detection, fluid transport, and filtration. 

The discovery and development of graphene specifically has led to a surge of 

technologies centered around this material. Carbon nanostructures have many beneficial 

chemical properties that when combined with the abundance of carbon, lead to many potential 

applications. Advancements in manufacturing processes have given way to carbon nanotubes 

(CNTs) ranging from 1 nm to 200+ nm in diameter. This versatility in size and chemical usage 

has been applied in many types of devices. 

CNT arrays can be used as a platform technology for efficient transport of molecules into 

cells. The device incorporates arrays of carbon nanotubes embedded in a sacrificial template to 

create a surface of exposed CNT tips on which cells can be cultured. Initial research into this 

device has shown improved transfection efficiency with low cytotoxicity compared to standard 

transfection techniques [1]. 

The use of an array of CNTs for transfection of cells has created a need for understanding 

the passive transport of organic molecules, proteins, and DNA through the array. The elucidation 

of this cellular absorption unlocks the optimization of CNTs and would substantiate the use of 

nanostructures in drug delivery on a wider scale. Initial research into the transfection of 

molecules using this device have shown the cultured cells take up the molecules more efficiently 

when in contact with the CNT tips as compared to traditional gene transfection technology [1]. 

Currently, confirmation of transfection is conducted using fluorescence microscopy to 

visualize the presence of fluorescent molecules in cells that are cultured on top of the CNTs. As 

the molecules are allowed to diffuse and are taken up by the cells, the fluorescence of the cell 

increases. Current experiments cannot accurately measure the concentration of fluorescent 

particles in cells. However, by measuring the effective diffusivity of various molecules, the 

mechanism for cellular transfection can more clearly be understood. 
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In this thesis, a methodology for quantifying diffusion through CNT arrays was 

developed using fluorescent spectroscopy. It was hypothesized that the diffusivity of a molecule 

can be determined by placing two reservoirs of differing fluorescent molecule concentration on 

either side of a CNT array and monitoring changes in fluorescent intensity as a function of time. 

By correlating the fluorescent intensity of a solution to the concentration of that solution, the 

passive transport of a fluorescent molecule can be measured. Using Fick’s laws of passive 

transport, the exponential time constant of the data can be used to calculate the diffusivity. 

Parameters such as reservoir volume, active surface area for diffusion, and concentration 

gradient can be studied using this setup to understand the effect on passive transport. The two-

reservoir setup allows for the investigation of CNT interaction with solution. Such an approach 

was aimed at answering the following research questions. 

How can fluorescent spectroscopy be employed to measure diffusion through porous media? 

1. What is the best device configuration to study the change in concentrations for two 
reservoirs separated by a porous membrane? 

2. What method of sealing can be used to limit the flow of fluid to a desired area of the 
CNT array surface? 

How can the measurements collected by a fluorescent spectrometer be correlated to the time of 

diffusion across a porous media? 

1. What is the best way to mathematically model the rate of diffusion across a CNT array? 
2. As the reservoir volume on either side of a CNT array increases, how does the diffusivity 

of the system change? 
3. What are the benefits and limitations of fluorescent spectroscopy when compared to 

fluorescence microscopy for quantifying diffusion through CNT arrays? 

An analytical model based on the Stokes-Einstein equation and modified Fick’s Laws of 

diffusion was developed to compare theoretical estimations of diffusivity to experimental results. 

This model provides an easy way to estimate how diffusion changes in response to changing 

solution type and system dimensions. A diffusivity value of 5.71 ∗ 10ିଵଵ  
௠

௦మ
 was estimated using 

the model.  

The experimental procedure was used to measure diffusivities ranging from 2.50 ∗

10ିଵଵ  
௠

௦మ
 to 7.91 ∗ 10ିଵଵ  

௠

௦మ
 for 2 mL and 5 mL reservoir volume. By decreasing the volume 
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from 5 mL to 2 mL the diffusivity of the system did not change, but the time to equilibrium was 

reduced. There was no apparent effect of changing the concentration gradient on the diffusivity. 

The results of the experimental procedure agree reasonably well with the analytical model 

developed. 

Measuring rate of diffusion in CNT arrays is the first step in the process of characterizing 

molecule uptake in cells plated on the array surface. By quantifying the effectiveness and speed 

of transfection, future research can compare CNT arrays to other commonly used transfection 

technologies. By varying certain parameters such as CNT diameter, active surface area, and CNT 

length research into the properties of CNTs can be conducted. Further, the methodology 

developed can be used in applications outside of cellular transfection. CNT properties are 

interesting for applications such as desalination, cellular probes, and electrochemistry. 
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2.0 Background 

 The discovery of carbon nanotubes has led to their emergence as candidates for various 

technological developments. In this section, the discovery of carbon nanotubes and the many 

applications they have been used in are introduced. One major area of application has been 

biology. Biosensors and biocompatible nano-probes are a promising use case for graphene. Such 

applications led to the use of arrays of amorphous CNTs in drug delivery to cells. These devices 

use passive molecular transport, which unlike pressure driven flow, has not been well 

characterized in the literature. The history of graphene and the many uses of carbon nanotubes 

have informed the need to measure the diffusivity of biomolecules in a system with aligned 

carbon nanotubes. 

2.1 Carbon Nanotubes 

 Carbon nanotubes were first characterized in 1991 by Sumio Iijima [2]. Iijima used an 

arc-discharge evaporation method to produce needle-like tubes made of sheets of graphitic 

carbon. Pictures of these structures were taken using Electron Microscopy, and analysis showed 

tubes made up of sheets of graphitic carbon arranged in helical fashion. These tubes were 

measured to have diameters ranging from few to tens of nanometers and had a length of up to 1 

micrometer. These tubes were recognized as being constructed of hexagonally bonded carbon. 

In a follow up publication Sumio Iijima focused on isolating single walled carbon 

nanotubes (SWCNT) for use in characterization [3]. Electron structure and mechanical strength 

proved to be measurements of interest. It was shown that single walled carbon nanotubes have a 

diameter of roughly 1 nanometer. When using carbon-arc synthesis, multi-walled CNTs grow on 

the carbon cathode whereas SWCNTs grow in the gas phase between the electrodes. Using 

electron diffraction, the characteristic hexagonal arrangements of the SWCNTs were observed. 

Since the initial characterization of CNTs, three categories have emerged to describe the 

types of tubes as single walled, multi-walled, and amorphous. Carbon nanotubes are made up of 

either graphitic or amorphous carbon layers. SWCNTs are 1-2 nm diameter carbon tubes made 

with a single layer of fullerene structured carbon and MWCNTs have multiple layers of fullerene 

structured carbon with 2-23 nm diameter. Amorphous tubes do not have long range fullerene 

structure. Instead, these tubes share the structure of SWCNTs and MWCNTs in the short-range 
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and have no crystalline structure at long range. Amorphous tubes are made up of layers of non-

crystalline carbon and tend to have relatively larger diameters (~40-200 nm). 

Graphene has proven to be a versatile material with potential that has yet to be fully 

realized. Since the discovery of the two-dimensional sheets with a lattice structure of carbon 

atoms, efforts have been made to characterize the many useful properties of this material. 

Following the work of Iijima, carbon nanotubes and graphene are shown to have incredible 

chemical and physical properties that have started a revolution in nanotechnology. Two 

professors at Columbia University, Dr. Jeffery Kysar and Dr. Hone [4] measured graphene to be 

the strongest material characterized. In these experiments a monolayer of graphene was probed 

by nanoindentation in an atomic force microscope. By measuring the stress-strain response of the 

material, the tensile stiffness was found to be 340 newtons per meter and the compressive 

stiffness was 690 newtons per meter. These quantities give a young’s modulus of 1 tera pascal. 

The hexagonal atomic layer is attributed to this outstanding material property. Currently, the 

manufacturing of 2D materials into macro structures is still an area of active development and 

great challenge. Much effort has been made in incorporating graphene into composite materials 

to exhibit added material strength to metals such as copper [4]. The properties of graphene at a 

macroscale would unlock many advancements in materials science, space travel, and medicine. 

Apart from graphene sheets and carbon nanotubes, other form factors for this material 

have been shown to share mechanical properties. Dalton et al. [5] spun 100 m long composite 

fibers made from carbon nanotubes. Gel fibers made from SWCNTs and polyvinyl alcohol were 

used to form solid nanotube fibers with lengths on the order of tens of centimeters. These fibers 

were spun into a reel that was 100 meters in length. The material produced had a tensile strength 

of 1.8 gigapascals equal to the strength of spider silk. The fibers had a 60% composition of 

SWCNTs which yielded mechanical properties roughly 10 times less than that of isolated 

SWCNTs. In the paper, electronic textiles are cited as a use case due to the electrical conductance 

of carbon creating opportunities for fabrics connected to sensors. The ability to manufacture 

carbon nanotubes into larger structures is the first step in creating devices from this material. 

 In addition to the outstanding mechanical properties, graphene has useful thermal and 

electrical conductivity with uses in many electrical applications. Transistors made of aligned 

SWCNTs were shown to have a drive current of 120 µA/µm [6]. These transistors could be used 
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in applications such as thin film transistors and high-performance logic devices. SWCNT arrays 

were constructed using the Langmuir-Schaefer technique in which solutions of SWNT are 

arranged into aligned arrays to achieve high nanostructure densities. The aligned SWNTs are 

transferred onto a silica substrate for use as transistors. The high density of aligned nanotubes 

resulted in increased electrical conductance of the nanostructure. Such applications of graphene 

in electronics are promising but have immediate limitations due to handling of nanostructures. 

The chemical composition of CNTs being of pure carbon leads to biocompatibility with 

cells and additional living organisms. CNTs are organic materials with the ability to interact with 

organic systems unlike current devices composed of metallic or inorganic materials. In a paper 

by Smart et al. the nanotoxicology and biocompatibility of CNTs is explored [7]. 

Biocompatibility is a property that allows for materials to interact with organisms without the 

side effect of toxicity detrimentally affecting the target. Designing devices with biocompatible 

materials would provide great benefit in the application of drug delivery, biosensors, and 

microbiology research. Many forms of carbon have shown low toxicity in devices such as heart 

valve protheses made of pyrolytic carbons. The interaction of CNTs with cells has shown 

promisingly low cytotoxicity. In larger biomedical devices, there is conflicting evidence on 

toxicity to larger organisms such as mice and humans. However, on the cellular level, the organic 

nature of CNTs makes them good candidates for biomaterials and devices. 

Ultimately, the properties of graphene and CNTs lend themselves to replacing many 

materials that are standard in countless industries. The mechanical strength of graphene is useful 

in materials science, aerospace, and construction. Electrical conductance and biocompatibility 

are useful in medicine and energy applications where expensive, inorganic materials dominate. 

2.2 Carbon Nanotube Synthesis 

Synthesis of graphene and carbon nanotubes involves the controlled growth of crystalline 

carbon latices [2]. Tubes are produced by methods that include electric arc technique, laser 

ablation, carbon disproportionation, and chemical vapor deposition. Each method has different 

use cases with resulting chemical properties and physical structures. Early research into synthesis 

was focused on isolating single walled tubes as the presence of defects in multi walled tubes 

hampered the physical properties of graphene. 
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The technique used to create early tubes by Iijima was derived from similar techniques 

for creating graphene sheets. Carbon-arc synthesis consists of using 2 carbon electrodes in a 

methane-argon environment [2,3]. A small piece of iron was placed in a dimple on the carbon 

cathode. A DC current of 200 A and 20 V was passed between the two electrodes creating a high 

energy and carbon-rich environment. The iron melted to form an iron droplet and iron vapor that 

created iron carbide. The iron acted as a deposition center for the carbon nanotubes to grow 

from. The resulting soot contained the MWCNTs and SWCNTs amongst clumps of amorphous 

carbon. Acetone suspension was used to isolate CNTs for observation and remove unwanted 

soot. By manufacturing large amounts of single walled tubes, the true potential of these 

structures was elucidated. In this publication, the longest observed SWCNT was 700 nm, and the 

diameters were measured between 0.7 and 1.6 nm. 

Electric arc technique has been used dating back to the discovery of graphene and carbon 

nanotubes [2]. The production of SWCNTs in mass was popularized by Journet using the 

electric-arc technique derived from the technique used by Iijima [8]. Single walled CNTs had not 

been produced with high yield up to that point. Electric arc had been used to make graphene 

sheets and MWCNTs. The electric arc was generated by two electrodes composed of graphite in 

the presence of a metal catalyst for the tubes to grow on. A current of 100 A and 30 V was 

employed to stimulate the growth of CNTs. The controlled parameters resulted in distinct areas 

of SWNTs in bundles that could be distinguished from the MWCNTs and amorphous carbon. 

The difficulty of generating SWCNTs compared to MWCNTs is attributed to the condensation of 

carbon resulting in bundles rather than singular tubes. A high SWCNT yield was obtained by 

altering the composition of the metal catalysts leading to high concentrations of SWCNTs. 

An additional method of generating CNTs is laser vaporization of transition 

metal/graphite composite rods [9]. Like Journet, laser vaporization led to high yields of 

SWCNTs but cut down on the presence of amorphous carbon. In this method, carbon and a 

transition metal are vaporized with a laser. Direct vaporization as opposed to the arc method 

allows for control on growth. Multi walled carbon nanotubes were not observed in the resulting 

nanostructures created. In addition, the amount of amorphous carbon surrounding the tubes was 

reduced making the tubes “cleaner” or of higher quality. The high yield of SWCNTs is attributed 

to the condition and composition of metals. The formation of the fullerene structure is affected 
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by the size of the metal particle that the carbon grows on. By altering the metal catalyst 

composition, it was shown that the presence of two metals is essential for higher yield of single 

walled nanotubes. 

CO disproportionation additionally expands on the high yield rate of single walled carbon 

nanotubes. Bronikowski et al. [10] produced SWNT of 97 mol% purity by decomposing 

𝐹𝑒(𝐶𝑂)ହ in an atmosphere of 𝐶𝑂. The decomposition results in clusters of iron on which the 

carbon nucleates into nanotubes. The scale of production was drastically improved by outputting 

CNTs at 450 mg/h. The resulting material is SWNT ropes amid carbon coated iron particles. 

There was minimal amorphous carbon present on the SWNTs produced. Control of iron cluster 

growth is cited as vital to the production of high concentration of SWCNTs. 

2.3 Template-Based CVD of Carbon Nanostructures 

Carbon nanostructures can be grown using sacrificial templates through chemical vapor 

deposition. Chemical vapor deposition (CVD) is a process of manufacturing CNTs by forming 

solid carbon structures from the thermal decompositions of a carbon-carrying gas. This process 

typically utilizes a sacrificial template to which the carbon nucleates onto. There are many types 

of CVD including thermally activated, plasma-enhanced, and fluidized-bed CVD [11]. The high 

temperature and carbon rich environment stimulate the growth of carbon. This method can 

produce SWCNT, MWCNT, and amorphous carbon tubes.  

CVD has been used to generate MWCNTs of 3-10 nm on a silicon substrate and in the 

form of a CNT sponge [12]. The goal of Chen et al. was to measure the frictional properties of 

these CVD generated samples. The templates used resulted in samples with high static friction 

and desirable properties such as light weight and high compressibility. Sacrificial templates 

remove the need for complex nano assembly of CNTs as seen when using processes like arc 

discharge and laser ablation. The versatility in substrate design allows for the employment of 

CNTs in a variety of applications. 

