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Abstract
Emerging technologies in the healthcare industry encompass revolutionary devices or drugs that have the
potential to change how healthcare will be practiced in the future. While there are several emerging healthcare
technologies in the pipeline, a few key innovations are slated to be implemented clinically sooner based on their
mass appeal and potential for healthcare breakthroughs. This thesis will focus on specific topics in the emerging
technological fields of nanotechnology for photothermal cancer therapy, 3D printing for irreversible
electroporation applications, and imageable biomaterials. While these general areas are receiving significant
attention, we highlight the potential opportunities and limitations presented by our select efforts in these fields.
First, in the realm of nanomedicine, we discuss the optimization and characterization of sodium thiosulfate
facilitated gold nanoparticle synthesis.

While many nanoparticles have been examined as agents for

photothermal cancer therapy, we closely examine the structure and composition of these specific nanomaterials
and discuss key findings that not only impact their future clinical use, but elucidate the importance of
characterization prior to preclinical testing. Next, we examine the potential use of 3D printing to generate
unprecedented multimodal medical devices for local pancreatic cancer therapy. This additive manufacturing
technique offers exquisite design detail control, facilitating tools that would otherwise be difficult to fabricate
by any other means. Lastly, in the field of imageable biomaterials, we demonstrate the development of
composite catheters that can be visualized with near infrared imaging. This new biomaterial allows visualization
with near infrared imaging, offering potentially new medical device opportunities that alleviate the use of
ionizing radiation. This collective work emphasizes the need to thoroughly optimize and characterize emerging
technologies prior to preclinical testing in order to facilitate rapid translation.
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Chapter 1: Introduction
Emerging technologies in the healthcare industry encompass revolutionary devices or drugs that have the
potential to change how healthcare will be practiced in the future. Predominantly produced by academia or
industry, emerging technologies are subject to extra scrutiny when undergoing FDA approval due to their
novelty and inability to relate to prior art. Despite this, technological innovations are entering the healthcare
market at an unprecedented pace causing pharmaceutical, regulatory and medical device companies’ inability to
fully digest the innovation, causing unsustainable increases in cost in healthcare in the US (1). This has caused a
huge discrepancy between technology production and new products making it into the clinic. This mismatch is
due to many factors including the so-called “valley of death” in which there is disconnect between academic
research and clinicians (2), Often, products are developed without the end user in mind, making the device too
complicated, expensive or unnecessary, with no proven efficacy over prior products. This is further aggravated
by the current publication and grant paradigm in which novel technologies don’t necessarily receive the
funding. Therefore new products are developed that show extreme promise but lack the funding necessary to
complete testing and bring the product to market. This has led to excessive money being put into the healthcare
industry with limited viable devices and drugs gaining FDA approval (3). In addition, those devices that do gain
approval don’t necessarily make a profound impact on treatment, diagnostics or prevention. In order for
emerging technologies to effectively improve human health, efforts need to be put forth at the conception stage
to answer key questions including is it necessary, is it safe, and does it work as well or better than previous
products? (4, 5)
This thesis will focus on development and optimization of a few emerging medical technologies with emphasis
on addressing main areas of concern, including overcoming adverse effects and properly characterizing the
product prior to pre-clinical testing. These emerging technologies include nanotechnology for photothermal
cancer therapy, 3D printing for irreversible electroporation applications and imageable biomaterials.

Nanotechnology for Photothermal Cancer Therapy:
Nanotechnology, any material, particle or device, with at least one dimension between 1 nm and 100 nm, has
gained immense interest over the past twenty years with applications not limited to sensor technology,
cosmetics, clothing, medical applications and optical diodes (6). Specifically in the medical field, these
materials have been utilized in drug and gene delivery, tissue engineering, implants, biosensors, and cancer
treatment and diagnostic tools (7). The materials used range from metals to polymers to silica, and have shown
1

success due to their special properties arising from enhanced surface area to volume ratios. Despite these
materials emerging in the 1980s, there remain sufficient barriers to nanomaterials translating into the clinic (8).
It is anticipated that revolutionary nanotechnologies are still 20 years from clinical use (9) (Figure 1.1). In
addition, efforts seem to focus on creating new nanoparticle formulations resulting in mass production of
publications without any follow up on clinical applications, resulting in less than 1% of publications on
nanotechnology involving clinical trials (10).
This discrepancy can be attributed to a plethora of reasons. First, because these materials are so new, there are
not established standards for testing efficacy or toxicity (4). Due to the nature of academia, researchers do not
disclose raw data or detailed methods making it difficult to compare methods and results between the toxicity
testing that has been conducted. As an example, most cytotoxicity is initially done in simple 2D assays and
concentrations of nanoparticle testing are reported as mass/volume, mass/area, mass/cell, nanoparticle/cell,
nanoparticle/volume, or nanoparticle/area; making it impossible for comparisons to be made between studies (7,
11). In addition, researchers often use only one toxicity assessment tool, without giving consideration to
nanoparticle settling/aggregation in the media, interference of nanoparticles with toxicity tests, or the damage
that nanoparticles cause which doesn’t lead to cell death.
Due to the variety of materials,
shapes and sizes of particles, the
ability

to

predict

particles

will

increasingly

how

these

behave

is

challenging.

