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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering
Author: Masoud Golshadi Advisor: Michael G. Schrlau

Dissertation Title: Carbon Nanotube Arrays for Intracellular Delivery and Biological
Applications

Introducing nucleic acids into mammalian cells is a crucial step to elucidate biochemical
pathways, modify gene expression in immortalized cells, primary cells, and stem cells,
and intoduces new approaches for clinical diagnostics and therapeutics. Current gene
transfer technologies, including lipofection, electroporation, and viral delivery, have
enabled break-through advances in basic and translational science to enable derivation
and programming of embryonic stem cells, advanced gene editing using CRISPR
(Clustered regularly interspaced short palindromic repeats), and development of targeted
anti-tumor therapy using chimeric antigen receptors in T-cells (CAR-T). Despite these
successes, current transfection technologies are time consuming and limited by the
inefficient introduction of test molecules into large populations of target cells, and the
cytotoxicity of the techniques. Moreover, many cell types cannot be consistently
transfected by lipofection or electroporation (stem cells, T-cells) and viral delivery has

limitations to the size of experimental DNA that can be packaged.

In this dissertation, a novel coverslip-like platform consisting of an array of aligned
hollow carbon nanotubes (CNTs) embedded in a sacrificial template is developed that

enhances gene transfer capabilities, including high efficiency, low toxicity, in an



expanded range of target cells, with the potential to transfer mixed combinations of
protein and nucleic acids. The CNT array devices are fabricated by a scalable template-
based manufacturing method using commercially available membranes, eliminating the
need for nano-assembly. High efficient transfection has been demonstrated by delivering
various cargos (nanoparticles, dye and plasmid DNA) into populations of cells, achieving
85% efficiency of plasmid DNA delivery into immortalized cells. Moreover, the CNT-
mediated transfection of stem cells shows 3 times higher efficiency compared to current
lipofection methods. Evaluating the cell-CNT interaction elucidates the importance of the
geometrical properties of CNT arrays (CNT exposed length and surface morphology) on
transfection efficiency. The results indicate that densely-packed and shortly-exposed
CNT arrays with planar surface will enhance gene delivery using this new platform. This
technology offers a significant increase in efficiency and cell viability, along with the
ease of use compared to current standard methods, which demonstrates its potential to
accelerate the development of new cell models to study intractable diseases, decoding the

signaling pathways, and drug discovery.
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Figure 4.7: SEM micrographs (35° tilted view) of CNT embedded Whatman
AAO membranes after (a) 2 hours of ion milling, and 2 hours of ion milling
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NaOH solution at room temperature. Insets: top view SEM micrograph of the
same parameter setting (Scale bars: 500 NM)..........cooiiiii i,
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solid line indicates the linear fit of experimental data and the dashed line
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Figure 5.2: Interaction and proliferation of cells on the CNT array device. (a)
SEM micrographs of L6 cells (false colored blue) cultured on CNT device after
48 hours (Scale bar: 5um), and (b) high magnification micrograph of cell-CNT
interface, showing engulfment of CNTs (false colored yellow) by basal
membrane of L6 cells (Scale bar: 500 nm). (c, d) Cell proliferation study of
HEK?293 cells on CNT array compared with tissue culture plate shows live cell
number and area covered by cells monitored at 3, 24 and 48 hours after seeding.
Error bars indicate the standard deviation of 20 sampled images for each case.
No significant difference in cell growth or cell area was observed between
control plastic and CNT devices (T-test resulted in p-values of 0.63, 0.20 and
0.29 for (c), and 0.95, 0.55 and 0.63 for (d), comparing control with CNT array
device after 3, 24 and 48 hours, respectively.)........ccocveiiiiieice s
Figure 5.3: Intracellular transfection of cells with membrane-impermeable dye
using CNT array. (a) Magnified fluorescent images of five HEK293 cells during
transfection, showing the live cells stained by calcein-AM dye imaged by GFP
fluorescent filter at t=0 minute, and (b) same cells during the CNT-mediated
transfection of 10 pM tetramethylrhodamine (dextran) imaged by Cy3
fluorescent filter at t=0, 7 and 16 minutes (Scale bar: 5 um). The background
fluorescence is due to diffusion of dextran into the growth medium through
open CNTs (with no cells blocking the exit opening).........ccccoevvvviiiniiieniciene,
Figure 5.4: Permeation control of tetramethylrhodamine (dextran) into cells. (a)
Brightfield image of HEK293 cells cultured on culture plate for 48 hours before
introduction of dextran, (b) fluorescent image of cells incubated in 10 pM
solution of dextran (dark spots indicate untransfected cells) after 20 minutes,
and (c) fluorescent image of the same cells after rinsing with PBS indicating

impermeability of dextran (Scale bars: 50 pM)......ccccovveviiieiieiesece e
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Figure 5.5: Intracellular transfection of cells with quantum dots by CNT array.
(@) Fluorescent images of live HEK 293 cells cultured on CNT array for 48
hours and stained with calcein-AM dye imaged by GFP fluorescent filter, (b)
cells during the transfection with Qdots (white arrows show the free floating
Qdots), and (c) same cells trypsinized and re-cultured in culture plate for 5
hours after transfection (Scale bar: 20 pm). The bright punctuate green
transfected Qdots are detectable on a uniform background of calcein-AM
SEAINMING. ..ottt b e bt b et e s bbb et nre e be e eneenae e
Figure 5.6: High efficiency dye transfer into cells using CNT array. (a) L6 cells
plated on CNT array and stained with 2 uM calcein-AM dye, and (b)
transfected with 75 puM propidium iodide after 14 minutes, and (c) merged
fluorescent image of a and b (Scale bars: 200 pum). (d) Flow cytometry results
of L6 cells transfected with propidium iodide using CNT array device.
Transfection indicated by rightward shift in the 670 nm fluorescence intensity
of injected cell population (red) compared to control uninjected (blue) cells.
Nine thousand cells were counted for each sample population..............cccceeerennee.
Figure 5.7: Permeation of propidium iodide dye into L6 cells at various
concentrations. Blue line indicates the control (cells with no staining).................
Figure 5.8: High efficiency plasmid transfection of cells using CNT array. (a)
Phase image of HEK293 cells, and (b) fluorescent images of transfected cells
with EYFP plasmid DNA, 48 hours after transfection, and (c) the merged phase
and fluorescent image of a and b (Scale bars: 100 um). (d) Flow cytometry
results of HEK293 cells transfected with plasmid DNA encoding YFP by CNT
array device. Transfection indicated by rightward shift in the 530 nm
fluorescence intensity of injected cell population (red) compared to control
uninjected (blue) cells. Twenty-five thousand cells were counted for each

SAMPIE POPUIALION. ... e

XX

110

111

112



Figure 6.1: Schematic illustration of the CNT array device fabrication
procedure. Fabrication process shows (a) carbon deposition by chemical vapor
deposition, (b) removing the amorphous carbon layer by oxygen plasma from
the surface, (c, d) exposing the CNT tips by reactive ion etching, (e) trimming
the exposed CNTs by oxygen plasma, and (f) re-exposing the CNT tips by
reactive 10N €LCNING... ..o e e e e
Figure 6.2: Exposing the CNT tips using two different fabrication protocols. (a)
Exposed length of CNTs as a function of reactive ion etching time for 1-step
(solid circle) and 2-steps (solid triangle) manufacturing processes. SEM
micrographs (35° tilt) of exposed CNTs after the first RIE process for (b) 2
hours, (¢) 3 hours, (d) 4 hours, and after the second RIE exposure for (e) 2
hours, (f) 4 hours and (g) 6 hours. Insets: top view SEM micrographs of each
parameter setting (Scale bars: 500 NM)......cooiiiiiii e
Figure 6.3: Proliferation and interaction of cells on the CNT array devices. (a,
b) Cell proliferation study of HEK293 cells on CNT arrays showing the effect
of exposed length of CNT tips and the surface roughness on live cell number
and area covered by cells monitored 48 hours after seeding. Error bars indicate
the standard deviation of 20 sampled images for each case. (X-axis error bars
have been removed for clarity). SEM micrographs (35° tilt) of HEK293 cells
(false colored blue) 48 hours after culturing on the CNT array devices
manufacturing by 1-step protocol after (c,d) 2 hours, (f, g) 3 hours and (i, j) 4
hours of RIE process (Scale bars: 5um). High magnification SEM micrographs
of cell-CNT interface, showing (d) the extensive deformation of the cell
membrane, (g) engulfment of CNTs by basal membrane, and (j) cell membrane
detachment from the CNT array device surface. (Scale bars: 1um). (e, h, k)
Schematic illustration of cell-CNT interaction for each parameter
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Figure 6.4: (a) The efficiency of transfected HK293 cells by plasmid DNA
encoding YFP as a function of CNT exposed length for CNT devices with non-
planar (1-step manufacturing process, solid circle) and planar (2-steps
manufacturing process, solid triangle) CNT tip morphology (Transefection
efficiencies have been normalized based on lipofection control experiemnt). (b)
The schematic illustration of the transfection setup. (c) Phase image of HEK293
cells, and (d) fluorescent image of transfected cells with EYFP plasmid DNA,
48 hours after transfection for the CNT array device marked by the dashed
square (Scale bars: 100 [UM).....cooiiieiree e
Figure 7.1: Attachment and growth of (a-f) H7 human embryonic stem cells
and (g-j) H7-derived neural stem cells on CNT array device and standard
coverslip for different surface coatings (Scale bars: 200 um). Live cells imaged
after calcein-AM and Hoechst labeling. H7 hESCs exhibit a typical, tightly
packed colony morphology with prominent nucleoli on both (a, b) glass
coverslip and (c-f) CNT array device. The white arrows show neural rosette
morphology on matrigel thin-layer coated (g, h) glass coverslip and (i, j) CNT
array surface. SEM micrographs (35° tilt) of CNTSs after surface coating with (K,
m) matrigel and () human recombinant laminin-521, indicating nanotubes with
no blockage (Scale bars: 500 NM).......oviiiii i e
Figure 7.2: Attachment and growth of POC16-7 P1 cortical neurons on CNT
array device (a-c) without surface coating, and with a coating of (d-f) a
combination of 0.2 pug/mL of poly-L-lysine and 0.2 pg/mL of laminin, (g-i) a
combination of 1 pg/mL of poly-L-lysine and 1 pg/mL of laminin, and (j-I)
with a combination of 5 pg/mL of poly-L-lysine and 5 pg/mL of laminin (Scale

bars: 200 um). Live cells imaged after calcein-AM and Hoechst labeling.........
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Figure 7.3: Cell attachment to the CNT array device and cell-CNT interface.
SEM micrographs (35° tilt) of (a) POC16-7 P1 cortical neurons plated on CNT
array device coated with poly-L-lysine and laminin (Scale bar: 20 um), (b) H7-
derived neural stem cells plated on CNT array device coated with matrigel
(Scale bar: 20 um) and (c) RAW264.7 macrophage cells plated on CNT array

device without surface coating (Scale bar: 2 um). All cells are false colored in

Figure 7.4: (a) The efficiency of transfected H7 human embryonic stem cells
(solid circle) and primary human skin cells (solid triangle) by plasmid DNA
encoding YFP as a function of CNT exposed length. Transefection efficiencies
have been normalized based on lipofection control experiemnt (Error bars are
the results of two experiments). Fluorescent images of transfected (b-f) H7
human embryonic stem cells and (g-k) primary human skin cells showing the
EYFP expression after transfection using the CNT array device and
conventional lipofection method (Scale bars: 200 pm).......cccoovveiiiiviiinnnne
Figure 8.1: Reusability of the CNT array devices. SEM micrographs (top view)
of CNT array devices after the first use for transfecting cells with plasmid
DNA, cleaned (a) at high temperature, (b) by storing in ethanol or (c) in
PBS/azide solution, followed by autoclaving after a post-process cleaning in
detergent and bleach, indicating nanotubes with no blockage (Scale bars: 1 pum).
(d, e) Phase images of HEK293 cells, and (f, g) fluorescent images of
transfected cells with EYFP plasmid DNA, 48 hours after transfection for the
second use of cleaned CNT array devices, indicating the possibility of reusing
them (Scale bars: 100 um). The CNT array device cleaned at high temperature
couldn’t be used for the second transfection due to curling of the membrane
after Cleaning......c.o i
Figure 8.2: Schematic illustration of the electrochemical setup for extracellular
NO detection using CNT array device. In this 2-electrode cell, the WE and RE
are used for voltage and current measurement..........co.vevvevievieeeeeeenienennn,
Figure 8.3: The current-voltage curve of the CNT array device, indicating the

linear metallic behavior of embedded CNTS. ...,
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Figure 8.4: Coating the back side of the CNT array device with a conductive
layer to provide better electrical connection with embedded CNTs. (a) SEM
micrograph of the CNT arrays after 6 minutes of patterned sputter coating with
Au/Pd (Scale bar: 100 pm). Inset: High magnification SEM micrograph (top
view) of the CNT arrays, indicating nanotubes with no blockage (Scale bar: 1
pum). (b) Line-scan EDS (black arrow in a) of the Au/Pd coated CNT array
surface, indicating the possibility of patterning the coating. (¢) SEM micrograph
(side view) of the CNT arrays after deposition of an aluminum layer using
metal evaporation (Scale bar. 2.5 pm). Inset: High magnification SEM
micrograph (top view) of the CNT arrays, indicating blocked nanotubes after
metal deposition (Scale bar: 1 um). (d) EDS analysis of the deposited aluminum
layer (black cross in c), indicating the Al Ka peak............coovviiiiiiiiiinnn.
Figure S1: Flat and curled membranes after the CVD process. The membranes
(@) without pre-process annealing will curl after the CVD, while the (b)
annealed membranes remain flat..............oo i
Figure S2: Histograms of the template pore diameter measurement using (a, b)
SEM micrographs of the surface of the Whatman 200 nm AAO membranes,
and (c) TEM micrographs of the resultant CNTS............ccoviiiiiiiiiiiin e,
Figure S3: Histograms of the template pore diameter measurement using SEM
micrographs of the AAO surfaces for (a, b) Synkera 150 nm and (c, d) Synkera
100 NM MEMBIANES. .. ...t e e e e e e et e e e e e eans
Figure S4: (a) Chemical vapor deposition (CVD) experimental setup, and the
AAO membranes (b) before and (c) after carbon deposition using CVD. The
dark black color indicates deposited carbon over the AAO surfaces................
Figure S5: The reflux column setup for wet chemical etching of AAO
membranes with controlled etchant temperature and molarity.......................
Figure S6: Fluid transportation through CNT array device. (a) Experimental
setup and (b) schematics of fluid transportation system using pressure gradient.
(c) Schematic illustration of the experimental setup for fluid transportation
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Figure S7: (a) Experimental and (b) schematic illustration of intracellular
TraNSTRCTION SEIUP ... ceu et e e e
Figure S8: Flow cytometry gates. (a) Gate for Pl dye was set for 0.2% (PI)
spillover of positive control untransfected L6 cells. (b) Gate defined in (a)
applied to L6 cells transfected with PI. (c) Gate for EYFP fluorescence was set
for 0.1% (EYFP) spillover of positive control untransfected HEK293 cells. (d)
Gate defined in (c) applied to HEK293 cells transfected with plasmid DNA
ENCOUING EYFP....oiiii ettt
Figure S9: Flow cytometry results of HEK293 cells transfected with plasmid
DNA encoding EYFP by lipofection. Transfection indicated by rightward shift
in the 530 nm fluorescence intensity of injected cell population (red) compared
to control uninjected (blue) cells. Thirty thousand cells were counted for each
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Figure S10: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP
fluorescence set for 0.2% (EYFP) spillover of positive control untransfected
HEK293 cells. Gates defined in a and b applied to HEK293 cells transfected
with plasmid DNA encoding EYFP using CNT array device after the first
reactive ion etching (RIE) process in 1-step manufacturing protocol for RIE
etching times of (c, d) 2 hours, (e, f) 2.5 hours, (g, h) 3 hours, (i, j) 3.5 hours
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Figure S11: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP
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Figure S12: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP
fluorescence set for 0.2% (EYFP) spillover of positive control untransfected H7
human embryonic stem cells. Gates defined in a and b applied to H7-hESCs
transfected with plasmid DNA encoding EYFP using CNT array device after
the second reactive ion etching (RIE) process in 2-steps manufacturing protocol
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hours, and also for (k, 1) lipofection control experiment.............ccoccveveveeieiiennnnn,
Figure S13: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP
fluorescence set for 0.2% (EYFP) spillover of positive control untransfected
primary human skin cells. Gates defined in a and b applied to primary human
skin cells transfected with plasmid DNA encoding EYFP using CNT array
device after the second reactive ion etching (RIE) process in 2-steps
manufacturing protocol for RIE etching times of (c, d) 0 hours, (e, f) 2 hours,
(9, h) 4 hours and (i, j) 6 hours, and also for (k, I) lipofection control
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CHAPTER 1

I ntroduction

Carbon nanotubes (CNTSs) are structures of carbon atoms linked as a molecule into a long,
hollow cylinder form. Because of their unique chemical, mechanical, electrical, and
optical properties and hollow structure, CNTs have been studied and employed in a
variety of applications such as cellular biology, electrochemical sensing, fluid
transportation and energy storage systems. Therefore, the manufacturing and utilization
of the unique properties of CNTs in a variety of configurations and nanostructures has
been among the areas that attracted the attention of researches in recent years. In this
chapter, a novel device consisting of an array of vertically aligned CNTSs is introduced
which has the potential to be used as a new platform for high efficient intracellular
delivery and other biological applications. To this end, the motivations behind this

research are first presented and the CNT properties are then categorized and explained.



1.1. Motivation

1.1.1. CRISPR/Cas9-Mediated Genome Engineering

The rapid development of CRISPR/Cas9-mediated (clustered regularly interspaced short
palindromic repeats) genome engineering [1] has opened the doors to unprecedented
genetic manipulation of human cells. However, genome engineering using homology-
directed recombination (HDR) with the CRISPR/Cas9n system requires the delivery of
multiple genetic elements into the target cell population. As illustrated in Figure 1.1,
these components include: two guide-RNA (gRNA) expression plasmids, a plasmid
expressing the Cas9n enzyme and single-stranded DNA template (HDR-template) that
encodes the sequence that is to be inserted into the genome. The transduction of these
multiple components using current transfection methods remains inefficient and
cumbersome, resulting in laborious down-stream screening steps to arrive at a

homogenous population of genetically targeted cells [1].

The CRISPR/Cas9 process is particularly inefficient in pluripotent stem cells; both
embryonic stem cells (ESC) and induced pluripotent stem cells (iPSCs). These stem cells
are important for the production of disease-relevant cell types that are otherwise not
readily accessible, such as cells from the brain, and due to population heterogeneity often
need to be made from the patient. There is therefore a need to conduct experiments with
IPSCs genetically matched to the patient that differ only by the gene mutation of interest.
The advent of CRISPR/Cas9n HDR technology now provides a unique opportunity to
overcome this limitation [1, 2]: by targeted genome engineering of patient-derived iPSCs

to reverse known mutations. To this end, a syngeneic cell line can be generated that



matches the original iPSC line, with the exception of the mutation(s) of interest. However,
co-delivery and transduction of all CRISPR/Cas9n HDR components is very inefficient
in pluripotent stem cells. In addition, selection of genetically engineered clonal cell
populations is difficult in pluripotent stem cells (ESCs and iPSCs) as the survival of
dissociated IPSCs is poor. Therefore, a new method for high efficient delivery of
CRISPR/Cas9 complex into cells such as ESCs and iPSCs with high cell viability is of
particular interest to be able to properly utilize this gene editing tool for various

biomedical applications and life sciences.

) Cas9
Guide Endonuclease

DonorDNA

Figure 1.1: Schematic illustration of the CRISPR/Cas9 components.

1.1.2.Cancer Immunotherapy

Cancer cells use several strategies to escape and suppress the immune system including
expression of weakly immunogenic antigens, downregulating or modulating the antigen
expression to evade immune cell detection, and inhibiting the effector immune cell

function through synthesis of various immune suppressants [3, 4]. These can result in a

3



failure to initiate and maintain adequate antitumour immunity, and consequently facilitate

tumour survival and progression.

T-cells (also known as T-lymphocytes) are among the widely distributed cells in
tissues and tumors, which have a key role in cell-mediated immunity and immune system
responses. Enhancing the function of the T-cells through genetic modification has
demonstrated the augmentation of the immune response for targeting specific tumors and
cancer cells [5, 6]. In other words, the antigen specificity of T-cells can be manipulated
by genetic modification and redirected to successfully target antigens that are expressed
by tumours. In particular, these modifications can be either by altering the specificity of
the T-cell receptor (TCR) or through introducing antibody-like recognition in chimeric
antigen receptors (CARs). These approaches provide T-cells with more specificity and

efficiency in term of targeting tumors.

Preparation and delivery of genetically modified T-cells starts by harvesting the T-
cells from a patient. The genetic modification of the T-cell is done by transduction of the
cells with viral vector (typically gamma retrovirus or lentivirus), which defines the most
critical step in manufacturing process. The modified T-cells are then transferred back to
the patient body, as illustrated in Figure 1.2. Despite the demonstrated clinical success of
this technique as a personalized immunotherapy method, the cost and complexity of the
manufacturing process associated with the utilization of viral vectors and transduction
methods restricts their production and inhibits their potential applications. This
necessitates the development of a novel and cost effective transfection method that can

facilitate a high efficient transduction process [7].
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Figure 1.2: Manufacturing and delivery process of genetically modified T-cells therapy.

1.2. Carbon Nanotubes and Carbon Nanostructures

Over the past century, carbon fiber research has progressed from carbon fibers and
filaments to carbon nanofibers and nanotubes [8]. The field has progressed from hollow
graphitic nanofibers to the higher-ordered structure of carbon nanotubes. In the first
decade after the discovery of multi-walled CNTs in 1991 [9], the majority of research
focused on the fabrication, characterization, and determination of properties for CNTs
and related structures. In the twenty-first century, one of the main focuses has been on
applying their unique qualities for applications in biological or biomedical and sensing

areas.



To simplify our discussion of a broad field, earlier proposed nomenclature is adopted
to describe all hollow tube-like carbon structures with at least one dimension of 100 nm
or less as carbon nanotubes [10]. Likewise, all solid fiber-like carbon structures with at

least one dimension of 100 nm or less is described as carbon nanofibers (CNFs).

Since the 1990’s, carbon nanostructures, such as CNTs and CNFs, have proven to be
one of the most versatile nanostructures in engineering, science, and medicine. Carbon
nanostructures have made broad and significant societal impacts, from enhancing
material composites and miniaturizing electronics to providing more efficient means of
storing energy and facilitating the early detection and treatment of disease. The diversity
and versatility of carbon nanostructures are what make them attractive and versatile for
many applications: carbon nanostructures are nanoscopic in size, have high length-to-
width aspect ratio, have a high surface to volume ratio, can have hollow geometry, are
chemically inert but can be easily modified to possess different surface chemistry, are
mechanically robust, have conducting or semi-conducting properties, and have unique

optical properties.

One of the most exciting applications for carbon nanostructures, and nanotechnology
in general, is in the field of biomedicine, where their versatility has the potential to
improve the detection of biological threats, efficiently and compactly monitor
environmental conditions and screen the health of patients, and detect the early onset of
disease. With their unique properties, carbon nanostructures can be used for various
biomedical applications; from in vivo targeted drug delivery and regenerative tissue

scaffolds to single cell probes and implanted sensors.



1.3. CNT Properties

The unique mechanical, electrical, chemical, thermal, and optical properties of CNTs and
CNFs are well reviewed [11-13] and will not be discussed here in great detail. In addition
to these properties, CNTs and CNFs have extremely large length-to-diameter aspect
ratios and high surface-to-volume ratios. Their characteristics depend primarily on their

structure and can vary significantly between the type and origin of the carbon material.

CNTs exhibit high tensile strength, stiffness, and ductility. For instance, single-wall
CNTs (SWCNTSs) have tensile strengths as high as 100 times that of steel, making them
the strongest known material [14]. CNTs also behave elastically. When pushed against a
hard surface, CNTs bend and buckle without fracture and return to their original shape
when force is removed [15, 16]. CNTs and related structures exhibit a wide range of
electrical characteristics. For example, SWCNTs can be metallic and semiconducting
depending on their helicity whereas multi-wall CNTs (MWCNTSs) exhibit a range of
electronic behavior (metallic, semiconducting, and semimetallic) [12]. CNTs with defect
sites, such as those grown using template-based synthesis methods, are good electrical
conductors yet can be annealed to further improve conductivity [17]. Additionally, the
reactivity of carbon surfaces varies greatly with surface microstructure, cleanliness, and
functional groups [18]. Thus, carbon nanostructures provide a diverse platform to attach
biomolecules for a variety of drug delivery, biological interfacing, and sensing

applications.



1.4. Biomedical Applicationsof CNTs

The unique properties of CNTs and other carbon nanostructures make them well suited
for a broad range of sensing applications. For example, the mechanical properties of
CNTs enables them to be used, among other things, as strain gauges [19, 20], pressure
transducers [21-23], torsional sensors [24, 25], textile-based sensors [26], atomic mass
sensors [27], fluid flow sensors [28] and displacement sensors [29]. The thermal
responses of CNTs can be used as thermometers [30, 31], environmental monitors [32, 33]
and infrared sensors [34], while their optical properties have found uses as strain gauges
[35], pressure gauges [36], and photodetectors [37]. Reviews of additional CNT-based

biological sensors can be found in literature [38-40].

1.5. Resear ch Objectives

Gene transfer into eukaryotic cells is an important tool for studying cellular biochemistry,
developing transgenic models, and manipulating pluripotent stem cells. Current gene
transfer technology including lipofection and electroporation suffer an inverse
relationship between high-efficiency transfer and cellular toxicity, and cannot efficiently
transduce important cell types such as primary neurons or stem cells. Viruses, on the
other hand, can deliver nucleic acids to a broad range of cells, but suffer from cell
toxicity and have a packaging size limit that precludes utilization of modern gene-editing
techniques such as CRISPR/Cas9. To overcome the foregoing limitations of conventional
agent transfer methods, microinjection using single-tipped devices is used to deliver

genetic material into target cells. One of the biggest disadvantages of these single-tipped



devices is the low transfection rate due to serial approach of nanoinjection, and
incapability of probing multiple cells in parallel, making the process time-consuming,
and resulting in significant toxicity from physical damage to the cells. As a result single-
tipped nanodevices have limited qualitative and quantitative abilities for analyzing
populations of cells. These limitations necessitate the development of a new
multifunctional platform capable of transfecting populations of cells with high efficiency
and low cytotoxicity. The platform should be able to deliver a variety of cargo sizes into
cells in a relatively short period of time. Additionally, it should be easy to use and
relatively cheap to manufacture to have superior advantages over the current transfection

techniques.

To this end, template-based nanofabrication method will be employed to produce a
novel coverslip-like device consisting of a vertically aligned, protruding array of
thousands of individually addressable CNTs that are both hollow and conductive, as
illustrated in Figure 1.3. Heterogeneous cells can be cultured on top such that the CNTs
are in contact with the adhered cells, providing electrical and fluid interfacing with each
cell, individually. In this configuration, several CNTs will be integrated with each
individual cell to enable high efficient intracellular transfection of populations of cells.
Positioned under a standard fluorescence microscope, thousands of cells can be
monitored while performing controlled transfection. The device will readily fit in a
standard cell culture plates and under fluorescence microscopes, expediting technological
dissemination and facilitating broad utilization, and is manufactured with simple, scalable

processes to facilitate commercialization.
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Figure 1.3: Schematic illustration of the concept of vertically aligned CNT-based array platform
for intracellular transfection of population of cells and biological applications.

1.6. Dissertation Overview

This dissertation presents the manufacturing, characterization and implementation of a
new CNT-based platform for intracellular delivery and biological applications, and the
results have been structured in 9 chapters. Chapter 1 introduces the motivations behind
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the research and the proposed CNT-based array device for intracellular delivery. Chapter
2 presents the literature review of the previous work on CNT array fabrication and
template-based manufacturing, along with the current tools and techniques for
intracellular transfection. The advantages of the methods provide a cornerstone for
fabrication of the CNT array platform, while the shortcomings motivate the research. It
also contains a comprehensive review of the CNT properties and available CNT-based
tools for cellular study and biological applications. Chapter 3 describes the template-
based manufacturing of the CNTs using commercially available templates. It discusses a
detail fabrication and characterization of CNTs and the effect of process parameters on
resultant CNTs. Chapter 4 presents the manufacturing process of the CNT-based array
device by comparing various nanofabrication methods for partial exposure of the CNTSs.
The chapter also includes the fluidic characterization of the CNT array device for two
different fluid transportation mechanisms. Chapter 5 demonstrates the application of the
CNT array device for high efficient gene delivery into populations of cells. Chapter 6
discusses the effect of geometrical properties of the CNT arrays on intracellular gene
delivery to optimize the transfection efficiency for an intended application. Chapter 7
demonstrates the successful utilization of the CNT array device for gene delivery into
hard-to-transfect cells such as primary and stem cells. The chapter compares the
transfection efficiency using the CNT array device with the current transfection methods.
Chapter 8 provides a summary of the research along with the available opportunities to
expand this research in a short or long term future. Finally, chapter 9 contains all the

references used in this dissertation.
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CHAPTER 2

Background

Building upon the unique properties of hollow CNTs and to create a multifunctional
platform for intracellular transfection and biomolecular detection, arrays of vertically
aligned CNTs were employed. Template-based chemical vapor deposition (CVD) is used
to synthesize the CNT array inside the pores of anodized aluminum oxide (AAO)
membranes as a sacrificial template. This method provides an effective process to
fabricate millions of aligned CNTs without the need for nanoassembly. In this process,
the choice of template dictates certain physical features of the CNT, such as length and
outer diameter, while the CVD process affects other features, such as tube wall thickness,
carbon deposition rate and carbon morphology. To this end, a comprehensive literature
review on various CNT-based devices for biological applications and the template-based
manufacturing of CNT using AAO membranes is presented in this chapter. Additionally,
the fabrication process of AAO membranes and the mechanism behind the oxide growth
is reviewed. Since the CNT array platform will be used to transfect population of cells,
current transfection techniques are introduced and the advantages and disadvantages of
each technique are discussed. Finally, a review on the vertically aligned array devices for

intracellular transfection of cells is presented.
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2.1. CNT and CNF-Based Devices

Carbon nanostructured devices come in many configurations depending on the desired
transduction and application. Configurations include scaffolds with nanotubes randomly
dispersed on their surfaces, substrates or electrodes consisting of aligned nanotube arrays
or forests, probes tipped with individual or bundled nanotubes, transistors made up of a
single nanotube or networks of nanotubes, or even three dimensional nanotube-based

electromechanical devices [41].

2.1.1. Devices with Randomly Oriented CNTs
Several sensor configurations are manufactured from randomly oriented CNTs, from
conductive CNT films and CNT-coated electrode surfaces to transistor-based sensors.
CNT films and composites are well suited for macro- and microscale sensing platforms,
such as smart wearable fabrics [42] and lab-on-chip devices [43], where concentrations of
analytes are above pM. Smaller electrodes, with tips ranging from hundreds on
nanometers to hundreds of micrometers, have been coated with CNTs to enhance their

sensitivity.

SWCNTs (Fig. 2.1a) were coated onto flame-etched carbon fiber nanoelectrodes and
utilized as electrochemical sensors (Fig. 2.1b) [44]. The CNT-modified electrode, with
tips ranging from 100-300 nm, exhibited overall detection capabilities in the nM range,
an order of magnitude lower than conventional carbon fiber electrodes of similar
geometry. These small electrodes would be well suited for electrochemical applications

in ultra-low fluid volumes or biological systems such as tissue or cells.
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Figure 2.1: Devices with randomly oriented CNTSs. (a,b) CNT-coated carbon fiber nanoelectrode.