Template-based thermally activated CVD manufacturing offers dimensional control over 

length, diameter, and thickness [11]. By changing deposition time, temperature, and gas flow 

rate, dimensional control can be realized. Golshadi completed a parametric study to understand 

the growth of amorphous carbon tubes in sacrificial anodized alumina templates. SEM and TEM 
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were used to inspect the growth parameters and optimize the dimensions of tubes grown. Raman 

Spectroscopy was employed to investigate the carbon structure. The AAO membranes were 

purchased from Whatman (Cat. No. 6809-7023) with pore diameters of 200 nm. A tube furnace 

was used to flow a mixture of ethylene and helium gas at high temperature. From the study, 

guidelines on the values to choose for gas flow, temperature, and time were developed. 

The NBIL has additionally explored alternative form factors for template-based CVD. 

Shapes such as multi-barrel, photonic crystal fiber, and diatom have all been produced [13]. 

Scheibel used silica-based templates to create high throughput manufacturing of amorphous 

carbon tube devices. Quartz capillaries were of primary interest as the resulting carbon nanotubes 

could be used to form nanopipettes. Such devices could be employed in electrochemical, fluid 

transport, and biology interfacing applications. Quartz was an ideal candidate due to the 

softening temperature that was far above the process temperature needed for CVD. Wet or dry 

etching was employed to expose the carbon tubes and selectively remove the silica templates. 

Exposing the tips provides clean cylindrical tubes with biocompatible material that can interface 

with organic environments. The long nanopipette templates were formed from drawing quartz 

capillaries. To deposit the carbon, argon was used to create an inert environment before 

deposition. Methane and argon mixture was introduced to begin growth in the quartz tubes. 

Hydrofluoric acid was employed to remove the quartz tips enclosing the CNT tips. The resulting 

structure has amorphous carbon tubes of roughly 45 nm in a bundle with a diameter of 350 nm. 

Photonic crystal fiber templates provide templates of large diameter. The pore size of 

1250 nm is significantly larger than the pore size of the quartz capillaries. By attaching the ends 

of the template to acrylic slides and etching away the silica, exposed tubes of wall thickness 95 

nm were created. Diatoms are small organisms with silica support structures. Upon the death of 

this organism, the silica structure is left behind with cell walls of 2-2000 µm and pores on the 

order of 10 nm. After the CVD process was applied, CNTs embedded in silica and surrounded by 

carbon resulted. The variation in diatom species can be employed to create wide ranging 

microstructures of varying CNT size and hierarchical shape. 

Due to significant use of CVD and the tube furnace, effort was directed toward the 

numerical modeling of the CVD process used by the NBIL. Such models informed the technique 

parameters used in growing carbon [14,15]. CFD simulations were developed to estimate the 2D 
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and 3D flow of carbon within the tube furnace used for CVD. Velocity and temperature of the 

carbon rich gas inside the tube furnace were developed and compared to experimental results 

collected from the system. Four numerical models of varying complexities were applied to 

numerical methods for a 3D model of flow. The studies were able to accommodate various tube 

furnace geometries that affect the Reynolds number of flow. The model could be used to predict 

the environment in any CVD system resulting in growth of carbon on templates. 

Carbon vapor deposition is a versatile technique capable of producing SWCNTs, 

MWCNTs, and amorphous CNTs. Template based synthesis provides ordered growth of 

graphene without complex processing techniques seen in techniques such as arc discharge and 

laser ablation. 

2.4 CNT Based Nanopipettes 

 Carbon nanotubes are an emerging technology with new devices being created. Such 

devices are applied in microbiology, electrochemistry, fluid dynamics, and more. In the NBIL, 

chemical detection probes and CNT array devices have specifically been developed. 

 The NBIL was founded on the practice of creating carbon-based devices that can interact 

with cells and other microenvironments. Schrlau et al. [16] created carbon nanotube-based 

pipettes to inject reagents into cells. By attaching these micropipettes to atomic force 

microscopes, the precise penetration of cell membranes can be carried out. The electrical 

resistance of these carbon pipes with wall thickness of 80 nm was shown to be 15 kΩ. The 

compressibility of graphene contrasts with the brittleness of glass nanostructures which easily 

shatter. After piercing the cell walls, the injection of fluorescent rhodamine was used to 

demonstrate drug transport using these probes. In additional studies, neurons have been shown to 

survive and fluoresce for many days following the injection of dye, leading to the lack of toxicity 

in carbon probes. The biocompatibility of CNTs allowed cell growth unlike other forms of 

injection with glass or metallic pipettes that have higher cytotoxicity. Conductivity of carbon 

allows for the measurement of environments on top of the injection of material. 

 The development of such pipettes was expanded upon by studies in the NBIL. 

Fabrication of theta carbon nanopipettes consists of two carbon pipes aligned in parallel with 

each other grown inside of quartz capillary tubes [17]. The formation of the quartz capillaries 
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was governed by the heat, filament, velocity, and pull force of the puller device. Arowosola 

conducted a study to determine the effects of varying these parameters on the dimensions of the 

capillary tips. Methane and argon were then used to grow graphene on the quartz templates. 

Using hydrofluoric acid, the tips of the carbon structures were exposed. The tapered geometry of 

the capillary tubes created ideal interactions with fluids to be injected using the nanopipettes. 

Fluorescent microscopy was used to observe the ejection of dextran from the tip for the theta 

carbon nanopipette. 

 CNTs have been used in many biosensors [18] based on MWCNTs and nanoparticles. 

Such sensors have detected dopamine, amino acids, lead, and cadmium. The mechanisms for 

such detection rely on graphene’s electrical conductivity. The emergence of carbon-based 

electrodes has allowed for low-cost probes with desirable mechanical and chemical properties. 

In the NBIL, a self-contained two electrode nano-sensor was developed that featured two 

carbon nanotubes encased in a quartz capillary [19]. Pipettes were drawn using carbon dioxide 

laser-based pulling and then used as CVD templates. Electrical connections to both carbon 

structures were accomplished by inserting tin-coated copper wire into the distal end of each. One 

of the CNT tips was coated in silver and chlorinated to form a pseudo-Ag/AgCl reference 

electrode. The coating of a singular tip was accomplished by applying a current to one tip during 

the coating process. The uncoated tip served as the working electrode for electrochemical 

experiments. SEM was used to confirm the proper formation and dimensions of the electrodes. 

These carbon nanotubes acted as the electrodes needed to detect small concentrations of 

redox-active analytes. Para-aminophenol (PAP) in aqueous microenvironments was used in 

proof-of-concept experimentation. The sensor was able to detect concentrations of PAP in bulk 

and microenvironments. Solutions of known PAP concentrations were prepared and measured by 

manipulating the nanopipettes on a micromanipulator in a custom faraday cage. The performance 

of the two nanoelectrodes was compared to commercially available electrodes of differing form 

factors. By effectively showing the ability for the device to detect small concentrations of redox-

active analytes, this sensor eliminates the use of larger external reference electrodes, paving the 

way for this technology to be widely used in the future. The resulting nanoprobe had a working 

and reference electrode in a footprint of 50 nm. The fabrication and material selection makes the 

system cost competitive with other electrodes that do not have the same size advantage. 
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2.5 Aligned CNT Arrays 

The implementation of carbon nanotube technology into gene transfection technology 

was developed in the NBIL. The device is composed of millions of vertically aligned carbon 

nanotubes grown in an anodized aluminum oxide template allowing for many cells to be cultured 

in parallel [1]. This device was shown to be capable of transfecting nucleic acids into 

mammalian cells. Other transfection technologies (lipofection, electroporation, viral vectors, 

biolistic) are more time consuming and limited by the size of cargo, population, and cytotoxicity.  

The device is an array of closely packed, hollow, and open-ended CNTs embedded in a 

thin, 13 mm sacrificial template made using template-based CVD. These CNTs have exposed 

tips that form a bed for the cells to be cultured on top. To expose the tips, one side of the device 

is reactive ion etched using boron trichloride plasma [20].  

To transport molecules of interest into the cultured cells, solution is placed on the bottom 

surface of the CNT array and allowed to diffuse through the device and into the cells. This device 

is capable of culturing tens of thousands of cells simultaneously with each cell interfacing with 

~900 CNTs. The act of molecule transfer into cells in parallel offers a distinct benefit over the 

injection of singular cells conducted with the CNT based nanopipettes. 

Initial research used HEK293 and rat L6 myocyte cells and has shown the device to 

transfect Qdots, Dextran (16 mins, 3 kDa, 99% transfection), Plasmid DNA (3900 kDa, 84% 

transfection), and propidium iodide (20 min, .66 kDa) [1]. The proliferation of cells on the CNT 

surface was comparable to standard culture plates. The low toxicity of CNTs was confirmed by 

97% cell viability measured after cell culturing up to 96 hrs. Additional research is attempting to 

validate more cell types and different cargo (drugs, proteins, etc.). Fluorescent microscopy was 

used to demonstrate the transfer of fluorescent dextran into cells within 16 minutes of 

interaction. This result contrasts with control experiments in which dextran did not permeate 

cells incubated with dye infused growth media. In an additional experiment, 40000 L6 cells were 

transfected with propidium iodide simultaneously. Such rapid drug delivery is promising in 

biological and pharmaceutical research. 

These amorphous CNTs are roughly 200 nm in diameter (200 nm OD and 140 nm ID 

spaced 200 nm, protruding ~180 nm from membrane) and can range between 60 to 100 μm long. 
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One device consists of millions of CNTs embedded in an AAO disc of 13 mm in diameter. To 

achieve these CNTs the NBIL uses a specific version of this CVD process to manufacture the 

gene transfection devices of interest; this begins by annealing the template at 730 ºC between 

two quartz plates for 4 hrs. Templates made of anodized aluminum oxide (AAO) have been 

employed due to their high softening temperature and dimensions of 60μm thickness and 

nominal pore diameter of 200nm. The template is then placed in a CVD furnace filled with argon 

gas flowing at 100 sccm at a temperature of 705 ºC. Next, a 30% Ethylene/Helium mixture 

flowing at 60 sccm is injected into the furnace for ~5 hrs. After the carbon is deposited, the 

membrane is cooled to 100ºC. This process produces CNTs with a diameter of roughly 200 nm 

and a thickness of roughly 25 nm. To expose certain parts of the newly formed CNT arrays, the 

device is wet etched to desired form. These amorphous tubes are ideal candidates for use in 

molecular transport applications [1]. 

2.6 Flow Through CNT Arrays 

Fluid transport through nano structures is a widely studied topic. The prospect of micro 

laboratories and implantable chemical sensors has created a demand for the characterization of 

molecular transport through nano structures. The unique characteristics of carbon nanotubes 

make them good candidates for flow experiments. The dimensions of nanostructures have 

prompted much study of the breakdown of continuum mechanics and the usefulness of Navier-

Stokes equations. The presence of slip lengths due to the size of CNTs in relation to molecules 

like water has been investigated [21]. Various methods for measuring flow through nano conduits 

include pressure driven flow, capillary action, and electrically induced flow. 

Pressure driven flow specifically has been thoroughly characterized due to the prospects 

of enhanced flow. SWNT and MWNT arrays have been investigated as candidates for fast fluid 

transport under pressure driven flow. To quantify the transport of molecules in multi walled 

carbon nanotubes (1.6-7 nm diameter), Majumder et al. observed flow velocities much higher 

than anticipated [22]. The velocities observed were 4 to 5 orders of magnitude higher than 

predicted by the Hagen-Poiseuille equation. This factor of 4 to 5 magnitudes was termed flow 

enhancements. The results were assumed to be due to extremely low friction between the 

solutions and the graphitic walls. The hydrophobic nature of the carbon walls creates a layer of 

ordered hydrogen bonds that allow other water molecules to slip past more quickly. Slip lengths 



14 
 

are used to quantify the lack of friction between fluids and the carbon walls. Slip lengths were 

found to be 39 μm to 54 μm. The large fluid transport provides a good mimic of biological 

protein channels, leading to many uses in pharmacology, biology, and chemistry. 

The experiments of Majumdar spawned many additional studies to verify or expand upon 

the findings. Whitby et al. [23] set out to apply the methods of Majumder et al. [22] to 

amorphous carbon nanotubes. Pressure driven flow had not yet been explored in carbon tubes of 

~50 nm. Such enhanced flow is related to a hydrogen bonding layer between the walls of the 

tubes and the fluid flowing through causing extremely low friction. The nanotube arrays of this 

study are very similar to the arrays produced in the NBIL. Membranes to be used in experiments 

were made using AAO template-based CVD. The sealing mechanism of this study was a brass 

adapter that is compatible with stainless steel 13 mm filter holders. Chemically resistant epoxy 

cement was used to obtain a fluid tight seal. A metal grid was placed behind the array to mitigate 

micro cracking. End results were reported with and without the resistance correction of the metal 

support grid. Flow rate was correlated to syringe pressure and plotted to establish a measurement 

for flow. When compared to the magnitude of enhancement from Majumder et al. [22], the 

enhancement found by Whitby et al. was not as large. Additionally, results do not agree with the 

observation that more hydrophilic materials travel faster through the arrays. It is speculated that 

discrepancy in results could be linked to diameter difference between the MWNTs used. 

 Thomas et al. [24,25] published literature contesting the findings of Majumder et al. [22]. 

By using molecular dynamics simulations, the enhancement values found in previous studies 

were shown to be over calculated. The MD simulations found that transport through CNTs can in 

fact be described by the slip-modified Hagen-Poiseuille equation. Thomas et al. created a 

mathematical model that was within 10% agreement with MD simulations for CNTs of diameter 

2.11-4.99 nm and 25% agreement for 1.66nm diameter. The flow enhancement found was 433 

which is significantly below the enhancement found by Majumdar et al. It is suggested that a 

miscalculation of available flow area could have caused the excessive enhancement values found 

in previous studies. Whitby et al. [23] also found slip lengths larger than predicted for 44 nm 

CNTs, but various characteristics of amorphous tubes could contribute to the slip lengths. 

Additional studies have been conducted using MD simulations. Xu et al. [26] studied the effect 
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of cross-sectional shape on fluid transport in CNTs. It was found that more circular shapes have 

lower friction coefficients. Friction stabilizes when the effective radius reaches 1 nm. 

In a study by Bau et al, microfluidic properties were studied in amorphous carbon 

nanotubes [21]. The goal of the study was to review and expand upon knowledge of how liquid 

travels through nanostructures. CNTs were chosen specifically for the wide range of tube 

diameters that could be used. The CNTs used had diameters of roughly 250 nm and were 

produced using CVD. Individual tubes were isolated by manipulating them in isopropanol 

solution with di-electrophoresis. Using scanning electron microscopy, the temperature of the 

microscope stage was varied to observe condensation and evaporation within the tube. The 

transparency of amorphous CNTs allowed for the expansion of this study to the evaporation and 

capillary action of many substances using an inverted microscope. These observations lead to the 

conclusion that the tubes are hydrophilic due to the specific synthesis of the tubes. 

The aligned CNT membranes developed by the NBIL have been used in pressure driven 

flow characterization [27]. The CNT array was mounted to a stainless-steel filter holder and 

attached to a syringe pump. The variation in pressure was compared to the volumetric flow rate. 

The fluid passing through the array was weighed to measure the volumetric flow rate. A modified 

Hagen-Poiseuille equation was used to compare experimental data to theory. The experimental 

data aligned well with the analytical model with an error of 6%. 

The flow of fluid in CNTs has been characterized in many ways in the literature. 

However, the measurement of passive transport through amorphous carbon nanotubes is a gap 

within the knowledge. The application of passive transfection in the NBIL devices necessitates 

further study of the microfluidics of carbon nanotubes. 

2.7 Passive Transport Through CNT Arrays 

As shown, the study of fluid transport has been widely studied. However, the study of 

diffusion through carbon nanotube arrays has yet to be properly investigated. The gene 

transfection devices created by Golshadi et al. utilize diffusion for molecular transport [1]. 
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In a study by Jensen et al. [28], diffusion flow 

through the arrays of CNTs developed by the NBIL 

was characterized. A novel method to measure the 

changing concentration of two reservoirs separated by 

a CNT array was produced. The luminous intensity of 

a solution containing fluorescent molecules was 

correlated to changing concentration. It was 

hypothesized that by increasing the active surface area 

of the CNT arrays the rate of diffusion would 

increase. To measure the rate of diffusion a 

monochrome camera (AxioCam MRm) was attached 

to an upright microscope and captured images of the 

surface of a CNT array every 0.5 seconds. Using 

ImageJ software to analyze a region of interest (ROI) 

from the captured images, the luminous intensity of 

each pixel was averaged for each time interval.  

The device displayed in Figure 1 was made using 3D printing techniques that embedded 

the membrane in the PLA structure [29]. The 3D printing approach provided a method of 

isolating desired active areas of the AAO membrane for fluorescent dye to diffuse through. SEM 

imaging was conducted to observe the interface of the PLA with the exposed CNT tips and 

ensure unintended clogging did not occur. A two-step printing process led to a bottom trough of a 

desired geometry. The AAO or CNT array was placed on top of the print and encased with the 

second layer. The second print had a reservoir open to the atmosphere to interface with the 

fluorescent microscope. These devices were designed to be single use for the fear of 

contamination associated with multi-use devices. The advantage of clean devices was limited by 

the high material cost and low throughput process of reprinting of devices. Advances in 3D 

printing and diminishing costs associated with additive manufacturing are thought to add to the 

appeal of single use devices. Micro cracking proved to be a major obstacle to overcome. Using 

SEM imaging, it was found that membrane holders with exposed surface areas greater than 6mm 

led to cracking of the membranes. The residual stresses of thermal expansion of 3D printing and 

possible mishandling of test devices led to observed micro cracks. 
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After experimentation with CNT arrays, an unexpected lack of diffusion occurred. When 

deionized water mixed with dextran was used as the test solution, there was a blockage 

preventing dextran from moving through the CNTs. Various solutes (Dextran, quantum dots, 

Propidium Iodide (PI)) and solvents (DI water, PBS, ethanol) were used to ensure that DI water 

and dextran did not have atypical interactions with the amorphous walls. Flow through CNTs 

only occurred when ethanol was used. Various attempts at producing arrays with CNTs that 

permitted diffusion with DI water yielded no promising results.  

To continue with the experiment, the study was adjusted to look at solely Anodized 

Aluminum Oxide Membranes without CNTs. Despite the various challenges with 

experimentation, it was found that the total time for diffusion increased as active surface area of 

the CNT array decreased. The experimental curves produced from data were curve fit to estimate 

the settling time of diffusion. By comparing the settling time of different active surface areas, it 

was found that as active surface area increased, the diffusion time decreased [28]. 

 The discovery of graphene and carbon nanostructures has created many tools for a wide 

range of applications. The use of amorphous carbon nanotube arrays for gene transfection of 

cells provides a more efficient and less toxic method of drug delivery. Current understanding of 

passive transport through carbon and other microstructures is limited. By studying and 

measuring the diffusion of molecules in these nanostructures, the interactions between biological 

systems and this biocompatible material can be understood.  
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3.0 Experimental Approach and Methods 

 To measure the diffusivity of a system with a carbon nanotube array, a procedure for 

measuring changes in concentration was needed. A device was designed to seal the carbon 

nanotube array in between two reservoirs of specific volume. This device had the ability to alter 

the reservoir volume, active area of the array, and the solution concentrations to understand how 

these parameters affect diffusion. A method using fluorescent spectroscopy was developed in 

which the fluorescent intensity of samples was monitored at specified time intervals. The 

diffusivity was calculated from these data points and compared to an analytical model. 

3.1 AAO Templates and CNT Manufacturing 

The carbon nanotube array devices designed by the NBIL start with a sacrificial template 

of anodized aluminum oxide. These templates are porous with a pattern of holes that have 

relatively even spacing and consistent pore diameter. These anodized aluminum oxide discs are 

commercially available with many pore diameters and pore densities. For this study AAO 

membranes with holes of a 200 nm diameter and thickness of 60 micrometers were used 

(Whatman Anodisc 13, Cat. No.: 6809-7023). 

Carbon nanotube arrays were added to the AAO membranes using carbon vapor 

deposition. These CNT arrays were manufactured using the methodology outlined by Golshadi et 

al. [28]. In this method a tube furnace (Carbolite, TZF17/600, inner tube diameter: 7 cm, tube 

length: 152 cm) was used for the deposition process. A line of AAO membranes was placed with 

the pore axis aligned with the tube axis. The temperature of the tube furnace was increased to 

700 ºC and argon gas flowed into the chamber at 100sccm. To begin the deposition process, a 

mixture of 30 percent ethylene and 70 percent helium gas was added to the chamber with a flow 

of 60 sccm. The deposition process lasted for a total of 5 hours and was followed by a cool down 

period where the argon gas flow was reintroduced. The CVD process results in layers of 

amorphous graphitic carbon on the inner pores and surface of the AAO membrane. These carbon 

nanotube arrays were manufactured by M. Schrlau and members of the NBIL for use in this 

diffusivity study. 
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3.2 Sealing of the CNT Array 

The sealing of the AAO/CNT membrane is crucial to isolating an active area of interest 

and overcoming occurrences of cracks along the AAO template (micro cracks). Such a method of 

sealing must also interact with the experimental device to provide a watertight seal. Initial 

research heavily focused on identifying mechanisms of sealing. 

 

Previously, 3D printing of a device around the CNT/AAO membrane was explored by 

Jensen et al. [28]. In this work, a base with a reservoir of 20 µL was manufactured out of 

Polylactic Acid (PLA). The membrane to be used was placed within the design and a second 

round of 3D printing was conducted on top of the membrane to create a seal with a second 

reservoir of 80 µL on top of the device. The dimensions of the 3D print were designed to 

interface with a fluorescent microscopy device. Due to thermal fluctuations, the membranes were 

prone to micro cracking since the dimensions of the device would change as the 3D print cooled. 

Additionally, 3D printing a device around the membrane required single use devices which 

limited throughput and increase waste associated with experimentation. 
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Various methods for sealing the AAO/CNT membrane in the device were considered. 

Specific constraints led to the final methodology for sealing. The method developed had to 

isolate the desired active surface area while avoiding chemical degradation of CNT walls due to 

wet chemistry processes. In addition, avoidance of micro cracks due to the brittleness of the 

arrays was the main objective of the new method. 

To seal the AAO/CNT arrays the method of surrounding the membrane with vinyl contact 

paper was developed, as shown in Figure 2. A template was used to trace the desired dimensions 

into the vinyl and mark out the placement of a 10 mm hole in the center of the contact paper. A 

punch and hammer were used to cut a hole of 7.94 mm in the footprint of the 10 mm hole. 

To create the contact paper and membrane pairing, a procedure was developed to handle and 

place the CNT array within a specified acceptable area. A vacuum pen was used to pick up the 

membrane. Using the vacuum pen, the array was placed on the center of the hole. All the 

reservoir systems designed had diameters of 15 or 17 mm leaving reasonable clearance for 

misalignment of the CNT membrane of 13 mm with the contact paper hole. The hole and edges 

of the second contact paper were aligned with the first contact paper. Any particulate was cleaned 

off the contact paper and exposed surface of the CNT array before placing the sealed array into 

the two-reservoir device. 

The membrane/contact paper unit greatly reduced the number of array failures caused by 

handling of the arrays and experimental procedure. When clamped in the reservoir device, the 

active surface area of the membrane was easy to align due to the size of the vinyl sheets. The 

largest benefit of the contact paper attached to the arrays was the introduction of a clamping 

surface not directly in contact with the array. This clamping surface removes any unwanted 

pressure from the membrane surface that causes micro cracks. 

A fluid tight seal was additionally required between the reservoir device and the contact 

paper. Initially, vacuum grease was chosen as it had been used in similar applications in the 

NBIL. The vacuum grease was painted on both sides of the contact paper and pressed between 

both sections of the reservoir device. A C-clamp was used to force the two reservoirs together 

and create a fluid tight seal around the AAO membrane. After initial experimentation the 

fluorescent dye aggregated to any vacuum grease that was squeezed into the reservoirs. For later 
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reservoir designs, the clamping mechanism was changed to bolts allowing for a higher clamping 

force compared to the C-clamp. 

The contact paper slips encasing the carbon nanotube array and the bolt clamping apparatus 

proved to be robust ways of isolating an active surface of carbon nanotube. For future work, the 

contact paper can be easily altered to change the area through which the fluorescent dye can 

diffuse. As shown in the analytical model, this parameter can be studied to understand its effect 

on the rate of diffusion across the CNT array. 

3.3 Commercial Fluorescent Spectrometer 

Spectroscopy involves the collection and interpretation of light after it interacts with a 

solution of interest. Fluorescent spectroscopy is a type of spectroscopy in which the light of a 

specific wavelength is directed at a solution containing fluorescent molecules. These molecules 

absorb and re-emit the light in a spectrum of lower energy. As the concentration of the 

fluorescent molecules in solution increases, the peak of the emission spectrum predictably 

increases. The intensity of the emission spectrum will change linearly with changes in 

fluorescent molecule concentration within a certain band. The robustness of the 

spectrofluorometer, in conjunction with a well-designed apparatus able to monitor diffusion on 

both sides of the CNT array, will allow for accurate measurement of concentration change in 

both reservoirs as a function of time. 

 A spectrofluorometer is a device that bombards a solution with a laser of specific 

wavelength and detects the emission spectrum of the reflected light. The intensity of the emission 

spectrum will change proportionally with changes in fluorescent molecule concentration. This 

device is a Jasco FP-8500 fluorescent spectrometer. The wavelength of the emission laser can be 

set to a desired wavelength. The solution interacts with the laser and the reflected light is 

collected and analyzed. By increasing the concentration of the solution, the peak of the emission 

spectrum increases linearly with concentration. 

 Spectroscopy requires the collection of samples from the reservoir device. These samples 

are placed in cuvettes requiring 70 µL of solution. This volume must be factored into analysis of 

the data and the experimental procedure used. The collection of part of the volume will limit 

either the usable samples collected from an experiment or will increase the number of 
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experiments needed. The concentration cannot be measured continuously but must instead be 

measured at discrete time points. For a molecule like fluorescein salt this sampling procedure is 

beneficial, as photo bleaching can occur when the molecule degrades from over exposure to the 

laser light leading to lower concentration readings. 

 Initial experimentation was conducted using an optical table fluorescent spectrometer. 

Work with this tool is discussed in Appendix C. The availability of this setup was altered after a 

few experiments resulting in the switch to the Jasco FP-8500. 

3.5 Fluorescein Salt 

 The molecule chosen for the study utilizing fluorescent spectroscopy was fluorescein 

disodium salt (Cas No.: 518-47-8). The wide use of fluorescein salt as protein labels makes this 

molecule important for the long-term study of cellular transfection using carbon nanotube arrays. 

This molecule is widely utilized in the fields of biology and chemistry in applications such as 

protein labeling, immuno-histological staining, and immunofluorescent labeling [30].  

The relatively small size of fluorescein salt allows for quick diffusion in the carbon 

nanotubes which ensures debugging of procedure and device unlike large proteins that may 

interact with the CNT array. Fluorescein salt has molecular radii approximated as 9.51 and 5.71 

nm. The molecular size of fluorescein salt allows for the estimation of diffusion for similar 

organic compounds that are of interest in cell work. Ultimately, this study will expand to that of 

proteins and genetic material which can be tagged by fluorescein salt and other fluorescent 

molecules. 

 The excitation spectrum is the range of light that will cause a fluorescent molecule to 

fluoresce. The emission spectrum is the range of light emitted by an excited fluorophore. For 

fluorescein salt the peak of the excitation spectrum occurs at 494 nm and the peak of the 

emission spectrum occurs at 517 nm [31]. Figure 3 shows the excitation and emission spectra 

obtained from the SpectraVeiwer tool by ThermoFisher Scientific. 
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 When using fluorescein salt, this molecule has a dependence on pH and photobleaching 

that will impact the fluorescent intensity of a sample. Photobleaching occurs when a fluorophore 

is exposed to a high intensity light source for an extended period. This excitement causes the 

molecule to break down and lose its fluorescence. The dependence of fluorescent intensity on pH 

was studied by Sjöback et al. [32]. For low pH values, the intensity peak of fluorescein salt is 

severely quenched. As the pH of the solution is increased to a more basic solution, the peak of 

the emission spectra increases. 

3.6 Procedure for Calibration Curve 

 To measure the concentration of the samples taken from solution, the relationship 

between fluorescent intensity measured by a spectrofluorometer must be calibrated to the 

molecule of interest. 

 The relationship between concentration and fluorescent intensity can be approximated by 

equation 3.6.1, in which the fluorescent intensity measured (Γ) is dependent on the intensity of 

absorbed light (𝐼௔), path length of the cuvette used (𝐿௖), molecular extinction coefficient (𝑎), 

fluorescence efficiency of the fluorescent particle (𝑄), and the concentration of the solution (𝜑). 
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From this equation it can be shown that a linear calibration curve can be obtained relating the 

concentration of the solution to the fluorescent intensity measured. 

Γ = 𝑄 ∗ 𝐼௔ ∗ 𝑎 ∗ 𝜑 ∗ 𝐿௖ (3.6.1) 

 However, there exists a phenomenon labeled “internal filtering effect” [33] in which the 

linear relationship between concentration and fluorescent intensity breaks down. This effect is 

caused when emitted electrons become reabsorbed by neighboring particles forming a cycle of 

emission and absorption that causes the fluorescent intensity spectrum to be quenched. An 

analytical solution is highly dependent on the spectroscopy tool and cuvette type used. Thus, an 

experimental method of creating a calibration curve from a known series of concentrations 

provides a robust and easily attainable calibration curve. 

 To construct the curve experimentally for fluorescein salt, a solution of known 

concentration was created. By using fluorescein salt powder purchased from Sigma Aldrich (Cas 

No.: 518-47-8). The mass (𝑚௣௢௪ௗ௘௥) was added to a specified volume (𝑉஽ூ) of deionized water. 

The concentration of the solution is dependent on the molecular weight (𝑊௠௢௟) of the molecule 

and was calculated from the following equation: 

𝜑 =
𝑚௣௢௪ௗ௘௥

𝑊௠௢௟ ∗ 𝑉஽ூ

(3.6.2) 

 A dilution series was created to find the change in fluorescent intensity throughout the 

range of 1.43 μM to 1.43 mM. Samples were inserted into the fluorescent spectroscopy device 

and the emission spectrum was recorded. 