Adapted from Chen et al. (2003). (c, d) CNT-based FET. Adapted from Li et al. (2003) (Scale
bars: 2 um).
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The size and high sensitivity of CNT-based field-effect transistor (FET) sensors
makes them well suited to detect trace analytes in restricted spaces. FETS, first developed
in 1998 [45, 46], have been made either by depositing or growing SWCNTSs onto a
SiO,/Si substrate then patterning connective electrodes or, in reverse order, patterning
electrodes and depositing SWCNTs over top. The former is the more common method
and has been used extensively by a few research groups. In this method, semiconducting
SWCNTSs are grown on SiO,/Si substrates by CVD from catalyst particles or islands. The

result produces randomly oriented nanotubes across the substrate. Electrical contacts are
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then patterned over the nanotube dispersion using shadow mask evaporation or electron
beam- or photo-lithographic processes. The resulting sensor can consist of either single
[47, 48] or networked [49] CNT-based FET sensors. The latter method has been used to
create larger interdigitated electrode (Fig. 2.1c) with reproducible performance, where, as
shown in Figure 2.1d, networks of randomly dispersed nanotubes lay on the electrodes to

bridge the fingers.

2.1.2. Devices with Vertically Aligned CNTs and CNFs
Sensing devices and cell culture scaffolds have been made from vertically aligned
(normal to the substrate) CNT and CNF forests and patterned arrays. The multiple
detection sites of vertically aligned CNT arrays improves the signal-to-noise ratios and
temporal responses orders of magnitude better than conventional flat electrodes of similar
size and material [50]. When grown in patterns, vertically aligned arrays enable
deterministic spatial resolution for a variety of sensing applications, e.g., plated living

cells.

Although different substrates and growth methods are used, vertically aligned CNT
or CNF devices are manufactured using a similar strategy, as shown in Figure 2.2. The
device occasionally utilizes non-conducting substrates such as SiO,/Si but typically
utilizes a conducting substrate, either in the form of a metal wire, sheet, or plate or a
substrate with a deposited metal film (Fig. 2.2a). Catalyst, such as Fe or Ni films or
nanoparticles, is then deposited on the substrate (Fig. 2.2b). For deterministic arrays, the

catalyst films are patterned. Plasma enhanced chemical vapor deposition (PECVD) is
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used to grow the CNTs or CNFs from the catalyst and vertically orient the tubes on the
substrate (Fig. 2.24c). These devices can be used as is so that the substrate and nanotubes
act as the sensor (Fig. 2.2d) or embedded in an insulating film to only expose the ends of
the nanotubes. In the latter, the insulating layer can be applied such that the nanotube tips
protrude (Fig. 2.2e) or polished so the tips are flush (Fig. 2.2f).
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Figure 2.2: Fabrication of vertically aligned CNT arrays and device configurations.

Methods were developed to grow vertically aligned CNTs from Fe nanoparticles
embedded into the pores of mesoporous silica [51] and CNFs from Ni films sputtered

onto glass [52]. These methods produced large-scale, well-aligned vertical carbon
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nanostructures that were isolated from one another. Methods were developed to grow
vertically aligned CNTs and CNFs arrays at predetermined locations by patterning the
catalyst on substrates (Fig. 2.3a) [53, 54]. These methods have since been utilized to
produce an assortment of vertically aligned carbon nanostructures using PECVD for
applications ranging from nanoelectrode ensembles for biosensing to needle arrays for

the parallel delivery of reagents to multiple single cells.

As shown in Figure 2.3b, arrays of conically shaped CNFs (200 nm tip diameter, 6-
20 pum long, deterministic nanofiber separation) were produced from Ni catalyst dots
deterministically patterned on Si substrates [55]. The planar arrangement, vertical
alignment, and small dimensions of the CNFs made them well suited to penetrate
multiple cells simultaneously and deliver surface-adsorbed DNA into the cells [56]. A
similar technique was later utilized to produce a nanoelectrode array of CNFs (30-160 nm
diameter, ~5 um long, deterministic nanofiber separation) from patterned Ni catalyst dots

on Cr-coated Si wafer [50].

Figure 2.3: Vertically aligned arrays of carbon nanostructures. (a) CNT array (Scale bar: 2 pm).
Adapted from Ren et al. (1999). (b) Patterned CNF array (Scale bar: 10 um). Adapted from
Melechko et al. (2003).
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CNT electrode ensembles consisting of a dense array of CNTs (15-80 nm diameter,
30-100 um long, 100-200 nm nanotube separation) were produced from an ion sputtered
Fe catalyst film on an Al-coated Si wafer [57]. As depicted in Figure 2.2d, the CNTs and
the conducting substrate act as the electrode and increase the electroactive surface area.
Nanoelectrodes were made from carbon nanopipettes (10-15 nm tip diameter, several
micrometers long) on Pt substrates [58] and low density arrays of vertically aligned
CNTs (50-80 nm diameter, 10-12 um long, >5 pm nanotube separation) from
electrodeposited Ni nanoparticles on a Cr-coated Si substrate [59]. To limit the
electroactive area to the tips of the CNTs or CNFs, these arrays can be coated with an
epoxy to insulate the conductive substrate to expose needle-like tips or surface-polished

to expose only the ends of the nanotubes.

2.1.3. Carbon Nanostructure-Tipped Devices

In contrast to CNT arrays, devices tipped with a single CNT or bundle of CNTs can
deterministically interrogate a single feature on a substrate or region of interest, such as a
single cell or intracellular location, with high spatial resolution. Carbon nanostructure-
tipped devices have been utilized in several applications, including scanning probe
microscopy (SPM), nanoscale electrochemistry, and cellular and intracellular studies.
Their utilizations differ from other CNT-based devices in that they provide remote

manipulation with nanoscale resolution and precise positioning of the sensor.

MWCNTs have been attached to the tips of atomic force microscope (AFM)

cantilevers to take advantage of the precise manipulation capabilities of the AFM (Fig.
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2.4a). By bringing the tip into contact with an adhesive and then a bundle of tubes
dispersed on a surface, CNTs can be adhered onto the surface of the tip [15]. These
devices, tipped with CNTs ranging from 5-200 nm diameters, were used for SPM of
surfaces [60-64] and probing and delivering cargo to cells [65, 66]. CNTs have also been
grown directly onto the tips of AFM cantilevers [67]. Although CNT-tipped AFM probes
are relatively easy to use and have high spatial resolution due to the AFM, they are

limited by fabrication, equipment, sensing and delivery capabilities.

Exposed Carbon Tip

Quartz Micropipette /;

Figure 2.4: Probes tipped with carbon nanostructures. (a) CNT-tipped AFM probe (Scale bar: 10
um). Adapted from Hafner et al. (2001). (b) CNT-tipped electrode (Scale bar: 90 um). Adapted
from Kaempgen and Roth (2005). (c) Carbon nanopipette (Scale bar: 5 um). Adapted from
Schrlau et al. (2008).

Instead of AFM tips, CNTs have been attached to the tips of thin wires using similar
contact assembly methods. One of the earliest examples of such a probe was made by

bringing the tip of a micron-sized Pt wire, coated with Ag-conducting epoxy, into contact
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with aligned MWCNTs (Fig. 2.4b) [68]. The conductive surfaces were insulated with
polyphenol. Afterwards, a 1 V negative potential in electrolyte was applied to expose
only the CNT tip of the probe. It was demonstrated that these MWCNT bundle-tipped

probes could be used as an electrochemical nanoelectrodes.

AC electric fields were used to capture bundles of CNTs at the tips of tungsten
microelectrodes to form nanoprobes with a macroscopic handle [69]. Two tungsten
microelectrodes were submerged in aqueous solutions containing either SWCNT or
MWCNT so that their tips opposed each other. By applying an AC field across the two
electrodes, CNTs were attracted to the regions with high field intensity to form narrow
bundles at the electrode tip. Instead of AC fields, magnetic forces have been employed to
position ferromagnetic CNTs at the tips of glass micropipettes [70]. Magnetic CNTs
placed inside a glass micropipette were driven to its tip by magnetic fields, upon where
the protruding CNT was fixed in place by epoxy. The magnetic positioning was later
replaced with an evaporative fluid flow technique to reduce manufacturing complexity

[71].

Glass micropipettes have also been used as templates for forming carbon
nanopipettes. Using CVD, a carbon film was deposited onto all the surfaces of the glass
micropipettes [72] or preferentially on the inner surfaces with catalyst [16] and CVD
process controls [73]. After the glass was selectively removed from the pipette tip, an
integrated CNT-like structure remained at the tip of the larger glass micropipette (Fig.

2.4¢). Diameters as small as 10 nm have been achieved with this technique.
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2.1.4. Enhancement and Selectivity

Several strategies have been developed to enhance the capabilities of carbon
nanostructures. Their surfaces can be functionalized, modified, and customized to
selectively detect molecules, chemicals, and biological material in liquid or gas phases.
Non-covalent attachment can be utilized to preserve the structure of CNTs by adsorbing
material onto their surface. Covalent attachment needs the surface of CNTs to have defect
sites, often requiring the surface to be chemically activated in order to bind molecules to

their surface. Alternatively, CNTs can be embedded or filled with material.

Surfaces of CNTs can be modified by non-covalent attachment. A simple method is
to deposit material onto CNTs through incubation or drying steps. For example, CNT-
coated glassy carbon electrodes were incubated in a combination of proteins and
surfactants to enhance interfacial electron transfer [74] while single-stranded DNA were

deposited and left to dry on top of CNT-based FETSs in order to detect vapors [75].

A more elegant method is to use adsorption of aromatic compounds. In general, this
strategy involves first attaching linker molecules to hydrophobic surfaces of carbon
nanotubes via pi-pi stacking. Subsequently, nanoparticles, molecules, or proteins are then
attached to linker molecule. For example, this method was used to selectively bind to
streptavidin [76]. The surfactant poly(ethylene glycol) or PEG, was used to bind to
hydrophobic CNTs to prevent the non-specific binding of proteins to their surface.
However, when CNTs were coated with diamino-PEG, amine-reactive protein reagents
(in their case amine-reactive biotin) could be bound to the CNTs. This gave the CNT

selectivity by only permitting selective binding to high affinity molecules, in this case
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streptavidin. These methods were used with several different linker molecules and
selective reagents (proteins, receptors, even chemicals) to enhance the selectivity of FETs

and chemical sensors [43, 48, 77].

Covalent functionalization is accomplished by chemically attaching molecules to the
CNT surface and are reviewed in detail [78]. In general, CNTs that lack defect sites need
to undergo processes, such as sonication, acid treatment, electrochemical oxidation, or
plasma treatment, to activate their surface and provide hydrophilic surface functional
groups for covalent attachment. CNTs and CNFs that have defect sites, such as those
grown from template-based synthesis methods, will have binding sites but often still

require a degree of surface activation.

A common approach is to use two linker molecules to covalently attach biomolecules
to the surface of CNTs. CNTSs are first activated by acid, electrochemistry, or other means
to produce carboxyl functional groups on their surface. CNTs are then incubated in
standard coupling agents, such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and derivatives of N-hydroxysuccinimide (NHS) or 2[N-morpholina]ethane sulfonic acid
(MES). The combination of the linker molecules allows biomolecules to bind to the CNT
surface by forming linkages between the biomolecule amine groups and CNT carboxyl
groups. This functionalization method has been successful in many applications, for
instance, attaching peptide nucleic acid to CNTSs to preferentially bind to DNA sequences
[79], attaching DNA to the surface of magnetic CNTSs for intracellular delivery [80], and

binding glucose oxidize to CNTs for the electrochemical detection of glucose [81].
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Several methods have been developed to make CNT-nanoparticle hybrids. The tips
of CNT-based nanoelectrodes were coated with Au, Fe, and Ag nanoparticles using short-
pulse, non-thermal corona discharge in liquids containing metal-salt solutions [82]. Metal
nanoparticles can also be attached to CNT surfaces through electrostatic interactions. A
positively charged polyelectrolyte was used to attach negatively charged Au
nanoparticles to the negatively charged surface of acid treated nitrogen-doped MWCNTS
[83]. Electrostatic functionalization was also utilized to attach gold nanoparticles to the
surfaces of CNT-tipped probes to enable surface-enhanced Raman spectroscopy (SERS)

[71, 84].

Besides attachment to CNT surfaces, nanoparticles can be embedded into CNTs or
filled inside. For instance, CNTs grown by catalytic PECVD contain ferromagnetic
nanoparticles enclosed in their tips. It was demonstrated how vertically aligned CNTs
grown from Ni could be manipulated by external magnetic forces and be directed to spear
cells [80]. Similar capabilities were demonstrated by embedding iron oxide nanoparticles
into the walls of CNTs [85] or filling them with magnetic nanoparticles [86] or smaller

carbon nanostructures [87] during template-based CNT synthesis processes.

2.2. CNT Fabrication

CNTs of various diameters, lengths, and structure can be fabricated using different
methods, including electric arc discharge [88-91], laser ablation [92, 93], catalytic
chemical vapor deposition (C-CVD) [94], catalytic PECVD [13], and template-based

CVD [11, 95-97]. Electric arc discharge and laser ablation are very efficient methods for
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producing high quality SWCNTs and MWCNTSs in large quantities. Nanotubes are
obtained by removing unwanted carbon particles and other material through complex
purification and filtering processes. CNTs made in this fashion are free to be suspended
and utilized in random dispersions. CNTs are also produced in quantity by CVD methods.
In general, CVD involves the decomposition of hydrocarbon gases to controllably
synthesize CNTs and CNFs. In C-CVD, the size of catalyst particle controls the uniform
diameter of the carbon products. Catalyst particles can be prefabricated into patterned
arrays to produce well-aligned CNT assemblies [51, 98]. The location, alignment,

geometry, and structure of CNTs can be controlled during synthesis.

As an extension of CVD processing, CNTs can be produced by depositing carbon
inside porous substrates like glass capillaries or AAO [95]. The template is removed to
get aligned arrays [11, 99], individual nanotubes, or single integrated nanostructures [16,
72, 73]. Template-synthesis processing allows CNTs to be produced in various
dimensions, geometries, and shapes, as well as produce customized nanotubes with wall-

embedded nanoparticles [85] or nanoparticle-filled inner bores [86].

2.3. Template-Based Manufacturing of CNTs

Template-based manufacturing is a method of synthesizing a wide range of materials in
micro and nano scale and with a desirable morphology. In this method, a central structure
with nano-scale network is utilized as a template to form desirable nano-structures within
its features. After template removal, the remaining products will have morphological

shapes relative to those of the template, as shown in Figure 2.5. Pioneered by Charles R.
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Martin in 1994 [95], membrane-based, or more generally template-based synthesis, has
proven to be an effective, scalable, and versatile method for manufacturing of nano-
structures. This method has since become one of the main techniques to form features
such as nanotubes, nanorods, nanowires, and nanoparticles from metallic,
semiconducting, and dielectric materials, and its use has been extended to physical guides
for catalytic nanostructure growth and also lithography masks [100]. Using this
nanomanufacturing technique eliminates the need for nanoassembly and reduces the
fabrication cost. There are various types of porous templates that can be employed for the
manufacturing of nanostructures such as track-etched polymeric membranes, AAO

membranes, silica membranes and other nanoporous templates.

The track-etched membranes are produced by bombarding a nonporous sheet of the
desired material (usually polymers) with nuclear fission fragments to create damage
tracks in the material, and then chemically etching these tracks into pores (Fig. 2.5a)
[101]. The process can provide randomly distributed cylindrical pores with diameters as
small as 10 nm and the pore density of around 10° pore/cm? [101]. Moreover, silicon
wafers can be prepared as a template using the well-known photolithography technique.
For instance, individual SWCNTSs have been synthesized using iron catalyst arranged in

fabricated pores in silicon wafer [102].

AAO membranes, on the other hand, are self-organized and highly ordered porous
structures that can be formed via oxidation on top of a pure aluminum layer through an
electrochemical process (Fig. 2.5b). Pore diameters in range of 5 nm to several hundreds
of nanometers with pore density as high as 10" pore/cm? is achievable. Due to the
flexibility of the fabrication process for achieving controllable pore diameter, length and
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distribution, AAO membranes can be utilized for a variety of nanotechnology
applications such as molecular filtering, fabricating nanowires and nanotubes, variety of
sensors, electro-osmotic pumps and biological applications including cell culturing and
tissue engineering [103, 104]. Highly ordered porous structure of AAO membranes along
with controllability of their pore dimensions (diameter and length) and the ability to
tolerate high temperature (up to 800 °C) are among their advantages in comparison to
other templates. Moreover, the geometry of pores can be readily controlled to form not
only uniform cylindrical shapes, but also pores with modulated diameter [104]. However,

the fragility of these membranes can hinder their applications and needs to be addressed.

The aforementioned templates are utilized in a variety of fabrication processes and
almost any type of material can be synthesized inside their pores. In electrochemical
deposition, for instance, one side of the templates is covered by a conductive layer to be
used as a cathode electrode and then, the volume of the pores is continuously filled up
with the material in question, beginning from the pore bottom. Therefore, the shape and
length of the deposited structure can be controlled by template morphology and

deposition time, respectively [105].
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Figure 2.5: SEM micrographs of (a) track-etched (Scale bar: 1 um) and (b) AAO templates
(Scale bar: 50 nm). Adapted from Martin et al. (1994). (c) Schematic illustration of CNT
fabrication by non-catalytic template assisted CVD. Carbon is deposited on AAO membranes by
CVD. The AAO is chemically etched away to release the CNTs formed inside the AAO pores.

2.4. AAO Membranes

Metallic oxide layers have been used to prevent corrosion in seaplanes for about 90 years.
Aluminum metal naturally reacts with atmospheric oxygen and creates a protective oxide
layer. But there are two different types of oxide that can be grown on aluminum: the non-
porous barrier oxide and the nano-porous alumina. The former type is thinner and has a
protective characteristic against corrosion and wears while the latter one is thicker and
has a porous structure. This porous oxide layer can be fabricated on aluminum sheets
using a simple electrochemical process. Anodization mechanism and pore formation was
first established and studied by Keller et al. in 1953 [106]. In this process, an aluminum

sheet is connected to the anode electrode of an electrochemical cell and by controlling the
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voltage and current density passing through the cell, pore diameter, pore density and

thickness of the oxide layer can be controlled.

In general, the anodization process starts with a very pure aluminum sheet. First, the
sheet is degreased and electropolished to eliminate any contamination and oxide layer
from the surface. This is followed by annealing process in which the sheet is cooked in a
temperature close to two-third of the aluminum melting point for several hours to release
residual stresses and provide proper sites for nucleation in the next step. Since during the
annealing process, the aluminum grain size increases and the surface becomes rougher
with larger grain boundaries, lots of defect sites will be created for nucleation [103]. Then,
anodization is done in an electrochemical cell to fabricate the desirable porous structure
by controlling the electrolyte type and concentration, anodic voltage, cell temperature and
anodization time. This process results in an ordered porous nanostructure which can be
used as a template in other micro- or nanomanufacturing techniques. The anodization
process can be done in one step or two steps. Masuda et al. was the first to establish the
two-step anodization [107]. In this technique, after the first step, the porous oxide layer is
removed from the surface and then, the second step is done in the same condition as the
first one but in a shorter period. This technique results in a highly ordered structure of
pores embedded inside hexagonal shaped cells (Fig. 2.5b) due to the fact that the second
step utilizes the organized nucleation sites from the first step which will be explained in

detail later.

It is worth noting that the pre-texturing of the aluminum sheet is the most important
step of the whole process. This is because the pore nucleation mechanism is a
combination of both random nucleation and nucleation due to surface defects such as
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scratches, pits and grain boundaries. These nucleation sites can be produced on the
surface by the tip of scanning probe microscope, the tip of atomic force microscope [108],
focused ion beam lithography [108], or reactive ion etching [109]. Moreover,
hexagonally arranged polystyrene spheres [110] or colloidal crystal nanospheres have
been utilized as a stamp to form organized defects on the aluminum surface during the
pre-texturing process [111]. Although these techniques can provide anodization sites free
of imperfection and in a desirable order, they are very time consuming, are not cost
effective and require special tools. Therefore, using the simple annealing process along
with the two-step anodization is one of the most popular fabrication processes of AAO

membranes among researchers.

Although the actual mechanism of pore formation in anodized aluminum oxide is not
clear yet, there are several theories which try to explain this phenomenon [112, 113].
Figure 2.6 schematically illustrates the processes involve in the formation of the oxide
layer. One of the first theories about AAO nucleation was presented by Thompson and
Wood in 1970 [114]. According to their theory, during the surface preparation, small
cracks and pits are created. As anodization starts, the pores grow over that cracks and
surface imperfections which lead to variation of electric field on the surface in such a
way that a higher electric field is formed at regions with a thinner oxide layer. Higher
electric field adds to the local dissolution rate of the oxide in electrolyte causing the
bottom of the pores to be deepened. The growth of barrier oxide is determined by the
electric field at the metal/oxide interface while the local electric field at the
oxide/electrolyte interface along with local heat determines the oxide dissolution rate at

this point. The growth rate of the pores has been shown to be independent of the pore
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bottom curvature while the dissolution rate increases as the radius of curvature decreases.
It means that as the pore radius of curvature decreases due to oxide growth, the
dissolution rate increases and enlarges the pore until the point that the curvature is too big;
and therefore, dissolution slows down and the oxide growth dominates. These two

competing processes keep the pore radius constant.
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Barrier Layer

Figure 2.6: Schematic illustration of the processes involved in oxide formation over aluminum.

Li et al. introduced a new theory to better explain the pore formation in this process
[112]. The baseline of their theory is also the electropolishing and creation of cracks and
pits. By using SEM images, they illustrated that nanometer pits with density of around
10'°-10* pits/cm® appear on the aluminum sheet surface after annealing and
electropolishing. According to this theory, since the initial oxide layer on the surface is
very thin and nonuniform, the electric field and ionic current density is larger at the pit
bottom than between the pits. Therefore, the dissolution rate is higher at the pore bottom,

o

leading to formation of nucleation sites. Aluminum ions, Al°", are formed at the

metal/oxide interface by reaction (2.1) and migrate into the oxide layer. Meanwhile, the
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O% ions produced at oxide/electrolyte interface through reaction (2.2) migrate toward
metal/oxide interface, due to the electric field, and form Al,Os. At the oxide/electrolyte
interface, the hydronium ions produced by reaction (2.2) dissolve the aluminum oxide
through reaction (2.3) with a reaction constant rate smaller than oxide formation reaction,
resulting in formation of the pore sidewalls. Also, the hydronium ions migrate toward the
cathode to complete the circuit, releasing hydrogen gas through reaction (2.4). At the
interface of the pore sidewall and hemispherical pore bottom, the reaction (2.2) happens
while the reaction (2.3) does not occur, leading to formation of the sidewall from the
bottom and evolution of the wall towards the top. It means that the new layer of oxide is
created at the base and the older oxide goes upward. Formation of hydronium ions can
happen by other reactions like (2.5), (2.6) and (2.7) which are dependent on the type of
the electrolyte of the process. As explained before, these hydronium ions participate in
the dissolution reaction of oxide; and therefore, selecting a proper electrolyte for

balancing the oxide formation and dissolution reactions is crucial.
Reaction (2.1): Al(s) — A3 (oxide) + 3e~

Reaction (2.2): §H20(1) - 3H"(aq) + %Oz_(oxide)

Reaction (2.3): 5 Al;03(s) + 3H (aq) - AP*(aq) + > H,0()
Reaction (2.4): 3H*(aq) + 3e™ — +§H2(g)

Reaction (2.5): HSO, (aq) — SO, (oxide) + H*(aq)

Reaction (2.6): H,P0,~ (aq) = HPO,* (oxide) + H* (aq)

Reaction (2.7): HP,0, (aq) = C,0,° (oxide) + H*(aq)
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Fabrication of the desired AAO membranes with a specific pore density, pore
diameter and thickness can be done by controlling and adjusting several factors such as
electrolyte type, electrolyte concentration, anodization time, anodization voltage and cell
temperature. Different studies have been done to investigate the effect of each factor on
the resultant AAO membranes [115-117]. To fabricate porous oxide from an aluminum
sheet, proper voltage and current density is required. Increasing the voltage can
exponentially increase the current density; leading to higher oxidation rate. Moreover,
increasing the temperature can also increase the current density. It should be noted that
high oxidation rate due to higher current density causes the formation of nonuniform
pores. Therefore, a slower process is desirable to reach a proper well-organized porous
structure. In other words, longer anodization time can improve pore arrangement. Pore
diameter can also be varied by voltage, temperature and time. Increasing the anodization
potential, temperature and anodization time, increase the pore diameter. The relationship
between pore diameter and voltage is linear while the effect of the other two factors can
be linear or quadratic, depending on the electrolyte type and the type of anodization
process which can be one-step or two-steps. Interestingly, neither temperature nor the
time of anodization effect center-to-center distance between the pores. On the other hand,
increasing the potential can linearly increase the interpore distance [103]. The higher the
proportional constant, the faster the increase rate of pore diameter with potential. Since
the porosity is a quadratic function of pore diameter and interpore distance, and because
both of these parameters are linear functions of applied potential, one can conclude that

the porosity is a quadratic function of the anodization voltage.
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The pH of the solution is yet another effective factor on AAO pore formation. In
order to form porous oxide over an aluminum sheet, the electrolyte should have a pH less
than 5 to slow down the dissolution rate of the formed oxide by electrolyte. A pH of
higher than 7 is utilized for the creation of non-porous barrier oxide. Therefore,
electrolytes with basic characteristics tend to produce oxides that are harder, thicker, less

porous and more wear resistant than those with more acidic properties [103].

Fabrication of AAO membranes is done under a variety of conditions. Recent review
articles have highlighted the versatility of the manufacturing parameters and structural
engineering [103, 104]. Table 2.1 is also summarizing the factors employed by different

groups for AAO manufacturing.

Table 2.1: Various process parameters to fabricate AAO membranes with controlled pore

diameters.
Concentration Time Temperature Pore Diameter

Electrolyte M) Voltage (V) ) C) (nm) Ref.

0.3 40 4 Steps 15 53-73 [118]

o 0.3 20-60 05,1,2 35-50 20-100 [115]

Oxalic Acid 03-05 3050 8 17 40-80 [116]

0.2 40 2 Steps 18 43 [119]

Phosphoric 0.3 195 16 0 300 [107]

Acid 0.3 32-200 NS 0 80-480 [111]

o 0.5 18 NS 10 70 [120]
Sulfuric Acid

uturic Act 19 15-70 031 0 10-50 [121]

2.5. Detection of BiomoleculesUsing CNTs

CNT-based sensors are attractive for detecting biomolecules commonly found in aqueous
environments. For instance, researchers utilized vertically aligned CNT arrays [57] to
bind DNA to the surface of CNTs [122], detected RNA, DNA, and DNA PCR amplicons

in solution [50, 123, 124], and even delivered DNA plasmids into cells [56]. For the
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detection applications, CNT-based devices were manufactured and DNA probes were
covalently attached to the ends of CNTs using the EDC/sulfo-NHS method. When
combined with the Ru(bpy)32+ mediated guanine oxidation method, the CNT-based
sensor was capable of detecting less than a few attomoles of oligonucleotide targets,
showing orders of magnitude improvement in sensitivity over other electrochemical
detection of DNA immobilization [124], as well as detecting low number of PCR
amplicon targets comparable to fluorescence-based DNA microarray techniques [123].
These detection capabilities were later summarized [50]. The electronic platform
facilitates DNA and RNA detection and makes it possible to be integrated into hand-held

microfluidic lab-on-chip devices.

Although their sensing capabilities were first demonstrated with the detection of
gases and vapors, CNT-based FETs were soon utilized in electrolytes [125] to detect
chemicals and biomolecules in aqueous environments. The development of such
SWCNT-based FETs with the selective binding and recognition of target proteins was
reported [48]. FETs were manufactured by dispersing a network of polyethylene oxide
(PEO)-functionalized SWCNTs between two electrodes. The PEO coating, non-
covalently bound to the CNT surface by pi-pi stacking, strongly prevented nonspecific
binding. However, when its hydroxyl termini were activated, the receptors of specific
targets could be conjugated to the PEO-coated CNTs to enable selective binding of target
proteins. CNT-based FETs conjugated with staphylococcal protein A (SpA) were
extremely sensitive to the addition of a protein that has a high affinity to SpA (i.e. 19G

protein) but showed negligible response to others.
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The in situ biomolecules detection has been done by SWCNT-based near-infrared
sensors. These optical sensors detect the presence of specific targets by monitoring the
fluorescence of functionalized SWCNTSs at wavelengths that are transparent to biological
tissue (900 — 1600 nm). In one application, a porous vessel containing glucose oxidase-
coated SWCNTs was implanted beneath a human epidermal tissue sample [126]. The
implanted sensor was capable of distinguishing between slight variations in local glucose
concentration within the range of blood glucose. In contrast to flux-measuring
electrochemical glucose sensors, concentration-measuring optical sensors were less prone
to biofouling and significantly more stable over longer periods of time [127]. Detecting
DNA hybridization and conformational polymorphism in cells with similar sensors has

been also reported [128, 129].

2.6. Single Cell Probes and Sensors

CNT-tipped probes offer the ability to probe small aqueous environments, such as ultra-
low volumes of liquids or single living cells. In contrast to CNT arrays or planar
configurations, CNT-tipped probes are needle-like configurations that can be easily
maneuvered to interrogate regions of interest in such things as fluid droplets, single cells,

or living tissue.

As discussed earlier, CNT-tipped AFM cantilevers were some of the first CNT-
tipped probes to be developed [15]. With high spatial resolution and precise manipulation,
CNT-tipped AFM cantilevers were used in SPM applications [60-64] and were able to

probe and deliver surface bound cargo to cells [65, 66]. Despite their relatively easy use

35



and high spatial resolution, these CNT-tipped probes were limited by laborious
fabrication and inadequately suited for fluid delivery to and electrical sensing of discrete
fluid volumes. In contrast, the development of CNT-tipped pencil-shaped probes and
their utilization in biological sensing have progressed more rapidly. This is mostly due to
their ability to readily fit standard cell physiology equipment such as optical microscopes,

micromanipulators, cell injection systems, and electrophysiology amplifiers.

One of the earliest CNT-tipped biological sensor reported was a SWCNT-coated
carbon fiber nanoelectrode (100-300 nm tip diameter, as shown in Figure 2b) [44]. Using
cyclic voltammetry, the CNT-tipped electrode could detect dopamine, epinephrine, and
norepinephrine at concentrations an order of magnitude lower than non-coated probes.
The demonstration was significant because the dimensions of the CNT-tipped probe
would make it possible to study the functions of living cells and tissue with minimal
intrusion. Additionally, the pencil-like shape of the probe readily fit standard cell

physiology equipment and facilitated its use.

Several pencil-shaped probes tipped with a single or bundle of CNTs were developed
afterwards. Of note, it was reported that a probe tipped with a bundle of MWCNTSs could
be used as an electrochemical sensor [68]. This demonstration helped inspire the
development of CNT-based probes to measure intracellular signals [130]. Referred to
earlier as carbon nanopipettes (CNPs), these CNT-tipped probes were used to penetrate
the membrane of single living cells and electrically measure changes in their
transmembrane potential upon extracellular chemical and pharmacological stimulation. It
was later shown that a CNT-tipped probe was capable of electrically stimulating and
measuring intracellular and extracellular responses more efficiently than the electrolyte-
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filled glass micropipettes typically used in cell electrophysiology [131]. It was found that
similar CNT probes had comparable performance to conventional Ag/AgCl (silver/silver
chloride) electrodes when employed to monitor both extracellular and intracellular neural
activity [132]. Recently, CNT-tipped endoscopes have been developed to provide
minimally invasive, multifunctional single cell analysis such as intracellular injection,

electrochemistry, and SERS [71, 84, 133].