3.7 Control of pH of Solution 

After initial experimentation, the chemical interactions between the fluorescein solution 

and the aluminum reservoirs resulted in an increase in pH and rise in fluorescent intensity for a 

given concentration. To combat the effect of pH change on the measurement of diffusion, the pH  

of the DI water used to make the solution was increased to a pH in the range of 7.5-8 pH. In this 

range the increase of fluorescent intensity as a function of pH begins to asymptote. A 0.2 N 

solution of Sodium Hydroxide (CAS No.: 1310-73-2) was chosen to alter the pH of solutions. 
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A digital pH tester pen was calibrated using buffers for pH 6.86 when added to a known 

volume. Three measurements of pH of the fluorescein solution were recorded for the initial pH. 

By adding 0.2N sodium hydroxide solution to volumes of 40 mL DI water, the rise in pH was 

recorded. For diffusion experiments, a pH of 7.7 was targeted due to the pH curve in section 5.1. 

3.8 Experimental Device Design 

Studying the diffusion of molecules across the CNT array required an experimental 

device to determine the concentration of fluorescein salt. A device capable of housing a CNT 

array and interfacing with the spectrofluorometer was developed. The device was made up of 

two reservoirs separated by an AAO/CNT membrane. By taking measurements from both 

reservoirs, the passive transport of the molecule of interest was studied. This capability of 

monitoring both reservoirs facilitated the investigation of events like absorption by the CNTs. 

Device designs 1, 2, and 3 are discussed in Appendix D. The iteration of designs was 

driven by improvements in manufacturing and changes in material selection. Early occurrences 

of array cracking during experimentation led to an interlocking design for the two reservoirs. 

bolts were used to clamp the reservoirs together  to remove the use of vacuum grease. 

Version 4 of the reservoir system is shown in Figure 4. In this model, the two reservoirs 

interlock to avoid micro cracking of the CNT array during setup and tear down of an experiment. 

This feature is important for explaining any blatant occurrences of fast diffusion attributed to 

large cracks. The reservoir volume ranged from 500 µL from 5000 µL to study the effect of 

volume of diffusivity. Device material was switched from aluminum to polypropylene from 

version 3 to version 4. The pKa of fluorescein salt is 6.4 [34] giving it similar acidity to carbonic 

and sulfuric acid [35]. Compatibility of plastics to fluorescein salt could not be found in the 

literature, but polypropylene was found to have apt chemical resistance to acids similar to 

fluorescein salt and stronger acids like hydrofluoric and acetic acid [36]. By switching to a more 

inert material, the change of pH was not seen in experiments with version 4. 
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 A 3D printed cap was created for design version 4 to mitigate the effects of evaporation 

on the experiment. These caps were placed on the top surface of the reservoirs and closed the 

access holes utilized to collect samples. Silicon was placed around the plugs as gaskets creating 

sealing from the ambient environment. Figure 5 shows the 3D printed caps with plugs. 
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3.9 Measurement of Concentration 

 Using the experimental devices developed, an experimental procedure was performed to 

measure the concentration of each reservoir. The procedure started by preparing a high 

concentration solution of fluorescein salt in DI water. Fluorescein disodium salt powder of 

roughly 5 mg was weighed out using scale with precision of ±0.01 mg. The five mg was added to 

15 mL of DI water resulting in a solution of molarity 1.43 mM calculated using equation 3.9.1. 

Molecular weight of fluorescein salt is 376.3 g/mol [30]. 

𝜑ௌ௢௟௨௧௜௢௡ =
𝑚௔௖௧௨௔௟

𝑀𝑊 ∗ 𝑉஽ூ

(3.9.1) 

A solution was prepared from the high concentration to achieve a solution within the 

linear range. For an experiment with reservoir version 4, a solution volume of 600 µL was 

needed. From this solution, 100 µL was taken for reference of fluorescent intensity at 0 hours. 

After preparation of the solution, the CNT array was prepared by placing the array 

between two pieces of vinyl contact paper. The reference code for that array was documented 

and the array was placed into the reservoir system. The experiment began by placing 500 µL of 

the fluorescein salt solution of known concentration in one reservoir and 500 µL of DI water in 

the other reservoir. 

For reservoirs with volume greater than 2 mL, a 100 µL sample was taken from each 

reservoir every 24 hours until 10% of the reservoir volume was sampled out of the experiment. 

For reservoirs with volume less than 2 mL a single sample was taken from the reservoir system 

in each experiment. The frequency and timing of sampling was dependent on the experimental 

purpose and reservoir size. The Jasco FP-8500 fluorescent spectroscopy machine is used to 

measure samples taken from reservoirs. The full fluorescent spectroscopy procedure is detailed 

in Appendix A. Plots were generated at a specific time interval, as shown in Figure 6. 
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3.10 Summary of Experimental Approach 

 To achieve measurements of concentration, change across a carbon nanotube array, a 

two-reservoir system was designed. These CNTs were placed into a vinyl contact paper substrate 

for improved handling and mitigation of array cracking. The combination of reservoir and 

contact paper allowed for the altering of volume and active radius for the study of diffusion 

sensitivity to system dimensions. 

 Following the design and fabrication of the two-reservoir device, a procedure was 

developed utilizing fluorescence spectroscopy. A Jasco FP-8500 was used to sample the 

reservoirs at 24-hour time intervals. The samples were correlated to a calibration curve to 

generate a plot of the change in concentration of both reservoirs over time. These concentration 

values were then used to calculate diffusivity in section 5. Figure 7 depicts the procedure using 

the reservoirs to measure diffusivity of the system. 
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4.0 Analytical Model of Diffusivity 

 The development of a mathematical model to predict the behavior of molecular transport   

is essential for the study of particles of varying size through carbon nanotube arrays. An easy 

way to estimate diffusivity is crucial in employing carbon nanotube arrays for widespread use. 

Such a model would ideally be suited to handle parameters such as molecular size, type of 

solution, and system dimensions. The following section details efforts to develop such a model 

using derivations of the Stokes-Einstein equation and Fick’s laws of diffusion. Fick’s second law 

is used to first predict the gradient of fluorescein salt in a singular carbon nanotube to establish 

penetration timescale. A simplified version of Fick’s first law is then derived for the prediction of 

changing concentration in the larger reservoir system. Figure 8 depicts the system modeled. 
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4.1 Stokes-Einstein Equation 

 The diffusivity of a molecule in solution is an important parameter to understand when 

modeling diffusion. For the comparison of experimental results to an analytical model, 

diffusivity must be found through theory. To estimate the diffusivity of the solution of interest, 

the Stokes-Einstein Equation can be used. 

 The Stokes-Einstein equation states that the diffusivity of a molecule in solution is equal 

to the temperature (𝑇) times the Boltzmann constant (𝑘) divided by the frictional coefficient (𝑓). 

𝐷 =
𝑘 ∗ 𝑇

𝑓
 (4.1.1) 

The frictional coefficient of a particle as it moves through a solution is related to the 

viscosity (𝜂) of the liquid through which the particle of interest is moving, as well as the shape of 

that particle. G. Stokes [37] was able to show that this frictional coefficient can be estimated by 

equation 4.1.2 in the case of spherical particles where the radius (𝑟) is introduced. 

𝑓 = 6𝜋 ∗ 𝜂 ∗ 𝑟 (4.1.2) 

 After substituting equation 4.1.2 into equation 4.1.1, the Stokes-Einstein equation is 

found to be expressed in equation 4.1.3 which is valid only in the case of perfectly spherical 

particles. A quick approximation can be made for any molecule with the understanding that non-

spherical molecules require a correction factor for true estimation of diffusivity. To build on the 

estimations of G. Stokes, Perrin [37] completed a derivation for particles of ellipsoidal shape. A 

correction factor was mapped depending on the ratio between radii of the different axes. 

𝐷 =
𝑘 ∗ 𝑇

6𝜋 ∗ 𝜂 ∗ 𝑟
 (4.1.3) 

The radii of the ellipsoid can be used to find the equivalent spherical radius. Equation 

4.1.4 details the conversion of the major (a) and minor (b) ellipsoidal radii to spherical radii by 

equating the volumes of such shapes.  

𝑟 = ቆ
3

4𝜋
∗ ൬

4

3
𝜋 ∗ 𝑎 ∗ 𝑏ଶ൰ቇ

ଵ
ଷ

 (4.1.4) 
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After adding this correction factor (
௙

௙బ
) to the Stokes-Einstein equation, equation 4.1.5 

shows the estimated diffusivity of an ellipsoidal particle. 

𝐷 =
𝑘 ∗ 𝑇

6𝜋 ∗ 𝜂 ∗ 𝑟 ∗
𝑓
𝑓଴

(4.1.5) 

 The equation shown can be used with values for Boltzmann constant [38] and viscosity of 

water [39] found in the literature. The conditions of the experiments were assumed ambient due 

to temperature measurements of the NBIL. 

 The diffusivity described by equation 4.1.5 assumes an open volume for diffusion to 

occur. The carbon nanotube array is a porous medium which introduces properties such as 

porosity (𝜙 ) and tortuosity (𝜏) [40]. Equation 4.1.6 shows the relationship between the diffusion 

calculated by the Stokes-Einstein equation (D) and the properties discussed. 

𝐷௘௙௙ = 𝐷 ∗
𝜙

𝜏
(4.1.6) 

Due to the flow of molecules through confined spaces amid a larger volume, these 

properties account for the frictional increase due to small and twisting flow paths. Porosity is the 

amount of void volume throughout a solid volume. Equation 4.1.7 shows the calculation of 

porosity. 

𝜙 =
𝐿 ∗ 𝜋 ∗ 𝑟௣௢௥௘

ଶ ∗ 𝜌௣௢௥௘ ∗ 𝜋 ∗ 𝑟஺௥௥௔௬
ଶ

𝐿 ∗ 𝜋 ∗ 𝑟஺௥௥௔௬
ଶ

= 𝜋 ∗ 𝑟௣௢௥௘
ଶ ∗ 𝜌௣௢௥௘ (4.1.7) 

Tortuosity accounts for the increased distance traveled for paths that are longer than the 

length of the structure. Since the pores of the AAO membrane and CNT array are straight and 

cylindrical the tortuosity is estimated to be one. 

Fluorescein salt is not a spherical molecule but can be described by an ellipsoidal shape 

as seen in Figure 10. The chemical has a major and minor axis when the range of the electron 

orbitals are taken into consideration, an ellipsoid is a valid approximation of fluorescein salt’s 

shape. The structure of fluorescein shown in Figure 9 was analyzed using the chemical structure 

obtained from PubChem [41].  
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 A measurement of the diameters of the molecule was conducted using a software called 

Schrodinger. This software utilizes the chemical structure of a molecule to construct a three-

dimensional model. This model considers the Van-der Waals radii associated with the distance at 

which this molecule would interact with other molecules. This radius is important as diffusion of 

individual molecules is dominated by the frictional interactions with the solution. Fluorescein 

sodium salt is an ellipsoidal particle with a major radius of 9.51 Å and minor radius of 5.71 Å 

shown in figure 10. The ratio 
௔

௕
 is calculated to be 1.6654 based on equation 4.1.8. The correction 

factor ቀ
௙

௙బ
ቁ mapped by Perrin et al. is 1.05. 

𝑎

𝑏
=

𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑀𝑎𝑗𝑜𝑟 𝐴𝑥𝑖𝑠

𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑀𝑖𝑛𝑜𝑟 𝐴𝑥𝑖𝑠
(4.1.8) 

 Using equation 4.1.6 and 4.1.8, the diffusivity of fluorescein salt is calculated to be 

2.85 ∗ 10ିଵ  
௠మ

௦
. This calculation is in the same regime as acetic acid (9.1 ∗ 10ିଵ଴  

௠మ

௦
) and 

ethanol (10.0 ∗ 10ିଵ଴  
௠మ

௦
) in water, but results in a faster time to equilibrium [42]. 
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Table 1 includes the value of diffusivity found from the analysis of the Stokes-Einstein 

equation. The effective diffusivity of fluorescein is calculated to be 5.17 ∗ 10ିଵଵ  
௠మ

௦
. 

 

4.2 Fluorescein Salt Penetration of CNT 

Diffusion is the primary mode of molecule transportation used for the transfection device 

of interest. Diffusion is a widely studied section of fluidics in which molecules in solution with 

another substance will move to regions of lower concentration from regions of higher 

concentration until a state of equilibrium is reached. This movement of one substance relative to 

another is described by Fick’s first and second laws [43]. 
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Fick’s second law for one dimensional diffusion states that the second derivative of 

concentration (𝜑) with respect to space (x) is equal to the first derivative of concentration with 

respect to time (t) divided by the diffusivity of the molecule of interest. 

𝜕ଶ𝜑

𝜕𝑥ଶ
=

1

𝐷
∗

𝜕𝜑

𝜕𝑡
 (4.2.1) 

 Concentration can be split into a steady state and transient solution. The steady state 

solution, 𝑣(𝑥), is a function of space while the transient solution still contains time dependency. 

𝜑(𝑥, 𝑡) = 𝑣(𝑥) + 𝑤(𝑥, 𝑡) (4.2.2) 

 For the experimental setup used, Dirichlet boundary conditions represent the reservoir 

concentrations during the time of molecule penetration of the carbon nanotubes. Equations 4.2.3 

and 4.2.4 show that the boundary conditions can be allocated to the steady state solution and the 

transient solution will receive boundary conditions of zero. 

𝜑(0, 𝑡) = 𝑣(0) + 𝑤(0, 𝑡) = 𝜑଴ (4.2.3) 

𝜑(𝐿, 𝑡) = 𝑣(𝐿) + 𝑤(𝐿, 𝑡) = 𝜑௅ (4.2.4) 

 The steady state solution is found by substituting 𝑣(𝑥) for 𝜑(𝑥, 𝑡). Since 𝑣(𝑥) does not 

have a dependency on time, the right-hand side of equation 4.2.5 will be equal to zero. 

𝜕ଶ𝑣

𝜕𝑥ଶ
=

1

𝐷
∗

𝜕𝑣

𝜕𝑡
(4.2.5) 

 Solving the differential equation by integrating the second derivative of 𝑣(𝑥) with respect 

to space yields a linear steady state solution represented by equation 4.2.6. 

𝑣(𝑥) = 𝑐ଵ𝑥 + 𝑐ଶ (4.2.6) 

 The initial conditions shown in equations 4.2.3 and 4.2.4 can be used to find coefficients 

𝑐ଵ and 𝑐ଶ. The variable 𝐿 is introduced to represent the length of an individual carbon nanotube. 

𝑣(𝑥) =
𝜑௟ − 𝜑଴

𝐿
∗ 𝑥 + 𝜑଴ (4.2.7) 

 The transient solution has both a time and space dependency resulting in the partial 

differential equation shown in 4.2.8. 
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𝜕ଶ𝑤

𝜕𝑥ଶ
=

1

𝐷
∗

𝜕𝑤

𝜕𝑡
(4.2.8) 

 The boundary conditions of the transient solution are equal to zero due to the boundary 

conditions of the whole solution being accounted for in the steady state solution as shown in 

equations 4.2.9 and 4.2.10. 

𝑤(0, 𝑡) = 𝜑(0) − 𝑣(0, 𝑡) = 0 (4.2.9) 

𝑤(𝐿, 𝑡) = 𝜑(𝐿) − 𝑣(𝐿, 𝑡) = 0 (4.2.10) 

 To solve the partial differential equation, the transient solution will assume the product of 

a function with dependence on space and a function with dependence on time. 

𝑤(𝑥, 𝑡) = X(x) ∗ T(t) (4.2.11) 

 Plugging equation 4.2.11 into equation 4.2.8 and arranging to get similar terms to each 

side is represented by equation 4.2.12. By setting the terms with space dependency equal to 

terms with time dependence, both sides must be equal to a constant −𝜔ଶ. This form of constant 

is chosen for simplicity of solution by avoiding trivial solutions. 

Xᇱᇱ(𝑥)

X(𝑥)
=

1

𝐷
∗

Ṫ(t)

T(t)
= −𝜔ଶ (4.2.12) 

 Solving this equation for space first leads to a homogenous ordinary differential equation. 

The solution to such an equation is shown by 4.2.14. 

Xᇱᇱ + 𝜔ଶX = 0 (4.2.13) 

X(𝑥) = 𝛼 cos 𝜔𝑥 + 𝛽 sin 𝜔𝑥 (4.2.14) 

 The boundary conditions of 4.2.9 and 4.2.10 are used to solve for the coefficients 𝛼 and 

𝛽. In equation 4.2.16, the coefficient 𝛽 cannot be solved for and leads to an eigenvalue problem. 

X(0) = 𝛼 cos 0 + 𝛽 sin 0 = 0 (4.2.15) 

X(𝐿) = 𝛽 sin 𝜔𝐿 = 0 (4.2.16) 

 If 𝛽 is assumed to be zero, the solution is trivial. Instead, the sin 𝜔𝐿 must be zero in 

which the eigenvalue 𝜔 is represented by equation 4.2.17. 



37 
 

𝜔 =
𝑛𝜋

𝐿
(4.2.17) 

 The spatial component of the transient solution is left with an unsolved coefficient 𝛽 and 

a component 𝑛. 

X(𝑥) = 𝛽 sin
𝑛𝜋

𝐿
𝑥 (4.2.18) 

 The time component of the transient solution is found by expanding the left-hand side of 

equation 4.2.12 and solving the separable differential equation as shown in equation 4.2.20. 

Ṫ(t) = −𝜔ଶ𝐷 ∗ T(t) (4.2.19) 

T(t) = 𝑐 ∗ 𝑒ିఠమ஽∗௧ (4.2.20) 

 Combining the spatial and temporal components of the transient solution and 

generalizing by including the summation notation yields equation 4.2.21. The coefficients 𝑐 and 

𝛽 are combined into coefficient 𝑐ఉ. 

𝑤(𝑥, 𝑡) = X(x) ∗ T(t) = ෍ ቂ𝑐ఉ ∗ 𝑒ିఠమ஽∗௧ ∗ sin
𝑛𝜋

𝐿
𝑥ቃ

ஶ

௡ୀଵ

(4.2.21) 

 Using the principle of orthogonal functions, the coefficient 𝑐ఉ can be found using 

equation 4.2.22. 

𝑐ఉ =
2

𝐿
න 𝑤(𝑥, 0) ∗ sin(𝜔𝑥) 𝑑𝑥

௅

଴

(4.2.22) 

 The initial condition of the transient solution is given by the relationship between the 

steady state and general solution. The function for the general solution 𝜑(𝑥, 0) is known to be 

zero initially due to the experimental procedure. Water is introduced to the reservoir before 

fluorescein salt solution resulting in carbon nanotubes full of deionized water. The steady state 

solution is provided in equation 4.2.7. 

𝑤(𝑥, 0) = 𝜑(𝑥, 0) − 𝑣(𝑥) = 0 − ቀ
𝜑௅ − 𝜑଴

𝐿
∗ 𝑥 + 𝜑଴ቁ (4.2.23) 

 Integration by parts is used to solve equation 4.2.22 after substitution of initial conditions. 
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𝑐ఉ =
2

𝐿
න ቀ

𝜑଴ − 𝜑௅

𝐿
∗ 𝑥 − 𝜑଴ቁ ∗ sin(𝜔𝑥) 𝑑𝑥 =

2

𝑛𝜋
(𝜑௅ ∗ cos(𝑛𝜋) − 𝜑଴)

௅

଴

(4.2.24) 

 After finding the coefficient 𝑐ఉ, the general solution is given by 4.2.25. The steady state 

solution is given by a linear relationship of the concentration gradient and the transient solution 

is the sum of an exponential sinusoidal wave. 

𝜑(𝑥, 𝑡) =
𝜑௅ − 𝜑଴

𝐿
∗ 𝑥 + 𝜑଴ + ෍ ൤

2

𝑛𝜋
(𝜑௅ ∗ cos(𝑛𝜋) − 𝜑଴) ∗ 𝑒

ିቀ
௡గ
௅

ቁ
మ

஽∗௧
∗ sin

𝑛𝜋

𝐿
𝑥൨

ஶ

௡ୀଵ

(4.2.25) 

 

 The equation 4.2.25 was implemented into a MATLAB script and used to identify the 

time needed to reach steady state. Figure 11 shows a three-dimensional plot of the concentration 

in a carbon nanotube as a function of time and space. The z-axis represents the concentration at a 

specific point in time. The y-axis shows the concentration throughout the tube length of 60 µm. 

The x-axis shows the evolution of the concentration profile within the tube as the transient 

solution dissipates leaving the steady state solution. The plot is used along with a calculation in 

MATLAB to identify the time to reach steady state. 

The time at which the concentration within the reservoir becomes linear with space is 

deemed as the penetration time of fluorescein salt within the carbon nanotube array. Using 

MATLAB this time was determined to be 20.45 seconds. This time is sufficiently smaller than 

the 120-hour time for the reservoirs to reach equilibrium determined by experimentation. This 

result means that an assumption can be made that the concentration within the carbon nanotubes 

is linear and the boundary conditions change over a longer period as compared to the time of 

diffusion within the individual tubes. An approximation of this derivation is given by equation 
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4.2.26. This approximation is derived from equation 4.2.1 by assuming the concentration profile 

is linear in both the time and space domain. The penetration time using this calculation was 

shown to be 12.6 seconds which supports the value identified by the MATLAB solution. 

𝑡௣௘௡௘௧௥௔௧௜௢௡ =
𝑙ଶ

𝐷
(4.2.26) 

The simplified calculation can be utilized for a quick solution as needed in section 4.3. 

However, for detailed analysis of the carbon nanotube system, a better understanding of the 

penetration behavior of fluorescein may be needed in future studies. As the reservoir volume on 

either side of the CNT decreases, as in the case of a cell cultured on a bed of CNTs, the 

penetration time may be in the same range as the total diffusion of the system, rendering the 

solution of section 4.3 invalid. 

 

4.3 Two Large Reservoir Approximation 

After finding that the time for fluorescein salt to penetrate the carbon nanotube is 

sufficiently small, as shown in section 4.2. An estimation of the changing concentration gradient 

in a “large” reservoir system is of interest to the experimental procedure of this study. The 
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reservoir volumes (0.4-5 mL) used ranged from 6.25 ∗ 10ଵଽ to 2.65 ∗ 10ଶଵ times the volume of 

a singular carbon nanotube (1.54 ∗ 10ିଵଵ mL) analyzed in section 4.2. Such a difference in 

volume size enables the simplification of Fick’s first law for the analysis of the system. 

The one-dimensional version of Fick’s first law can be described by equation 1. The flux, 

rate of moving mass per unit area, is represented by 𝐽. The flux is related to the diffusivity (𝐷) 

and the gradient of concentration throughout the tube (
డఝ

డ௫
). 

𝐽 = −𝐷 ∗
𝜕𝜑

𝜕𝑥
(4.3.1) 

By analyzing the membrane as the surface through which the mass is traveling, a 

relationship between the flow of mass as a function of time and the flux is seen. This molar flux 

can be alternatively described by equation 4.3.2. 

𝐽 =
1

𝐴஼ே்
∗

𝑑𝑚଴

𝑑𝑡
(4.3.2) 

In equation 4.3.2, 𝑚଴ is equivalent to the amount of molecule that crosses the area (𝐴஼ே்) 

of interest. The active area of the carbon nanotube array is related to the open pore area 

throughout the membrane. This area is calculated by finding the average open area of an 

individual pore and multiplying it by the number of pores estimated from the active area of the 

reservoir device and the pore density reported by Golshadi et al. [44]. 

By setting equation 4.3.1 and equation 4.3.2 equal, a dependency between the 

concentration gradient across the volume of interest and the amount of mass passing through a 

particular area can be found. Equation 4.3.3 now becomes a partial differential equation with 

dependencies on 𝑥 and 𝑡. 

1

𝐴஼ே்
∗

𝑑𝑚଴

𝑑𝑡
= −𝐷 ∗

𝜕𝜑

𝜕𝑥
(4.3.3) 

 The mass of reservoir one is equal to the volume of that reservoir times the concentration. 

Equation 4.3.4 shows how this relationship between mass and concentration puts equation 3 in 

terms of only concentration. This statement describes how the changing concentration of 

reservoir 1 relates to the concentration gradient within the carbon nanotubes. 
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1

𝐴஼ே்
∗

𝑑𝑚଴

𝑑𝑡
=

𝑉

𝐴஼ே்
∗

𝑑𝜑଴

𝑑𝑡
= −𝐷 ∗

𝜕𝜑

𝜕𝑥
(4.3.4) 

 This partial differential equation can be simplified by applying assumptions. In section 

4.2, it was shown that the transient solution of the fluorescein penetration of the carbon nanotube 

resolves in 20.45 seconds. Due to the size of the reservoirs, this transient time is much less than 

the total time for the two-reservoir system to reach equilibrium. The concentration profile of the 

carbon nanotube remains in a pseudo-steady state, where the profile is linear, but the boundary 

conditions change very slowly with time. For systems with reservoir volumes of a similar 

magnitude to the volume of a singular carbon nanotube, this assumption is not valid. 

From these conclusions, it is assumed that the gradient within the carbon nanotube array 

can be approximated by equation 4.3.5. If the reservoirs are consistently mixed throughout 

experimentation, the concentrations of each reservoir can be assumed uniform throughout the 

reservoir. These assumptions lead to the simplification outlined in equation 4.3.5 where the 

concentration gradient within the carbon nanotube arrays is linear and the reservoir 

concentrations are assumed uniform throughout the volume. 

𝜕𝜑

𝜕𝑥
=

𝜑଴ − 𝜑௅

𝐿
(4.3.5) 

 By plugging equation 4.3.5 into equation 4.3.4, the partial differential equation becomes 

a separable differential equation. 

𝑉

𝐴஼ே்
∗

𝑑𝜑଴

𝑑𝑡
= 𝐷 ∗

𝜑௅ − 𝜑଴

𝐿
(4.3.6) 

 Similarly, due to conservation of mass, an expression can be written for the rate of 

concentration change on the opposite side of the carbon nanotube array. This expression is shown 

in equation 4.3.7. 

𝑉

𝐴஼ே்
∗

𝑑𝜑௅

𝑑𝑡
= −𝐷 ∗

𝜑௅ − 𝜑଴

𝐿
(4.3.7) 

 Since both 𝜑଴ and 𝜑௅ are dependent on time, these two expressions must be subtracted 

from each other before integration. 
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𝑉

𝐴஼ே்
∗ ൬

𝑑𝜑௅

𝑑𝑡
−

𝑑𝜑଴

𝑑𝑡
൰ = −2 ∗ 𝐷 ∗

𝜑௅ − 𝜑଴

𝐿
(4.3.8) 

 The separation of variables method begins by moving the variables indicating reservoir 

concentration to one side and moving the time differential to the opposite side. The left- and 

right-hand side of equation 4.3.8 can be integrated. 

න
1

𝜑௅ − 𝜑଴
𝑑(𝜑௅ − 𝜑଴) = − න

2 ∗ 𝐷 ∗ 𝐴஼ே்

𝐿 ∗ 𝑉
𝑑𝑡 (4.3.9) 

 Equation 4.3.9 can be used to find the diffusivity of the molecule of interest given 

experimental data for concentration of both reservoirs and properties of the system. Alternatively, 

if an analytical solution for diffusivity is known (as in section 4.1) equation 4.3.10 can be used to 

model the changing concentration gradient of the system. 

− ln(𝜑௅ − 𝜑଴) =
2 ∗ 𝐷 ∗ 𝐴஼ே்

𝐿 ∗ 𝑉
∗ 𝑡 + 𝐶 (4.3.10) 

𝜑௅(𝑡) − 𝜑଴(𝑡) = 𝑒
ିଶ∗஽∗஺಴ಿ೅

௅∗௏
∗௧ା஼ = 𝐶 ∗ 𝑒

ିଶ∗஽∗஺಴ಿ೅
௅∗௏

∗௧ (4.3.11) 

 The time constant of the system (equation 4.3.11) is a good way to estimate the behavior 

and compare the rate of diffusivity for varying systems. For the carbon nanotube arrays, the time 

constant is dependent on the diffusivity of the molecule (D), area of the open pores (𝐴஼ே்), 

volume of the reservoirs (V), and length of the carbon nanotubes (L). 

𝜏 =
𝐿 ∗ 𝑉

2 ∗ 𝐴஼ே் ∗ 𝐷
(4.3.12) 

 The initial conditions of the system are needed to resolve the coefficient 𝐶 shown in 

equation 4.3.11. For a general concentration gradient, the initial concentration at both ends of the 

carbon nanotube arrays are known. These initial conditions resolve the coefficient to be the 

gradient between the reservoirs. For the experimental setup of this study, the initial concentration 

of one reservoir begins at 0 and the second reservoir has concentration 𝜑்௢௧௔௟. 

𝜑௅(0) = 𝜑்௢௧௔௟ (4.3.13) 

𝜑଴(0) = 0 (4.3.14) 
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𝜑௅ − 𝜑଴ = 𝐶 ∗ 𝑒଴ = 𝐶 = 𝜑்௢௧௔௟ (4.3.15) 

 Two relationships exist to describe dependency of the concentration of reservoir one on 

reservoir two. The concentration is conserved throughout, meaning additional mass is not added. 

At any point in time the concentrations of the two reservoirs will add up to the total species 

concentration in both reservoirs (Equation 4.3.15). The difference in the concentration of the two 

reservoirs was shown in equation 4.3.11. 

𝜑௅(𝑡) + 𝜑଴(𝑡) = 𝜑்௢௧௔௟ (4.3.16) 

 These relationships are used to produce two equations specifying the changing 

concentration of each reservoir with only a time dependency. 

𝜑଴(𝑡) = 𝜑்௢௧௔௟ − 𝜑଴(𝑡) + 𝜑்௢௧௔௟ ∗ 𝑒
ି௧
ఛ (4.3.17) 

𝜑௅(𝑡) = 𝜑்௢௧௔௟ − 𝜑௅(𝑡) − 𝜑்௢௧௔௟ ∗ 𝑒
ି௧
ఛ (4.3.18) 

 Solving for the concentration yields two exponential equations that predict a steady state 

of equal concentration in both reservoirs. Equations 4.3.19 and 4.3.20 are the culmination of 

analytical analysis and can be used to compare the experimental results to theoretical information 

found in the literature. 

𝜑଴(𝑡) =
𝜑்௢௧௔௟

2
∗ ൬1 + 𝑒

ି௧
ఛ ൰ (4.3.19) 

𝜑௅(𝑡) =
𝜑்௢௧௔௟

2
∗ ൬1 − 𝑒

ି௧
ఛ ൰ (4.3.20) 

 These equations were used to understand the effect of changing volume and active 

diffusion area on the time for the reservoirs to reach equilibrium. Figure 12A shows how 

increasing the volume of a reservoir from 0.45 mL to 5 mL will increase the time to equilibrium 

from 48 hours to 600 hours for a system with an active radius of 4 mm. In section 5, reservoirs of 

various volumes are used to validate this effect and understand the limitations of this model as 

volume is decreased. Figure 12B indicates that changing the active radius from 4 mm to 1 mm 

will increase time to equilibrium from 200 hours to 4000 hours. The study by Jensen et al. [28] 

measured the change in diffusion across nano-porous AAO as this active area was altered. 
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 Table 3 indicates values used in the calculation of equations 4.3.19 and 4.3.20 for a 5 mL 

volume with active area of 4 mm. These coefficients were used in MATLAB to simulate the 

changing concentrations of the reservoir system. The exponential curve shown in Figure 12A 

indicates that five-day experiments will not result in equilibrium within the reservoirs. In section 

5, the results of this model are compared with experimental data collected with differing 

reservoir volume and concentration to test the robustness of the model. 