2.7. Intracdlular Transfection Techniques

In recent years, growing interest towards manufacturing of nanoscale devices and
methods for better monitoring and understanding of cellular behavior has enabled
significant advances in biomolecular science, medical researches and therapeutic
applications including gene therapy [134], cancer research [135], cell fate control [136]
and direct interfacing with intracellular plasma [137, 138]. Such devices and methods
should not only be biocompatible, but also facilitate simultaneous and parallel delivery of
extracellular reagents into cells through bypassing the cell plasma membrane, with high

cell viability and minimal effect on cell functionality.

Intracellular delivery of foreign molecules such as drugs and genetic materials can be
accomplished by using chemical or biological reagents like liposomes [139], endosomes
[140], or using viral vectors [141], electroporation [142], ionophoresis [143] and
microfluidic techniques [144]. As illustrated in Figure 2.7, using lipofection, the genetic
materials are transferred into the cells by packaging with liposomes; in electroporation,

the cell lipid bilayer is punctured by an electric field to allow exogenous material to be
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transferred inside the cell; by using viral vectors, the genetic materials are delivered by
genetically modified viruses; and the microinjectors act as needles for intracellular
delivery. Low efficiency of biomolecular delivery [145, 146] and invasiveness of some of

these techniques [147, 148] limit their potential applications and impact.

Microinjection

Figure 2.7: Schematic illustration of the current available intracellular gene transfection
techniques.

Cellular injection is yet another delivery method in which nanowires or nanotubes
penetrate cell membrane in order to deliver targeted reagents, promises a powerful tool
for cellular biology in terms of controllability, compatibility and ability to directly
address individual cells. Intracellular injection of biomolecules has been conducted by
two main platforms of single-tipped [149, 150] and arrayed devices [151, 152]. For
instance, a single-crystalline Au nanowire has been fabricated to deliver linear DNA
fragment and plasmid into the nucleus of single living cell with high temporal and spatial

selectivity [153]. Cytotoxicity and biocompatibility studies of these devices as a tool for
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drug delivery show high cell viability in cell therapy and cancer treatment [154].
Bioprobes interfaced with an atomic force microscope consisting of microfluidic channel
have been developed to introduce biomolecules into living cells in physiological
environment [155, 156]. Vertically aligned nanowires and nanotubes have also been
employed as yet another method for intracellular delivery of exogenous substances into
the cell cytosol. This has been done by either attaching the biomolecules to the nanowires
for cell uptake [157, 158] (Fig. 2.8a), transporting the reagent through the inner lumen of
the nanotubes using electroporation [142, 159] (Fig. 2.8b), or through direct fluidic
access into the cell cytoplasm using pressure gradient [160] or concentration gradient

[161] in a microfluidic channel (Fig. 2.8c).

2.8. CNT-Based Platformsfor Intracellular Delivery

CNT-based devices show significant promise in biological applications, such as single-
cell probing and electrochemical sensing due to their small size and unique mechanical,
chemical and electrical properties [162]. Both single-tipped and array device platforms
have been fabricated using CNTSs in order to utilize their multifunctional properties. For
instance, biological probes consisting of individual CNTs have been developed to probe
single living cells [16], controllably inject sub-attoliter volumes of fluids and particles
into cells [163] and electrically measure membrane kinetics of cells [130]. These devices
are minimally invasive to the cells and capable of delivering exogenous molecules into
the cells, along with monitoring and studying cellular behavior through various detection

techniques. However, their low injection throughput due to serial approach of
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nanoinjection and incapability of probing multiple cells in parallel limit their qualitative
and quantitative utilization to study multiple individual cells and cellular behavior in
tissue form. Automated and robotic microinjection systems have also been developed to
facilitate high throughput serial injection and monitoring of the injected cells [164, 165].
Yet the feasibility, reproducibility and accuracy of the systems rely on expensive tools

such as nanomanipulator and complicated image processing software.

However, CNT-based array platforms can overcome the limitations of single-tipped
tools [166] (Fig. 2.8d). These platforms can be used to deliver DNA or RNA into
population of cells with relatively high efficiency and low cytotoxicity [167, 168]. CNT
arrayed devices have also been used as an electrochemical electrode for sensing several

biological reagents with known concentration [169, 170].
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Figure 2.8: Vertically aligned array devices for intracellular delivery. (a) Array of silicon
nanorods (Scale bar: 1 um) for intracellular delivery of SiRNA, peptides and plasmid DNA into
primary neurons (Scale bar: 10 um). Adapted from Shalek et al. (2010). (b) Array of aluminum

oxide nano-straws (Scale bar: 100 nm) for intracellular delivery of fluorescence dye and plasmid
DNA into CHO cells (Scale bar: 1 um). Adapted from Xie et al. (2013). (c) Array of aluminum
oxide nanotubes (Scale bar: 1 um) for intracellular delivery into mouse fibroblasts (Scale bar: 5
pum). Adapted from Persson et al. (2011). (d) Array of aligned CNTSs (Scale bar: 200 nm) for
intracellular delivery of plasmid DNA into human mesenchymal stem cells (Scale bar: 200 nm).
Adapted from Park et al. (2009).
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CHAPTER 3

Template-Based M anufacturing of Carbon Nanotubes

Template-based chemical vapor deposition is an efficient one step process to synthesize
CNTs for a wide range of applications. In this process, the choice of template dictates
certain physical features of the CNT, such as length and outer diameter, while the process
itself affects other features, such as tube wall thickness, carbon deposition rate and
carbon morphology. In this chapter, various commercially available AAO templates are
characterized to be utilized as a sacrificial template for carbon deposition. A systematic
parametric study is conducted to determine how three key process parameters (deposition
time, temperature, and gas flow rate) affect overall carbon mass deposition rate and CNT
wall thickness and morphology. The findings show that process parameters can be
independently utilized to produce CNTs with similar or differing cross-sectional

dimensions and other useful features, each with distinct advantages.

3.1. Commercially Available AAO Membranes
In order to provide a universal, reproducible and cost effective fabrication process for a

device that can be utilized in a variety of biological and biomedical applications,
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commercially available AAO membranes were used as a sacrificial template. The
membranes were characterized using scanning electron microscopy (SEM) to evaluate

pore quality and measure pore diameter and interpore distance.

3.1.1. Experimental Procedure
Commercially available AAO membranes were used as a sacrificial template for carbon
deposition. AAO membranes with 100 nm (Synkera UniKera, Cat. No.: SM-100-50-13,
nominal pore diameter: 100+10 nm, nominal thickness: 50£1 um), 150 nm (Synkera
UniKera, Cat. No.: SM-150-50-13, nominal pore diameter: 150£10 nm, nominal
thickness: 50+1 um), and 200 nm nominal pore diameter (Whatman Anodisc 13, Cat.
No.: 6809-7023, nominal pore diameter: 200 nm, nominal thickness: 60 um) were
utilized. To prevent curling of the membranes during the CVD process [97, 171], they
were annealed 30 °C above synthesis temperature for 4 hours between two quartz plates

before carbon deposition (Appendix, Fig. S1).

3.1.2. Results and Discussion
To provide a reproducible and cost effective fabrication process for a device that can be
utilized in a variety of biological and biomedical applications, commercially available
AAO membranes were used. Since the pore diameter of the AAO membrane dictates the
outer diameter of resultant CNTSs, pore diameters on both sides of the membrane were
characterized by SEM. Three different AAO templates from two different manufacturers

were investigated: Whatman AAO membranes with 200 nm nominal pore diameter and
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Synkera AAO membranes with 100 nm and 150 nm nominal pore diameter. Figure 3.1
shows the SEM micrographs of the surfaces of these membranes along with a schematic
of their pore structure. The average pore diameter and interpore distance (side-to-side)
were found to be, respectively, 205+42 nm and 187+36 nm on one side (Fig. 3.1a-i),
286+48 nm and 80+24 nm on the other side (Fig. 3.2a-ii) for Whatman 200 nm templates
(n=480), 146+29 nm and 90+14 nm on one side (Fig. 3.1b-i), 147£20 nm and 64+19 nm
on the other side (Fig. 3.1b-ii) for Synkera 150 nm templates (n=250), 73£19 nm and
176£39 nm on one side (Fig. 3.1c-i) and 8517 nm and 128431 nm on the other side (Fig.
3.1c-ii) for Synkera 100 nm templates (n=330) (Appendix, Fig. S2, S3). Moreover, the
pore density was found to be 11.6x108, 22.1x10%, and 15.3x10® pores/cm? for Whatman
200 nm, Synkera 150 nm and Synkera 100 nm AAO membranes, respectively. As the
results show, the pore structure is more uniform and cylindrical for Synkera membranes
with a shorter interpore distance, while the Whatman membranes have a barrel shaped
pore formation and longer interpore spacing. Moreover, there is almost a 1 pum deep
branch-shaped structure on one side of the Whatman AAO membranes (Fig. 3.1a-i)
compared to Synkera, which is due to the difference between the fabrication processes of
the two manufacturers. Although Synkera membranes provided more uniform pore
diameters and spacing without the branched structure, subsequent CNT-based array
devices were manufactured using Whatman membranes to facilitate production due to
larger interpore spacing (mitigates lateral adhesion between exposed CNTs [172, 173]),

and their lower cost (6X less than Synkera).
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Figure 3.1: Commercially available AAO membrane pore structure. SEM micrographs of both
surfaces along with the schematics of the pore structure for (a) Whatman 200 nm AAO
membrane, (b) Synkera 150 nm AAO membrane, and (c) Synkera 100 nm AAO membrane
(Scale bars: 1 um).

3.2. Carbon Deposition and CNT Synthesis

Carbon nanostructures have emerged as a prominent class of nanomaterials possessing
intriguing and unique mechanical, chemical, optical, and electronic properties [14, 162,
174-176]. Hollow tube-like carbon nanostructures with at least one dimension of 100 nm
or less and whose properties distinctly depend on material structure, generally referred to
as CNTs [10], consist of hollow carbon nanofibers, SWCNTs or MWCNTS, and carbon

nanopipes. CNTs are of great interest in both fundamental and applied science fields and
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have found utility in a wide range of applications such as electronic devices [177],

reinforced material [178], energy storage [179] and field emission materials [180].

CNTs have played a key role and been applied in a variety of biomedical
applications including tissue engineering [181], cellular [182] and neural interfacing
[183], drug delivery devices [132], single cell probing [16], biomolecule separation [184]
and biosensors [185]. These applications require CNTs with features and properties
specific for their intended function. For instance, an array of highly aligned amorphous
CNTs was employed as an electrochemical nanoelectrode interface to improve signal-to-
noise ratio in molecular detection [186]. Yet, the lateral adhesion of the exposed CNTs
(CNTs bending towards and adhering to each other to form bundles of CNTs) has
remained a challenge for such arrayed devices. Lateral adhesion can reduce the signal-to-
noise ratio, affecting the functionality and precision of the device. In another example, a
biological probe consisting of an individual CNT was fabricated to probe single living
cells and controllably inject sub-attoliter (<10™*® L) volumes of fluids and particles into
cells [16]. In these applications, fabricating mechanically robust CNTs for repeated cell
membrane piercing and optimizing the channel size to facilitate mass transport are among
the main challenges. Ultimately, the ability to tailor CNT features and properties for a

specific application is highly desirable.

CNTs can be synthesized by a variety of different methods including electric arc
discharge [187], laser ablation [188], CVD [11], and high pressure carbon monoxide
disproportionation [189]. The fabrication methods of CNTs have been discussed in
several books and review articles [190-193]. Of all synthesis techniques, CVD is one of
the most economical and controllable processes to fabricate various types of CNTs on a
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variety of substrates, making it a highly desirable method for research and industrial

synthesis.

CNTs can be produced by different CVD methods such as thermally activated CVD
[194], plasma-enhanced CVD [195], aerosol-assisted CVD [196] and fluidized-bed CVD
[197]. Parametric studies have been reported for several CVD methods to provide better
understanding of the influence of the manufacturing factors on geometrical and structural
properties of CNTs. For instance, arrays of CNTs have been synthesized on iron-
embedded silica substrates with CVD and the effect of temperature, growth time, gas
ratio, and gas velocity on CNT length, diameter, inter-bundle spacing, density, and
crystallinity has been evaluated [198-200]. Vertically aligned MWCNTSs have been
synthesized on quartz substrates using injection CVD to study the effect of temperature,
injection duration, hydrogen concentration and gas flow on nanotube diameter, length,
alignment and deposition profile [201, 202]. The growth of MWCNTSs by catalytic CVD
in a fluidized bed reactor has also been investigated to elucidate the effect of temperature,
reaction time, system pressure and gas composition on CNT growth rate and properties

[197, 203].

Another popular CVVD-based fabrication technique is template-based manufacturing
in which CNTs are formed by depositing carbon on a sacrificial template via thermal
decomposition of a carbon-carrying precursor gas [11, 99, 204, 205]. Unlike other
methods, template-based manufacturing provides the unique ability to control the outer
diameter, length of the tubes and other nanostructures through template selection [95, 206]
and the potential to tailor other properties, such as tube wall thickness and morphology
through synthesis parameters. Moreover, the produced CNTs are embedded in the parent
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matrix thus forming a robust platform to directly fabricate devices without the need for
elaborate nanoassembly. It should be noted that the CNTs fabricated by this method are
in the form of amorphous carbon shaped as nanoscale tubes. A range of templates can be
utilized in template-based manufacturing, such as glass capillaries and most commonly

AAO membranes [16, 207].

There are several variables in the template-based CVD process that may affect CNT
formation, including the type, geometry, and dimensions of the template, type and
dimensions of the CVD furnace, relative size and position of the template in the furnace,
type of precursor gas (or gases), gas mixture and flow rate, and synthesis temperature and
duration. According to Choy, small changes in temperature (~25 °C) can affect the
reaction kinetics and, therefore, changes the deposition rate of carbon film [208].
Generally, the chemical reactions in the CVD process depend on the reaction rates and
diffusion of gases [208]. This suggests that the gas flow rate could play an important role
in carbon film deposition on the template. Adjusting the deposition duration, on the other
hand, can change the reaction interval, leading to various thicknesses of the deposited
carbon layer [199, 209]. Therefore, synthesis temperature, gas flow rate and deposition

duration are among the main process parameters that potentially affect CNT formation.

Until now, only a few parametric studies have been conducted to understand CNT
synthesis inside the pores of AAO membranes. For instance, the structural and thermal
stability, and deformation of CNTs manufactured by AAO-based CVD, with and without
utilization of catalyst, was studied by Sui et al. [210]. Subsequently, high temperature
annealing was employed by Mattia et al. to graphitize as-grown amorphous CNTSs into
MWCNTSs [17]. Jeong et al. investigated the effect of reaction gas and catalyst on the
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growth of CNTs synthesized inside AAO pores [211]. Kim et al. reported a
morphological study on vertically aligned CNTs grown inside AAO membranes by
plasma enhanced CVD to investigate the influence of plasma intensity, temperature and
gas composition [212]. A comprehensive study of template-based CNTs manufactured by
CVD in AAO membranes was conducted by Ciambelli et al. [213, 214] and Sarno et al.
[215] to analyze the degree of crystallinity and effect of deposition time, temperature, gas
mixture and hydrogen feed on carbon content deposited on the entire template and carbon
order of the synthesized CNTs. However, the effect of process parameters on carbon
deposition rate and geometrical features of individual CNTs manufactured by AAO-
based CVD has not been investigated. These particular features are of critical importance
for the batch processing of such CNTSs for many practical applications, such as biosensors

and probes, tissue scaffolds, and bio-fluid filtration and separation.

To this end, a parametric study on the template-based manufacturing process of
CNTs is presented. The main goal of this study was to empirically investigate and
understand the influence of process parameters such as temperature, gas flow rate, and
deposition duration on tube wall thickness, CNT morphology, and carbon mass
deposition rate. Carbon was deposited on commercially available AAO templates using
CVD without the utilization of catalyst. The wall thickness of the tubes was determined
by transmission electron microscopy (TEM) and the mass of the deposited material was
measured after the CVD process. SEM was used to visualize the surface of the templates
after the CVD process. Raman spectroscopy was employed to analyze the carbon

structure of the resultant CNTSs.
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3.2.1. Experimental Procedure

3.2.1.1. Template-Based Synthesis of CNTs

AAO membranes were placed upright in a custom quartz boat and positioned in the
middle of a three-stage tube furnace (Carbolite, TZF17/600, inner tube diameter: 7 cm,
tube length: 152 cm). The reactor temperature was slowly increased to the desired set-
point temperature under 100 sccm of argon gas flow. After temperature stabilization, a
30/70 (vol%/vol%) ethylene/helium gas mixture was flown through the reactor tube for a
predetermined time at various flow rates to deposit carbon film on all surfaces of the
AAO membrane. The furnace was then slowly ramped down to room temperature under

100 sccm of argon flow (Appendix, Fig. S4).

The effect of furnace temperature, gas flow rate and deposition time on CNT wall
thickness and structural features were studied in an orthogonal manor; in each set of
experiments, one parameter was changed while the others remained unchanged.
Orthogonal experiments were conducted for synthesis temperatures of 675, 700, 750 and
800 °C, gas flow rates of 20, 40, 60, 80, 100, 200, and 300 sccm and deposition times of

2.5, 5, 7.5, 10, 15 and 20 hours, resulting in AAO-embedded CNTs.

3.2.1.2. Sample Preparation

The mass of each AAO membrane was measured before and after the initial annealing
process, and before and after the CVD process using a mass balance (Metter Toledo,
XS204; 0.1 mg accuracy) to determine the mass of the total carbon deposited on the

membrane for each experimental set.
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AAO membrane was completely dissolved to release CNTs from the template in
order to characterize geometric features and material structure. To release the CNTs from
the template after synthesis, AAO membranes were completely dissolved in a heated
reflux system containing 1 M aqueous NaOH solution at 80 °C for 5 hours (Appendix,
Fig. S5). Released CNTs were triple-washed with distilled water, filtered (Sterlitech,
polyester membrane filter, pore size: 0.1 um) and stored in 70% ethanol. Each suspension

was sonicated for 10 min to produce individual carbon nanotubes suspended in ethanol.

3.2.1.3. Electron Microscopy

The geometry, density, and integrity of individual CNTs and the condition of the
template pores and surface after each stage of the CVVD process were characterized by
SEM (JEOL 6400V; 20 kV acceleration voltage). AAO membranes and individual CNTs
were characterized without sputter coating.

The outer diameter and wall thickness of individual tubes was characterized by TEM
(JEOL 100CX II; 100 kV acceleration voltage). TEM samples were produced by placing
a 5 uL drop of the sonicated CNT-ethanol suspension on a lacey carbon film, 400-square
copper mesh TEM grid. CNT outer diameters and wall thicknesses were measured from
calibrated TEM micrographs using ImageJ software. Measurements were marked, labeled,
and recorded at several points along an individual CNT. For each experiment, 20-50
CNTs were imaged and 400-1200 measurements were gathered. Each experiment was
conducted in duplicate or triplicate to ensure the reproducibility of the results and the data
were reported all together in the following graphs. The average measured wall thickness

was reported along with its variation in forms of standard deviation.
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3.2.1.4. Raman Spectroscopy

Raman spectra were measured with a Renishaw inVia system employing a laser operating
at 532nm (~2mW) and an objective lens with a numeric aperture of 0.9 (50X
magnification). Raman spectra were recorded with a lateral resolution (in the focal plane)
of circa 2 um and a spectral resolution of ~1.2 cm™. Peak fitting of the D- and G-bands
was accomplished by fitting four Lorentzian curves to the obtained spectra. The ethanol-
suspended CNTs were directly drop-casted on silica glass and measured after drying in

air (ca. 15 minutes).

3.2.2. Results and Discussion
Three parameters in the AAO-based CVD process were adjusted to investigate their
effects on CNTs. Table 3.1 summarizes the experiments conducted, the associated
parameter settings, the resultant average mass of deposited carbon, and the CNT wall
thickness. From previous experiments it has been established that CNTs and CNT-
embedded devices can be successfully synthesized with the aforementioned AAO-based
CVD technique using process parameters of 700 °C furnace temperature, 60 sccm carrier
gas flow rate and 5 hours deposition time (Table 3.1, Experiment R2). Therefore, these
settings became the relative baseline from which the process parameters (deposition time,
temperature and precursor gas flow rate) were adjusted. It is worth noting that the
measured temperature inside the tube furnace at the position of the templates was
uniform for all flow rates tested and approximately 12 °C lower than the set point for any

given temperature.
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In total, 29 experiments were conducted and 9633 measurements recorded to
generate data presented in Table 3.1. From TEM micrographs, the average outer diameter
of the tubes from all CNTs manufactured in this study was found to be 304+54 nm. These
values also represent the average diameter of the pores within the AAO membranes.
However, from SEM micrographs of the membrane surface, the average pore diameter
was found to be 205+42 nm on one side and 28648 nm on the other side (Fig. 3.1a).
This range of outer diameters and the observed variation between the ends of the tube
coincide with measurements reported previously [214, 216] and detailed characterization
of AAO membrane pores can be found elsewhere [217]. It should be noted that the
quality of commercial AAO is generally low, resulting in wide variation in average pore

diameter from membrane to membrane.
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Table 3.1: Overview of carbon deposition experiments and measurements

Avrg.
Deposited Avr_g. wall
Thickness
. Flow - Mass
Experiment Temperature Rate Deposition . +
Number (°C) Time (h) - Standard
(scecm) Standard L
- Deviation
Deviation (nm)
(nm)
R1 2.5 09£0.1 12+2
R2 5 24+0.2 28+5
Effect of the R3 700 60 7.5 52%0.0 55+13
Deposition Time R4 10 6.3+£0.6 69+8
R5 15 6.9+0.1 85+12
R6 20 74+£0.1 8711
R7 675 0.6x£0.0 12+2
Effect of the R2 700 60 5 24+0.2 28+5
Temperature R8 750 79+12 80+17
R9 800 10.6 £0.7 84 +11
R10 20 1.3£0.0 18+2
R11 40 19+£02 26+£3
R2 60 24+£0.2 28%5
Effect of the Gas RIZ 700 80 5 27:04 3009
Flow Rate
R13 100 2505 28+8
R14 200 19+0.6 21+8
R15 300 1.0£0.0 13+2

It is worth noting that the TEM measurements of the CNTs outer diameter are
affected by elastic deformation of CNTs due to van der Waals interaction with substrate.
This noticeable deformation depends on nanotube diameter and wall thickness and has
been reported in previous studies [218-221]. The scattered plot of all measured outer
diameters as a function of wall thickness in Figure 3.2 represents a general linear trend in
which for every 10 nm increase in wall thickness, the outer diameter decreases by around
2 nm. This is due to the fact that CNTs with thicker walls are less affected by elastic
deformation, resulting in more rounded tubes.

Atomic force microscopy (AFM, Veeco DI-3000, Olympus AC160TS-10 tip) in

tapping mode was used to determine the percentage of deformation of the nanotubes. The
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collected measurements for several CNTs were corrected based on calibration and
measurement protocols for this particular AFM. The average of the measured width and
height (14-20 measurements) was utilized as the average diameter for each tube and then,
the percent of deformation was calculated. The results indicate that CNTs deform
between 6% and 17% with thickest (87 nm) and thinnest walls (12 nm), respectively.
However, elastic flattening of nanotubes does not affect the wall thickness measurements
reported in this study.
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Figure 3.2: Measured CNT outer diameter as a function of wall thickness, indicating tube
flattening for CNTs with thinner walls.

3.2.2.1. Influence of Deposition Time

The overall mass of carbon deposited on the AAO membrane and the resultant CNT wall
thickness were measured as a function of deposition time. Figure 3.3 shows
representative TEM micrographs of CNTs (Fig. 3.3a-d) and SEM micrographs of the
membrane surface (Fig. 3.3e-h) for 2.5, 5, 7.5 and 10 hours of deposition time. The

deposition time was also extended up to 20 hours.
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As the TEM micrographs in Figure 3.3 indicate, CNT wall thickness increases as
deposition time increases. The results match our expectations since the growth
mechanism of CVD processes at constant temperature and atmospheric pressure is
considered to be diffusion-limited [208]. Therefore, increasing the deposition time
provides a longer constant diffusion reaction period, resulting in deposition of more mass
over the templates and consequently, inside the pores. According to observations from
SEM micrographs of the membrane surface after deposition (Fig. 3.3e-h), the pores on
the surface become increasingly closed as deposition time increased. For deposition times
longer than 7.5 hours (10, 15 and 20 hours), a layer of carbon covers the outer surfaces of
the AAO membrane, resulting in blocked pores.

As measured from TEM micrographs (Fig. 3.3a-d), CNT wall thicknesses were
12+2 nm for 2.5 hours, 28+5 nm for 5 hours, 5513 nm for 7.5 hours, 69+8 nm for
10 hours, 8512 nm for 15 hours and 87+11 nm for 20 hours of deposition. Similarly, the
deposited carbon mass increased from 0.9 to 2.4, 5.2, 6.3, 6.9 and then 7.4 mg for 2.5, 5,
7.5, 10, 15, and 20 hours of deposition, respectively. These trends can be seen in Figure
3.4a and b. In this study, measuring the mass of the membranes before and after the CVD
process and comparing it with the growth rate of the wall thickness provides qualitative
insight into the amount of carbon deposited inside the AAO pores versus over the
template surface. This can also be supported with SEM micrographs by the appearance of
covered or open pores. Furthermore, these results elucidate previous observations
reporting generally that the overall carbon content deposited on the entire AAO template

increases as CVD process time increases [214].
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Figure 3.4a reveals three different time-based deposition regimes in template-based
CVD: nucleation, normal deposition and carbon infiltration. In the nucleation regime,
carbon atoms nucleate on the AAO surface, providing the growth sites for the carbon film
(Region | in Fig. 3.4a). Evidence of the nucleation regime can be seen in TEM
micrographs, where CNTs synthesized for 2.5 hours (Fig. 3.3a) have a noticeable
roughness on the inner tube wall surfaces. However, a decrease in the roughness is
observed between the two samples synthesized for 2.5 and 5 hours. In other words, the
standard error of wall thickness within each tube is between 14-18% of the average
measured wall thickness for the CNTs synthesized at 2.5 hours, while this value reduces
to 3-12% for CNTs synthesized after 5 hours. This suggests the transition of deposition
into a new regime. The normal deposition regime, defined as the carbon deposition
dominated by precursor gas diffusion, encapsulates the range of deposition time between
5 and 7.5 hours (Region Il in Fig. 3.4a). Here, the deposited mass and CNT wall
thickness follow a similar trend due to the fact that the carbon is deposited on all the
surfaces of the AAO membrane, including the inner lumen of the pores.

The deposition and wall thickness growth rates reach a peak at 7.5 hours, and then,
start to decrease for longer deposition times. This reduction is due to the fact that
increasing the wall thickness decreases the channel size from which the gas can pass
through, resulting in less available reactant to be diffused and less deposition. Therefore,
by assuming a constant diffusion of precursor inside the CVD chamber, the deposition of
carbon occurs more on the template surface rather than the inner lumen of the pores,
resulting in covered pores at the surface, which can be confirmed by SEM micrograph

(Fig. 3.3h). Finally, despite the covering of pores by the surface carbon layer after 10
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hours of deposition, and the increase in deposited mass, the thickness of the CNT walls
increases up to 15 hours of deposition, after which it plateaus (Region IlI in Fig. 3.4a).
This suggests that some precursor molecules infiltrate and pass through the carbon layer
on the surface, thermally decompose, and are deposited inside the pores [222-224]. By
increasing the thickness of the carbon layer over the outer surfaces of the AAO
membrane, the precursor gas infiltration decreases, resulting in negligible changes in wall
thickness after 15 and 20 hours of deposition, despite the increase in deposited mass.
Also, a closer look at Figure 3.4c indicates that up to 2.5 hours of deposition, the wall
thickness growth rate is higher compared to 5 and 7.5 hours, due to the available bare
AAO surface area for carbon deposition and the catalytic effect of AAO membranes [225,

226].

Figure 3.3: TEM micrographs of synthesized CNTs at 700 °C with 60 sccm of gas flow rate for
(@) 2.5 hours, (b) 5 hours, (c) 7.5 hours and (d) 10 hours of deposition time (Scale bars: 100 nm).
Arrows indicate CNT wall thickness. SEM micrographs of the surface of the AAO membrane
after (e) 2.5 hours, (f) 5 hours, (g) 7.5 hours and (h) 10 hours of carbon deposition at 700°C with
60 sccm of gas flow rate (Scale bars: 1 pm).
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Figure 3.4: (a) CNT wall thickness and (b) deposited carbon mass as a function of deposition
time. (c) Comparison between the mass deposition rate (left axis, triangles) and wall thickness
growth rate (right axis, circles) as a function of deposition time.

3.2.2.2. Influence of Temperature
The mass of carbon deposited on the AAO membrane and the resultant CNT wall
thickness was also measured as a function of furnace temperature. Since small changes in
the temperature may change the reaction kinetics [208], the effect of temperature
variation on CNT synthesis and structure was studied at different furnace temperatures of
675, 700, 750 and 800 °C. The lower temperature bound was chosen based on our
experimental observations, where little, if any, carbon deposition occurred incrementally
below 675 °C. The upper bound, on the other hand, was selected due to limitations
experienced during the annealing process between the two quartz plates, where AAO
membranes would fracture at temperatures above 800 °C.

Figure 3.5 shows representative TEM micrographs of CNTs (Fig. 3.5a-d) and SEM
micrographs of the membrane surface (Fig. 3.5e-h) for furnace temperatures of 675, 700,
750, and 800 °C. As can be qualitatively seen in the TEM micrographs, CNT wall

thickness increases as temperature increases. This is due to the fact that vapor deposition
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reaction Kkinetics increase with temperature, causing faster deposition and resulting in
tubes with thicker walls. These findings elucidate previous observations reporting that the
overall carbon content deposited on the entire AAO template increases as CVD
temperature increases [214, 215]. The SEM micrographs of the template surface show
open pores at 675 and 700 °C, a combination of open and covered pores at 750 °C, and a
thick layer of carbon covering the whole membrane surface at 800 °C.

Figure 3.6a indicates an approximate linear trend in deposited mass as a function of
temperature as it increases from 0.6 to 2.4, 7.9, and 10.6 mg for 675, 700, 750, and
800 °C, respectively. However, this linear trend is not seen in Figure 3.6b for CNT wall
thickness, where wall thickness increases from 12+2 nm at 675 °C to 28+5 nm at 700 °C,
80+17 nm at 750 °C, and 84+11 nm at 800 °C. A closer look at Figure 3.6¢ indicates that
the variation of mass deposition rate between 700 to 750 °C, and 750 to 800 °C is almost
negligible while there is a significant difference in wall thickness growth rate within the
same temperature intervals. Supported by observations from SEM micrographs at 800 °C
(Fig. 3.5h), the change in wall thickness growth rate is attributed to faster pore blockage
by the carbon film deposited over the membrane outer surface. In other words, after
750 °C, carbon deposits on each side of the membrane starts to cover more of the pores
on the outer surface, resulting in continued deposition of carbon on the membrane outer
surfaces and less on the inside surfaces of the pores.

Variation of activation energy represents the existence of different deposition
regimes [208, 227, 228]. For this, an Arrhenius plot of logarithm of wall thickness growth
rate versus reciprocal temperature was generated for the studied temperature range and

the activation energy between each temperature was calculated (Fig. 3.7). For the lower
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temperature range of 675-700 °C, an activation energy of 262 kJ/mol was calculated,
which is comparable to the reported values in other literature for a reaction-limited
deposition regime in chemical vapor deposition processes using carbon precursors [229].
However, for the higher temperature range of 750-800 °C, activation energy decreases to
9 kJ/mol. This indicates that wall thickness growth is controlled by gas diffusion as a
result of pores being covered by a carbon layer at higher temperatures, as shown in Fig.
3.5g-h. This carbon layer hinders the precursor gas from diffusing into the pores and
decomposing to deposit carbon on the pore surface. Therefore, these results suggest a
reaction-limited deposition regime for the lower temperature range and a diffusion-
limited deposition regime for higher temperature range.