This analytical model for diffusion in a two-reservoir system can be applied when 

designing drug delivery devices in cell work. The active radius has a drastic effect on the rate of 

diffusion. By designing reservoirs that fully interface with the CNT array, faster drug delivery 

can be achieved. Similarly, by decreasing the reservoir size the time to equilibrium will be 

reduced. However, as seen in section 5, achieving reservoir sizes smaller than 1 mL is difficult 

while also attempting to maintain active radius. 
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 The analytical models describing the change of concentration as a function of time and 

positions used in this study to predict the concentration change of fluorescein through a carbon 

nanotube array separating a two-reservoir system. These models can easily be modified for the 

development of devices and experiments relating to the molecular transport of any cargo in nano 

porous material.  
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5.0 Results and Discussion 

 Diffusion experiments were conducted using the two-reservoir system separated by a 

carbon nanotube array to compare the effective diffusivity of fluorescein salt measured 

experimentally with the diffusivity predicted by the analytical model of section 4. Early 

experimentation centered around creating a calibration curve and understanding the effect of pH 

on fluorescent intensity. A large portion of the diffusion experimentation was conducted utilizing 

5 mL aluminum reservoirs with no measurement of pH. After redesigning the procedure, 2 mL 

reservoirs made from polypropylene showed less variability in data trends. Polypropylene 

reservoirs and pH adjusted solutions provided less variable estimations of diffusivity. 

Additionally, preliminary tests using 0.4 mL were conducted to test the limits of reducing the 

volume of the reservoirs. These 0.4 mL reservoirs did not show much diffusion which is 

attributed to the geometry of the design. 

5.1 Dependence of Fluorescein Salt on pH 

 Fluorescein salt and many other organic molecules have chemical properties that are 

dependent on environmental factors. Fluorescein salt will change its fluorescent intensity in 

response to pH change. As a solution becomes more basic, the fluorescent intensity of the 

solution will increase for a given excitation wavelength [32]. There is a very strong dependency 

of fluorescence on pH in the range of pH 7. Since the solution used in this study was DI water, 

the experiments were conducted in the critical range that is sensitive to pH. 
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Using the pH adjustment procedure described in section 3.7, the relationship between pH 

and fluorescent intensity was characterized. Figure 13 shows the fluorescent spectrum of a 

solution of 10.01 µM at various pH levels. 

 The change in fluorescent intensity with respect to change in pH is larger for pH lower 

than 7.5 and decreases as the pH approaches 10. The decrease of intensity change per pH allows 

for the use of basic solutions in experimentation. Changes in solution chemistry due to unknown 

interactions will affect the diffusivity calculation substantially less if pH greater than ~7.5 is 

used. Drastic and unexpected increases in fluorescent intensity were not seen with larger pH. 

 For much of the early experimentation, pH was not monitored. The effects of pH change 

can be seen in the fluorescent intensity of measured fluorescein salt samples. For reservoirs made 

of aluminum and PLA, large jumps in fluorescent intensity were seen when no additional 

fluorescein salt was added to the system. The solution became more basic as the fluorescein 

interacted with the reservoir material. These early pH levels are thought to have started in the 

range of 6.8 to 7.3 pH where the solution was most sensitive to changes in solution chemistry. 

Certain trends in the early data are attributed to the use of solution in this pH range and attributes 

of the system that were unknown prior to experimentation. 

An experiment was conducted where two reservoirs were connected without a CNT array 

separating them. In both reservoirs, a volume of 5 mL of known concentration of fluorescein salt 

was placed. The fluorescent intensity of the solution at time 0 hours, 24 hours, and 48 hours was 

measured and is shown in figure 14. By investigating the interaction between fluorescein salt and 

the aluminum reservoirs, an increase in pH was observed. The increase in fluorescent intensity 

for the diffusion experiments is attributed to the increase in pH when fluorescein salt interacts 

with aluminum. 

In response to these findings, the switch to polypropylene reservoirs was made. Prior to 

the switch, many experiments were run with aluminum reservoirs with volumes of 5 mL and 0.4 

mL. Though the variance in these experiments is higher than the polypropylene experiments, 

diffusivities were calculated and compared to expected values. 



48 
 

 

 After the effects of pH were characterized in figure 13, the monitoring of pH and the 

chemical interactions of the solution with the system were taken into consideration. To combat 

pH change, the reservoir material was changed to polypropylene and the solution pH was started 

at ~7.5 pH instead of 6.8 ph. In section 5.4, experiments without pH control are discussed, such 

experiments had high variation in the reservoir with high fluorescein salt concentration. In 

section 5.5, variation in data was reduced by understanding the dependency of fluorescent 

intensity on pH level. 

5.2 Calibration Curve 

 The fluorescent spectrometer is used to measure the emission spectrum of a solution 

filled with a fluorescent molecule. The fluorescent spectrum of many molecules predictably 

scales with an increase in molarity of the solution. Since the units of measure output by the 

fluorescent spectrometer are in units of fluorescent intensity, a method of relating fluorescent 

intensity to concentration is needed. Fluorescence has an analytical equation associated with 

calculating concentration from intensity. However, this relationship is nonlinear and dependent 

on the device used for measuring fluorescence. By creating a calibration curve experimentally, 

the concentration regime in which the relationship is linear can be found. 
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 Solutions of known concentration were prepared ranging in molarity from 0.002 mM to 

1.5 mM. This range provided solutions that through visual check had a distinct band of 

fluorescence when exposed to ambient light. These dilutions were inserted into the fluorescent 

spectrometer and the emission spectrum of each solution was recorded. By extracting the peak of 

the spectrum using MATLAB, the relationship between concentration and intensity was 

identified. Figure 15 shows the peak maximums for all dilutions made. 

 

 The graph shows that for concentrations greater than 0.072 mM, the nonlinear 

relationship between intensity and concentration is apparent. The concentration of solutions with 

high molarity cannot be used without an adjustment in procedure, as the calibration cannot be 

applied. The full spectra for various points in Figure 15 are shown in Figure 16. 



50 
 

 

As concentration increases from 0 M to 0.072 mM, the peaks predictably increase. After 

0.072mM, the peak of the spectra begins to shift from 513.5 nm wavelength to a higher 

wavelength. In addition, the peak begins to decrease with increasing molarity. From the emission 

spectra the “internal filtering effect” can be seen by the shift in spectrum peak as well as 

decreasing area under the curve for concentrations greater than 0.072 mM. The “internal filtering 

effect” occurs when the concentration of fluorescent molecules causes the reabsorption and re-

emission of photons decreasing the collection of higher energy light at specific wavelengths. 

This nonlinear relationship between fluorescent intensity peak and concentration limits the 

usable range of fluorescein salt concentration to less than 0.072 mM. 

For the linear range of 0M to 0.014 mM, the calibration curve for concentration and 

fluorescent intensity was recreated with greater control and accuracy. A solution of 7 pH was 

created and predetermined amounts of fluorescein salt were added. Multiple samples were taken 

from the prepared solutions and measured on the fluorescent spectrometer.  

The data taken from five trails was averaged and error bars were added using the standard 

error calculation in equation 5.2.1. 
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𝑆𝐸 =
1

√𝑛
∗ ඨ

∑(𝑦 − ȳ)ଶ

𝑛 − 1
(5.2.1) 

 A trendline was fit to the data using the Microsoft Excel trendline tool. An 𝑅ଶ value was 

calculated using equation 5.2.2 to show goodness of fit for the trendline. For this calculation 

𝑌(𝑡) represents a value of the trendline, 𝑦௘௫௣ signifies the experimental data, and ȳ is the average 

of all the experimental data points. 

𝑅ଶ = 1 −
∑ ቀ𝑦௘௫௣ − 𝑌(𝑡)ቁ

ଶ

∑൫𝑦௘௫௣ − ȳ൯
ଶ

(5.2.2) 

Figure 17 shows the calibration curve with error bars and fitted trendline. This calibration 

curve was used to convert the fluorescent intensity of samples to concentration values. 

 

5.3 Calculation of Effective Diffusivity 

 After experimental data was collected, the data from each trial was separated into groups 

by reservoir size, concentration, and pH. To calculate the effective diffusivity from the 

experimental data, equations 5.3.1 and 5.3.2 were used. This equation comes from the theoretical 
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model produced in section 4. The equation provides a relationship between concentration of a 

reservoir and time. 

𝑌(𝑡) =
𝜑ௌ௧௔௥௧

2
∗ ൬1 − 𝑒

ି௧
ఛ ൰ (5.3.1) 

𝑌(𝑡) =
𝜑ௌ௧௔௥௧

2
∗ ൬1 + 𝑒

ି௧
ఛ ൰ (5.3.2) 

 This equation has two variables for which the experimental data must be fit to. Since the 

starting concentration of the solution is known in most cases, the variable 𝜑ௌ௧௔௥௧ can be 

prescribed to the fitting operation. The time constant 𝜏 is shown in equation 5.3.3, this value is 

used to calculate how fast a system will resolve to steady state equilibrium. The time constant 

relies on the length of the carbon nanotubes (L), volume of the reservoir (V), and area of open 

tubes (𝐴஼ே்). The diffusivity of fluorescein salt in the CNT array system is the variable of 

interest. 

𝜏 =
𝐿 ∗ 𝑉

2 ∗ 𝐴஼ே் ∗ 𝐷
(5.3.3) 

 To find the effective diffusivity of fluorescein salt through the carbon nanotube arrays, a 

MATLAB script was written. This MATLAB script uses an 𝑅ଶ calculation shown in equation 

5.2.2. In this equation 𝑌(𝑡) represents the value calculated from equation 5.3.1 or 5.3.2 for a 

given diffusivity based on the reservoir the sample was taken from. Additionally, 𝑦௘௫௣ is the 

experimental data at a specific time point, and ȳ gives the mean of the experimental data. This 

calculation requires the residual between the experimental data and the fitted line as well as the 

difference between the experimental value and the mean of the data.  

The MATLAB script identifies the diffusivity with the highest 𝑅ଶ value as the model that 

represents the experimental data. Diffusivity can be calculated from both the dye filled reservoir 

and the DI water filled reservoir. The time constant can simultaneously be calculated using this 

diffusivity value as all other variables of equation 5.3.3 are assumed constant. Experimental 

values are compared to analytically estimated diffusivities and time constants. 
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The MATLAB script calculates the 𝑅ଶ value for diffusivities ranging from 10ିଵଶ to 

10ିଵ଴. A graph of the 𝑅ଶ values calculated for data from reservoirs of 5 mL volume, 10 µM 

concentration, and pH ~7 is shown in Figure 18. 

 

5.4 Sampling of Aluminum 5 mL reservoirs 

 Much of the experimentation was conducted using 5 mL aluminum reservoirs 

manufactured with Designs 2 and 3 of Appendix D. These experiments were used to identify 

issues with the experimental procedure and understand how concentration gradient impacts the 

change in concentration across the reservoir system. 

Figure 19 shows the data collected from one such experiment where samples were 

collected from both reservoirs over the course of 5 days. The samples collected at time point 24 

hours and 72 hours has a larger fluorescent intensity than the intensity at time 0 hours. After 

many experiments were run using the aluminum reservoirs, it was thought that evaporation or 

sampling of the reservoirs was creating an increase in fluorescent intensity. This was caused by 

an increase of fluorescent intensity at time points taken after the start of the experiment. Since 
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the concentration of fluorescein salt solution was known prior to experimentation, an increase 

was not expected. 

  

After conducting a review of the literature on fluorescein salt, the pH dependency of 

fluorescent intensity was discovered [32]. The pH characterization of section 5.1 was developed, 

and procedural changes were implemented. The chemical interaction between fluorescein salt 

and the aluminum reservoirs was found to have the biggest contribution to the increase in pH. 

 Data collected from the reservoir starting with DI water is less variable than the data 

collected from the reservoir with a high concentration of fluorescein salt. This trend is due to the 

lower concentration producing less interactions with the reservoir material and having a smaller 

effect on the pH of that reservoir.  

 The experiments were grouped by starting concentrations. The data set with 

concentration of 10.01 µM was the largest as this concentration was used to debug the increasing 

fluorescent intensity. Experiments were conducted attempting to minimize evaporation and alter 

sampling rates to mitigate the increasing intensity to no avail. Table 4 details the experiments 

conducted on the 5 mL reservoirs with different concentrations. 
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 For experiment 7 and 10 accumulation of fluorescein salt on the aluminum reservoir 

surface was observed when the systems were deconstructed. In addition to the pH change, these 

occurrences are thought to cause the high variability in data collected in time points greater than 

48 hours. For experiments 12 and 14, a 200 nm syringe filter from Whatman (0992726A) was 

used to filter out any large particles that could contaminate the experiments. This filtering did not 

lead to any changes in experimental data. 
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For a concentration of 11.44 and 10.01 µM, the data was averaged, and error bars were 

added using the standard error equation 5.2.1. Figure 20 shows that for concentration of 11.44 

and 10.01 µM, the reservoir starting at high concentration has significantly more variation 

compared to the reservoir starting with DI water. The dye filled reservoir has high variability in 

time points after 48 hours due to the collection of fluorescein salt on the reservoir surface. 

All data for 5 mL, 2 mL, and 0.4 mL is provided in Appendix F and is organized by 

reservoir size and starting concentration used. 

The diffusivities calculated from experimental data using the MATLAB script of section 

5.3 were plotted against the analytical model diffusivity and the sampled data points. Figure 21 

shows the data collected for aluminum reservoirs of 5 mL with concentration of 10.01 µM. The 

trends in the dye reservoir can be seen and are attributed to a lack of pH control. However, for 

the reservoir that started with an initial concentration of zero, the variance in the data leads to a 

calculated diffusivity that is very similar to the analytical model. 
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 Figure 22 shows the analytical and experimental models for the 5 mL reservoirs at a 

concentration of 100.1 µM. As the model predicts, a change in concentration does not affect the 

diffusivity of the system. The diffusivity calculated was faster by a factor of 1.5. Since these 

numbers were measured with aluminum reservoirs, this increase in diffusivity can only be 

compared qualitatively as the pH of the system was unknown.  
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 Since the fluorescence of samples with concentration greater than 72 µM could not be 

measured on the fluorometer, the samples were diluted to a concentration of 10% and fluorescent 

intensities were correlated to concentrations 10 times greater than the concentration given by the 

calibration curve. 

 Figure 23 shows data collected from a starting concentration of 7.6 μM. This was an early 

experiment where many samples were taken before the time point of 24 hours. Sampling rates of 

less than 24 hours contributed to high levels of interaction with the aluminum reservoirs as seen 

in the figure. 

 Table 5 provides the time constants and diffusivities measured from experimental 

datasets. The diffusivity from concentration of 7.60 µM in the dye reservoir was much smaller 

than the analytical model due to drastic pH change. All other diffusivities are between a factor of 

0.72 and 2.28 times off from the analytically estimated diffusivity. 

 

5.5 Sampling of Polypropylene 2 mL reservoirs 

 Experiments with polypropylene were initiated due to the chemical inertness of this 

plastic compared with that of aluminum and 3D printed PLA. The design considerations of 

polypropylene are further discussed in section 3.8. Experiments with polypropylene saw a 

reduction in chemical interaction between the fluorescein salt solution and reservoir system. 

Specifically, fluorescein salt surface build-up and pH increase were mitigated by the switch away 

from aluminum reservoirs. 

 Two sets of reservoirs were made with volume of 2 mL. The volume of 2 mL was chosen 

to compare to the results of the 5 mL aluminum reservoirs and examine the impact of a smaller 

volume. Experiments with the 2 mL reservoir consisted of taking two samples at time points 
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separated by 24 hours increments. Table 6 lists all experiments ran with parameters including 

concentration and reservoir size. 

 

 Figure 24 shows the data collected from an experiment using this reservoir at a starting 

concentration of 10.01 µM. Figure 24C shows the fluorescein salt concentration reading did not 

exceed initial concentration due to increasing pH. Figure 24A and 24B display the typical spectra 

collected for each experiment. Due to the smaller reservoir size of 2 mL, less samples could be 

extracted from each experiment resulting in a lower throughput of data points. 
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 The polypropylene reservoirs offered a much more consistent measurement of diffusivity. 

The exponential shape of the 2 mL datasets matched the trends predicted by the analytical model. 

Figures 25 and 26 provide plots of experiments ran with concentrations of 10.01 µM and 4.29 

μM concentrations, respectively. 
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Table 7 summarizes the diffusivities and time constants calculated from all datasets. The 

rate of diffusion in the 2 mL reservoirs is in the same regime as that predicted by the analytical 

model with all diffusivities roughly 2 times smaller than the analytical model diffusivity. This 

signifies a larger time to reach equilibrium. The switch to polypropylene reservoirs improved the 

consistency of data collected. 

 

5.6 Sampling of Aluminum and Polypropylene 0.4 mL reservoirs 

 In tandem with the experiments ran with the 5 mL aluminum reservoirs and the 2 mL 

polypropylene reservoirs, experiments were conducted using reservoirs of 0.4 mL. Sets of both 

aluminum and polypropylene reservoirs were manufactured. 

 Like the 5 mL and 2 mL reservoirs, many trials at varying concentrations were 

conducted. The experiments ran with 0.4 mL reservoirs are detailed in Table 8. 

 

 The experiments were split into two datasets of 10.01 μM and 4.29 µM. Similar data was 

collected for the aluminum and polypropylene reservoirs, so experiments were not separated by 

reservoir material unlike the reservoirs of 5 mL and 2 mL. 
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 Figure 27 shows data collected with only aluminum reservoirs at a concentration of 10.01 

μM. It is thought that the smaller reservoir volume greatly impacts the increase of pH leading to 

the very high concentrations measured at all data points.  
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 Figure 28 shows data collected with polypropylene and aluminum reservoirs with a 

concentration of 4.29 μM. The pH of solution was measured to be ~7.5 for all experiments. This 

pH reduced how the chemical interaction between fluorescein and the reservoir material affected 

the fluorescent intensity of the samples. 

 Both figures show the unexpectedly slow diffusion for all experiments conducted with 

0.4 mL reservoirs. Table 9 summarizes the diffusivities and time constants calculated from each 

dataset. The diffusivities are greater than 18 times smaller than the diffusivity estimated by the 

analytical model. 

 

The cause of this slow diffusion is thought to be caused by geometric limitations imposed 

by the smaller reservoirs. Figure 29 shows the small 5 mm diameter cylindrical reservoir 

attached to a 17 mm diameter hole meant to provide clearance to the CNT array. The 

combination of these two different sized holes may be creating air pockets that will not allow for 

fluorescein solution to properly interact with the CNT array. 
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5.7 Discussion 

 Using the diffusivities calculated from the experimental data, the validity of the analytical 

model can be analyzed. Tables 5, 7, and 9 detail the experimental diffusivities calculated from 

each dataset in section 5.4, 5.5, and 5.6. A ratio of diffusivity estimated from the analytical model 

to the diffusivity calculated from the experimental data provides a metric for how well the 

analytical model matched. Time constants were additionally calculated to analyze how changing 

the reservoir size impacted the time for the system to reach equilibrium. 

For reservoir volumes of 5 mL, the diffusivity measured experimentally agrees well with 

the diffusivity estimated from theory. The analytically estimated diffusivity ranges between a 

factor of 0.72 to 2.28 times larger than the experimental diffusivity. The only exception being the 

dye reservoir of concentration 7.60 µM where excessive pH change was noted in Figure 22. 

The data collected with the 5 mL aluminum reservoirs informed many of the design 

alterations of the two-reservoir device detailed in Appendix D. The interaction between 

fluorescein salt and the aluminum reservoirs is apparent in the increase of fluorescent intensity in 

experiments where no additional fluorescein salt was added. 

For reservoir volumes of 2 mL, all data sets contained diffusivities that were within a 

reasonable range of the analytical model. The ratio of analytical to experimental diffusivity 

ranged from 1.63 to 2.23. The measurements of both the dye and DI reservoirs provided very 

good consistency. This is attributed to the control of pH and the switch from aluminum to 

polypropylene. 

When altering the initial concentration of the solution from 7.6 to 100.1 μM for 5 mL and 

4.29 to 10.01 µM for 2 mL, the change in diffusivity and time constants were not significantly 

impacted. For 5 mL the time constants ranged from 2.08 ∗ 10ହ 𝑠 to 6.57 ∗ 10ହ𝑠 , this range can 

be attributed to the lack of control on pH rather than the changing concentration gradient. Time 

constants were measured between 2.56 ∗ 10ହ𝑠   and 3.51 ∗ 10ହ𝑠 for reservoirs of 2 mL volume. 

The consistency in time constant for 2 mL demonstrates the lack of effect the initial 

concentration gradient has on the time to reach system equilibrium. This result agrees with the 

analytical model showing that the time constant is not affected by changing the starting 

concentration gradient in equation 4.3.12. 
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The diffusivity of the 0.4 mL reservoirs is slower than predicted by the analytical model. 

Such a reservoir size should have faster diffusion than the 2 mL reservoirs based on the 

analytical model. One potential cause for the slower diffusion is the design and fabrication of the 

0.4 mL reservoirs. When running experiments with the 0.4 mL reservoirs, adding the solution to 

the reservoir resulted in pockets of air that had to be removed to add the full 0.4 mL. The narrow 

cylindrical design could limit the interaction between the CNT array and the fluorescein solution. 

The design includes a recessed hole thought to resolve this design feature. However, by 

redesigning the 0.4 mL reservoir to have a larger radius and shorter depth, insight into the slow 

diffusion could be gained. The diffusivity calculated from these reservoirs must be further 

studied with newly manufactured reservoirs. 

It was expected that the experimentally measured diffusivities for all volumes would 

match the analytically calculated diffusivities. This is based on the model developed in section 

4.1 where diffusivity is not subject to any of the system parameters. Rather, the diffusivity is 

dependent on the properties of the carbon nanotube array and the molecule used. Diffusivities 

measured with both 5 mL and 2 mL reservoirs are roughly 2 times smaller than the analytical 

model. Procedural error and validity of the values used for the analytical model are potential 

sources of error leading to this discrepancy. Further experiments for the measurement of system 

dimensions and the use of tools with higher accuracy would provide confidence in 

experimentation and theory. 

Specifically, confidence in the diffusivities measured from experiment would be 

improved with stricter control of dimensions and more accurate measurement of system 

parameters. These parameters include active radius, reservoir volume, AAO pore density, and 

CNT diameter. Active radius (see Figure 8) is affected by variation in hole alignment and hole 

size which would alter the diffusion between experiments. For an active radius of 3 mm caused 

by potential misalignment of the vinyl contact paper, the time constant estimated by the 

analytical model for a 2 mL reservoir is 2.05 ∗ 10ହ𝑠. This value agrees with the time constants of 

2.04 ∗ 10ହ𝑠   and 2.63 ∗ 10ହ𝑠 calculated experimentally. 

Similarly, pore diameter has an accuracy of ±42 nm taken from publications by the NBIL 

[27]. This uncertainty results in a porosity ranging from 0.09 to 0.30 with a nominal value of 

0.18 that was used for the analytical model. This range results in an analytical diffusivity 
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between 2.65 ∗ 10ିଵଵ  
௠మ

௦
 and 8.59 ∗ 10ିଵଵ  

௠మ

௦
 with the nominal value of 5.17 ∗ 10ିଵଵ  

௠మ

௦
 used 

in analysis. Such a range results in an analytical diffusivity 1.33 to 4.31 times greater than the 

smallest experimental diffusivity measured from data of 2 mL reservoirs. A verification and 

study of the CNT array properties would inform the validity of the analytical model. 

Additionally, the analytical model can be further developed to incorporate properties of 

the CNT array such as tortuosity that were assumed to have a negligible effect on the system. 

The assumption that the reservoirs are well mixed is dependent on the sampling rate and mixing 

procedure. This assumption would alter the boundary conditions described in section 4.3. Lack 

of mixing in the reservoirs would lead to a slower time to equilibrium as a concentration gradient 

would exist in each large reservoir. 

 The experimental procedure and analytical model developed provide reasonable 

agreement for the calculation of diffusivity and time constant for volumes of 2 mL and 5 mL. 

Study into the parameters of the two-reservoir system is needed to mitigate the variance in 

experimentally measured values and provide confidence in the analytical model.  
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6.0 Conclusions 

6.1 Utility of Measured Diffusion of Fluorescein Salt 

 The result of this work is an experimental study that informs an analytical model. This 

analytical model provides a reasonable estimation of the diffusivity of small molecules that are 

passively transported through an array of nanotubes. The analytical model leverages the Stokes-

Einstein equation and a simplified derivation of Fick’s laws to model the change in concentration 

through a two-reservoir system with volume significantly larger than the carbon nanotube 

volume through which molecules are traveling. 

 Experiments were conducted with fluorescein salt due to the ability to relate fluorescent 

intensity of a solution to the concentration of that solution. An FP-8500 fluorescent spectroscopy 

tool was used to measure the fluorescent intensity of samples collected at various time points 

from both reservoirs separated by an array of carbon nanotubes. Fluorescein salt showed high 

sensitivity to concentration and pH level resulting in unexpected trends found in experiments 

with minimal control on such parameters. Polypropylene reservoir devices with solutions of ~7.5 

pH and ~10 µM provided the optimal conditions for measuring the diffusivity. Diffusivities 

ranged from 2.56 ∗ 10ିଵଵ  
௠మ

௦
 to 3.51 ∗ 10ିଵଵ  

௠మ

௦
 and 2.5 ∗ 10ିଵଵ  

௠మ

௦
 to 7.91 ∗ 10ିଵଵ  

௠మ

௦
 for 

reservoirs of 2 mL and 5 mL volumes respectively. 

6.2 Application of Results 

 The carbon nanotube arrays are designed for use in cell culture applications. In biology 

and chemistry research, the passive transfection of drugs into cells is currently an inefficient 

process with high cytotoxicity. Carbon nanotubes offer an inexpensive alternative to standard 

transfection technologies with improved efficiency and less toxicity [1]. The transfection of 

small organic molecules like that of fluorescein salt is commonplace in pharmaceutical research. 

The analytical model developed in this work can be applied to small molecules the size 

magnitude of fluorescein salt. The analytical model was confirmed by experimental data for 

solution sizes of 2-5 mL and concentrations ranging from 4-100 µM. 

 In addition, a procedure was developed for the monitoring of concentration change in a 

two-reservoir system with a fluorescent solution. Specifically, a method of handling planar arrays 

of vertically aligned nanostructures was developed using vinyl contact paper. The vinyl contact 
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paper created a surface for a water-tight seal that mitigated occurrences of micro cracking. An 

experimental device sealed this nanostructure in a two-reservoir system designed to interact with 

various configurations of a fluorescent spectroscopy tool. The study of other nanostructures and 

porous media can be implemented into the reservoir design to understand diffusivity. 

6.3 Considerations for Future Work 

 To expand the applicability of the analytical model, the type and size of the molecules 

studied should be diverse. Understanding the role of charge and chemical properties is important 

to elucidate the interactions between solutions and the transfection device. The Jasco FP-8500 

tool used provided a robust measurement of concentration from fluorescent intensity. However, 

sampling of reservoirs created a cumbersome procedure that limited the throughput of 

experiments. In initial experimentation, an optical table was used to take measurements without 

sampling. A tool like the optical table would speed up the experimental procedure. Additionally, 

A switch from measuring fluorescence to measuring absorbance would provide flexibility in 

choosing molecules to study. Tools like a microplate reader spectrophotometer or a nanodrop 

spectrophotometer would be suitable for the procedure developed. Such a change would broaden 

the applications of the method and increase understanding of cellular transfection. 

By studying proteins and plasmid DNA diffusing across the CNT arrays, the application 

of CNTs in biological research can be understood. The ability to predict the time of diffusion of 

biologically relevant cargo across this device would qualify this transfection technology for use 

in research. The analytical model could be expanded to include larger cargo and the limits of the 

theory can be tested. Once diffusion through aligned carbon nanotubes is understood, cells can 

be cultured on one side of the CNT array while samples are collected from a reservoir. Such a 

study would be aimed at comparing the transport mechanisms of transfection to diffusion. 

Cellular transfection could introduce additional transport mechanisms that speed up or slow 

down the diffusion of molecules.  
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Appendix A- Fluorescent Intensity Measurement 

1. Turn on Computer and Fluorometer 
a. On the left side of fluorometer unit there is an on/off switch. 
b. The start button will turn green. 

2. Start “SpectraManager” Software 
3. User interface offers various tools to open and indicate connected devices. 

a. Select “Spectra Measurement” 
4. A new window will open for the tuning of parameters and spectrum collection. 
5. Set Parameters 

a. Set excitation wavelength depending on the chemical that is observed. 
Information on excitation spectra of various chemicals can be found online. 

b. Set emission boundaries to encompass full expected spectrum and exclude 
excitation wavelength range. 

c. Sensitivity on tool can be adjusted if fluorescent intensity is saturated or signal is 
too weak. 

6. Take measurement of Empty Holder 
a. A baseline of holder without solution should be taken before every measurement 

to ensure trivial contamination of fluorescent dye. 
b. Some contamination may be acceptable depending on accuracy needed. 

7. Pipette solution into the cuvette and insert the cuvette into the holder of the fluorometer. 
a. There is an arrow on the front of the cuvette indicating this side should face the 

user when inserted. 
8. Press the Start Button to initiate the measurement. 

a. The spectra will begin to appear on the “Spectra Measurement” Window. 
9. Name Spectrum and Save 

a. A “Spectra Analysis” window will appear with the new spectra. 
b. Data analysis can be conducted with this application. 
c. The data can be saved as a file specific to this program.  