It should be noted that non-uniform carbon deposition has been found to occur when
temperature is used to increase vapor deposition reaction kinetics [230]. Diffusion is
considered to be a slow process; when the process temperature is raised to increase
reaction kinetics and CVD reactions occur faster than diffusion, diffusion struggles to
evenly distribute reactant species and maintain equilibrium throughout the process,
resulting in non-uniform film thicknesses. In this study, non-uniformity at higher
temperatures can be seen in the form of standard deviation in wall thicknesses from tube
to tube. For instance, the standard deviation and standard error of the CNT wall thickness
is 1.6 nm and 13 %, respectively, at 675 °C while they increases to 17.3 nm and 22 % at
750 °C. Non-uniformity was also observed when SEM micrographs of films deposited at
lower temperatures (Fig. 3.5e, f) were compared to those of films deposited at higher

temperatures (Fig. 3.5g, h). In particular, the random combination of open and covered
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pores in Figure 3.5g shows the onset of non-uniform carbon deposition at higher

temperatures.

Figures 3.5: TEM micrographs of synthesized CNTs at (a) 675 °C, (b) 700 °C, (c) 750 °C, and
(d) 800 °C with 60 sccm of gas flow rate for 5 hours (Scale bars: 100 nm). Arrows indicate CNT
wall thickness. SEM micrographs of the surface of the AAO membrane after 5 hours of
deposition with 60 sccm of gas flow rate at (e) 675 °C, (f) 700 °C, (g) 750 °C and (h) 800 °C
(Scale bars: 1 um). White arrows indicate observably open pores and black arrows indicate
covered pores on membrane surface.
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and alteration of deposition mechanism by temperature variation.

3.2.2.3. Influence of Precursor Gas Flow Rate
The overall mass of carbon deposited on the AAO membrane and the resultant CNT wall
thickness was measured as a function of precursor gas flow rate. As mentioned earlier,

the CVD process is a chemical reaction and the limitations of diffusion and reaction
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kinetics can play an important role in resultant CNTs. Therefore, the flow rate of the
precursor gas is yet another factor that can affect the geometrical and structural
characteristics of the CNTs. The range of precursor flow rates was determined
empirically. Difficulties in forming structurally intact CNTs when flow rates are below
20 sccm defined the lower bound while the formation of carbonaceous tar inside the
reaction tube when flow rates exceeded 300 sccm defined the upper bound of the
experiments. The observance of carbonaceous tar forming at high precursor gas flow
rates was also reported independently in other literature [199].

Figure 3.8 shows representative TEM micrographs of CNTs (Fig. 3.8a-d) and SEM
micrographs of the membrane surface (Fig. 3.8e-h) for 20, 40, 60, 80, 100, 200, and
300 sccm of 30 % ethylene in helium. Increasing the flow rate increases the wall
thickness up to 80 sccm and then, due to lower mass deposition, the resultant wall
thickness decreases. For CNTs manufactured with 20 sccm of gas flow rate, TEM
micrographs reveal several dense carbon deposits randomly distributed along the length
of each tube, indicating sporadic carbon nucleation amongst smooth CNT wall formation.
These carbon deposits are not observed for flow rates in the 40-300 sccm range. However,
for 300 sccm, as observed in TEM, the varied contrast in the CNT walls indicates a rough
interior surface. Despite the variations of wall thickness and texture observed in TEM
micrographs, SEM micrographs reveal that the pores of the template remained open for
all of the conducted experiments.

The trend of wall thickness as a function of precursor gas flow rate is more clearly
seen in Figure 3.9. As measured from TEM micrographs, CNT wall thicknesses were

1842 nm for 20 sccm, 26+3 nm for 40 sccm, 28+5 nm for 60 sccm, 30+9 nm for 80 sccm,
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288 nm for 100 sccm, 21+8 nm for 200 sccm and13+2 nm for 300 sccm of precursor
gas flow rate. Similarly, the average deposited carbon mass was 1.3, 1.9, 2.4, 2.7, 2.5, 1.9,
and 1 mg for 20, 40, 60, 80, 100, 200, and 300 sccm of gas flow rate, respectively. The
effect of the gas flow rate on carbon deposition suggests two different deposition
regimes: mass transport limitation and residence time limitation. For flow rates up to
80 sccm, mass transport limits deposition rate, where an increase in gas flow increases
the availability of reactants resulting in increased carbon deposition (Region IV in Fig.
3.9a). At flow rates above 80 sccm, residence time limits deposition rate, where an
increase in precursor gas flow further removes reactants from the template surface before
thermal decomposition has occurred resulting in lower carbon deposition (Region V in

Fig. 3.9a). A similar phenomenon has been seen in other CVD processes [199, 222].

(a) (b) () (d)

Figure 3.8: TEM micrographs of synthesized CNTs with (a) 20 sccm, (b) 80 sccm, (c) 100 sccm
and (d) 300 sccm of the gas flow at 700 °C for 5 hours (Scale bars: 100 nm). Arrows indicate
CNT wall thickness. SEM micrographs of the surface of the AAO membranes after 5 hours of

deposition with (e) 20 sccm, (f) 80 sccm, (g) 100 sccm and (h) 300 sccm of gas flow rate at
700 °C (Scale bars: 1pum).
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3.2.2.4. Parametric Effects on Carbon Structure

Raman analysis shows that all CNTs are composed of dominantly amorphous carbon as
representative for the used CVD process with a prominent D- and G-peak (Fig. 3.10)
[231]. In particular, Raman spectra depicted in Figure 3.10 show that within one sample,
both single CNTs (Fig. 3.10, Sample A) as well as CNT bundles (Fig. 3.10, Sample B)
have within a narrow margin (peak position: 1 1/cm, full-width at half maximum
FWHM: £10 1/cm) very comparable spectral features with well-defined D- and G-modes.
The D-mode, located at around 1340 1/cm is a spectral feature strongly associated with
structural disorder of carbon while the G-mode is the characteristic vibration for
crystalline sp? hybridized carbon (E2g symmetry) [232]. The featureless and broad peak
between 2200 and 3100 1/cm is representative for overtones and combination modes and
this result is, too, well in agreement with the presence of partially crystalline graphitic

carbon [233].

66



We carried out a very systematic study of all the synthesis parameters and their
impact on the structure of carbon as accessible by Raman spectroscopy. The results of
this investigation are outlined in Table 3.2. Unlike the mass, tube thickness, and wall
roughness, only very little spectral variation was found between all samples tested,
indicating the tested synthesis conditions insignificantly affected the crystallinity of the
CNTs within the studied range of parameters. Commonly, especially the synthesis
temperature would be expected to impact carbon ordering (i.e., increase with higher
temperature) [234]. Yet, in the current study, the temperature was only varied over a
range of 125 °C; this is a small range compared to other studies where clear trends were
only observed over large ranges of temperature (e.g., from 400 °C to 2400 °C [233], or
200 °C to 1200 °C [235]). Low crystallinity of CNTs manufactured inside the pores of

AAO have also been reported for different synthesis parameters [214, 215].

—_
|

[ — A:CNT G-mode
08 + --. B:CNT Bundle
208 1
[}
% 0.7 1
go
€06 1
E 0.5
go.
To4q
&
go37 Combination modes
So2 and overtones
01+

N it e e

500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Raman Shift (1/cm)

Figure 3.10: Raman spectrum of single and bundles of AAO-manufactured CNTSs. Inset: Typical
optical image of single CNT and CNT bundles (Scale bar: 50 um).
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Table 3.2: Overview of the results of Raman spectroscopy investigating the impact of synthesis
parameters on the structure of CNTSs.

FHWM FHWM Peak Position Peak Position
D-Mode G-Mode D-Mode G-Mode
. + + + +
loflc Ratio Standard Standard Standard Standard
Deviation Deviation Deviation Deviation
(cm) (cm) (cm™) (cm™)

Single CNT | 2.23+0.23 1875+7.9 60.6+3.1 1344.0+5.1 1601.9 £ 0.7
CNT Bundle | 2.36 +0.12 1935+3.1 63.0+35 13422 +4.6 1599.1 +1.3
Single CNT | 2.13+0.06 191.5+3.1 60.3+2.6 13416 +2.0 1601.3+1.4
CNT Bundle | 2.27 +0.08 193.9+3.7 620+19 1339.7 £ 3.0 1598.1 +1.7
Single CNT | 2.21+0.08 1919+138 59.5+09 13394 +1.0 1600.6 + 0.8
CNT Bundle | 2.42+0.14 195.6 +2.6 60.5+1.3 1338.0+1.0 15982 +1.0

Deposition Time

Temperature

Gas Flow Rate

3.2.3. Comparable Analysis of Parameters
The findings show that process parameters can be used to produce CNTs with similar or
differing cross-sectional dimensions and other useful features as well as reveal reasons to
select one parameter over another. As an example, thick-walled CNTs can be fabricated
to improve mechanical robustness of the tubes for a particular application either by
increasing (a) deposition time or (b) furnace temperature. However, in the second case,
less precursor gas is consumed, making temperature a more economically viable
parameter to use for commercialization than the deposition time. For instance, CNTs with
average wall thicknesses of 80 nm can be fabricated at 750 °C after only 5 hours while 85
nm of average wall thickness is achievable at 700 °C after 15 hours of deposition.
Moreover, a thicker carbon layer can be deposited over the outer surfaces of the template
at higher temperature to facilitate CNT interfacing for subsequent device manufacturing.
For instance, according to SEM micrographs of membrane cross-sections (Fig. 3.11), a 1
pm-thick carbon layer covers the membrane surface for the samples synthesized at
800 °C for 5 hours while, for samples synthesized at 700 °C for 20 hours, a 300 nm-thick

carbon layer covers the membrane surface. It is worth noting that at 800 °C, the 1 pum
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layer of carbon has around 50 pum layer of carbon soot on top, which needs to be removed

before interfacing with CNT for any specific application.

Figure 3.11: Cross-section SEM micrographs of templates after CNT synthesis at 700 °C for (a)
10 hours, (b) 15 hours, and (c) 20 hours, and after 5 hours of deposition at (d) 800 °C with 60
sccm of gas flow rate (Scale bars: 1 um). Arrows indicate the carbon layer thickness. Inset: The
carbon soot layer over the template surface after 5 hours of deposition at 800 °C with 60 sccm of
gas flow rate (Scale bar: 25 um).

The precursor gas flow rate can provide better control over the growth of CNT wall
thickness than the temperature parameter since a small variation of temperature results in
large alteration of CNTs wall thickness. For instance, below 80 sccm, a 20 sccm change
in gas flow results in a 2 nm change in wall thickness. Better control over the internal
tube diameter could find many useful applications such as filtering and desalinization.
Additionally, CNTs with rough internal surfaces are achievable at flow rates higher than
80 sccm as determined by an increase in the wall thickness standard error from 28 % at
80 sccm to 37 % at 200 sccm. This unique feature may be potentially beneficial for
applications requiring internal surface functionalization, such as nanotube-based
nanofluidic sensing. Moreover, despite the variation of wall thickness brought on by
adjusting the precursor gas flow rate, the pores remain open in all cases, providing open-
access to membrane pores for micro-nanofluidic applications such as filtering, separation,

and desalination.
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It is worth noting that since the aforementioned parameters do not change the
morphology of the fabricated tubes, the control of the geometrical and morphological
features of the CNTs can be uncoupled. In other words, CNTs with desirable geometrical
features can be produced with almost the same morphology and then, if desired, other
processes, such as high temperature annealing, can be utilized to modify the
morphological characteristics of the tubes. In this line, we also have demonstrated that
the structure of carbon remains the same, that is, there is no significant change in carbon
ordering in any of the samples within the studied range of parameters as seen from

Raman spectroscopy.
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CHAPTER 4

Vertically Aligned Array of Carbon Nanotubes

Vertical arrays of nanowires and nanotubes have recently been used in an increasing
number of applications. These applications almost invariably rely on the physical features
of these nanoelements, necessitating a better control over their geometrical properties to
improve their performance. In this chapter, the manufacturing process of vertically
aligned, hollow CNT arrays of different tube diameters, spacing, and length is presented,
as needed for their intended application. A template-based manufacturing method was
employed to form CNTs inside the pores of commercially available AAO using CVD.
After removing the carbon layer from the surface of the membrane with oxygen plasma,
the membrane surface was selectively removed by either reactive ion etching (RIE), wet
chemical etching, or a combination of ion milling and wet etching to expose the CNTs
embedded in the membrane. The results show that to reach longer individually
addressable exposed CNTSs, dry etching processes like RIE are more promising. The work
provides a scalable and reliable manufacturing recipe for a CNT-based array device that
can be used for various sensing and also biological and biomedical applications.

Moreover, the performance of the CNT array on fluid transportation is characterized. To
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this end, two different fluid transportation mechanisms, pressure driven and gradient

driven, were utilized to transport fluid through arrays of CNTSs.

4.1. Fabrication of Vertically Aligned CNT Arrays

In recent years, growing interest towards creating novel nanoscale devices for elucidating
cellular behavior has enabled significant advances in biomolecular science, biomedical
applications and new approaches to clinical diagnostics and therapeutics [16, 163, 236].
Of particular interest are vertically aligned arrays of nanowires or nanotubes for
interfacing with living cells and tissues [151, 237]. Nanoarray devices have been
employed to measure the force adherent cells exert on a surface [238] and as various
biomolecular and chemical sensors [239, 240]. One of the unique features of nanoarrays
is their ability to access the cell’s cytosol [241-243] resulting in broad biomedical
applications. Such applications include utilizing nanoarrays to observe intracellular
biochemical activity [244], measure intracellular/extracellular signals [245], and deliver
drugs, nanoparticles and biomolecules, such as quantum dots, nucleic acids and proteins,

directly into cells [158, 161, 166, 246, 247].

The ever growing demand for vertically aligned nanostructured arrays in biomedical
applications necessitates the ability to control the geometrical features of the
nanostructures, such as length, diameter, orientation and packing density, since these
features play a crucial role in the performance of the arrays. As biological and chemical
sensors, the sensitivity of array electrode-based sensors can be increased by exposing

more of the nanostructure in the array thus increasing the available surface area for
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detection [170, 248]. In applications requiring cell-array interfacing, such as cell
proliferation, differentiation, adhesion and migration [249, 250], in situ study of
intracellular molecular processes [244] and efficient intracellular delivery [166, 251, 252]
geometrical features influence how well the nanostructures interact with the cell
membrane. Studies have found that transfection efficiency and intracellular access
depend on the length of the nanostructures in the array [166, 253]. Optimizing the length
and spacing of arrayed nanostructures promotes cell adhesion onto its surface and enables

the nanostructures to penetrate the membrane without causing detrimental effects [243].

As will be discussed in next chapters, cells adhere well to tightly-packed arrays of
short lengths of exposed CNTs, which promotes highly efficient delivery of
macromolecules, quantum dots and plasmid DNA into tens of thousands of adherent cells
simultaneously. As shown in Figure 4.1, these CNT-based array devices are
manufactured using a three-step process: First, an AAO porous membrane is selected to
serve as a sacrificial template. Next, CNTs are formed inside the AAO membrane using
established template-based CVD processes discussed in chapter 3. Finally, carbon is
removed from one side of the AAO membrane using oxygen plasma and then, the tips of
the CNTs embedded in the AAO membrane are exposed using selective etching
techniques. The resultant CNT-based array device consists of millions of vertically
aligned, hollow and conductive CNTs protruding from the surface of a sacrificial
membrane. The porous AAO membrane dictates the outer diameter and spacing between
the CNTs, whereas the selective etching process controls the length of the exposed CNT
tip. Dozens of these array devices can be manufactured without assembly in a single run,

making the process amenable for further scale-up.
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Here, the development and fabrication of the CNT-based array device is presented
and several approaches are described to expose and control the length of the CNTs
protruding from the device surface. Commercially available AAO membranes of varying
pore sizes and interpore distances were utilized as the sacrificial template to produce
CNT-based array devices. The CNT tips were exposed using either RIE, wet chemical
etching, or a combination of ion milling and wet etching. The effect of etching process
and associated process parameters on the exposed length of the CNTs are discussed and
compared. Ultimately, this process strategy serves as a guide for manufacturing vertically
aligned, hollow CNT arrays of different tube diameters, spacing, and length as needed for

their intended application.

Anodized Alumina (AAQ) Carbon Film on the Embedded Carbon Exposed Carbon

Membrane Surface Nanotubes Nanotubes

{111 T

Figure4.1: Schematic illustration of the CNT array device fabrication procedure. Fabrication
process shows (1) carbon deposition by chemical vapor deposition, (2) removing the amorphous
carbon layer by oxygen plasma from the surface, (3) exposing the CNT tips by either reactive ion

etching, wet chemical etching, or a combination of ion milling and wet etching process.
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4.1.1. Experimental Procedure

4.1.1.1. Template Preparation

Commercially available AAO membranes were used as a sacrificial template for carbon
deposition. AAO membranes with 100 nm (Synkera UniKera, Cat. No.: SM-100-50-13,
nominal pore diameter: 100£10 nm, nominal thickness: 50+1 pum), 150 nm (Synkera
UniKera, Cat. No.: SM-150-50-13, nominal pore diameter: 150+10 nm, nominal
thickness: 50+1 pm), and 200 nm nominal pore diameter (Whatman Anodisc 13, Cat. No.:
6809-7023, nominal pore diameter: 200 nm, nominal thickness: 60 um) were utilized. To
prevent curling of the membranes during the CVD process [97, 171], they were annealed
30 °C above synthesis temperature for 4 hours between two quartz plates before carbon

deposition.

4.1.1.2. Carbon Deposition

Carbon film was deposited inside the pores of AAO templates to form CNTs using
previously reported methods in chapter 3 [97]. In brief, AAO membranes were placed
upright in a custom quartz boat and positioned in the middle of a three-stage tube furnace
(Carbolite, TZF17/600, inner tube diameter. 7 cm, tube length: 152 cm). The reactor
temperature was slowly increased to 700 °C under 100 sccm of argon gas flow. After
temperature stabilization, 60 sccm of 30/70 (vol%/vol%) ethylene/helium gas was flown
through the reactor tube for 5 hours to deposit carbon film on all surfaces of the AAO
membrane. The furnace was then slowly ramped down to room temperature under

100 sccm of argon flow.
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4.1.1.3. CNT Tip Exposure
It should be noted that the deposited carbon layer over the AAO template after CVD was
removed by oxygen plasma at 250 W, 300 mTorr for 3.75 minutes under 100 sccm of

oxygen flow (LAM 490) before every etching processes.

Reactive lon Etching

Reactive lon Etching (RIE, LAM 4600 Etcher) was employed to selectively etch AAO
templates in order to partially expose the tips of embedded CNTs. Etching occurred
using a combination of boron trichloride (BCls) and chlorine (Cl;) gases (100 sccm
combined flow) under constant chamber pressure (150 mTorr) at different RF power

(200-400 W) for various durations (approximately 2-5.5 hours).

The effect of etching time, RF power and gas combination on CNT exposure length
were studied in an orthogonal manor; in each set of experiments, one parameter was
changed while the others remained unchanged. Orthogonal experiments were conducted
for 100%/0%, 75%/25%, 50%/50%, 257%/75% and 0%/100% of BCl; and Cl, gases,
respectively, RF power of 200, 300 and 400 W, and up to 315 minutes of etching time at

150 mTorr chamber pressure.

Wet Chemical Etching

Wet chemical etching using various acids and bases was employed to partially expose the

CNTs. To this end, 0.5 M aqueous solution of sulfuric acid (H,SO,), hydrochloric acid
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(HCI), phosphoric acid (H3PO,), acetic acid (CH3COOH), formic acid (HCOOH) and
also sodium hydroxide (NaOH) and potassium hydroxide (KOH) were utilized to
dissolve the template at room temperature for 15 minutes. The samples were then rinsed

for 15 minutes with distilled water and dried overnight before imaging.

The effect of etching time on CNT exposed length was studied for all three AAO
membranes. Carbon deposited AAO membranes were submerged in 1 M aqueous NaOH
solution for 4, 6, 8, 10, 12, 14 and 18 minutes at room temperature. The samples were
then rinsed for 15 minutes with distilled water and dried overnight before imaging. The

exposed length of the CNTs was measured using SEM micrograph.

The AAO membrane (Whatman 200 nm) etch rate was determined as a function of
NaOH temperature (21 °C-90 °C), NaOH concentration (0.3, 1 and 1.5 M) and time. A
full bare AAO membrane disc with 13 mm nominal diameter was fully dissolved in
various concentrations and temperatures of agueous NaOH solution in a heated reflux

system, and the dissolution time was recorded.

lon Milling and Wet Chemical Etching

The CNTSs were also exposed by a combination of ion milling and wet etching processes.
After CVD, the template surface was etched by ion milling at 800 V, 45 degree argon ion
shower angle for 2 hours (AJA lon Mill). The membranes were then etched in 1 M
aqueous NaOH solution for 9 and 15 minutes to expose the tips. The samples were then

rinsed for 15 minutes with distilled water and dried overnight before imaging.
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4.1.1.4. Electron Microscopy

The exposed length of CNT tips, the surface morphology and the integrity of individual
CNTs after each exposing process were examined and measured using scanning electron
microscopy (SEM, Zeiss Auriga; 20 kV acceleration voltage). The samples were

characterized without sputter coating.

4.1.2. Results and Discussion
4.1.2.1. CNT Tip Exposure
The AAO membrane was selectively removed to expose the tips of CNTs embedded
inside the pores of the sacrificial template. Three selective etching approaches were
investigated: (1) RIE, (2) wet etching, and (3) a combination of ion milling and wet
etching. Table 4.1 summarizes the experiments conducted to expose the CNT tips, the

associated parameter settings and the resultant average exposed length of the CNTs.
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Table 4.1: Overview of experiments and measurements to partially expose the CNT tips

. Gas CNT Exposed
Type of Etching RF Gas )
the Parameter Te?nA(I)ate Time Power Combination II;I:tV; C:E}:?:rr?alf]atd ;j:]g(;zrz
Process P (min) (W) (BCI3% / C12%) o
(scem) Deviation (nm)
135 152+ 77
150 113+ 26
Whatrman 180 176 + 34
Effect of 200 nm 195 400 100% / 0% 100 NA 177 + 44
the 225 293 +97
Etching 270 314 +£115
Time 315 389 + 169
_ Svnkera 135 48 +26
Ref‘(‘;‘]"’e 1% onm 195 400 100% / 0% 100 NA 81+20
Etching 225 186 + 52
Effect of Whatman 200 0
the RF 200 nm 150 300 100% / 0% 100 NA 0
Power 400 113 + 26
0% / 100% 0
Effect of Whatman 25% / 75% 0
the Gas 200 nm 150 400 50% / 50% 100 NA 0
Mixture 75% | 25% 0
100% / 0% 113+ 26
4 0
Whatman 8 1M 0
10 NA NA NA 42 +£12
200 nm NaOH
14 153+ 22
16 208 + 46
4 0
6 0
Effect of Synkera 8 1M 7321
Cr:’;’:ica the 150 nm 10 NA NA NA 1 NaoH 196 + 32
| Etching Etc_hmg 12 238+ 89
Time 14 645 + 123
4 0
6 0
Synkera 8 1M 4315
4 10 NA NA NA 85 + 33
100 nm NaOH
12 108 + 25
14 118+ 44
18 167 + 56
Wet
chemica | Thectof 9 100 + 27
. the Whatman 1M
| Etching . NA NA NA
Etching 200 nm NaOH
after fon : 15 183+ 48
Milling Time
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4.1.2.2. Reactive lon Etching

There are several parameters that can affect the etch rate of AAO membranes using RIE,
including gas combination, gas flow rate, chamber pressure, RF power and etching time.
Among these parameters, etching time, RF power and gas combination were identified in
preliminary experiments as the most influential on AAO etch rate and were therefore
chosen to study how they affected CNT exposure. The other settings were set based on

the limitations of the equipment and preliminary experiments.

For the baseline RIE process (400 W, 100% BCl; at 100 sccm, 150 mTorr), the
exposed CNT length was measured as a function of etching time for two different
membranes, as shown in Figure 4.2. The results show that for Whatman AAO (200 nm
pore diameter), CNTs are exposed at lengths of 152+77 nm, 113+26 nm, 17634 nm,
177+44 nm, 293+97 nm, 314+115 nm and 389+169 nm from the AAO surface after 135,
150, 180, 195, 225, 270 and 315 minutes of RIE, respectively. For Synkera AAO (150
nm pore diameter), CNTs are exposed at lengths of 48+26 nm, 81+20 nm and 186+52 nm
after 135, 195 and 225 minutes of RIE, respectively. For both membranes, CNT exposure
length trends approximately linear as a function of time. However, the lower etch rate of
the Synkera membrane suggests a more resistant crystalline structure to RIE etching due
to their manufacturing process. For both membranes, the measured standard deviation
increases as time increases, indicating a less planer CNT tip surface at longer etching
times. This can be due to the nature of the RIE process in which a combination of
physical and chemical etching reduces the selectivity of the results. Therefore, the CNTs
will be etched but at a slower rate compared to aluminum oxide and the longer they are

exposed to the plasma, the less uniform they will become.
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Figure 4.2; Effect of RIE etching time on CNT exposure. (2) CNT exposed length as a function
of RIE etching time for Whatman (200 nm pore diameter, solid circle) and Synkera (150 nm pore
diameter, solid triangle). SEM micrographs (35° tilt) of embedded exposed CNTSs after 195
minutes of etching under 100 sccm of 100% BCl; at 400 W of RF power and 150 mTorr for (b)
Whatman and (c) Synkera AAQ templates (Scale bars: 500 nm).

The effect of RF power on the exposure of the CNT tips was also investigated. To
this end, CNT-embedded Whatman AAO templates were etched at 200, 300 and 400 W
under 100 sccm of 100% BCl; gas flow at 150 mTorr for 150 minutes. As illustrated in
Figure 4.3, although increasing the RF power increases the AAO etch rate, which
matches our expectation and also other studies [254, 255], no exposed CNTs can be
measured at 200 and 300 W (Fig. 4.3a, b). However, CNTs are exposed 113+26 nm from
the AAO surface at 400 W after 150 minutes (Fig. 4.3c). Note that the variation of CNT
packing density in Figures 4.3a-c is due to the existence of branch-shaped structure of the
pores on top of the Whatman AAO templates (Fig. 3.1a-i) which is completely etched

away after 150 minutes of RIE at 400 W.
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Combining BClz and Cl, gases have been reported to etch aluminum oxide [254,
256-258]. Therefore, the effect of gas mixture on the CNT exposed length was studied.
The SEM micrographs of the CNT embedded AAO membranes after 150 minutes of RIE
are also presented in Figure 4.3. The membranes were etched with 50%/50% and
75%/25% of BCl3/Cl, gases with total gas flow rate of 100 sccm at 400 W and 150 mTorr
of chamber pressure (data not shown for higher percentage of chlorine gas). Although
introduction of chlorine gas to the plasma can increase the AAO etch rate [254, 259], the
results show that it also increases the carbon etch rate, such that the CNT tip exposure
cannot be achieved (Fig. 4.3d, e). Therefore, to partially remove the AAO templates,

100% BCl; gas at 100 sccm of flow rate and 400 W of power was selected.
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Figure 4.3: SEM micrographs of CNT embedded Whatman AAO membranes at 35° tilt, showing
the effect of RF power, gas mixture and etching time on CNT exposure after RIE. AAO
membranes etched under 100 sccm of 100% BCl; at (a) 200 W, (b) 300 W and (c) 400 W of RF
power and 150 mTorr for 150 minutes and (f) 195 minutes. Also, AAO membranes etched for
150 minutes by adding (d) 50% and (e) 25% of Cl, gas to the mixture with total flow rate of 100
sccm, at 400 W of RF power and 150 mTorr. Insets: top view SEM micrographs of each
parameter setting (Scale bars: 500 nm).
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4.1.2.3. Wet Chemical Etching

To selectively remove the AAO templates and expose the CNT tips, wet etching
processes were also utilized. The carbon deposited templates were first submerged in 0.5
M aqueous solution of 5 different acids (sulfuric acid (H,SO,), hydrochloric acid (HCI),
phosphoric acid (H3PO,), acetic acid (CH3COOH), formic acid (HCOOH)) and 2 bases
(sodium hydroxide (NaOH) and potassium hydroxide (KOH)) for 15 minutes at room
temperature to elucidate proper etchant. The SEM micrographs in Figure 4.4 show that
the CNT tips are not visible after etching with acids (Fig. 4.4a-e). However, CNTs are
exposed after etching with two bases (Fig. 4.4f, g). This indicates that only NaOH and
KOH can etch the AAO templates in this relatively short time window. This is in
agreement with the results from other studies [256, 260, 261].

0.5M H2504, 15 min 0.5M HCI, 15 min
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Figure 4.4: Effect of the type of wet chemical etchant on CNT exposure. SEM micrographs of
CNT embedded Whatman AAO membranes after 15 minutes of etching in 0.5 M aqueous
solution of (a) sulfuric acid, (b) hydrochloric acid, (c) phosphoric acid, (d) acetic acid, (¢) formic
acid, (f) sodium hydroxide and (g) potassium hydroxide at room temperature (Scale bars: 1 pum).
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The effect of etching time on CNT tip exposure was studied using 1 M aqueous
NaOH solution for all three membranes (Fig. 4.5b-j). As illustrated in Figure 4.5a,
increasing the etching time, increases the CNT exposed length. However, the Synkera
150 nm AAO membrane shows a steeper trend compared to the Whatman membrane.
Recalling the pore structure for Whatman and Synkera AAO membranes (Fig. 3.1), to
expose the CNT tips using pure wet chemical etching, the Whatman membrane should be
submerged in the etchant to first remove the 1 um deep branch structure. Therefore, it
takes longer to expose CNTs from the Wahtman AAO membrane compared to Synkera.
Moreover, increased variability (standard deviation) at longer etching time indicates less
uniform AAO membrane etching due to the isotropic nature of wet etching process. A
comparison between the exposed CNTSs after RIE (Fig. 4.3f) and wet etching with 1 M
aqueous NaOH solution (Fig. 4.5d, g, j) indicates that the exposed CNTSs are aggregated
into bundles after being wet etched for longer than 14 minutes. This is likely due to the
widening of the AAO pores during the wet etching step, which reduces the support of the
AAO template for the exposed CNTs. Therefore, the nonuniform etching of the AAO
templates, the Van der Waals attraction between the CNTs, and the surface tension of the
wet solution during evaporation can cause lateral adhesion of the CNTs after exposure
(Fig. 4.5a-inset). Similar results have been observed elsewhere [172, 173]. This suggests
that to reach longer individually addressable exposed CNTSs, dry etching processes like

RIE are more promising.
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Figure 4.5; Effect of wet chemical etching time on CNT exposure. (2) CNT exposed length as a
function of etching time in 1 M agueous NaOH solution at room temperature for Whatman (200
nm pore diameter, solid circle), Synkera (150 nm pore diameter, solid triangle) and Synkera (100
nm pore diameter, solid diamond). Inset: The schematic of the lateral adhesion of CNTs after
long wet etching due to pore widening and the loss of support from the etched AAO template.
SEM micrographs of CNT embedded AAO membranes after wet chemical etching in 1 M
aqueous NaOH solution for (b, e, h) 4, (c, f, i) 8 and (d, g, j) 14 minutes for (b-d) Whatman 200
nm, (e-g) Synkera 150 nm and (h-j) Synkera 100 nm AAO membranes (Scale bars: 1 pum).
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The etch rate of Whatman AAO membranes in aqueous NaOH solution was studied
to elucidate the effect of temperature, etching time and solution concentration on their
etch rate. To this end, the required etching time was recorded for three different solution
concentrations and at a range of temperatures from 21 °C (room temperature) to 90 °C.
The experiment was conducted using AAO membranes without embedded CNTSs to
understand the etch rate and influence of aforementioned parameters. Determination of
etching time was based on dissolution of a full AAO disc with 13 mm of nominal
diameter. Figure 4.6 indicates the etching time of an AAO template (before carbon
deposition) as a function of temperature for three solution concentrations of 0.3, 1 and 1.5
M. As can be expected, increasing the temperature and NaOH molarity increases the
etching rate. The etch rates are almost 2 times faster or slower for 1.5M and 0.3M
solution, respectively, in comparison to the 1M solution at room temperature. However,
etching rate exponentially decays as temperature increases. Some, but not all,
experiments were repeated to screen for reproducibility which have been indicated with
error bars in Figure 4.6. For those repeated, good reproducibility were observed within
the range of 2% to 13% error. For a given temperature and solution concentration, the
approximate etch rate was determined from the experimental data assuming a linear
etching mechanism. For instance, at room temperature and for 1M solution, an average
membrane (58 pum thick) will be completely etched in around 22 minutes or at an

approximate etch rate of 2.64 um/min.
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Figure 4.6: Effect of temperature and molarity on etch rate of a full AAO membrane disc.

4.1.2.4. lon Milling and Wet Chemical Etching

To create individually addressable CNTs protruded from the AAO surface, a combination
of ion milling and wet etching was followed. Note that there is a branch shaped structure
with a depth of around 1 um on top of the Whatman AAOQO template (Fig. 3.1a-i) that
needs to be removed before CNT exposure. To this end, the surface of carbon deposited
AAO templates were first etched away for 2 hours using ion milling and the CNTs were
then exposed by wet etching in aqueous NaOH solution. Figure 4.7 shows the embedded
CNTs after ion milling process, and also after ion milling followed by 9 and 15 minutes
of wet etching with 1M aqueous NaOH solution, resulting in exposed CNTs of 100+27
nm and 183+48 nm, respectively. Despite the fact that ion milling removes a layer from
the top surface of AAO template and provides a clean surface for wet etching, the surface
has a non-planar morphology. Exposing the CNTs with wet etching after ion milling

carries the same pore widening problem observed from wet etching alone, which caused
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the CNTs to lose their support from the template and adhere to each other after a certain

point, resulting in less controllability over the length of the exposed CNTSs.

2 h Ion Milling, No Wet Etching 2 h Ion Milling, 1M NaOH, 9 min 2 h Ion Milling, 1M NaOH, 15 min

Figure4.7: SEM micrographs (35° tilted view) of CNT embedded Whatman AAO membranes

after (a) 2 hours of ion milling, and 2 hours of ion milling followed by (b) 9 minutes and (c) 15

minutes of wet etching using 1 M aqueous NaOH solution at room temperature. Insets: top view
SEM micrograph of the same parameter setting (Scale bars: 500 nm).

4.1.3. Conclusion
Vertically aligned, hollow arrays of CNTs can be produced using a three-step template-
based nanomanufacturing process. Carbon was deposited inside the pores of AAO
templates using CVD to form CNTSs. Three different etching processes were explored to
expose the CNT tips by selectively removing the AAO template: RIE using BClz and Cl,
gases, wet chemical etching and ion milling. The results indicate that in RIE process,
adding the chlorine gas to the combination expedites the carbon etch rate compare to
AAO, preventing the CNT exposure. Moreover, increasing the RF power and etching
time increase the CNT exposed length. A comparison of several chemical etchants
revealed that the two bases, NaOH and KOH, could selectively etch the AAO templates
in a relatively short time period. However, creating individually addressable CNTs using
only wet etching is challenging due to formation of CNT bundles after etching. This

could be due to the loss of support from the AAO templates and Van der Waals attraction
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forces between CNTSs. On the other hand, a combination of ion milling and wet etching
served as a hybrid method to expose CNTs but with a non-planar surface morphology.
Therefore, the RIE process is a more suitable method to fabricate individually
addressable CNTs. Note that the main intend of these experiments were to evaluate the
sensitivity of the manufacturing process of the CNT array device with respect to each
process parameter, in a try and error fashion. More comprehensive design of an
experiment is necessary as a future work to optimize the manufacturing process. The final
outcome of this work provides a scalable and reliable manufacturing guideline for a
CNT-based array device that can be used for various sensing, biological and biomedical

applications.

4.2. Fluidic Characterization of Array of CNTs

To apply the CNT array platform for intracellular transfection and delivery, the flow
behavior inside the channels plays an important role in device performance. To this end,
two types of fluid transportation can be conducted: fluid flow due to pressure gradient
and fluid flow due to concentration gradient. In the former case, the relationship between
the required pressure and the flow rate is of important interest. In the latter case, the
required time for diffusion of species through the CNT array needs to be investigated.

Experiments conducted to characterize the fluidic performance of the device in both cases.
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4.2.1. Experimental Procedure

4.2.1.1. Pressure Driven Flow

Fluid flow characteristics were investigated using a custom experimental setup capable of
handling fluid pressures up to 60 psi. A syringe pump with 60 mL capacity and Luer-Lok
fitting was used to drive water through the membrane using a programmable micro-
injector device (World Precision Instruments, ALADDIN-1000). The CNT membrane
was mounted in a commercially available stainless steel filter holder (Whatman,
1980001). A pressure transducer (Omega, PX409-500G10V) was connected between the
syringe pump and the filter holder via a union tee. PTFE tape was applied to the pressure
sensor threads to ensure a tight seal (Appendix, Fig. S6). The fluid pressure upstream of
the membrane was monitored as a function of flow rate. A series of pressure
measurements involving a minimum of six different CNT membranes were obtained for
various nominal flow rates (0.3, 0.5, 0.7 and 1 mL/min). Volumetric flow rate was
measured by weighing the exiting fluid every minute for 20 minutes. All experiments
were conducted at room temperature (22 °C). The results were then compared to

theoretical estimations from classical continuum fluid mechanics.

Note that for this experiment, CNTs were synthesized inside the pores of Whatman
AAO membranes using the discussed process in chapter 3. Briefly, AAO membranes
were annealed in air at 700 °C for 4 hours and placed in a 3-stage CVD tube furnace
(Carbolite TZF17/600). After purging the furnace with Argon, 30/70 (vol%/vol%)
ethylene/helium precursor gas was flowed at 60 sccm into the furnace at 675 °C for 5
hours to deposit a thin film of carbon on all surfaces of the AAO membrane, including
the walls of the membrane pores to form CNTs embedded in the AAO template.
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4.2.1.2. Fluid Diffusion

Tetramethylrhodamine (dextran) (Life technologies, D3308) diffusion through the device
was studied using a custom injection stage (Appendix, Fig. S6) for 4 different
concentrations of 2.5, 5, 10 and 20 puM in PBS. Solution diffusion was monitored and
imaged by fluorescent microscopy every 1 second for a period of 14 minutes. The
average fluorescent intensity along with the standard deviation of each image was
analyzed by imageJ software. The fluorescent intensity was then correlated to the
intensity of solutions with various concentrations to extract the concentration of solution

diffused through the arrayed CNTSs as a function of time.

Note that for this experiment, CNTs were synthesized inside the pores of Whatman
AAO membranes using the discussed process in chapter 3. Briefly, AAO membranes
were annealed in air at 730 °C for 4 hours and placed in a 3-stage CVD tube furnace
(Carbolite TZF17/600). After purging the furnace with Argon, 30/70 (vol%/vol%)
ethylene/helium precursor gas was flowed at 60 sccm into the furnace at 700 °C for 5
hours to deposit a thin film of carbon on all surfaces of the AAO membrane, including

the walls of the membrane pores to form CNTs embedded in the AAO template.

4.2.2.Results and Discussion

4.2.2.1. Pressure Driven Flow
For compatibility and versatility in its targeted biological applications, the device should
be able to transfer fluid using pressure driven flow, thus, the relationship between flow

rate and the pressure drop across the CNT membrane is of key interest. According to
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classical continuum fluid mechanics for an incompressible Newtonian fluid, the flow rate
through a tube with inner diameter of d can be predicted by the Equation 4.1 (Hegan-
Poiseuille) in which Q is the volumetric flow rate, u is the dynamic viscosity of the fluid,

AP is the pressure drop and L is the length of the pipe.

d
;) AP
 8u L

Eq.(4.1)

Previous fluid flow rate investigations through single CNTs showed that the
experimental measurements exceed predictions from the no-slip Poiseuille relationship
by up to several orders of magnitude [262, 263]. Therefore, the volumetric flow rate can
be modified by the slip length phenomenon as Equation 4.2 where the slip length (Ls)
describes the velocity discontinuity between the liquid and the solid boundary [264].

Al + 4L ap

Qs = 8. I Eq.(4.2)

However, for channels with diameters larger than ~100 nm, the no-slip Poiseuille
relationship can be employed (Ls ~ 0) [265, 266]. Since the inner diameter of carbon
nanotubes manufactured in this work is approximately 150 nm, Equation 4.1 will be used
to predict experimental measurements. It should be noted that Q in Equation 4.1 is the
flow rate through a single nanotube and, as such, will be multiplied by the number of
tubes in the active area of the membrane through which fluid is flowing when compared
to experimental flow rates.

In order to measure fluid flow through embedded CNTs, manufactured CNT

membranes were first mounted in a commercially available stainless steel 13 mm filter
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holder. A fluid tight seal was achieved by applying enough torque at the both sides of the
filter holder in such a way that the fragile membranes stay intact. Effectiveness of the
mounting method was confirmed by inserting a circular film of aluminum foil in place of
the membrane and verifying that no fluid flowed through the filter holder even at a
pressure of 60 psi (twice the amount of pressure during any experimental run). To ensure
steady state flow conditions, each experiment was conducted at a constant desired flow
rate for 20 minutes and the data recorded in 1 minute intervals. An active area of 0.64
cm? was estimated for each membrane mounted in the filter holder. After fluid flow
experiments, membranes were randomly inspected in the SEM to ensure that the tube

openings were not blocked and remained open.

Several further precautions were taken to ensure accurate measurements. First, the
transport path was purged of air bubbles. Second, the length and connections between the
pressure transducer and filter holder were minimized to reduce associated head loss. In
addition, the syringe pump and filter holder were leveled. Third, membranes were
supported by a rigid metal grid with coarse apertures to prevent cracking under hydraulic
loads and subsequent leakage. Forth, the fluid emerging from the CNT array was
collected and weighed in 1 minute intervals to measure actual experimental flow rates
and verify the flow rate settings of the syringe pump. Finally, to account for the above
and overall system losses, the pressure drop required to transfer fluid through the system
without any membrane in the filter holder was measured. At the flow rates used in this
study (nominal flow rates of 0.3, 0.5, 0.7 and 1 mL/min), the losses produced a pressure
drop of 0.03 psi. To demonstrate the functionality of the measurement system and

evaluate its performance, the pressure drop across a single-bore glass capillary as a

93



function of flow rate was measured and compared; the experimental results correlated
well (within 0.4% error) with theoretical estimations using Equation 4.1.

From SEM micrographs, the density of nanotubes across 0.64 cm? of active area was
7.36x10° tubes/cm?, and the thickness of the membrane was 58 pm (i.e., L). For water
with viscosity of 1.03x10° Pa.s, the calculated pressure for the flow rate of 0.49 mL/min
(the actual measured flow rate) through the CNT membrane with average inner pore
diameter of around 150 nm should be 8.03 psi. The average steady state pressure
measured in this case was 8.13 psi which shows very close agreement with theoretical
value. Figure 4.8 compares experimental measurements (linear curve fit, solid line, n=6)
and theoretical estimations from Equation 4.1 (dotted line) of pressure drop across the
membrane as a function of flow rate. Recall, a pressure drop of approximately 0.03 psi
was due to system losses. Since this number is only 0.002% of the smallest measured

pressure, system losses were neglected and data was not adjusted to compensate.
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Figure 4.8: CNT membrane pressure drop as a function of water flow rate. The solid line
indicates the linear fit of experimental data and the dashed line indicates the theoretical
calculation based on Hegan-Poiseuille equation.
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4.2.2.2. Fluid Diffusion

Transport of biomolecules through CNTs can also be conducted by solution composition
and concentration gradient. Diffusion of fluorescent reagents such as membrane-
impermeable dye (dextran) through the CNT array was investigated for four different
solution concentrations. Figure 4.9 shows concentration of the diffused solution as a
function of time for 2.5, 5, 10 and 20 uM solutions of dextran in phosphate buffered
saline (PBS). Dextran diffusion starts after around 21, 17, 12 and 8 seconds and reaches
to the maximum intensity after around 771, 562, 509 and 313 seconds for 2.5, 5, 10 and

20 uM solutions, respectively.
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Figure 4.9: Concentration of dextran in PBS solution as a function of time during the transfusion
through the device for 2.5, 5, 10 and 20 UM solutions.
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CHAPTER S

High Efficient Transfection of Cellsthrough Carbon Nanotube

Arrays

Introducing nucleic acids into mammalian cells is a crucial step to elucidate biochemical
pathways, and to modify gene expression and cellular development in immortalized cells,
primary cells, and stem cells. Current transfection technologies are time consuming and
limited by the size of genetic cargo, the inefficient introduction of test molecules into
large populations of target cells, and the cytotoxicity of the techniques. In this chapter, a
novel method is presented to introduce genes and biomolecules into tens of thousands of
mammalian cells through an array of aligned hollow CNTs, manufactured by template-
based nanofabrication processes, to achieve rapid high efficiency transfer with low
cytotoxicity. The utilization of CNT arrays for gene transfection overcomes molecular
weight limits of current technologies and can be adapted to deliver drugs or proteins in

addition to nucleic acids.

5.1. Intracdlular Transfection
The most common methods used for transfecting mammalian cells include: Lipofection

[139], which is simple but can have high toxicity and variable efficiency, particularly for
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post mitotic cells; Electroporation [267], which requires significant investment in
hardware and has variable efficiency and significant toxicity; Viral vectors [268], which
are labor intensive to construct, can have high toxicity at high titers (necessary for
increased efficiency) and have a limited DNA packing size; Biolistics (Gene Gun) [269],
which can transfer multiple species of DNA but requires expensive hardware and has low
efficiency and high toxicity. Intracellular microinjection has also been used for gene
transfection and other delivery applications, either through glass micropipettes [270] or
hollow nanostructures [16, 71, 149, 150, 155, 156, 163]. However, microinjection is
carried out in a serial fashion, making it very time-consuming, even with automated

systems [165, 271].

Recently, arrays of vertically aligned nanostructures have been developed for cell
transfection [142, 151, 152, 157-161, 272]. In theses platforms, biomolecules are
adsorbed on the surfaces of vertical nanowires or close-ended nanotubes that have been
arranged in an array and protrude hundreds of nanometers to several micrometers from a
substrate. After cells are cultured on top of the array, the adsorbed biomolecules find their
way into cells over time [166, 272]. Alternatively, cells have been cultured on top of
hollow nanotube arrays and transfected via fluid transport through the nanotube lumen
[142, 161]. However, these transfection platforms require long incubation times with
target cells (>24 hrs), have low transfection efficiency (< 30%) or require additional
assistive transfection techniques (e.g. electroporation) to achieve higher efficiency (>67%)
[142]. Moreover, there has been no demonstrated evidence that nanostructured arrays can
be successfully utilized for high efficiency gene transfection in large quantities of cells,

hindering broad application of the technology in the biomedical community.
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In this chapter, the CNT-based array device (schematically depicted in Fig. 1.7) is
utilized as a platform, which supports cell growth and enables high efficiency gene
transfection through the lumens of CNTs into cells within a short period of time without
any assistive technique. Template-based fabrication processes were developed to produce
a device consisting of an array of closely-packed, hollow and open-ended CNTSs
embedded in a thin, 13-mm diameter sacrificial template. As discussed in chapter 3 and 4,
the template was selectively etched away on one side to expose the tips of the embedded
CNTs. The surface of the exposed CNT tips supports healthy cell growth similar to
standard tissue culture plastic-wear. High efficiency gene transfer occurs rapidly into tens
of thousands of cultured cells simultaneously through the CNTSs by placing a nucleic acid
solution on the back side of the device. Once transfected, cells can be left on the device
or removed from the surface of the device and replated for subsequent growth, processing,
and/or analysis. In addition to nucleic acids, the CNT array device can also deliver
nanoparticles and macromolecules into large populations of cells simultaneously. The
results presented here demonstrate the utility of CNT-based arrays as a rapid, versatile

and efficient cellular delivery system to populations of cells.

5.2. Experimental Procedure

5.2.1. Device Manufacturing
CNT arrays were fabricated using commercially available AAO membranes (Whatman
Anodisc 13). CNTs were formed inside the AAO membrane using previously established
processes [97] discussed in chapters 3 and 4. Briefly, AAO membranes were annealed in
air at 730 °C for 4 hours and placed in a 3-stage CVD tube furnace (Carbolite
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TZF17/600). After purging the furnace with Argon, 30/70 (vol%/vol%) ethylene/helium
precursor gas was flowed at 60 sccm into the furnace at 700 °C for 5 hours to deposit a
thin film of carbon on all surfaces of the AAO membrane, including the walls of the
membrane pores to form CNTs embedded in the AAO template. The carbon layer on one
side of the membrane was then removed using oxygen plasma (LAM 490) at 300 mTorr,
RF 250 W and oxygen flow rate of 100 sccm for 3.5 minutes. CNTs were then partially
exposed by selectively etching the AAO template using RIE (LAM 4600) with boron
trichloride (BCls) at 150 mTorr, RF 400 W and BClI; flow rate of 100 sccm for 180
minutes. The resultant CNT array consisted of millions of CNTs (average tip diameter of
20542 nm, tube wall thickness of 28+5 nm, tube-to-tube spacing of 187+£36 nm)
protruding 176+34 nm from the surface of the 13 mm diameter AAO membrane. Dozens
of CNT array devices were produced in a single manufacturing run and stored until

needed for transfection.

5.2.2.Plasmid Preparation
The pEYFP mammalian expression vector mVenus-Cl [273] was maintained
in E.coli DH5a cells. Plasmid DNA was isolated from overnight E.coli cultures using

commercially available kits (QIAGEN Plasmid Plus Midi Kit).

5.2.3. Cell Culturing
Human embryonic kidney 293 cells (HEK293) and rat L6 myocyte were cultured in

DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at
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37 °C and 5% CO,. CNT array devices were sterilized in ethanol, dried in air for 15
minutes and submerged in DMEM for 30 minutes. Forty-thousand cells were counted by
hemocytometry and introduced on each device and cultured for 48 hours before

transfection.

5.2.4. Cell Growth Study
CNT array devices were sterilized in ethanol, dried in air for 15 minutes and submerged
in DMEM for 30 minutes. Sixty-thousand cells were plated on the device and on a
control well in a 24-well tissue culture dish and stained with 5 uM calcein-AM/ethidium
homodimer-1, (Life technologies, L3224) in PBS before imaging. The CNT devices and
tissue culture plates were washed 3X with PBS before imaging to eliminate unattached
and free floating cells. Cell spreading and proliferation were determined by fluorescence
microscopy, analyzing 20 sample images at two different magnifications (10X and 50X)
and quantified using ImageJ software. The number of live cells stained by calcein-AM
per surface area and the projected area of spread cells was calculated (200 to 850 counts
on average). For cell growth and spreading at each time step, statistical significance
between the tissue culture plate and CNT array samples was determined by p-values

obtained from t-tests.

5.2.5. Cell Transfection
Transfection of cells was performed on a custom stage and controlled environment under

the fluorescent microscope. Before transfection of the tetramethylrhodamine (dextran)
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and quantum dots (Qdots), HEK293 cells were counter-stained with 2 uM calcein-AM
dye (Life technologies, L3224) to be visible under the fluorescent microscope. A 10 uM
solution of membrane-impermeable 3,000MW dextran in PBS (Life technologies, D3308)
was prepared and introduced into the inlet of the transfection stage and the process was
monitored by fluorescent imaging every 0.5 second. As a control for impermeability of
dextran, cells were cultured in a well of 12-well cultrue plate for 48 hours. The cells were
then incubated in DMEM containing 10 puM dextran for 20 minutes. The cells were then
rinsed, trypsinized and re-cultured in tissue culture plate. The dextran permeation was

monitored using fluorescence microcopy.

Qdot transfection was conducted by preparing an 80 nM solution of carboxyl Qdots
(Life technologies, Q21341MP) in PBS. Delivery process was monitored by fluorescence
microscopy. The transfected HEK293 cells were then washed 3X with PBS to remove
suspended Qdots, before imaging. Cells were then trypsinized and re-cultured on tissue
culture plates for 5 hours, after which they were imaged again. As a control for
impermeability of Qdots, cells were cultured in a well of 12-well cultrue plate for 48
hours. The cells were then incubated in DMEM containing 80 nM Qdots for 20 minutes.
The cells were then rinsed, trypsinized and re-cultured in tissue culture plate. The Qdot

permeation was monitored using fluorescence microcopy.

Cells were also transfected with 75 puM solution of propidium iodide (PI) in PBS.
For these studies L6 cells were cultured on the CNT array device for 48 hours, after
which they were stained with 2 puM calcein-AM dye to identify the live cells. P1 delivery
was conducted in our custom stage, keeping the cells hydrated in PBS. After 20 minutes,
cells were trypsinized and collected in 100 puL of complete serum-free medium (CSFM,
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DMEM supplemented with 2 mg/ml BSA, 25 mM HEPES pH 8.0, 1%
penicillin/streptomycin, 1 ng/ml transferrin, 1.25 ng/ml insulin) for flow cytometry. As a
control for impermeability of PI, forty-thausand cells were cultured in each well of a 24-
well cultrue plate for 48 hours. The cells were then incubated in 0.6, 0.8, 10, 50, 75, 100
and 500 uM of PI in CSFM for 10, 20, 30, 40, 50 and 60 minutes. The cells were then
rinsed, trypsinized and collected for flow cytometry. The Pl permeation was quantified

by the percentage of cells emitting red fluorescence.

For transfection of plasmid DNA, HEK293 cells were seeded and cultured on the
device as described above for 48 hours. A 500 ng/uL solution of plasmid DNA encoding
enhanced yellow fluorescent protein (EYFP) in modified patch clamp electrode buffer
(148 mM KCI, 1 mM MgCl,;, 5 mM EGTA, 5 mM HEPES, 2 mM creatine, 5 mM
Phosphocreatin (Sodium salt), 5 mM ATP (dipotassium), pH 7.2) [274] was prepared.
Transfection was conducted using our custom stage (Appendix, Fig. S7) in a tissue
culture incubator for 2 hours; after which the cells were trypsinized and transferred to a
6-well tissue culture plate and cultured for 48 hours. Expression of EYFP transfected
cells was monitored by fluorescence microscopy before transfection, and every 24 hours
after transfection for 2 days. Cells were then trypsinized and collected in 100 pL of

CSFM for flow cytometry.

DNA transfection was conducted via lipofection for comparison. HEK 293 cells
were seeded and cultured on a well of 24-well tissue culture plate for 48 hours.
Lipofection was performed using commercial reagents and protocols (Polyplus
Transfection, jetPRIME). In brief, 0.5 pug of plasmid DNA was added into 50 pL of
JetPRIME buffer. After mixing, 1.3 pL of jetPRIME reagent was added to the mixture
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and vortexed for 10 seconds. The final mixture was incubated at room temperature for 10
minutes, and then added to 0.5 mL of growth medium of the cells. The cells were
incubated in the lipofection solution overnight. Cells were then trypsinized and collected

in 100 pL of CSFM for flow cytometry.

5.2.6. Flow Cytometry
Flow cytometry was utilized to quantify transfection efficiency from a large poulation of
cells. Analysis was carried out on a BD Biosciences Accuri C6 Flow Cytometer, using
488 excitation/670 nm emission to detect PI fluorescence, and 488 nm excitation/530 nm
emission to detect calcein-AM and EYFP fluorescence. A cut-off percentage of 0.2% (PI)
or 0.1% (EYFP) positive within the control untransfected sample was used to set the
gates (Appendix, Fig. S8). Side scatter (SSC) data was also collected and plotted on the
Y-axis vs. fluorescence intensity on X-axis. Transfection efficiency was reported as the

ratio of the number of transfected live cells to the number of live cells.

5.2.7. Scanning Electron Microscopy
Following culture on CNT array device for 48 hours, L6 cells were fixed in 3%
glutaraldehyde/0.1% sodium phosphate pH 7.4 for 30 min at room temperature, washed
twice with PBS for 5 minnutes, and then dehydrated in a graded ethanol series at room
temperature, first for 10 minutes in 30% ethanol/PBS, and then successively in 50%, 70%,
85%, 95% and 100% ethanol. CNT devices with fixed and dehydrated cells were then

further dried in a critical point dryer (Tousimis PVT-3B), and coated with platinum in a
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DC sputter coater (Denton Vacuum DESK-II). The cells were examined using a field

emission SEM (Zeiss Auriga).

5.3. Results and Discussion
5.3.1. Vertically Aligned CNT Array Device

CNT array devices were fabricated using a template-based CVD approach, as depicted in
chapter 4. CNTs were formed inside the pores of commercially available AAO
membranes via CVD as described previously [97]. The selected membrane dictated the
outer diameter, length of CNTs and spacing between the tubes, while the CNT wall
thickness was controlled by CVD time, temperature, and gas flow rate. After removing
the carbon film deposited on the membrane surface with oxygen plasma, one side of the
AAO membrane was partially etched by RIE using boron trichloride plasma to expose
the tips of CNTs embedded in the membrane. The exposed length of CNTs was
controlled by RIE etching time, chamber pressure and RF power. The result is a densely
packed array of aligned CNTs embedded inside the AAO template with relatively short
exposed lengths, which are open on both sides of the membrane. Typical devices
consisted of millions of CNTSs (average outer and inner diameters approximately 200 nm
and 140 nm, respectively) spaced on average 200 nm from each other, and protruding

approximately 180 nm from the surface of the 13 mm diameter template (Fig. 5.1b, c).
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Figure5.1: CNT array device for high efficient parallel intracellular transfection. SEM
micrographs of exposed CNT array, (a) top view and (b) 35° tilted view (Scale bars: 200 nm).
(c) Fractured edge of CNT device showing embedded CNTs with exposed tips extending through
the plane of the device (Scale bar: 1 pm).

5.3.2. Cell-CNT Interaction
HEK?293 and rat L6 myocyte cells were successfully cultured on top of CNT arrays using
established cell culture protocols (Fig. 5.2a, b). Figure 5.2a shows the typical morphology
of cells adhering to the surface of the CNT array, where a cell covers the protruding tips
of approximately 900 CNTs. As observed in Figure 5.2b, the basal cell membrane is in

intimate contact with the tightly packed textured surface of the short protruding CNT tips.

Cells grew and proliferated on CNT arrays at the same rate as standard tissue culture
plates (Fig. 5.2c, d). HEK293 cells (40,000 cells/mL) were seeded in parallel on a CNT
array device and a similar-sized (13 mm) well of a tissue culture plate. Cells were
cultured for 48 hours during which the numbers of living cells were counted using
fluorescence microscopy and the surface area covered by the cells was calculated. As
shown in Figure 5.2c, d, there was no statistically significant difference in cell coverage
or number of live cells between cells cultured on the CNT array or on tissue culture
plastic over the 48 hours period. Cells were then trypsinized and re-cultured on tissue

culture plastic for an additional 24 hours to score cell viability. As confirmed by SEM
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imaging after trypsinization, all cells were collected from the device surface. Using the
live/dead cell viability assay (calcein-AM/ethidium homodimer-1), 97% of re-cultured
cells were alive, indicating the CNT array supports cell culture comparable to standard
tissue culture plates and without cytotoxic effects. These results are in agreement with
our previous work showing the low toxicity of single CNT-tipped probes in single cell
analysis [16, 71, 163, 275]. Although not shown here, cells have also been successfully

cultured on the device for up to 96 hours.
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Figure5.2: Interaction and proliferation of cells on the CNT array device. (a) SEM micrographs
of L6 cells (false colored blue) cultured on CNT device after 48 hours (Scale bar: 5um), and (b)
high magnification micrograph of cell-CNT interface, showing engulfment of CNTs (false
colored yellow) by basal membrane of L6 cells (Scale bar: 500 nm). (c, d) Cell proliferation study
of HEK293 cells on CNT array compared with tissue culture plate shows live cell number and
area covered by cells monitored at 3, 24 and 48 hours after seeding. Error bars indicate the
standard deviation of 20 sampled images for each case. No significant difference in cell growth or
cell area was observed between control plastic and CNT devices (T-test resulted in p-values of
0.63, 0.20 and 0.29 for (c), and 0.95, 0.55 and 0.63 for (d), comparing control with CNT array
device after 3, 24 and 48 hours, respectively.)
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5.3.3. High Efficiency Transfection of Population of Cells
The CNT array device was utilized to deliver cell-impermeable molecules, such as
macromolecules, nanoparticles and nucleic acid into cells cultured directly on its surface.
These molecules are unable to efficiently penetrate through the cell plasma membrane
without a transport technique or reagent [276]. HEK293 cells were cultured on top of the
CNT array for 48 hours. The device was then removed from the culture media and
positioned under an upright fluorescent microscope on a custom perfusion stage to
prevent cell dehydration during transfection. To demonstrate delivery into cells through
the device, a 10 uM droplet of tetramethylrhodamine (dextran) dye was placed under the
device and allowed to diffuse through the CNTs and into HEK293 cells cultured on the
top surface of the device. The cells and delivery were observed in real time under a
fluorescent microscope (Fig. 5.3a-b). As shown in Figure 5.3b, dye delivery through the
CNT array device occurred within 16 minutes and cells remained viable throughout the

process.

y

t=0 min t=0 min t=7 min t= 16 min

Figure5.3: Intracellular transfection of cells with membrane-impermeable dye using CNT array.
(a) Magnified fluorescent images of five HEK293 cells during transfection, showing the live cells
stained by calcein-AM dye imaged by GFP fluorescent filter at t=0 minute, and (b) same cells
during the CNT-mediated transfection of 10 uM tetramethylrhodamine (dextran) imaged by Cy3
fluorescent filter at t=0, 7 and 16 minutes (Scale bar: 5 um). The background fluorescence is due
to diffusion of dextran into the growth medium through open CNTSs (with no cells blocking the
exit opening).
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Control experiments were conducted to ensure impermeability of dextran molecule.
To this end, HEK293 cells were cultured on a standard tissue culture plate (Fig. 5.4a) and
incubated in growth medium containing 10 UM dextran, the same dextran concentration
utilized for transfection. Cells were incubated for 20 minutes (the required time for
intracellular delivery of biomolecules with the device) (Fig. 5.4b), then rinsed,
trypsinized and re-cultured in tissue culture plate. Evaluation of the cells by fluorescence
microscopy showed no intracellular fluorescence in cells (Fig. 5.4c), indicating

membrane impermeability of dextran.

Figure 5.4: Permeation control of tetramethylrhodamine (dextran) into cells. (a) Brightfield
image of HEK293 cells cultured on culture plate for 48 hours before introduction of dextran, (b)
fluorescent image of cells incubated in 10 UM solution of dextran (dark spots indicate
untransfected cells) after 20 minutes, and (c) fluorescent image of the same cells after rinsing
with PBS indicating impermeability of dextran (Scale bars: 50 pm).
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Cells cultured on the CNT array device can be transfected, removed from the device,
and cultured in standard tissue culture plates. Using the transfection and cell culturing
protocols described above, HEK293 cells were seeded on top of the device for 48 hours
and stained with live assay (calcein-AM), as shown in Figure 5.5a. A solution of 80 nM
carboxyl Qdots (15-20 nm diameter ) in PBS was prepared and introduced on the back
side of the device over our custom stage for 20 minutes. The transfected HEK293 cells
were then washed three times with PBS to remove suspended Qdots before imaging.
Cells were then trypsinized and re-cultured on tissue culture plates for 5 hours, after
which they were imaged again (Fig. 5.5c). As shown in Figures 5.5b, c, fluorescent Qdots
are distinctly visible inside calcein-stained HEK293 cells after delivery (Fig. 5.5b), and 5
hours after transfection and re-culturing (Fig. 5.5¢). Results show efficient transfer of
fluorescent Qdots. Cells remained viable before, during, and after both the delivery and

re-culturing process, as determined using the live/dead assay.