10. Take out the cuvette and displace solution. 
a. Pipette Solution into a vial for storage. 

11. Export spectra as .csv or .txt 
a. These file types allow for use on programs like excel or MATLAB. 

12. Repeat Until all Samples are run 
13. Turn off Fluorometer and Computer 
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Appendix B- Calibration Curve Procedure 

1. Personal protective equipment applied. 
a. Gloves 
b. Safety Glasses 

2. Measuring Equipment Needed 
a. Digital Analytical Balance 
b. Powder Boat 
c. Powder Spoon 
d. 2 mL microtubes 
e. 100-1000 μL Pipette and Tip 
f. Jasco FP-8500 Spectrofluorometer 

3. Target mass of powder dye calculated. 
a. 𝑚௣௢௪ௗ௘௥ = 𝜑௧௔௥௚௘௧ ∗ 𝑀𝑊 ∗ 𝑉஽ூ 

i. 𝑚௣௢௪ௗ௘௥ = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑤𝑑𝑒𝑟𝑖𝑧𝑒𝑑 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

ii. 𝜑௧௔௥௚௘௧ = 𝑇𝑎𝑟𝑔𝑒𝑡 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

iii. 𝑀𝑊 = 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 
iv. 𝑉஽ூ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝑒𝑖𝑜𝑛𝑖𝑧𝑒𝑑 𝑊𝑎𝑡𝑒𝑟 

4. Use Balance to Measure the mass of the powder boat. 
5. Add 3 mL of DI water to the vial. 
6. With the Powder Spoon incrementally add small amounts of Powder 
7. Once mass is within range of acceptable value add powder to vial. 
8. Measure mass of the powder boat and residual fluorescent powder. 
9. Add an additional 12 mL DI water to the vial. 
10. Calculate Exact concentration of solution made. 

a. 𝜑ௌ௢௟௨௧௜௢௡ =
௠ೌ೎೟ೠೌ೗

ெௐ∗௏ವ಺
 

i. 𝑚௔௖௧௨௔௟ = 𝑚௕௢௔௧ା௣௢௪ௗ௘௥ − 𝑚௕௢௔௧ା௥௘௦௜ௗ௨  

11. Calculate the concentrations to be used in dilution series. 
a. 𝜑஽௜௟௨௧௘ௗ = 𝐷 ∗ 𝜑ௌ௢௟௨௧௜௢௡ 
b. 𝐷 = 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 with values of 0.8, 0.5, 0.4, 0.2, 0.1, 0.08, 0.05, 0.04, 

0.02, 0.01, 0.008, 0.005, 0.004, 0.002. 
12. Calculate amount of fluorescent solution and DI water needed for each 2 mL microtube. 

a. 𝑉஽௬௘ =
ఝವ೔೗ೠ೟೐೏

ఝೄ೚೗ೠ೟೔೚೙
∗ 𝑉ே௘௪ 

i. 𝑉஽௬௘ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝑦𝑒 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎𝑑𝑑 

ii. 𝑉ே௘௪ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑒𝑤 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑡𝑢𝑏𝑒 
b. 𝑉஽ூ = 𝑉ே௘௪ − 𝑉஽௬௘ 

i. 𝑉஽ூ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐷𝐼 𝑊𝑎𝑡𝑒𝑟 𝑡𝑜 𝐴𝑑𝑑 
13. Use Procedure for Fluorometer usage found in Appendix A. 
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Appendix C- Preliminary Work with Optical Table 

Two fluorescent spectroscopy tools were used during this study. The first 

spectrofluorometer was provided by the lab of Dr. Ke Du. This fluorometer is set up to beam a 

laser at a specified wavelength of 488 nm. The data acquisition system records changes in the 

reflected light that is collected by the system of mirrors. A 3D printed device interfaced with the 

support beams shown in Figure E1. This device included glass port holes through which the 488 

nm laser interacted with the solution. This tool allowed for the continuous measurement of 

concentration without the need for sampling. By altering the position of the device on the support 

beams, solutions in both reservoirs could be monitored easily. 

This spectroscopy tool was only used for initial experimentation and proof of concept 

experiments. Access to this tool was prohibited, creating the need for an alternative method of 

monitoring concentration. In addition to change in access, this tool was limited by a set 

wavelength of 488 nm meaning only specific molecules could be chosen. The open format of the 

optical table created a need for a procedure to limit contamination of ambient light. The cost to 

reproduce this tool for continued use proved unfeasible. 
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The shape of the design was inspired by the need for easily switching the fluorometer 

laser between reservoirs. A hole through the bottom of the reservoir provides a place for a 

translucent coverslip that the laser can pass through. Figure E2 depicts the interaction between 

the solutions in the reservoirs and the optical table fluorescent spectrometer. 
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Appendix D- Reservoir Design Process 

The first devices designed are shown in Figure D1. These reservoirs were used in tandem 

with the fluorescent spectroscopy device. The system is composed of two reservoirs each with a 

volume of 5 mL. The system is separated by the vinyl sheets enclosing the CNT array. A hole in 

the bottom of each reservoir is closed using a glass cover slip. This coverslip allows for the 

interaction of the spectroscopy laser with the solution for measurement of fluorescent intensity. 

This reservoir system was clamped together using a C-clamp with a width of three inches. 

 

The rough surface of the 3D printed parts created challenges for gluing glass coverslips 

and sealing contact paper. However, the chief concern proved to be evidence of micro cracks. 
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These micro cracks were linked to the crudeness of the clamping mechanism that held the two 

reservoirs together. 

 

To overcome the rough surface, a mixture of additive manufacturing and aluminum 

machining allowed for both complex shapes and smooth finishes. The reservoirs are cubes of 

aluminum with holes machined for the solution and glass coverslip interface. The base of the 

device is 3D printed to retain the supports for the beams shown in Figure D1. The clamping 

mechanism is replaced with bolts and nuts that can press on the contact paper while being 

incorporated into the design. Figure D2 shows version 2 of the reservoir system. This system 

retained the ability to interface with the fluorescent spectroscopy device. A glass coverslip allows 
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the laser of 488 nm to pass through the solution and measure the fluorescent intensity of the 

reservoir without sampling. 

 Due to the switch from an optical table fluorescent spectroscopy device to the Jasco FP-

8500 fluorescent spectroscopy device, the reservoirs were redesigned to better fit the revised 

procedure. Version three of the reservoir system is shown in Figure D3. This system integrates 

the clamping apparatus with the reservoirs. The system is manufactured out of aluminum to 

ensure low surface roughness.  

 

 The aluminum material used was seen to interact with the solution and increase the pH of 

the system. As pH increased, the fluorescent intensity could not be correlated to concentration of 

the solution without knowing the pH of the system. Creating smaller reservoir volumes sped up 

diffusion creating a higher throughput of experiments. 
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Appendix E- MATLAB Script 
clc 
clear 
close all 
 
%% Data Processing 
 
%Read in Spectra from Samples Collected 
%File correspond to Reservoir #, Sample #, and Experiment Respectively 
%DI Reservoir is Read First 
A1 = readmatrix("5B_01.csv","Range","A20:B210"); 
B1 = readmatrix("5B_02.csv","Range","A20:B210"); 
D1 = readmatrix("7B_02.csv","Range","A20:B210"); 
F1 = readmatrix("7C_02.csv","Range","A20:B210"); 
G1 = readmatrix("5B_03.csv","Range","A20:B210"); 
H1 = readmatrix("5C_03.csv","Range","A20:B210"); 
I1 = readmatrix("7B_03.csv","Range","A20:B210"); 
J1 = readmatrix("7C_03.csv","Range","A20:B210"); 
K1 = readmatrix("7C_03.csv","Range","A20:B210"); 
 
%Dye Reservoir Read in Second 
A2 = readmatrix("6B_01.csv","Range","A20:B210"); 
B2 = readmatrix("6B_02.csv","Range","A20:B210"); 
D2 = readmatrix("8B_02.csv","Range","A20:B210"); 
F2 = readmatrix("8C_02.csv","Range","A20:B210"); 
G2 = readmatrix("6B_03.csv","Range","A20:B210"); 
H2 = readmatrix("6C_03.csv","Range","A20:B210"); 
I2 = readmatrix("8B_03.csv","Range","A20:B210"); 
J2 = readmatrix("8C_03.csv","Range","A20:B210"); 
K2 = readmatrix("6D_03.csv","Range","A20:B210"); 
 
%Time in Hours is recorded manually 
x1=[48 48 24 48 48 72 96 120 96]; 
 
%Maximum of each spectra is found and adjusted using the calibration curve 
y1=1.43*.003*1000/1500*[max(A2(:,2)) max(B2(:,2)) 
    max(D2(:,2)) max(F2(:,2)) 
    max(G2(:,2)) max(H2(:,2)) max(I2(:,2))/1100*1500 
    max(J2(:,2)) max(K2(:,2))]; 
 
y2=1.43*.003*1000/1500*[ max(A1(:,2)) max(B1(:,2)) 
    max(D1(:,2)) max(F1(:,2)) 
    max(G1(:,2)) max(H1(:,2)) max(I1(:,2))/1100*1500 
    max(J1(:,2)) max(K1(:,2))]; 
 
%% Fitting of Experimental Effective Diffusivity 
 
%Input Data to be fitted 
A = [x1' y2']; 
B = [x1' y1']; 
 
%Initialize constants of the system 
phi_start=1.43*.003*1000; %Starting Concentration 
L=0.00006; %Length of CNT 
r_pore=70*10^(-9); %Radius of CNT 
r_active=.004; %Radius of open Array area 
ro_pore=11.8*10^12; %Density of CNTs in AAO 
area=pi()*r_pore^2*ro_pore*pi()*(r_active)^2; %Pore Area 
V=0.000002; %Reservoir Volume 
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%Create Arrays for R squared calculation 
f=10^(-12):.01*10^(-12):5*10^(-10); %all diffusivities to test 
R_square_A=NaN(length(f),1); %R squared values 
Y_A=NaN(length(A),1); %concentrations at different time points 
 
R_square_B=NaN(length(f),1); %R squared values 
Y_B=NaN(length(A),1); %concentrations at different time points 
 
y_bar_A=mean(A(:,2)); %mean of data values for R squared calculation 
y_bar_B=mean(B(:,2)); %mean of data values for R squared calculation 
 
residual_A=0; 
residual_mean_A=0; 
residual_B=0; 
residual_mean_B=0; 
 
%For loop through all diffusivities 
for j=1:1:length(f) 
 
    %For loop through all data points 
    for k=1:1:length(A) 
 
        %Calculate time constant for given diffusivity 
        tau=L*V/(2*area*f(j)); 
        tau_B=L*V/(2*area*f(j)); 
        %Calculate concentration at given time 
        Y_A(k,1)=phi_start/2*(1-exp(-A(k,1)*60*60/tau)); 
        Y_B(k,1)=phi_start/2*(1+exp(-B(k,1)*60*60/tau_B)); 
 
        %Residuals for R squared 
        residual_A=residual_A+(A(k,2)-Y_A(k,1))^2; 
        residual_mean_A=residual_mean_A+(A(k,2)-y_bar_A)^2; 
 
        residual_B=residual_B+(B(k,2)-Y_B(k,1))^2; 
        residual_mean_B=residual_mean_B+(B(k,2)-y_bar_B)^2; 
    end 
     
    %R_sqaure Calculation 
    R_square_A(j,1)=1-residual_A/residual_mean_A; 
    residual_A=0; 
    residual_mean_A=0; 
 
    R_square_B(j,1)=1-residual_B/residual_mean_B; 
    residual_B=0; 
    residual_mean_B=0; 
end 
 
%Identify Diffusivity of best fit 
[R_A,I_A]=max(R_square_A); 
D_best_A=f(I_A); 
 
[R_B,I_B]=max(R_square_B); 
D_best_B=f(I_B); 
 
%% Simulate the Analytical and experimental Model 
 
%Calculate the effective diffusivity with porosity factor 
D=2.85*10^(-10); 
porosity=pi()*r_pore^2*ro_pore; 
D_eff=D*porosity; 
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%Create time constants from each effective diffusivity 
tau=L*V/(2*area*D_eff); 
tau2=L*V/(2*area*D_best_A); 
tau3=L*V/(2*area*D_best_B); 
 
%Initialize arrays 
t=0:1:120; 
 
phi_0=NaN(1,length(t)); 
phi_l=NaN(1,length(t)); 
phi_0_fit=NaN(1,length(t)); 
phi_l_fit=NaN(1,length(t)); 
i=1; 
 
%Use Ficks laws to estimate concentrations in each reservoir vs. time 
for t=0:1:120 
     
    phi_0(i)=phi_start/2*(1+exp(-t*60*60/tau)); 
    phi_l(i)=phi_start/2*(1-exp(-t*60*60/tau)); 
    phi_0_fit(i)=phi_start/2*(1+exp(-t*60*60/tau3)); 
    phi_l_fit(i)=phi_start/2*(1-exp(-t*60*60/tau2)); 
 
    i=i+1; 
end 
 
t=0:1:120; 
 
%% Plotting 
 
%Plot Raw Data 
figure(1) 
hold on 
plot(x1,y1,'*r',x1,y2,'ob') 
xlabel('Time [hours]') 
ylabel('Concentration [uM]') 
title('Time of Diffusion vs Fluorescent Intensity') 
legend('Dye Reservoir','DI Water Reservoir') 
xlim([0 120]) 
hold off 
 
%Show R squared calculations 
figure(2) 
hold on 
plot(f',R_square_A(:,1),f',R_square_B(:,1)) 
xlabel('Diffusivity') 
ylabel('R Squared') 
hold off 
 
%Plot All spectra for data 
figure(3) 
hold on 
plot(A1(:,1),A1(:,2),B1(:,1),B1(:,2),C1(:,1),C1(:,2),D1(:,1),D1(:,2)) 
xlabel('Wavelength [nm]') 
ylabel('Fluorescent Intensity [-]') 
title('Changing Spectra in Reservoir 1') 
legend( 'Experiment 1 Sample 1','Experiment 1 Sample 2',... 
    'Experiment 2 Sample 1', 'Experiment 2 Sample 2') 
hold off 
 
figure(4) 
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hold on 
plot(A2(:,1),A2(:,2),B2(:,1),B2(:,2),C2(:,1),C2(:,2),D2(:,1),D2(:,2)) 
xlabel('Wavelength [nm]') 
ylabel('Fluorescent Intensity [-]') 
title('Changing Spectra in Reservoir 2') 
legend('Experiment 1 Sample 1','Experiment 1 Sample 2',... 
    'Experiment 2 Sample 1', 'Experiment 2 Sample 2') 
hold off 
 
%Plot Experimantal vs. analytical 
figure(5) 
hold on 
plot(t,phi_0,'r-',t,phi_l,'b-',t,phi_0_fit,'r--',t,phi_l_fit,'b--','LineWidth',1.5) 
plot(x1,y1,'*r',x1,y2,'ob','LineWidth',1.0) 
xlabel('Time [hours]') 
ylabel('Concentration [uM]') 
legend('Analytical x=0','Analytical x=L', 'Experimental x=0', 'Experimental x=L',... 
    'Sampled Data x=0', 'Sampled Data x=L','Location','southoutside','NumColumns',3) 
hold off 
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Appendix F- Experimental Data 

Table F1: Data collected for 5 mL reservoir with concentration gradient of 10.01 µM. 

 

 

Table F2: Averaged data from table E1 with standard error bars displayed on Figure 20 and 21. 
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Table F3: Data collected for 5 mL reservoir with concentration gradient of 7.60 and 100.1 µM 
displayed on Figure 22 and 23. 

 

 

Table F4: Data collected for 0.4 mL reservoir with concentration gradient of 4.29 and 10.01 µM 
displayed on Figure 27 and 28. 

 

 

Table F5: Data collected for 2 mL reservoir with concentration gradient of 4.29 and 10.01 µM 
displayed on Figure 25 and 26. 
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