Since the cells can uptake molecules from solution through endocytosis [277, 278],
control experiments were conducted to ensure impermeability of Qdots. To this end, cells
were cultured on a standard tissue culture plate and incubated in growth medium
containing 80 nM Qdots, the same Qdot concentration utilized for transfection. Cells
were incubated for 20 minutes (the required time for intracellular delivery of
biomolecules with the device), then rinsed, trypsinized and re-cultured in culture plate
and evaluated by fluorescence microscopy. No intracellular Qdots were observed in these

control cells, indicating membrane impermeability of Qdots.
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Figure5.5: Intracellular transfection of cells with quantum dots by CNT array. (a) Fluorescent
images of live HEK 293 cells cultured on CNT array for 48 hours and stained with calcein-AM
dye imaged by GFP fluorescent filter, (b) cells during the transfection with Qdots (white arrows
show the free floating Qdots), and (c) same cells trypsinized and re-cultured in culture plate for 5
hours after transfection (Scale bar: 20 um). The bright punctuate green transfected Qdots are
detectable on a uniform background of calcein-AM staining.

To facilitate large-scale transfection, a platform was developed consisting of a
media-filled cylinder on which a CNT array, with cells cultured on its surface, would be
inverted and placed on top. Once in place, injection solution could be applied to the
backside of the inverted CNT array while keeping the cells bathed in growth media
during the transfection. Using the custom platform, populations of cells were efficiently
transfected with fluorescent dye. Forty-thousand L6 cells were seeded on the CNT array
and cultured for 48 hours. Cells were stained with calcein-AM dye to identify live cells
(Fig. 5.6a). The device was then inverted and placed on the transfection platform to keep

cells hydrated. A 50 uL drop of 75 uM propidium iodide, a red membrane-impermeable
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dye, was placed on the backside of the device and allowed to diffuse through the CNTs
and into the cells for 20 minutes. Cells were imaged (Fig. 5.5a-c), and then trypsinized to
stop transfection and collected for flow cytometry. Using fluorescence microscopy,
almost all the cells appear to be both alive (stained green with calcein-AM) and
transfected with dye (red fluorescence) (Fig. 5.6b). These results were confirmed by flow
cytometry analysis, where 98% of the cells stained green (alive, data not shown) and 99%
of the viable cells were transfected with PI (Fig. 5.6d). These results demonstrate that the
CNT array is able to transfect mamalian cells with high efficiency and minimal impact on

cell viability within a short period of time.
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Figure5.6: High efficiency dye transfer into cells using CNT array. (a) L6 cells plated on CNT
array and stained with 2 pM calcein-AM dye, and (b) transfected with 75 uM propidium iodide
after 14 minutes, and (¢) merged fluorescent image of a and b (Scale bars: 200 um). (d) Flow
cytometry results of L6 cells transfected with propidium iodide using CNT array device.
Transfection indicated by rightward shift in the 670 nm fluorescence intensity of injected cell
population (red) compared to control uninjected (blue) cells. Nine thousand cells were counted
for each sample population.
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Control experiments were conducted to ensure impermeability of Pl at the
concentrations in which the cells were transfected. To this end, 40,000 L6 cells were
cultured on standard tissue culture plates for 48 hours. Cells were incubated in CSFM
containing various concentrations of PI for up to 60 minutes. Cells were then trypsinized
and collected for flow cytometry. For each incubation time, 30,000 cells were analyzed
by flow cytometry. As shown in Figure 5.7, the results indicate that for 10 uM PI
(concentration represents the extreme scenario, where the entire 50 pL injection volume
of 75 uM PI entered into the serum-free medium reservoir), the Pl does not permeate into
cells incubated even up to 40 minutes (double the time used to inject cells through the
CNT array). The 10 uM PI permeated only 5% of the cells incubated for 60 minutes.

However, for highe concentration of the PI, the permeation is inevitable.
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Figure5.7: Permeation of propidium iodide dye into L6 cells at various concentrations. Blue line
indicates the control (cells with no staining).
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The CNT array can efficiently transfer plasmid DNA into large populations of cells.
Forty-thousand HEK?293 cells were seeded on the device and cultured for 48 hours. The
device was inverted and placed in the custom transfection fixture containing growth
media to keep cells hydrated. A 50 puL drop of 500 ng/uL plasmid DNA encoding
enhanced YFP was placed on the backside of the device and allowed to diffuse through
the CNTs and into the cells for 2 hours in a tissue culture incubator. Cells were then
trypsinized to stop transfection, collected, transferred to tissue culture plate and cultured
for two days. The EYFP expression in cultured cells was confirmed by fluorescence
microscopy (Fig. 5.8a-c). Due to variation of EYFP expression level, a gradation of
fluorescence was observed, indicated as a continuum of low to high fluorescence
intensity in the transfected population. The cells were then trypsinized and collected for
flow cytometry. Quantification of transfection efficiency by flow cytometry showed that
out of 25,000 counted cells, 84% of them were alive and expressing EYFP (Fig. 5.8d).
These results demonstrate that the CNT array is able to transfer DNA into tens of

thousands of cells with high efficiency and high cell viability.

DNA transfection was also conducted via lipofection for comparison. HEK 293 cells
were seeded and cultured on a well of 24-well tissue culture plate for 48 hours.
Lipofection was performed using commercial reagents and protocols. The flow cytometry
results of the lipofected cells, indicating that 90.8% of the cells were transfected
(Appendix, Fig. S9). This demonstrates that the CNT array device can achieve gene
transfection efficiency comparable to well-established transfection methods, e.g.

lipofection, but can do so within a shorter amount of time.
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Figure 5.8: High efficiency plasmid transfection of cells using CNT array. (a) Phase image of
HEK?293 cells, and (b) fluorescent images of transfected cells with EYFP plasmid DNA, 48 hours
after transfection, and (c) the merged phase and fluorescent image of a and b (Scale bars: 100
pm). (d) Flow cytometry results of HEK293 cells transfected with plasmid DNA encoding YFP
by CNT array device. Transfection indicated by rightward shift in the 530 nm fluorescence
intensity of injected cell population (red) compared to control uninjected (blue) cells. Twenty-five
thousand cells were counted for each sample population.

5.4. Conclusion

The array of hollow CNTs described in the current studies is able to deliver
macromolecules, nanoparticles, and DNA into tens of thousands of cells simultaneously
with high efficiency and low toxicity. The CNT device provides the ability to
accommodate a wide range of sizes of biomolecules, from 0.66 kDa (propidium iodide),
3 kDa (tetramethylrhodamine-dextran) to 3900 kDa (6000 bp plasmid DNA). This wide
range of cargo size suggests that the CNT array will have broad use for transferring DNA,
proteins or drugs into cells. Results show highly efficient delivery of dye (99%) and
plasmid DNA (84%) into tens of thousands of cells from two different cell lines,

demonstrating the robustness of the hollow CNT arrays for efficient biomolecular
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delivery, with low toxicity. The CNT device is easily manufactured and utilizes standard
cell culture consumables and procedures, making it amenable for broad application. By
applying a sample solution to the backside of the CNT array and delivering the cargo
molecules through the hollow CNT, the delivery concentration and cell-cargo contact

time can be precisely controlled, and, serial delivery of multiple biomolecules is possible.

The CNT array device is well tolerated by cells, which adhere and grow with
characteristics similar to tissue culture plastic, suggesting applications for cells that are
resistant to current transfection protocols such as macrophages, primary neurons and stem
cells. Additionally, gene transfer by CNT array is not associated with cell distress, and
may thus have significantly fewer side-effects on cellular physiology than standard
transfection methods, speeding development of new cell models to study intractable

diseases, discovery of signaling pathways, and drug discovery.
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CHAPTER 6

Effect of Geometrical Properties of Carbon Nanotube Arrays

on Intracedlular Gene Transfection

Vertical arrays of nanostructures are emerging as promising platforms for cellular
biology, probing and manipulating live cells and intarcellular deliver. These broad ranges
of applications require different types of interfaces, almost invariably relying on the
physical and geometrical properties of the nanowire or nanotube arrays. This necessitates
a need for a better understanding of the affect of their geometrical properties on cellular
behavior. In this chapter, arrays of vertically aligned CNTs are used for gene transfection
into populations of cells. The effect of CNT exposed length and surface morphology on
transfection efficiency is studied. The results indicate that relatively short exposed CNTs
with planar-surface morphology promote intracellular gene transfection through hollow
CNTs into populations of cells. This provides a guideline for optimization of transfection

efficiency using arrays of vertically aligned CNTSs.

6.1. Nanoarray Featuresand Cellular Interface
The ever increasing utilization of arrays of vertical nanowires and nanotubes for

biological applications has demonstrated a new perspective for cellular investigation
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during the last decade [151, 237, 279, 280]. The small dimensions of these nanostructures
and their minimal cell perturbation make them a promising tool for applications including
biomolecule detection [239, 240, 281], mechanosensing [282-284], biomolecule transport
[159, 160, 285], cell recording [286-288], and axonal guidance [289, 290]. To this end,
various arrays of nanowires and nanotubes fabricated out of different materials, with a
broad range of geometrical properties and surface chemistry are desired to fulfill the
requirements of each application due to the interaction of nanostructural elements with

biological entities.

Intracellular delivery of macromolecules and genetic materials is yet another
application of these platforms which is emerging as an important field of research to
overcome the limitations of current transfection techniques and allow understanding of
cell heterogeneity in complex biological systems [142, 161, 166]. The limiting step in
current analysis of cellular physiology is the inefficient introduction of test molecules

into target cells with physiologic characteristics representative of in vivo pathophysiology.

Vertically aligned structures of such nanowires and nanotubes have demonstrated
high efficient delivery of biomolecules into population of cells [246, 272]. Various
parameters such as cell type, geometrical properties of the arrays (lengths, diameters,
spacing between the elements), material and even fabrication method seem to influence
the interaction of cells with these nanostructures and therefore, affect the transfection
efficiency [158, 249, 253, 291-293]. For instance, surface morphology can greatly affect
the cell function through activation of signaling pathways due to the cytoskeleton

rearrangement [294]. Spacing between the nanoelements can either change the chemical
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cues in the cellular environment or changes the cytoskeleton dynamics, affecting the cell

motility [295].

There have been attempts to improve the interface between the nanowires or
nanotubes and cells through proper selection of geometrical properties [243, 251].
However, the studies show that penetration of these nanostructures through cell lipid
bilayer and have a direct access to the cell cytosol is very unlikely [252, 253]. This means
that despite the rapidly expanding utilization of vertical nanowires and nanotubes for
cellular transfection, the effect of their geometrical properties on transfection efficiency

still needs more exploration.

As discussed in previous chapter, high efficient transfection of populations of cells
with different macromolecules and nanoparticles, and also plasmid DNA was
demonstrated using an array of vertically aligned CNTs with high cell viabilitys. The
results show that densely packed and shortly exposed CNTs with a uniform and co-planar
surface are the key features to achieve high transfection rate and high cell viability. This
IS in contrast with the results reported in other literature in which high aspect ratio
nanowires or nanotubes (height > 1 um) with longer spacing (> 2 um) is preferable for

better cell penetration and intracellular delivery [243, 251, 253].

In this chapter, the effect of CNT exposed length and surface roughness on
transfection efficiency of population of cells is examined. To this end, arrays of CNTs
were fabricated using template-based manufacturing method discussed in chapter 3 and 4.
As illustrated in Figure 6.1, first, carbon was deposited on the surface of commercially

available porous AAO membranes to form CNTs. The carbon layer was removed from
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the top surface of the template using oxygen plasma. Finally, the tips of the CNTs were
exposed using RIE process. Arrays of CNTs were fabricated through 1 step (Fig. 6.1c) or
2 steps (Fig. 6.1d-f) manufacturing processes in which the RIE parameters such as RF
power, chamber pressure and plasma mixture were modified to adjust the exposed length
of the CNTs and introduce the surface roughness. Cells were grown on the array device
for 48 hours, after which were transfected with plasmid DNA encoding enhanced YFP
and the transfection efficiency was quantified using flow cytometry. Cell growth and
proliferation was also studied as a function of CNT exposed length and surface roughness.
Moreover, the cell-CNT interaction was evaluated using SEM. The final results indicate
that a shortly exposed and densely packed aligned array of CNTs with a co-planar surface
morphology is a more promising nanostructure to achieve high gene transfection

efficiency into populations of cells.
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Figure 6.1: Schematic illustration of the CNT array device fabrication procedure. Fabrication
process shows (a) carbon deposition by chemical vapor deposition, (b) removing the amorphous
carbon layer by oxygen plasma from the surface, (c, d) exposing the CNT tips by reactive ion
etching, (e) trimming the exposed CNTs by oxygen plasma, and (f) re-exposing the CNT tips by
reactive ion etching.
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6.2. Experimental Procedure
6.2.1. Carbon Deposition

CNT arrays were fabricated using commercially AAO membranes (Whatman Anodisc
13). CNTs were formed inside the AAO membrane using previously established
processes [97], discussed in chapter 3. Briefly, AAO membranes were annealed in air at
730 °C for 4 hours and placed in a 3-stage CVD tube furnace (Carbolite TZF17/600).
After purging the furnace with Argon, 30/70 (vol%/vol%) ethylene/helium precursor gas
was flowed at 60 sccm into the furnace at 700 °C for 5 hours to deposit a thin film of
carbon on all surfaces of the AAO membrane, including the walls of the membrane pores

to form CNTs embedded in the AAO template.

6.2.2. CNT Tip Exposure
CNT tips were exposed using an alteration of peviously discussed process in chapter 4.
After the CVD, the carbon layer on one side of the membrane was removed using oxygen
plasma (LAM 490) at 300 mTorr, RF 250 W and oxygen flow rate of 100 sccm for 3.75
minutes. CNTs were partially exposed by selectively etching the AAO template using
RIE (PlasmaTherm720/740 Etcher). To introduce CNT tip roughness, the AAO templates
were partially removed using a 1 step manufacturing process. Here, the CNTs were
exposed using RIE with 100% boron trichloride (BCls) gas at 15 mTorr, RF 250 W and
100 sccm of total gas flow rate for 2, 2.5, 3, 3.5 and 4 hours. On the other hand, to create
a uniform and co-planar exposed CNTSs, a 2 steps manufacturing process was followed.
First, the AAO templates were etched with 80%/20% mixture of boron trichloride (BCls)
and argon (Ar) gas, respectively, at 15 mTorr, RF 250 W and 100 sccm of total gas flow
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rate for 6 hours. The exposed CNTs were trimmed using oxygen plasma at 300 mTorr,
RF 250 W and oxygen flow rate of 100 sccm for 3.5 minutes. Then, the CNTs with a co-
planar tips were exposed again using RIE with 80%/20% mixture of BCl3 and Ar gas,
respectively, at 15 mTorr, RF 250 W and 100 sccm of total gas flow rate for 2, 4 and 6
hours. The resultant CNT array consisted of millions of CNTs (average tip diameter of
205+42 nm, tube wall thickness of 28+5 nm, tube-to-tube spacing of 187+36 nm)
protruding from the surface of the 13 mm diameter AAO membrane. Dozens of CNT
array devices were produced in a single manufacturing run and stored until needed for

transfection.

6.2.3. Plasmid Preparation
The pEYFP mammalian expression vector mVenus-Cl [273] was maintained
in E.coli DH5a cells. Plasmid DNA was isolated from overnight E.coli cultures using

commercially available kits (QIAGEN Plasmid Plus Midi Kit).

6.2.4. Cell Culturing
HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin at 37 °C and 5% CO,. CNT array devices were sterilized in
ethanol, dried in air for 15 minutes and submerged in DMEM for 30 minutes. Seventy
five-thousand cells were counted by automated cell counter (Life technologies, Countess

I1) and introduced on each device and cultured for 48 hours before transfection.
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6.2.5. Cell Growth Study
CNT array devices were sterilized in ethanol, dried in air for 15 minutes and submerged
in DMEM for 30 minutes. Seventy five-thousand HEK293 cells were plated on the CNT
array, and on a control well in a 12-well tissue culture dish and stained with 5 pM
calcein-AM/ethidium homodimer-1, (Life technologies, L3224) in PBS before imaging.
The CNT devices and tissue culture plates were washed 3X with PBS before imaging to
eliminate unattached and free floating cells. Cell spreading and proliferation were
determined by fluorescence microscopy, analyzing 20 sample images at two different
magnifications (10X and 20X) and quantified using ImageJ software. The number of live
cells stained by calcein-AM per surface area and the projected area of spread cells was
calculated (up to 600 counts on average). The results were normalized based on the

control experimet in standard tissue culture plate.

6.2.6. Cell Transfection
Transfection of cells with plasmid DNA was performed using previously established
protocol [246], discussed in chapter 5. To this end, HEK293 cells were seeded and
cultured on the device as described above for 48 hours. A 500 ng/pL solution of plasmid
DNA encoding enhanced YFP in modified patch clamp electrode buffer (148 mM KClI, 1
mM MgCl,, 5 mM EGTA, 5 mM HEPES, 2 mM creatine, 5 mM Phosphocreatin (Sodium
salt), 5 mM ATP (dipotassium), pH 7.2) [274] was prepared. Transfection was conducted
using a custom stage (Appendix, Fig. S7) in a tissue culture incubator for 2 hours; after
which the cells were trypsinized and transferred to a 12-well tissue culture plate and
cultured for 48 hours. Expression of EYFP transfected cells was monitored by
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fluorescence microscopy before transfection, and every 24 hours after transfection for 2
days. Cells were then trypsinized and collected in 100 pL of complete serum-free
medium (CSFM, DMEM supplemented with 2 mg/ml BSA, 25 mM HEPES pH 8.0, 1%

penicillin/streptomycin, 1 ng/ml transferrin, 1.25 ng/ml insulin) for flow cytometry.

DNA transfection was conducted via lipofection for comparison. HEK 293 cells
were seeded and cultured on a well of 12-well tissue culture plate for 48 hours.
Lipofection was performed using commercial reagents and protocols (Polyplus
Transfection, jetPRIME). In brief, 0.8 pug of plasmid DNA was added into 75 pL of
JetPRIME buffer. After mixing, 2 puL of jetPRIME reagent was added to the mixture and
vortexed for 10 seconds. The final mixture was incubated at room temperature for 10
minutes, and then added to 1 mL of growth medium of the cells. The cells were incubated
in the lipofection solution overnight. Cells were then trypsinized and collected in 100 pL

of CSFM for flow cytometry.

6.2.7. Flow Cytometry
Flow cytometry was utilized to quantify transfection efficiency from a large poulation of
cells. Analysis was carried out on a BD Biosciences Accuri C6 Flow Cytometer, using
488 nm excitation/530 nm emission to detect EYFP fluorescence. A cut-off percentage of
0.1% (EYFP) positive within the control untransfected sample was used to set the gates
(Appendix, Fig. S10, S11). Side scatter (SSC) data was also collected and plotted on the
Y-axis vs. fluorescence intensity on X-axis. Transfection efficiency was reported as the

ratio of the number of transfected live cells to the number of live cells.
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6.2.8. Scanning Electron Microscopy
Following culture on CNT array device for 48 hours, HEK293 cells were fixed in 3%
glutaraldehyde/0.1% sodium phosphate pH 7.4 for 30 minutes at room temperature,
washed twice with PBS for 5 minutes, and then dehydrated in a graded ethanol series at
room temperature, first for 10 minutes in 30% ethanol/PBS, and then successively in 50%,
70%, 85%, 95% and 100% ethanol. CNT devices with fixed and dehydrated cells were
then further dried in a critical point dryer (Tousimis PVT-3B), and coated with platinum
in a DC sputter coater (Denton Vacuum DESK-II). The cells were examined using a field

emission scanning electron microscope (Zeiss Auriga).

6.3. Results and discussion
6.3.1. CNT Array Device Fabrication and Characterization

Vertically aligned arrays of CNTs were fabricated by exposing the CNT tips using RIE
process. To this end, the AAO templates were selectively etched with a plasma mixture
of BCl3 and Ar for various etching times. A detailed study of the effect of RIE parameters
on CNT exposed length was discussed in chapter 4. To introduce surface roughness and
also control the exposed length of the CNT tips, two different fabrication protocols were
followed. In the first manufacturing protocol, called 1 step technique, the CNTs were
exposed by RIE, right after CVD and removal of the top carbon layer (Fig. 6.1c) to create
exposed CNTs with non-planar surface morphology. On the other hand, using the second
manufacturing protocol, called 2 steps technique, after the first RIE process, the exposed
CNTs were trimmed using oxygen plasma. The planar tip-shaped CNTs were exposed
again using a second RIE step (Fig. 6.1d-f). The exposed CNTs show a more planar
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surface morphology while variation of the etching time can control the CNT exposed
length. Figure 6.2 shows the exposed length of the CNTs as a function of RIE etching
time for both protocols along with the SEM micrographs of the array devices fabricated
with each protocol. The results show that for 1 step manufacturing protocol, CNTs are
exposed at lengths of 336+176 nm, 311+139 nm, 350+£132 nm, 43692 nm and 536164
nm from the AAO surface after 2, 2.5, 3, 3.5 and 4 hours of RIE, respectively. Also, for 2
steps manufacturing protocol, CNTs are exposed at lengths of 138+40 nm, 427+66 nm
and 566+72 nm from the AAO surface after 2, 4 and 6 hours of RIE, respectively. This
indicates that increasing the etching time, increases the CNT exposed length in an
approximately linear manor (Fig. 6.2a). However, the measured standard deviations of
the exposed CNTs for the 2 steps manufacturing protocol is almost 58% lower, on
average, compared to the 1 step protocol. This suggests that the 2 steps technique
provides more planar surface morphology compared to the 1 step protocol. This variation
of surface morphology can also be observed in SEM micrographs (Fig. 6.2b-g). Note that
after etching the AAO template using 1 step protocol for 2 hours of RIE, very long and
widely dispersed CNTs have been exposed (Fig. 6.2b), while increasing the etching time,
increases the number of exposed CNTs (Fig. 6.2c, d). However, a closer look at the CNT
tips reveals a non-uniform and non-planar morphology due to the relatively lower RIE
power and chamber vacuum. On the other hand, trimming the CNT tips with the second
oxygen plasma provides a flat and planar surface for the second RIE process. Therefore,

the CNTs fabricated by the 2 steps protocol have more uniform and planar tips (Fig. 6.2e-

9)-
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Figure 6.2: Exposing the CNT tips using two different fabrication protocols. (a) Exposed length
of CNTs as a function of reactive ion etching time for 1-step (solid circle) and 2-steps (solid
triangle) manufacturing processes. SEM micrographs (35° tilt) of exposed CNTSs after the first
RIE process for (b) 2 hours, (¢) 3 hours, (d) 4 hours, and after the second RIE exposure for (g) 2
hours, (f) 4 hours and (g) 6 hours. Insets: top view SEM micrographs of each parameter setting
(Scale bars: 500 nm).

6.3.2. Cell-CNT Interaction
Cells grew and proliferated on CNT arrays and the effect of surface roughness and CNT
exposed length on cell growth was studied. HEK293 cells (75,000 cells) were seeded in
parallel on a CNT array device, and a well of a tissue culture plate. Cells were cultured

for 48 hours after which the numbers of living cells were counted using fluorescence
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microscopy by staining with calcein-AM/ethidium homodimer-1, and the surface area
covered by the cells was calculated, as shown in Figure 6.3. Note that the results were
normalized based on the number of cells and cell spread area of the control experiment (1
corresponds to the control). The higher number of cells and the area coverage for a
surface with a planar morphology suggests that it promotes cell growth and proliferation
compared to the rough surface (Fig. 6.3a, b). Moreover, the results indicate that CNTs
with a smoother exposed tips improve proliferation compared to the control well. On the
other hand, increasing the CNT exposed length with a planar surface morphology,
increases the number of cells and spread area up to a point (CNT exposed length of
around 400 nm), after which it drops down, while this trend almost plateaus (considering
the standard deviation) for exposed CNTs with rough surface. This could be due to the
fact that longer exposed CNTs with such a relatively high packing density prevents the
receptor binding [296], focal adhesion [294, 297] and van der Waals interaction [298]
between the cell membrane and the substrate. This results in deformation of the
nanotubes around the CNTs until it eventually makes contact with the substrate surface
[293]. This phenomenon can be observed in SEM micrographs of the cells on the CNT
arrays (Fig. 6.3c-k). The widely dispersed CNTs with long exposed tips causes the cells
to distord and deform around the tubes, and be attached to the substrate surface (Fig.
6.3c-e). However, increasing the number of exposed CNTs and their exposed length
causes the cells to be sitted on top of a "bed of tubes" in such a way that they can not
make any contact to the substrate below to create focal adhesion, resulting in less CNT

engolfement (Fig. 6.3i-k). Therefore, a shortly exposed CNTs with a planar surface
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morphology provides a promising platfom for the cells to grow and proliferate, while

engolfing the CNTs without detrimental effect [246].
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Figure 6.3: Proliferation and interaction of cells on the CNT array devices. (a, b) Cell
proliferation study of HEK293 cells on CNT arrays showing the effect of exposed length of CNT
tips and the surface roughness on live cell number and area covered by cells monitored 48 hours
after seeding. Error bars indicate the standard deviation of 20 sampled images for each case. (X-

axis error bars have been removed for clarity). SEM micrographs (35° tilt) of HEK293 cells (false
colored blue) 48 hours after culturing on the CNT array devices manufacturing by 1-step protocol
after (c,d) 2 hours, (f, g) 3 hours and (i, j) 4 hours of RIE process (Scale bars: 5um). High
magnification SEM micrographs of cell-CNT interface, showing (d) the extensive deformation of
the cell membrane, (g) engulfment of CNTs by basal membrane, and (j) cell membrane
detachment from the CNT array device surface. (Scale bars: 1um). (e, h, k) Schematic illustration
of cell-CNT interaction for each parameter setting.
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6.3.3. Transfection Efficiency
The CNT arrays were used to transfer plasmid DNA into large populations of cells and
the effect of surface morphology and CNT exposed length were studied on transfection
efficiency, as shown in Figure 6.4. To this end, seventy five-thousand HEK293 cells were
seeded on the device and cultured for 48 hours. The device was inverted and placed in the
custom transfection fixture containing growth media to keep cells hydrated (Fig. 6.4b). A
50 pL drop of 500 ng/uL plasmid DNA encoding enhanced YFP was placed on the
backside of the device and allowed to diffuse through the CNTs and into the cells for 2
hours in a tissue culture incubator. Cells were then trypsinized to stop transfection,
collected, transferred to tissue culture plate and cultured for two days. The EYFP
expression in cultured cells was confirmed by fluorescence microscopy (Fig. 6.4c, d).
Note that due to variation of EYFP expression level, a gradation of fluorescence was
observed, indicated as a continuum of low to high fluorescence intensity in the
transfected population. The cells were then trypsinized and collected for flow cytometry.
DNA transfection was also conducted via lipofection as a control experiment using
commercial reagents and protocols. The results show that for the CNT array devices
fabricated by 1 step process with exposed CNTs at lengths of 336 nm, 311 nm, 350 nm,
436 nm and 536 nm, the transfection efficiencies were 1.25%, 19.7%, 24.2%, 26.2% and
14.9%, respectively, with 99.7% transfection efficiency for the lipofection control. Also,
for the CNT array devices fabricated by 2 steps process with exposed CNTSs at lengths of
0 nm, 138 nm, 427 nm and 566 nm, the transfection efficiencies were 4%, 11.5%, 48.8%

and 36.9%, respectively, with 64.6% transfection efficiency for the lipofection control.
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The transfection efficiencies of the CNT array devices were normalized based on the
lipofection efficiency to provide a better measure for comparison (1 corresponds to the
lipofection control) (Fig. 6.4a). Quantification of transfection efficiencies by flow
cytometry (up to 50,000 counts) shows that increasing the exposed length of the CNT tips
up to around 400 nm, increases the transfection efficiency, after which, it reduces. On the
other hand, CNT tips with a planar surface morphology show about 127% higher
transfectin efficiency, on average, compared to the CNTs with non-planar tip structure.
The results suggest that relatively short exposed CNTs with uniform and planar surface
morphology enhances the gene transfection efficiency of populations of cells. Moreover,
the peack transfection effeicincy occurs at the point that cells show higher number and

spreading area, with CNTs being engolfed by the cell membrane (Fig. 6.3).
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Figure 6.4: (a) The efficiency of transfected HK293 cells by plasmid DNA encoding YFP as a
function of CNT exposed length for CNT devices with non-planar (1-step manufacturing process,
solid circle) and planar (2-steps manufacturing process, solid triangle) CNT tip morphology
(Transefection efficiencies have been normalized based on lipofection control experiemnt). (b)
The schematic illustration of the transfection setup. (¢) Phase image of HEK293 cells, and (d)
fluorescent image of transfected cells with EYFP plasmid DNA, 48 hours after transfection for
the CNT array device marked by the dashed square (Scale bars: 100 pm).
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6.4. Conclusion

Vertically aligned array of CNTs were used for gene transfection of population of cells.
To optimize the transfection efficiency, the effect of geometrical properties of the CNTs
such as their exposed length, and the surface morphology created by the CNT exposed
tips on cell transfection efficiency were studied. Arrays of hollow CNTs were fabricated
via 2 different manufacturing methods. First, the carbon was deposited inside the pores of
commercially available AAO membranes as a sacrificial layer. After removing the carbon
layer from one side of the membrane by oxygen plasma, the CNTs were exposed using
RIE. Using 100% BClI; plasma at relatively low RF power and chamber vacuum in 1 step,
devices with non-planar surface morphology were fabricated. On the other hand,
introducing Ar gas to the mixture and exposing the CNTs with 2 steps method (first
exposure with RIE, trimming the CNTs with oxygen plasma, and re-exposing with RIE),
created the CNTs with planar and uniform exposed tips. The exposed length of the CNTs
was controlled by changing the RIE etching time. Cell proliferation and gene transfection
efficiency were studied as a function of CNT exposed length and surface morphology.
Increasing the CNT exposed length, increases the transfection efficiency up to certain
point, after which, it drops down due to the fact that the cells can not make proper contact
to the substrate through focal adhesion and receptor binding. The results also show that
relatively short exposed CNTs with planar and uniform surface morphology provide a
substrate over which the cells can properly grow and proliferate without cytotoxicity.
Moreover, CNTs exposed with these properties are engulfed with cell membrane in such
a way that the gene transfection efficiency can be improved. Note that the main intend of

these experiments were to evaluate the sensitivity of the transfection efficiency with

132



respect to the geometrical features of exposed CNTSs, in a try and error fashion. More
comprehensive design of an experiment is necessary as a future work to optimize the

transfection efficiency of cells using the CNT array device.
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CHAPTER 7

Intracellular Gene Delivery into Hard-to-Transfect Cells

through Carbon Nanotube Arrays

Gene delivery into the cell types that are resistant to the current transfection techniques is
of particular importance for various biological and biomedical applications including
gene editing, cellular programming and developing transgenic models. Vertical arrays of
nanowires or nanotubes provide a new approach for gene delivery into hard-to-transfect
cells such as stem cells and primary cells. In this chapter, an efficient transfection of
these cell types using an array of vertically aligned and hollow CNTSs is presented. This
new platform demonstrates gene delivery into stem cells with almost 3 times higher
efficiency compare to current techniques along with low cytotoxicity. This new platform
has the potential to overcome size limits of current gene transfer technologies, and can be
adapted to deliver drugs or proteins in addition to nucleic acids into difficult-to-transfect

cells.

7.1. Gene Transfection of Resistant Cell Lines
Gene transfer into eukaryotic cells is an important tool for studying cellular biochemistry,

developing transgenic models, and manipulating pluripotent stem cells [151, 299, 300].
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To this end, several tools and techniques such as lipofection [301], electroporation [302],
viral vector [303, 304] and gene gun [305] are available to introduce specific and
controlled perturbations to cells by delivering various biological effectors like DNAs,
RNAs, peptides, and proteins [306-308]. Current gene transfer technologies suffer an
inverse relationship between high-efficiency transfer and cellular toxicity, and cannot
efficiently transduce important cell types such as primary neurons, macrophages and stem
cells. For instance, lipofection is a relatively simple transfection technique, but is toxic
and non-efficient for post-mitotic cells. Viruses, on the other hand, can deliver nucleic
acids to a broad range of cells, but suffer from cell toxicity and have a packaging size

limit that precludes modern gene-editing techniques such as CRISPR/Cas9 [309, 310].

Nanoscale devices consisting of an array of vertical nanowires or nanotubes have
been an emerging strategy that can interact with cells and transfer genetic material
without chemical, viral or electrical assistance [160, 246, 272]. This strategy has the
ability to deliver various biological molecules, and the potential for broad target cell
compatibility and less disruption of cellular homeostasis, as discussed in chapter 6.
Intracellular delivery can be done by coating the vertical rods or tubes with the cargo
(nucleic acids or proteins) [166, 244, 272], or by transferring the solution containing the
cargo through the open tubes over the period of several hours [160, 161]. Vertical arrays
of nanotubes have been used to transfer genetic material to immortalized cell lines, but
reported efficiency is quite variable (7%-70%) [161, 272, 311], and early devices have
been less successful working with primary cells, and have not been used with ESC. Stem
cells represent a particularly important target for nanotube devices, as high efficiency

gene transfer is currently possible only by viral vectors, and nanotube devices could
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alleviate concerns over lingering virus in genetically modified stem cells for therapeutic

gene editing use [312].

In chapters 5 and 6, high efficient gene transfection of populations of immortalized
cells with high cell viability was demonstrated using arrays of aligned CNTs. The
platform has been designed so that the CNTs are closely packed and shortly exposed.
This configuration allows cells to envelope the nanotubes and does not distort the cells,
which enable them to grow efficiently, and be transfected with high efficiency and low
toxicity. To extend this transfection method to the cell lines resistant to standard
techniques, in this chapter, the cell growth and transfection results of cell types such as
primary cells and stem cells are presented. Five different cell types that are resistant to
standard DNA transfection techniques were investigated: macrophages (RAW264.7),
human embryonic stem cells (H7-hESC), human neuronal stem cells (H7-hESC derived
neural stem cells), human primary neurons (POC16-7 P1 cortical neurons) and cultured
primary human skin cells. First, several surface coatings were examined to promote
attachment and growth of these cells on the CNT array devices. Cell growth was scored
by cell morphology on the CNT device, assayed by fluorescence microscopy and SEM,
and compared to the control experiment in a tissue culture dish using standard plating
conditions. The nanotubes were also examined by SEM to ensure that they are not
blocked by the coatings. The ESCs and the primary human skin cells were grown on the
array device for 48 hours, after which were transfected with plasmid DNA encoding
enhanced YFP and the transfection efficiency was quantified using fluorescence
microscopy and flow cytometry. The effect of CNT exposed length on transfection

efficiency of these two cell types was studied. The results show that the gene transfection
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efficiency on ESCs achieved by CNT array device is up to 3 times higher compare to the

current lipofection method.

7.2. Experimental Procedure
7.2.1.CNT Array Device Fabrication

CNT arrays were fabricated using commercially available AAO membranes (Whatman
Anodisc 13). CNTs were formed inside the pores of AAO membrane using previously
established processes [97], discussed in chapters 3 and 4. Briefly, AAO membranes were
annealed in air at 730 °C for 4 hours and placed in a 3-stage CVD tube furnace (Carbolite
TZF17/600). After purging the furnace with Argon, 30/70 (vol%/vol%) ethylene/helium
precursor gas was flowed at 60 sccm into the furnace at 700 °C for 5 hours to deposit a
thin film of carbon on all surfaces of the AAO membrane, including the walls of the
membrane pores to form CNTs embedded in the AAO template. The carbon layer on one
side of the membrane was removed using oxygen plasma (LAM 490) at 300 mTorr, RF
250 W and oxygen flow rate of 100 sccm for 3.75 minutes. CNTs were partially exposed
by selectively etching the AAO template using RIE (PlasmaTherm720/740 Etcher) in 2
steps. First, the AAO templates were etched with 80%/20% mixture of boron trichloride
(BCl3) and argon (Ar) gas, respectively, at 15 mTorr, RF 250 W and 100 sccm of total
gas flow rate for 6 hours. The exposed CNTs were trimmed using oxygen plasma at 300
mTorr, RF 250 W and oxygen flow rate of 100 sccm for 3.5 minutes. Then, the CNTs
with a co-planar tips were exposed again using RIE with 80%/20% mixture of BCl3 and

Ar gas, respectively, at 15 mTorr, RF 250 W and 100 sccm of total gas flow rate for 2, 4
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and 6 hours. Dozens of CNT array devices were produced in a single manufacturing run

and stored until needed for transfection.

7.2.2. Plasmid Preparation
The pEYFP mammalian expression vector mVenus-Cl [273] was maintained
in E.coli DH5a cells. Plasmid DNA was isolated from overnight E.coli cultures using

commercially available kits (QIAGEN Plasmid Plus Midi Kit).

7.2.3. Cell Culturing
Macrophages (RAW264.7) and primary human skin cells were cultured in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C and
5% CO,. Seventy five-thousand cells were counted by automated cell counter (Life
technologies, Countess 1) and introduced on each device and cultured for 48 hours.
Human embryonic stem cells (H7 (WAO07)-hESC), human neuronal stem cells (H7-
derived NSCs) and human primary neurons (POC16-7 P1 cortical neurons) were cultured
in complete mTeSR1 medium (STEMCELL Technologies, 05850) at 37 °C and 5% CO..
The H7-hESCs were plated on the CNT array device at 30-50% of the cell density prior
to passage and H7-derived NSCs were plated as single cells at 200,000 cells/m?. Note
that the CNT array devices were sterilized in ethanol, and dried in air for 15 minutes

before cell seeding.
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7.2.4. Cell Growth Study
To promote cell adhesion, 4 different surface coatings at various concentrations were
prepared and utilized following the manufacturer protocols: matrigel (Corning, Matrigel
matrix 354248), recombinant human laminin-521 (ThermoFisher Scientific, A29249), a
combination of poly-L-lysine (PLL, Sigma-Aldrich, P8920) and laminin (LN, Sigma-
Aldrich, L2020) at 0.2, 1 and 5 pg/mL, and a combination of fibronectin (FN, Sigma-
Aldrich, F1141) and laminin (LN, Sigma-Aldrich, L2020) at 5 pg/mL. Cells were plated
on the coated CNT array device and on a control tissue culture dish for 48 hours; after
which, stained with 200 nM calcein AM (Life technologies, L3224) and 5 ng/mL
Hoechst (Sigma-Aldrich, H6024) in PBS and imaged by fluorescence microscopy. The

CNT arrays were then imaged by SEM to examine tube blockage due to surface coating.

7.2.5. Cell Transfection
Transfection of cells with plasmid DNA was performed using previously established
protocol [246], discussed in chapter 5. To this end, H7-hESC and primary human skin
cells were seeded and cultured on the device as described above for 48 hours. A 500
ng/pL solution of plasmid DNA encoding enhanced YFP in modified patch clamp
electrode buffer (148 mM KCI, 1 mM MgCl;, 5 mM EGTA, 5 mM HEPES, 2 mM
creatine, 5 mM Phosphocreatin (Sodium salt), 5 mM ATP (dipotassium), pH 7.2) [274]
was prepared. Transfection was conducted using our custom stage in a tissue culture
incubator for 1.5 (for H7-hESC) and 2 hours (for primary human skin cells); after which
the cells were trypsinized and transferred to a 12-well tissue culture plate and cultured for
48 hours. Expression of EYFP transfected cells was monitored by fluorescence
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microscopy before transfection, and every 24 hours after transfection for 2 days. Cells
were then trypsinized and collected in 100 puL of complete serum-free medium (CSFM,
DMEM supplemented with 2 mg/ml BSA, 25 mM HEPES pH 8.0, 1%

penicillin/streptomycin, 1 ng/ml transferrin, 1.25 ng/ml insulin) for flow cytometry.

DNA transfection was conducted via lipofection for comparison. H7-hESC and
primary human skin cells were seeded and cultured on a well of 12-well tissue culture
plate for 48 hours. Lipofection was performed using commercial reagents and protocols
(Polyplus Transfection, jetPRIME). In brief, 0.8 pug of plasmid DNA was added into 75
ML of jetPRIME buffer. After mixing, 2 uL of jetPRIME reagent was added to the
mixture and vortexed for 10 seconds. The final mixture was incubated at room
temperature for 10 minutes, and then added to 1 mL of growth medium of the cells. The
cells were incubated in the lipofection solution overnight. Cells were then trypsinized and

collected in 100 pL of CSFM for flow cytometry.

7.2.6. Flow Cytometry
Flow cytometry was utilized to quantify transfection efficiency from a large poulation of
cells. Analysis was carried out on a BD Biosciences Accuri C6 Flow Cytometer, using
488 nm excitation/530 nm emission to detect EYFP fluorescence. A cut-off percentage of
0.1% (EYFP) positive within the control untransfected sample was used to set the gates
(Appendix, Fig. S12, S13). Side scatter (SSC) data was also collected and plotted on the
Y-axis vs. fluorescence intensity on X-axis. Transfection efficiency was reported as the

ratio of the number of transfected live cells to the number of live cells.
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7.2.7. Scanning Electron Microscopy
Following culture on CNT array device for 48 hours, cells were fixed in 3%
glutaraldehyde/0.1% sodium phosphate pH 7.4 for 30 minutes at room temperature,
washed twice with PBS for 5 minutes, and then dehydrated in a graded ethanol series at
room temperature, first for 10 minutes in 30% ethanol/PBS, and then successively in 50%,
70%, 85%, 95% and 100% ethanol. CNT devices with fixed and dehydrated cells were
then further dried in a critical point dryer (Tousimis PVT-3B), and coated with platinum
in a DC sputter coater (Denton Vacuum DESK-II). The cells were examined using a field

emission SEM (Zeiss Auriga).

7.3. Results and Discussion

In previous studies discussed in chapters 5 and 6, immortalized cells such as HEK293
and rat L6 myocyte cells have not required pre-coating for adhesion to the CNT device
[246]. However, cells such as primary neurons and stem cells often require a surface
coating to adhere to a substrate. Therefore, different coating regimes were examined to
enhance cell adherence, and cells were scored by morphology using fluorescence
microscopy. The CNT devices were coated with various concentrations of substrates
known to promote adhesion of primary neurons and stem cells, which act as an artificial
basement membrane, including matrigel, recombinant human laminin-521, a combination
of poly-L-lysine (PLL) and laminin (LN), and a combination of fibronectin (FN) and
laminin (LN). Cells were plated on the coated devices and grown for 48 hours, and then
stained on the device with calcein-AM (live cells) and Hoechst dye (nuclei) and imaged
with fluorescence microscopy. As control, parallel experiments were carried out with
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cells plated in duplicate wells of a tissue culture dish using standard plating conditions.
The results show that the H7-hESCs adhered best when plated on a thin layer of matrigel
or 0.5 pg/cm? recombinant laminin-521, as illustrated in Figure 7.1. They exhibit typical
and tightly packed colony morphology with prominent nucleoli on both glass coverslip
(Fig. 7.1a, b) and CNT array (Fig. 7.1c-f) surfaces. The neuronal stem cells (NSCs) also
adhered well on CNT coated with a thin layer of matrigel. The fluorescent images
indicate similar neural rosette morphology on matrigel thin-layer coated glass coverslip
(Fig. 7.1g, h) and CNT array (Fig. 7.1i, j) surfaces. The CNTs were also images by SEM
after coating and the micrographs show that the coating materials do not block the

nanotubes (Fig. 7.1k-m).
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Figure 7.1: Attachment and growth of (a-f) H7 human embryonic stem cells and (g-j) H7-derived
neural stem cells on CNT array device and standard coverslip for different surface coatings (Scale
bars: 200 um). Live cells imaged after calcein-AM and Hoechst labeling. H7 hESCs exhibit a
typical, tightly packed colony morphology with prominent nucleoli on both (a, b) glass coverslip
and (c-f) CNT array device. The white arrows show neural rosette morphology on matrigel thin-
layer coated (g, h) glass coverslip and (i, j) CNT array surface. SEM micrographs (35° tilt) of
CNTs after surface coating with (k, m) matrigel and (I) human recombinant laminin-521,
indicating nanotubes with no blockage (Scale bars: 500 nm).
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The primary neurons adhered best with the combination of PLL and LN. According
to Figure 7.2, CNT arrays with no surface coating show low cell attachment with very
poor cell survival (<1%) (Fig. 7.2a-c). However, increasing the concentration of PLL and
LN from 0.2 to 5 pg/mL, improves the cell attachment (Fig. 7.2d-i), with highest cell
survival rate at 5 pg/mL of PLL and LN (Fig. 7.2j-1). Note that the macrophages and
primary human skin cells did not require any surface coating for proper attachment to the

array of CNTs.

- % ;

Figure 7.2: Attachment and growth of POC16-7 P1 cortical neurons on CNT array device (a-c)
without surface coating, and with a coating of (d-f) a combination of 0.2 ug/mL of poly-L-lysine
and 0.2 pg/mL of laminin, (g-i) a combination of 1 pg/mL of poly-L-lysine and 1 pg/mL of
laminin, and (j-1) with a combination of 5 pg/mL of poly-L-lysine and 5 pg/mL of laminin (Scale
bars: 200 um). Live cells imaged after calcein-AM and Hoechst labeling.

Poly-L-lysine: 0.2 pg/mL Poly-L-lysine : 1 pg/mL Poly L lysine : 5 pg/mL

Laminin: 0.2 pg/mL Laminin : 1 pg/mL Laminin : 5 pg/mL

Calecein-AM

Hoechst

Merged

The cells were also imaged by SEM to observe their interaction with array of CNTSs,
as illustrated in Figure 7.3. The micrographs show that primary neurons properly attach
to the CNT arrays and efficiently proliferate, such that they create axons connecting each
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of the cells to one another (Fig. 7.3a). Also, the NSCs show neural rosette morphology
indicating their proper growth over the coated device (Fig. 7.3b). However, the

macrophages are attached properly to the CNT arrays without any coating (Fig. 7.3c).

Figure 7.3: Cell attachment to the CNT array device and cell-CNT interface. SEM micrographs
(35° tilt) of (a) POC16-7 P1 cortical neurons plated on CNT array device coated with poly-L-
lysine and laminin (Scale bar: 20 um), (b) H7-derived neural stem cells plated on CNT array

device coated with matrigel (Scale bar: 20 um) and (c) RAW264.7 macrophage cells plated on

CNT array device without surface coating (Scale bar: 2 um). All cells are false colored in yellow.

Two different cell types were selected to be transfected by plasmid DNA using the
CNT arrays and the effect of CNT exposed length on transfection efficiency was studied,
as shown in Figure 7.4. To this end, H7-hESC and primary human skin cells were seeded
on the device and cultured for 48 hours. The device was inverted and placed in the
custom transfection fixture containing special growth media for each cell type to keep the
cells hydrated. A 50 pL drop of 500 ng/uL EYFP plasmid DNA was placed on the
backside of the device and allowed to diffuse through the CNTs and into the cells for 1.5
(for H7-hESCs) and 2 hours (primary human skin cells) in a tissue culture incubator.
Cells were then trypsinized to stop transfection, collected, transferred to tissue culture
plate and cultured for 2 days. The EYFP expression in cultured cells was confirmed by
fluorescence microscopy (Fig. 7.4b-k). The cells were then trypsinized and collected for

flow cytometry. DNA transfection was also conducted via lipofection as a control
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experiment using commercial reagents and protocols. The results show that for the CNT
array devices with exposed CNTs at lengths of 0 nm, 138 nm, 427 nm and 566 nm, the
transfection efficiencies were 1+0.5%, 1.5+0.8%, 1.2+1.1% and 1.8+1.1%, respectively,
with 0.4+0.3% transfection efficiency for the lipofection control for H7-hESCs (2
experiemnts); and they were 1.6%, 5.8%, 4.8% and 2.9%, respectively, with 7.9%
transfection efficiency for the lipofection control for primary human skin cells (1

experiment).

The transfection efficiencies of the CNT array devices were normalized based on the
lipofection efficiency to provide a better measure for comparison (1 corresponds to the
lipofection control) (Fig. 7.4a). Quantification of transfection efficiencies by flow
cytometry (up to 100,000 counts) shows that transfection efficiency is almost 3 times
higher, on average, uisng vertically aligned CNT array compare to lipofection, which
indicates that the CNT array can promote tansfection for H7-hESCs. Moreover,
lipofected ESCs shows tranfected cells only at the edge of the island colonies (Fig. 7.4f),
while the CNT array transfects ESCs even inside the colonies (Fig. 7.4b-e). Moreover,
the highest transfection efficiency occurs at the longest exposed CNTs (around 600 nm).
Although the transfection efficiency of the primary human skin cells are lower compare
to the lipofection method, the peack transfection efficiency using CNT arrays happens at

the shortest CNT exposed lenght (around 140 nm) (Fig. 7.4h).
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Figure 7.4: (a) The efficiency of transfected H7 human embryonic stem cells (solid circle) and
primary human skin cells (solid triangle) by plasmid DNA encoding YFP as a function of CNT
exposed length. Transefection efficiencies have been normalized based on lipofection control
experiemnt (Error bars are the result of two experiments). Fluorescent images of transfected (b-f)
H7 human embryonic stem cells and (g-k) primary human skin cells showing the EYFP
expression after transfection using the CNT array device and conventional lipofection method
(Scale bars: 200 pum).
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7.4. Conclusion

Vertically aligned arrays of CNTs were used to deliver gene into hard-to-transfect cells.
Several cell types which are resistant to current transfection techniques were seeded and
cultured over the CNT arrays. To promote cell attachment, the device surface was coated
with several materials. Results show that the ESCs attach well to the surface coated with
matrigel or recombinant laminin-521. The NSCs adhere best to the surface coated with a
thin layer of matrigel. Primary neurons show high survival rates and great cell attachment
by using a combination of PLL and LN. However, the macrophages and primary human
skin cells were cultured on the CNT arrays without any coatings. The primary human
skin cells and the H7-hESCs were transfected by plasmid DNA using the CNT array
device. The transfection results of the H7-hESCs show that the efficiency of gene
delivery is almost 3 times higher, on average, compared to current lipofection method.
However, the transfection efficiency of primary skin cells using the CNT array device is
lower compared to lipofection control. It should be noted that the cells qualitatively look
healthier under the microscope after being transfected by CNT array device compared to
lipofection. However, more experiments need to be conducted to quantitatively validate

this point.

To evaluate the pluripotency of the stems cells after transfection, several assays and
techniques can be used. To this end, the SCOREcard assay can be utilized for hESCs,
through which it assesses pluripotency and trilineage differentiation potential using
quantitative polymerase chain reaction technique [313, 314]. This provides the ability to
compare the gene expression profiles of hESCs to a common reference set, which

elucidates that the cells have not been differentiated. The in vitro sphere formation assay
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can also be employed for hESCs and NSCs as a marker free methodology to identify the
stem-like cells from differentiated cells [315, 316]. To better quantify the success of the
transfection process, western blot method can be used to identify the proteins resulted
from transfection of the tagged plasmid DNA into either hESCs, NSCs or even primary

cells [317].

A combination of geometrical properties of the presented CNT array device (shortly
exposed and densely packed CNTSs) with a proper surface coating provides a platform for
gene transfection of hard-to-transfect cells such as stem cells, primary cells and
macrophages. Since high efficiency gene transfer to stems cells is currently limited to
viral infection, which has severe size limits on the genetic material that can be transferred,
the CNT array device can bypass the genetic size restriction and toxicity of the current
methods, provide a new technique for high gene delivery with low toxicity. Therefore, it
can be optimized for delivery of large CRISPR/Cas9 plasmids into stem cells, which
would allow for faster construction of transgenic animal models and development of new
therapeutic reagents. This new technology offers a significant increase in efficiency, cell
viability, and ease of use compared to current standard methods, and has the potential to
enable highly efficient transduction of human cells that are otherwise difficult to
transduce, and as a result has the potential to accelerate the development of disease

models and drug discovery.
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CHAPTER 8

Conclusions and Future Opportunities

Vertically aligned array of CNTs presented in this research is a remarkable platform for
intracellular transfection and biological applications. The CNT array device consists of
millions of vertically aligned hollow CNTs, embedded inside the pores of a sacrificial
template without the need for nanoassembly. CNT arrays provide fluidic nanochannels
through which various solutions, particles and biomolecules can be transported. It was
demonstrated that high efficient delivery of fluorescent dyes, Qdots and genetic materials
like plasmid DNA can be conducted into populations of cells using CNT array device
with high cell viability. In addition, the CNT array device can support growth of stem
cells and primary cells, and transfect them with genetic material and superior efficiency
compared to current methods, demonstrating the fact that it provides a platform

technology for applications in diverse areas.

In order to investigate and apply CNT array device in cell studies, this research
involved establishing collaborations at the intersection of mechanical engineering,
nanotechnology, and cellular biology. This involved designing and efficiently fabricating
CNT arrays, utilizing the technology in cell biology, and extending the applications into

other fields. This chapter summarizes this research on carbon nanotube arrays for
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intracellular delivery and biological applications and its impact on multidisciplinary
research. The chapter concludes the dissertation by highlighting some future

opportunities.

8.1. Research Summary

The ever increasing utilization of arrays of vertical nanowires and nanotubes for
biological applications has demonstrated a new perspective for elucidating cellular
behavior and enabled significant advances in biomolecular science, biomedical
applications and new approaches to clinical diagnostics and therapeutics. On the other
hand, the discovery of CNTs and the development of CNT-based platforms motivated
researchers to use their multifunctional properties such as small dimensions, mechanical
robustness and electrical conductivity to probe cells for such purposes as intracellular
delivery and measuring cell signals. By combining the multifunctional properties of
CNTs in a vertically aligned array configuration, in this research, a novel CNT-based
platform was introduced for intracellular transfection of population of cells capable of in
situ monitoring of cellular deliver, biomolecular sensing and cellular electrophysiology.
The CNT array device can overcome the limitations of current gene transfection
techniques by high efficient delivery of various particles, biomolecules and genetic
materials into populations of cells with high cell viability, in a relatively short period of

time and with minimal labor investment.

Chapter 1 presents the motivations behind this research and its objectives to fabricate

a novel cover-slip like CNT-based platform for intracellular delivery and biological
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applications. Although the envisioned applications were difficult and complex, CNT-
based nanostructure research was inspired by the potential to make significant
contributions to medicine and life science. However, the shortcomings of prior work and
the multifunctional properties of CNT motivated this research toward an alternative,
CNT-based array platform for high efficient intracellular transfection, which was

introduced at the end of the chapter.

Chapter 2 reviews the literatures related to the CNT-based array platform along with
a comprehensive review of the current carbon nanostructures and CNT-based tools for
various biological applications. Various template-based CNT manufacturing methods
were introduced. The advantages of using AAO membranes as a sacrificial template for
CNT fabrication and the detailed manufacturing process of the AAO membranes were
discussed. Moreover, the advantages and disadvantages of current cell transfection
techniques such as lipofection, electroporation and viral vectors were explained. Finally,

the current vertically aligned array devices for intracellular transfection were introduced.

Chapter 3 describes the template-based fabrication of CNTs by CVD process using
AAO membranes as sacrificial template. Various commercially available AAO
membranes from two different manufacturers (Whatman and Synkera) were
characterized in detail. The Whatman AAO membranes were used to form CNTs and
manufacture the CNT devices due to its longer interpore distance and cheaper price.
Carbon deposition over the AAO membranes was carried by CVD process. The effect of
deposition time, temperature and precursor gas flow rate on carbon deposition and CNT
wall thickness were studied. Increasing the deposition time and temperature increases the
carbon deposition and CNT wall thickness, while they both reach to a peak at a certain
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point by increasing the gas flow rate. No morphological differences were observed

between the CNTs fabricated with different CVD parameters.

Chapter 4 illustrates the fabrication of the CNT array device after carbon deposition
described in chapter 3. The CNTs were exposed using three different etching processes:
RIE, wet chemical etching, and a combination of ion milling and wet etching. The effect
of fabrication parameters on CNT tip exposure were studied as a function of etching time,
RF power and plasma mixture for RIE process, as a function of etching time, etchant
temperature and molarity for wet chemical etching process, and as a function of etching
time for ion milling process. Results show that to create individually addressable exposed
CNTs, dry etching processes such as RIE are more promising. Moreover, the fluidic
performance of the CNT array device was characterized for two different fluid
transportation mechanisms: active fluid transportation due to pressure gradient, and

passive fluid transportation due to concentration gradient.

Chapter 5 demonstrates high efficient transfection of population of cells (84% - 98%)
using CNT array device. Two different cell lines were transfected by various fluorescent
dye, Qdots and plasmid DNA using the CNT array device, covering the delivery of a
range of cargo sizes (2 — 20 nm) in a relatively short period of time (20 minutes — 2
hours). The unique geometrical configuration of the CNT array device (densely packed
and shortly exposed CNTSs), supported the cells growth and provided a platform for high

efficient transfection of population of cells without cytotoxicity.

Chapter 6 discusses the effect of geometrical properties of exposed CNTs on

transfection efficiency. Cell proliferation and transfection was studied as a function of
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CNT surface morphology and CNT exposed length. The results suggest that relatively
short CNTs with a co-planar surface morphology can promote cell growth and improve

intracellular delivery of genetic materials.

Chapter 7 demonstrates the utilization of CNT array device for intracellular delivery
of hard-to-transfect cells such as primary neurons, macrophages and stem cells. Using
various surface coatings, these cells types can be grown on the CNT array device without
blocking the nanotubes. Transfection of stem cells with plasmid DNA indicates that the
CNT array device can promote transfection efficiency 3 times higher than current
techniques such as lipofection. This suggests that the CNT array device can be used for
intracellular delivery of biomolecules into cells that are resistant to the current
transfection techniques, drawing a new perspective for gene editing and cell

programming researches.

The CNT array device presented in this research demonstrated its capability in
transfecting several cell lines, including hard-to-transfect cells such as primary cells and
stem cells. The device could deliver various cargos with different molecular sizes (2 — 20
nm) and electrical charges (positive and negative) into the cells, in a relatively short
period of time (20 minutes — 2 hours). High efficient transfection, high cell viability after
transfection and its ease of use, categorize the CNT array device as a new platform for
intracellular delivery. Moreover, using the carbon as the material to form the tubes
provides a functional flexibility for the device, not only because of its biocompatibility
that supports cell growth and cell attachment, but also for its electrical conductivity that
offers the potential to be used as an implantable or electrochemical sensor. The unique
geometrical features of the CNT array device (shortly exposed and densely packed tubes)
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along with its multifunctional potential, and capability of in-situ imaging during the cell

transfection, set it apart from other array platforms.

8.2. Future Opportunities

The fabrication of vertically aligned array of CNTSs in a coverslip-like platform that can
deliver genetic material into populations of cells with high efficiency and low cell
toxicity provides a new tool and methodology for various biological applications, such as
cell programming and biological sensing. This identifies a range of opportunities to
expand this research and explore potential avenues, since the processes and techniques
utilized in the research provide a means to produce unique devices in other fields. In short
term, scaling-up the manufacturing process by using more efficient nanofabrication
methods, making the CNT array device reusable, and improving the transfection
efficiency by better understanding of the transfection mechanism are among the main
goals. On the other hand, utilizing the CNT array device as an electrochemical or
implantable biosensor, as a gene editing tool using CRISPR/Cas9, or an efficient way for
cell programming in CAR T-cell therapy can be seen as the future perspective of this

unique platform.

8.2.1. CNT Array Device Manufacturing Scale-Up
As explained in chapters 3 and 4, the fabrication process of the CNT array device, briefly,
includes annealing the AAO membranes, carbon deposition by CVD, removing the top

carbon layer by oxygen plasma and exposing the CNT tips using RIE process.
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Considering this manufacturing process, and the availability of the equipments such as
CVD furnace, oxygen plasma etcher and RIE machine, 60 devices can be fabricated in 2
weeks (an average of around 4 devices per day). To scale-up the manufacturing process

and fabricate more and bigger CNT array devices, several avenues can be explored.

During the CVD process, the AAO membranes are placed upright in a custom quartz
boat and positioned in the middle of a three-stage tube furnace. The number of AAO
membranes is limited by the consistency of the temperature at the middle stage of the
tube furnace, since the variation of the temperature can affect the carbon deposition. To
this end, a study needs to be conducted to evaluate the effect of membrane position on
carbon deposition and CNT wall thickness. Considering these results, more AAO
membranes can be placed in the tube furnace to form CNTSs; therefore, more devices can

be synthesized in a single run.

The AAO templates that have been used in this research are circular membranes with
13 mm of diameter. Both introduced manufacturers (Whatman and Synkera), provide
variety of AAO templates with various sizes and pore characteristics, including custom
membranes, as illustrated in Table 8.1. By using bigger AAO membranes (e.g. 47 mm),
more cells can be transfected in one attempt, improving the overall efficiency of the
transfection process using CNT array devices. Moreover, availability of the AAO
membranes with different pore diameters and interpore distances provide possibility of

tailoring the nanotube features for targeted cell lines and application.
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Table 8.1: Available ranges of commercial AAO membranes

Manufacturer Synkera Whatman
Parameter Standard Custom Standard Custom
Pore Diameter (nm) | 18 | 35 | 55 | 80 | 100 | 150 100-200 20 | 100 | 200
Thickness (um) 50 and 100 15-150 60

Custom shape
up to 120 mm in
size

Round Shape: 13, 25, 47 mm
Square Shape: 10x10 mm

Round Shape: 13,

Format and size 21,43 mm

The RIE process, during which the AAO templates are selectively etched, is the most
time consuming step of the manufacturing process due to the fact that the AAO
membranes are among the most robust ceramic materials. Therefore, the RIE can be
substituted by the inductively coupled plasma (ICP) process. ICP is basically an RIE
process in which a much higher density of plasma can be generated, resulting in higher
etch rate and more isotropic etching profile [318-320]. Moreover, other etching methods
such as wet chemical etching can be explored to create a more streamlined manufacturing

process.

In order to commercialize the CNT array device, an estimation of the cost for each
device has been presented in Table 8.2, for the devices that are manufactured today
(current), devices that could be fabricated with existing facilities but after engineering
new solutions (extended), and devices that could be manufactured with an industrial sized
equipment and/or more efficient processes (market ready). To this end, the cost of the
AAO membranes can be estimated as $5 per template, CVD gas usage as about $15 per

week, and oxygen plasma and RIE equipment as about $400 and $625 per week,
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respectively. Also, the personnel cost to fabricate the devices is about $600 per week.
This means that the cost of each CNT membrane can be reduced from $107 to $13, and

ultimately into $7 per devices for the current, extended and market ready estimations,

respectively.

Table 8.2: Cost estimation of CNT array device manufacturing for commercialization.

Production Cost ($/Week)
Item Purpose Current Extended Market Ready
(16 Devices/Week) (200 Devices/'Week) (1000+ DevicesWeek)
Membrane Device Substrate 80 1000 5000
Annealing and CVD Carbon Deposition 15 15 15
Gases
Oxygen Plasma Surface Carbon 400 400 400
Removal
RIE Exposing CNT Tips 625 625 625
Personnel Manufacturing 600 600 600
TOTAL 1,720 (107.5/Device) | 2,640 (13.2/Device) 6,640 (6.6/Device)

8.2.2. Device Cleaning and Reusability
To reduce the fabrication cost of the CNT array devices and to increase the number of
experiments that can be conducted by each device, attempts have been done to reuse the
CNT arrays. In pilot studies, the devices were cleaned and sterilized after the first use and
been utilized for the second gene transfection. To this end, HEK293 cells were first
transfected with 500 ng/uL of EYFP plasmid DNA for 120 minutes, as discussed in
chapter 5. In brief, CNTs were formed inside the pores of Whatman AAO membranes at
700 °C for 5 hours under 60 sccm flow of 30/70 (vol%/vol%) ethylene/helium precursor
gas. The carbon layer on one side of the membrane was removed using oxygen plasma at
300 mTorr, RF 250 W and oxygen flow rate of 100 sccm for 3.5 minutes. CNTs were

then partially exposed by selectively etching the AAO template using RIE with boron
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trichloride (BCls) at 150 mTorr, RF 400 W and BClI; flow rate of 100 sccm for 180
minutes. HEK293 cells were seeded and cultured on the device as for 48 hours, and then
transfected using a 500 ng/pL solution of EYFP plasmid DNA in modified patch clamp

electrode buffer for 120 minutes.

The used CNT devices were then cleaned using three different protocols after
trypsinizing all the cells. A CNT array device was cleaned in air at 700 °C for 4 hours
using a high temperature tube furnace. Two other devices were cleaned using an
alteration of previously published protocols [321, 322]. To this end, one CNT array
device was first stored in 100% ethanol and the other in 1 mL PBS containing 20 pL of
azide, overnight, after which, they were both submerged in 10% detergent for 30 minutes.
After rinsing 3X with distilled water for 5 minutes, the devices were submerged in 4%
bleach for 30 minutes, and then rinsed 3X with distilled water for 5 minutes. Finally, they
were autoclaved on dry cycle. Figure 8.1 shows the SEM micrographs of the CNTs for all
three devices after cleaning processes. The micrographs show that the surface of the
devices is clean and the tubes are open in all cases (Fig. 8.1a-c). However, the CNT array
device that cleaned at high temperature, was curled after the process (Appendix, Fig.
S14), hindering its reusability, while the other two devices remained planar for next set of

experiment.
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Figure 8.1: Reusability of the CNT array devices. SEM micrographs (top view) of CNT array
devices after the first use for transfecting cells with plasmid DNA, cleaned (a) at high temperature,
(b) by storing in ethanol or (c) in PBS/azide solution, followed by autoclaving after a post-process
cleaning in detergent and bleach, indicating nanotubes with no blockage (Scale bars: 1 um). (d, €)

Phase images of HEK293 cells, and (f, g) fluorescent images of transfected cells with EYFP
plasmid DNA, 48 hours after transfection for the second use of cleaned CNT array devices,
indicating the possibility of reusing them (Scale bars: 100 um). The CNT array device cleaned at
high temperature couldn’t be used for the second transfection due to curling of the membrane
after cleaning.

CNT array devices cleaned with chemical and autoclave process were reused to
transfect HEK293 cells. The cells were cultured on the devices for 48 hours, as described
in chapter 5, and then transfected with 500 ng/pL of EYFP plasmid DNA for 120 minutes.
The cells were then trypsinized to stop transfection, cultures on a tissue culture plate for 2

days and monitored using fluorescence microscope (Fig. 8.1d-i). The cells were then
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collected for flow cytometry to quantify the transfection efficiency. The results show that
2.4% from 53% of the live collected cells are transfected for the stored device in ethanol,
while 66.3% from 28% of the live collected cells are transfected for the stored device in
PBS/azide solution. This indicates that although submerging the device in PBS/azide
solution overnight can better clean the device compare to the ethanol, the solution has
higher cytotoxicity on transfected cells. On the other hand, the overall low transfection
efficiencies suggest that despite observing a clean tube surface, the CNTs might still be
blocked. Considering the fact that this pilot study has been only conducted once, and
although it shows that the CNT array devices can be reused, further experiments need to

be conducted to achieve a proper cleaning protocol.

8.2.3. Transfection Mechanism of Cells Using CNT Array
To optimize the transfection efficiency and tailor the CNT array device for targeted cell
line, the transfection mechanism needs to be studied. Two potential mechanisms for
CNT-mediated transfection are: (1) direct fluidic transfer involving puncture of the cell
membrane by the CNT, or (2) enhanced endocytosis as a result of cells resting on top of
the bed of CNTSs, which in turn do not penetrate the cell membrane, but instead act to
concentrate the cargo at the cell surface and enhance endocytosis or macropinocytosis.
To this end, clathrin-mediated endocytosis and pinocytosis can be inhibited by incubating
cells in cytocholasin D, an inhibitor of actin polymerization that effectively blocks
clathrin-mediated endocytosis [323]. Clathrin-independent endocytosis can be inhibited
by incubating cells with flipin or methyl-B-cyclodextrin (mBcd), which interferes with
access to cholesterol in the lipid membrane [324-326], or with Pitstop2, a protein that
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blocks clathrin-independent endocytosis [327]. Conversely, endocytosis can be enhanced
by incubating cells with epidermal growth factor (EGF) or platelet-derived growth factor
(PDGF) [328-330]. Inhibitors or enhancers can be added to the media in the cylinder of
the injection stage, bathing cells while transfecting with cargo, and inhibition or
enhancement of cargo transfer can be assessed by flow cytometry. Cargo trafficking can
also be monitored by fluorescence microscopy, to match cargo with sub-cellular
compartments. To this end, cells cab be stained with dye while cargo is injected, using
Hoechst dye to identify nuclei, and Molecular Probes’ER-tracker dye (FITC or Red) to
identify endoplasmic reticulum and LysoTracker dye (Green, Red, Deep Red) to identify
lysosomes. Sequential images can be acquired and merged to determine convergence of

signals for sub-cellular compartment and fluorescent cargo.

Alternatively, cargo may be transferred into cells by direct fluidic access. As
explained in chapter 5 and 6, the transfection efficiencies were significantly higher when
cargo was diluted in buffer compatible with intracellular ion concentrations, such as this
buffer used to fill patch-clamp electrodes: 1 mM MgCI2, 1 mM EGTA, 150 mM KClI, 5
mM HEPES, 0.4 mM Phosphocreatin (Sodium salt), 0.7 mM K2-ATP, 0.3 mM -
hydroxybutyric acid, pH 7.2. Derivative buffers, lacking the energy source (ATP,
phosphocreatine) or containing only buffered ATP and phosphocreatine can be tested to
elucidate if the enhanced effect of this buffer can be substituted by the energy
components alone. An energy requirement could suggest active transport mechanism of

cargo uptake.

Therefore, if nanotube transfer is mediated by endocytosis, using one of the
inhibitors can inhibit cargo transfer. Alternatively, if cargo is transported by direct fluidic
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transfer, there will be much more dependence on injection buffer composition, as this
buffer will come in direct contact with the cytoplasm. It is particularly important to
monitor where the cargo is delivered after transfection. If cargo is routed through
endosomes to lysosomes, lysosome function can be disrupted by incubating cells in 20
uM leupeptide or 10 nM bafilomycin [331] prior to transfection, and monitor cargo
trafficking. If cargo is trafficked to lysosome, a significant increase in injection efficiency

in presence of lysosomal inhibitors can be predicted.

8.2.4. Improve the Transfection Efficiency Using the CNT Array Device
Understanding the mechanism behind intracellular transfection of cells through
CNTs can significantly affect the approaches that can be taken to optimize the efficiency.
However, the following methods can be considered as the general guidelines for

improving the transfection efficiency:

e As described in previous section, if transfection mechanism is mediated by
endocytosis, using enhancers such as EGF or PDGF [328-330], and chloroquine
[332] can improve the transfection efficiency. On the other hand, if the
mechanism is due to direct fluidic access, a buffer that is more compatible with
cytoplasm can be utilized.

e Despite demonstration of intracellular delivery of various cargos with different
molecular charges in this research, the interactions between cargo and nanotube
may be ionic. Therefore, negative or positive molecules may be observed to be

either aided or impeded during the transfection. To this end, counter ions can be
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added to the injection buffer to mask the charge, promoting the transportation of
the cargo through CNTs.

To provide a more direct access to the intracellular environment, physical or
chemical approached can be explored. After seeding and culturing the cells on the
device, the cells can be pushed toward the CNTs using centrifugal force. To this
end, CNT array devices coated with cells can be put in a centrifuge before
transfection. On the other hand, using chemicals such as a very mild detergent
(Triton X-100 at 0.17 mM) [333] or a mixture of localized dimethyl sulfoxide and
latrunculin A [311] can create self-sealing transient membrane pores, enhancing
the intracellular transportation of targeted molecules.

Surface functionalization of the CNT array device can promote cell adhesion and
engulfment of CNTs by cell lipid bilayer, resulting in higher transfection
efficiency [334]. For example, functionalizing the nanoarrays with aminosilane

can provide a stable intracellular access for transfection [251].

8.2.5. Vertically Aligned CNT Array as an Electrochemical Sensor

Aerobic cells produce reactive oxygen species (ROS), such as nitric oxide (NO),

peroxynitrite and their precursor, and superoxide as part of their normal oxygen

metabolism. When the need arises, they can deliberately change their normal metabolism

to produce the higher levels of superoxide and ROS needed for such functions as

communication, apoptotic gene expression and defense against bacteria and virus.

Although there are various sources that contribute to ROS, approximately 90% of it

comes from mitochondria [335]. However, excess ROS, either produced by active or
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passive means, is damaging to cells and amplifies cell damage over long periods of time.
To reduce the damaging effects, intracellular enzymes and antioxidants eliminate the
excess ROS or repair any damage that has been done. However, oxidative stress occurs if
an acute or chronic imbalance exists between the two. Of major concern with regards to
oxidative stress is the role of NO, an ROS that has been linked to many physiological or
pathological situations. Nitric oxide is very interesting because it affects cells differently

as a function of concentration and environmental conditions.

Unfortunately, due to the complex pathways involve and series of reactions that take
place, the majority of oxidative stress mechanisms in cells and the roles of NO and other
free radicals, are not fully understood or quantified. What is known of intracellular ROS
is either quantified inside the cell with molecular fluorescent probes, or as it diffuses
through the cell membrane with extracellular electrochemistry. In fact, over the last
several years, electrochemistry has become the method of choice to help understand the
intracellular generation of ROS and its role in oxidative stress, processes that are
suspected to play a significant part in many human pathologies including aging, cancer,

Parkinson and Alzheimer diseases, autoimmune pathologies and arthritis [335].

Whether randomly dispersed or grown onto conductive surfaces, the electrical
properties and modifiable surfaces of CNTs enable them to be used as electrochemical
sensors. Compared to conventional electrodes, CNT-based electrochemical sensors offer
higher ratio of surface-area to volume which increases the signal-to-noise ratio for
sensitive detection. CNT-based electrodes can be further modified by surface activation
to enhance interfacial electron transfer, selectively detect analytes, or attach reagents that
prevent non-specific binding but allow specific binding of analytes [336].
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Randomly dispersed CNT films can be used as electrochemical sensors. For instance,
ferrocene was non-covalently attached to acid-treated SWCNT films to detect glutamate
[43]. The combination of SWCNTSs and ferrocene provided enhanced surface area, direct
electron transfer, and catalytic effect. Electrodes can also be coated with CNTs to
enhance performance. As described in chapter 1, CNT-coated carbon nanoelectrodes
outperformed conventional carbon fiber electrodes of similar geometry [44]. CNT
coating can also enhance other electrodes, such as glassy carbon and Pt microelectrodes.
It was found that CNT-coated glassy carbon electrodes offered superior performance to

non-coated electrodes [337].

CNT arrays can be used directly as electrochemical sensors [59]. The low-density
array exhibited sigmoidal behavior during cyclic voltammetry and provided high signal-
to-noise ratio. The electrochemical sensor was used to detect glucose (as well as ascorbic
acid, uric acid, and acetaminophen) by attaching glucose oxidase to the CNT surface
through the EDC/sulfo-NHS linker moiety [81]. The sensor was later used to detect lead
in low-electrolyte conditions [338] and trace cadmium(ll) and lead(ll) at sub-ppb level

(detection limit of 0.04 ug/L) [339].

Electrochemical sensors have also been developed from arrays of CNTs that protrude
an insulating surface. Starting with carbon nanopipettes grown on a Pt-wire substrate
[340], a nanoelectrode array with protruding conical carbon tips was produced that
exhibited sigmoidal electrochemical behavior [58]. By oxidizing the protruding
nanoscopic tips, the sensor was able to electrochemically distinguish between ascorbic
acid (oxidation-shifted peak) and dopamine. Electrochemical sensors of a similar
configuration using PECVD-grown CNT arrays have also been reported [341].

165



Due to the conductivity of the CNT arrays, the presented device in this research can
be used as an electrochemical sensor. To this end, the electrochemical performance of the
device can be characterized in a two-electrode configuration (working vs reference) by
cyclic voltammetry and amperometry using a model oxidation-reduction (Red-Ox)
species, such as Ferri/Ferrocyanide, in aqueous environments vs a standard Ag/AgCl
reference electrode. The detection limits of the probe can be determined as a function of
species concentration. The performance, detection limits, and reliability can be compared
to microelectrodes and other CNT-based electrochemical probes [342, 343]. The
reliability and reproducibility of current-voltage measurements as functions of

manufacturing variability and final effective electrode detection area can be determined.

The CNT-based probe can also be utilized in controlled bench top tests to detect and
measure NO. In this case, the device can be submerged, first in a standard supporting
electrolyte (0.1 M KCI), then in intracellular buffer, and configured as a working
electrode, in two-electrode electrochemical system. Bench top testing will mimic
scenarios to be encountered in intracellular electrochemistry. Amperometry can be
utilized to detect and measure the oxidation of NO in buffer as a function of
concentration (maximum sensitivity is 700 mV vs. Ag/AgCl [344]). Controlling the
amount of NO, bubbled in water can produce various concentrations of NO. Therefore,
the oxidation potential can be adjusted according to potentiometric findings in model
Red-Ox experiments. The reliability and reproducibility of current-voltage measurements
as functions of manufacturing variability and final effective electrode detection area can
be evaluated and compared to those determined in model experiments. The detection

limits of NO can be compared, to those published for extracellular electrochemistry [345].
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The CNT array device can also measure intracellular NO, electrochemically. Cells
can be cultured on tissue culture plate. The device can be connected to a low-current
potentiostat such that it acts as the working electrodes. Using Ag/AgCl reference
electrode and amperometry, with the optimum NO oxidation potential applied between
the two electrodes, Brandykinin can be added to the extracellular solution by a pipette to
simulate NO release, as illustrated in Figure 8.2. Changes in current can be recorded and

correlated to NO concentration.
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Figure 8.2: Schematic illustration of the electrochemical setup for extracellular NO detection
using CNT array device. In this 2-electrode cell, the WE and RE are used for voltage and current
measurement.

8.2.6. CNT Array Device as an Implantable Sensor
The ability to track implanted cells and to monitor the progress of tissue formation in vivo
is important especially in large biological organisms and tissue engineering [346].
Labeling implanted cells would not only help in evaluating the viability of the tissue but

would also help in understanding the distribution and migration pathways of transplanted

cells. Traditional methods such as intravital microscopy or flow cytometry are extremely
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time-consuming and challenging. However, there remains a need for contrasting agents
that are biocompatible, and stable over long periods of time, and provide high image
contrast between labeled and unlabeled specimens. Preliminary work has suggested
CNTs are feasible imaging contrast agents for optical imaging [347], magnetic resonance

imaging (MRI) [348], and radio-tracking [349].

Carbon nanoparticle contrasting agents have also been employed to monitor
physiological events of single cells such as ion transport, enzyme/cofactor interactions,
protein secretion, and matrix adhesion. Tissue and cellular responses have been observed
using other nanoparticle contrast agents such as inflammation of pancreatic islets [350],
apoptosis [351-353], and angiogenesis [354, 355]. The ability to monitor apoptosis and
angiogenesis with relatively high spatial resolution would be advantageous not only to
cell and tissue culturing but also monitoring disease progress and therapeutic responses.
To complement intracellular nanocarbon-based contrasting agents, nanosensors could be

employed to provide continuous monitoring of the performance of the cultured tissues.

One method of monitoring tissue in vivo would be to use implantable sensors capable
of relaying information outside the body. Such a sensor would provide real time data
related to the physiological relevant parameters such as pH [356], pO,, and glucose levels
[81, 127]. There are several advantages to use nanosensors for evaluating tissues in vivo.
First, because the sensing element is nanosized and the overall probe miniaturized,
implanting within tissue would not adversely disturb the system. Second, due to the large
surface-to-volume ratio, a relatively large active area is available for immobilizing
numerous biological and chemical compounds including DNA [357] and proteins [358]
for improved sensitivity.
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MWCNT electrodes have been developed to monitor the electrochemical oxidation
of insulin, a pancreas-produced hormone that plays a key role in the regulation of
carbohydrates and fat metabolism in the body [359]. This provides a possible method to
evaluate the quality of pancreatic islets prior to their transplantation. By coating similar
MWCNT electrodes with platinum microparticles, thiols containing amino acids can be
detected in rat striatal [360]. CNT-based sensors can be incorporated into flexible
biocompatible substrates to facilitate in vivo sensing. For instance, free cholesterol in
blood can be measured using MWCNT electrodes placed on a biocompatible substrate
[361] while flexible pH sensors can be formed from polyaniline and nanotube composites

[362].

Carbon nanostructured surfaces and scaffolds have been shown to not hinder but
promote cell growth. For example, neural cells [127] and mouse fibroblast cells [81] were
successfully cultured on CNT scaffolds. The findings encourage the application of
nanostructured carbon devices as implantable sensors and tissue scaffolds. For instance,
ectopic formation of bone tissue was observed after MWCNT scaffolds were implanted
in muscle tissue, suggesting the carbon nanostructured substrates could encourage cells to

grow within the body [363].

Recent advances in micro and nanofabrication techniques have provided promising
new device platforms and implantable interfaces for studying neural communication. For
instance, MWCNT-coated stainless steel electrodes were implanted and utilized for wide-
frequency stimulation in deep brain structures, showing superior performance to uncoated
electrodes [364]. An emerging but promising platform, however, are arrays of carbon
nanostructures patterned on rigid or flexible substrates. In related examples, arrays of
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addressable CNFs have been used for highly resolved neural stimulation and recording,
providing multiple channels of electrical, chemical and mechanical information [56, 363].
In related work, vertically aligned CNFs were employed for extracellular stimulation and
recording of neuroelectrical activity. Here, it was reported that despite the small size of
these fibers, CNFs could inject sufficient charge to stimulate organotypic hippocampal

tissue [365, 366].

As an extension to the results presented in this research, CNT array device can be
used to transfect cells in tissue form for further in vivo monitoring of the cells. Moreover,
owing to the conductivity of CNTs and the small size of the nanotubes, the CNT array
device can be used as an implantable sensor. Since the biocompatibility of the device has
been demonstrated in previous chapters by monitoring the cell proliferation, the CNT
array device provides a promising platform to be used as an implantable sensor for in

vivo monitoring of reagents and biomolecules such as insulin or blood cholesterol.

To this end, pilot studies were conducted to characterize the electrical conductivity
of the embedded CNT arrays, and also to coat the back side of the membranes with
conductive material to provide a better electrical contact with CNTs. First, CNTs were
formed inside the pores of AAO templates, as described in chapter 3. In brief, Whatman
AAO membranes were annealed in air at 700 °C for 4 hours and placed in a 3-stage CVD
tube furnace. After purging the furnace with Argon, 30/70 (vol%/vol%) ethylene/helium
precursor gas was flowed at 60 sccm into the furnace at 675 °C for 5 hours to deposit a

thin film of carbon on all surfaces of the AAO membrane.
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To measure electrical resistance of the CNT arrays, both sides of the devices were
coated with 20 um of copper paste to provide better electrical contact. The coated CNT
arrays were clamped between two electrodes in a custom stage (Appendix, Fig. S15) and
the electrical resistance of the CNTs was measured using a potentiostat. To this end, 5
CNT array devices were tested and 10-15 measurements were recorded for each device.
As shown in Figure 8.3, the results indicate a linear 1-V curve with an average resistance
of around 0.2+0.1 €@ among all the tested devices. This suggests th at the CNTSs
fabricated with presented CVD process has metallic electrical characteristics; a behavior
that can be due to the amorphous CNT morphology, as discussed in chapter 3. More
experiments are required to properly determine the electrical characteristics of these

CNTs.
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Figure 8.3: The current-voltage curve of the CNT array device, indicating the linear metallic
behavior of embedded CNTSs.

To provide a better and more robust electrical contact with embedded CNTs for
further sensing applications, sputter coating and metal evaporation methods were utilized.

CNT array devices were mounted on a proper stage and sputtered with Au/Pd for 6
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minutes. The surface of the device was covered by a TEM grid to pattern the coating,
simultaneously. As indicated in Figure 8.4, the line scanning EDS show that a 20 nm
Au/Pd coating can be sputtered, coating the device without blocking the CNTs (Fig. 8.4a,
b). Metal evaporation was also utilized to deposit a conductive layer on one side of the
CNT device. Using a CHA flash evaporator, a 1 um layer of aluminum was deposited
over the device. The SEM micrographs of the device surface indicate that although the
deposited aluminum layer blocks the tubes, a thick layer of conductive material can be
deposited in a relatively short period of time (Fig. 8.4c, d). The results suggest that
sputter coating can be used for coating the CNT array device with a thin layer of
conductive material without blocking the CNTs, while metal evaporation can be used for
deposition of a thicker conductive layer which blocks the tubes, providing different

characteristics for intended applications of the CNT array device.
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Figure 8.4: Coating the back side of the CNT array device with a conductive layer to provide
better electrical connection with embedded CNTSs. (a) SEM micrograph of the CNT arrays after 6
minutes of patterned sputter coating with Au/Pd (Scale bar: 100 pm). Inset: High magnification
SEM micrograph (top view) of the CNT arrays, indicating nanotubes with no blockage (Scale bar:
1 um). (b) Line-scan EDS (black arrow in a) of the Au/Pd coated CNT array surface, indicating
the possibility of patterning the coating. (¢) SEM micrograph (side view) of the CNT arrays after
deposition of an aluminum layer using metal evaporation (Scale bar: 2.5 um). Inset: High
magnification SEM micrograph (top view) of the CNT arrays, indicating blocked nanotubes after
metal deposition (Scale bar: 1 um). (d) EDS analysis of the deposited aluminum layer (black
cross in ¢), indicating the Al Ka peak.

8.2.7. Intracellular Delivery of CRISPR/Cas9 Complex Using CNT Array Device
The rapid development of CRISPR/Cas9-mediated genome engineering has opened the
doors to unprecedented genetic manipulation of human cells. Gene editing using this
technique requires the delivery of multiple genetic elements into the target cell population.
Since this new method consists of complex and large components such as Cas9 enzyme

and guide RNA, current transfection techniques have difficulties in delivery of these
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large molecules. Moreover, maintaining the cellular viability during and after transfection

is among the main challenges for the current techniques.

The CNT array device has demonstrated its capability of intracellular delivery of
various biomolecules with different sizes while supporting the growth of primary and
stem cells. Therefore, this platform can be utilized for delivery of large and
multicomponent genetic tools such as CRISPR/Cas9 in stem cells with high efficiency
and high cell viability. Bypassing the size limitations and high efficient transfection of
cells using the CNT array device can lead into reduction of off-target mutation after
delivery of the CRISPR/Cas9 complex, which is one of its biggest potential advantages

compare to current transfection techniques.

8.2.8. T-Cell Therapy Using CNT Array Device
T-cells play a central role in cell-mediated immunity. By genetically modifying the T-
cells either through altering the specificity of the T-cell receptor (TCR) or through
introducing antibody-like recognition in chimeric antigen receptors (CARS), the immune
response can be augmented and specific tumors can be targeted. The potential of these
approaches has been demonstrated by their successful use in clinical trials. Currently,
modification of the T-cells is conducted by employing viral vectors which is labor

intensive, time-consuming and extremely expensive.

Building upon the capability of the CNT array device in transfection of populations
of cells with high efficiency and cell viability, T-cells can be transduced in a relatively

short period of time and with a less expensive protocol. However, many primary immune
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cells do not adhere to any surfaces, and therefore, are grown and tranduced instead in
suspension. To transfect the T-cells using CNT array device, first, they need to be
adhered to the CNTSs. To this end, the surface of the device can be coated with poly-L-
lysine, or T-cell specific antibodies can be attached to the CNTs or by a linker to the
AAO membrane using amino coupling [367, 368] to attract the cells toward the device

surface.
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CHAPTER 10

Appendices

Figure S1: Flat and curled membranes after the CVD process. The membranes (a) without pre-
process annealing will curl after the CVD, while the (b) annealed membranes remain flat.
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Figure S2: Histograms of the template pore diameter measurement using (a, b) SEM micrographs

of the surface of the Whatman 200 nm AAO membranes, and (¢) TEM micrographs of the

resultant CNTSs.
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Figure S3: Histograms of the template pore diameter measurement using SEM micrographs of

the AAO surfaces for (a, b) Synkera 150 nm and (c, d) Synkera 100 nm membranes.
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Figure $4: (a) Chemical vapor deposition (CVD) experimental setup, and the AAO membranes
(b) before and (c) after carbon deposition using CVD. The dark black color indicates deposited
carbon over the AAO surfaces.

Drying Tube with
Desiccant -

ot

Figure S5: The reflux column setup for wet chemical etching of AAO membranes with
controlled etchant temperature and molarity.
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(b) Pressure Transducer

Syringe
CNT
Array
Micro-Pump Device Scale
(C) Microscope

Dextran
Droplet

Glass Slide

Figure S6: Fluid transportation through CNT array device. (a) Experimental setup and (b)
schematics of fluid transportation system using pressure gradient. (¢) Schematic illustration of the
experimental setup for fluid transportation through CNT array device using concentration
gradient.
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(b) | Injection Solution |

A

Figure S7: (a) Experimental and (b) schematic illustration of intracellular transfection setup.
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Figure S8: Flow cytometry gates. (a) Gate for PI dye was set for 0.2% (PI) spillover of positive
control untransfected L6 cells. (b) Gate defined in (a) applied to L6 cells transfected with PI. (c)
Gate for EYFP fluorescence was set for 0.1% (EYFP) spillover of positive control untransfected
HEK?293 cells. (d) Gate defined in (c) applied to HEK293 cells transfected with plasmid DNA
encoding EYFP.
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Figure S9: Flow cytometry results of HEK293 cells transfected with plasmid DNA encoding
EYFP by lipofection. Transfection indicated by rightward shift in the 530 nm fluorescence
intensity of injected cell population (red) compared to control uninjected (blue) cells. Thirty
thousand cells were counted for each sample population.

208



(a)

SSC-A : S5C-A

FSC-A : FSC-A

SSC-A:: 88C-A

PUT TN IPRPR TY PRPT Y P Y T |

wa

Cells

FSC-A L FSC-A

SSC-A 1 SSC-A

FSC-A : FSC-A

209

(b)

FSC-A 1 FSC-A

(d)

FSC-A © FSC-A

4

FSC-A :: FSC-A

10 =3
i EYFP
0.18
'|Da -
107 -
1De -
10°
10.
R BRI R R R R R R
1ﬂu 1“2 ‘ﬂ“ 10 10
FL1-A :: FL1-A
0% =
EYFP
1.25
10® =
w07 )
10° =
"15 -3
|D~
T T Ty
10 102 10* 10° 10
FL1-A = FL1-A
10 |
1 EYFP
{ 197
10°
107 g
10° =
10
Ty T Ty L | LI | Ll | Ll | Ty Y
10 0 10 10 10

FL1-A 1t FL1-A




®)

®

k)

SSC-A:: SSC-A

SSC-A : 8SC-A

SSC-A: SSC-A

skl 1o

LARAS | T LARSN | T T
10 10 n° 107 10 10
FSC-A :: FSC-A

-
E
-
-
T T T T T
10 10 10 10 10 10
FSC-A I FSC-A
-
k|
-
-
-
-
4
-
-
-
-
T T LAARS | LA | LI
0* 10 10° 1w’ 10? 0
FSC-A 1 FSC-A

210

(h)

FSC-A = FSCA

[
N’

FSC-A:: FSC-A

M

FSC-A : FSC-A

L

o baud

|

10*
Ll § Y L | Ty Ty L § L | Ty Ty
10 102 10 10° 10°®
FL1-A Z FL1-A

EYFP
] 26.2
0
")4
Lk | ™ ™y ™y Ty Ty L | ™y ™y
10° w10 0° 107 0°
FL1-A :FL1-A
EYFP
149

PESFENE WATY SRR T B |

™ L | ™Y Ty Ty T L B |
10 10° 108

FL1-A I FL1-A



—
3
S’

SSC-A : SSC-A

T L T T T T
w? 10 10° 1w’

FSC-A ;1 FSC-A

—
=
'

FSC-A 1 FSC-A

10 10 10 105 10 10

FL1-A = FL1-A

Figure S10: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP fluorescence set for

0.2% (EYFP) spillover of positive control untransfected HEK293 cells. Gates defined ina and b

applied to HEK293 cells transfected with plasmid DNA encoding EYFP using CNT array device

after the first reactive ion etching (RIE) process in 1-step manufacturing protocol for RIE etching

times of (c, d) 2 hours, (e, f) 2.5 hours, (g, h) 3 hours, (i, j) 3.5 hours and (k, I) 4 hours, and also
for (m, n) lipofection control experiment.
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Figure S11: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP fluorescence set for
0.1% (EYFP) spillover of positive control untransfected HEK293 cells. Gates defined ina and b
applied to HEK293 cells transfected with plasmid DNA encoding EYFP using CNT array device
after the second reactive ion etching (RIE) process in 2-steps manufacturing protocol for RIE
etching times of (c, d) 0 hours, (e, f) 2 hours, (g, h) 4 hours and (i, j) 6 hours, and also for (k, I)
lipofection control experiment.
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Figure S12: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP fluorescence set for
0.2% (EYFP) spillover of positive control untransfected H7 human embryonic stem cells. Gates
defined in a and b applied to H7-hESCs transfected with plasmid DNA encoding EYFP using
CNT array device after the second reactive ion etching (RIE) process in 2-steps manufacturing
protocol for RIE etching times of (c, d) 0 hours, (e, f) 2 hours, (g, h) 4 hours and (i, j) 6 hours, and
also for (k, 1) lipofection control experiment.
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Figure S13: Flow cytometry gates. Gates for (a) Live cells and (b) for EYFP fluorescence set for
0.2% (EYFP) spillover of positive control untransfected primary human skin cells. Gates defined
in a and b applied to primary human skin cells transfected with plasmid DNA encoding EYFP
using CNT array device after the second reactive ion etching (RIE) process in 2-steps
manufacturing protocol for RIE etching times of (c, d) 0 hours, (e, f) 2 hours, (g, h) 4 hours and (i,

j) 6 hours, and also for (k, I) lipofection control experiment.
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Figure S14: CNT array devices after cleaning in high temperature furnace at 700 °C for 4 hours,
indicating the curled devices.

Figure S15: (a) The exprimental setup and (b) its schematic illustartion for measuring the
electrical resistivity of the CNT array devices.
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