The

pharmacokinetics
biodistribution

and
of

depends

on

the

material,

surface

size,

particles
shape,

coating,

and

charge (12). If these particles Figure 1.1: Five stages of nanoparticle development
aggregate or dissociate in bodily
fluids, their transport mechanisms will be greatly affected. Furthermore, nanotechnology is inherently
polydisperse. This polydispersity leads to inconsistency in the particles behaviors and can greatly affect which
organ particles accumulate in, whether the particles will trigger an immune response, and whether the particle
will be internalized within the cell (13). All of these problems create obstacles to clinical translation and in
2

order for nanotechnology to have a beneficial impact on human health, a paradigm shift is needed to fully
characterize and optimize materials prior to moving into animal/human trials. This will save significant time,
effort and money, in addition to help illuminate those nanomaterials that have the potential to revolutionize
healthcare.

3D Printing for Irreversible Electroporation Applications:
Ablative techniques provide many advantages over surgery for treatment of cancer; including reduced cost,
preservation of surrounding structures, reduced hospital time and minimal side effects (14). These ablative
techniques include cryoablation, microwave ablation, RF ablation, photothermal therapy and more recently
irreversible electroporation. Irreversible electroporation emerged as a food sanitation technique for killing
bacteria (15). Recently, it has gained momentum as a new cancer ablative tool. Through the application of short,
micro-second pulses of high energy, the transmembrane potential of the cells is altered, resulting in nanosize
pores forming in the membrane that are either semi-permanent or permanent (Figure 1.2) (16). Semi-permenant
pore

formation

electrochemotherapy

is
(17),

used
in

for
which

chemotherapeutic drugs are uptaken 100 fold
due to enhanced diffusivity and membrane
permeability. By targeting the applied electric
field, selective uptake of the drug is possible.
As the pores in the cell membrane slowly
reseal, the drug is retained within the cell. Due
to the increased retention within the cell, less
initial drug is required (18). Permanent pore
formation disrupts cellular function resulting
in cell death via apoptosis, in which the Figure 1.2: Zones of electroporation and the dependence of pulse
mechanism has yet to be elucidated (19). This length on electric field threshold.
technique has many advantages over conventional ablative techniques including being non-thermal; this is due
to the small energy input put into the system, resulting in cell death by apoptosis over necrosis, which avoids
scarring and damage to blood vessels and nerves. This technology does not rely on the heat-sink effect,
allowing it be used near critical vessels and highly vascularized organs without any negative side effects (20).
Another advantage of this technique is the ability for real-time monitoring of the treatment zone using multiple
imaging modalities. Under ultrasound guidance, the area becomes hypoechoic due to changes in the membrane
3

permeability. MRI and CT imaging have also been utilized (21). Irreversible electroporation is solely dictated
by the electric field distribution allowing it to be used for treatment of almost any tissue. Because this treatment
is dictated by the electric field, there is a very sharp delineation between treated and untreated tissue. The
treatment zone for IRE is can be as fine as 10–20 µm while other ablative techniques have a transition zone of
100 µm to the mm range (20).
The NanoKnife IRE device received FDA approval for ablation of soft tissue in 2007. This system includes an
electric current generator, footswitch and electrodes. The electrodes are either 18-gauge monopolar or 16-gauge
bipolar electrodes. The bipolar electrodes are 7 mm in length separated by 8 mm of insulation. The monopolar
electrodes come in pairs and have a spacer that aids in placement within tissue. There is a moveable sleeve that
allows the electrode size to be varied from 5-40 mm (22). The intent is to deliver 1000 V/cm between two-five
monopolar electrodes or a single bipolar electrode.
Irreversible electroporation is typically an open procedure or percutaneous. A recent publication developed a
bipolar probe that could be used for the external treatment of breast cancer, however a minimally invasive
treatment for internal tumors has yet to be developed that doesn’t use a percutaneous approach (23). As a
palliative approach, most patients are very fragile and unable to undergo a full open operation, presenting the
need for minimally invasive approaches that require shorter time periods, less side effects and shorter recovery
times (24). Despite this, irreversible electroporation has shown success in treatment of brain (25), pancreatic
(26), breast (23), liver (27), lung (28), prostate (29) and bowel cancers (30).
Questions still remain on the ability of this technique to consistently treat various solid tumors. Tumor
heterogeneity is well known between patients as well as within a patient’s own tumor. This can cause problems
when planning treatments, as no two tumors are the same. In addition, the tumors being treated are often much
larger than what is seen in animal models, which may cause additional difficulties when planning treatment.
Treatment requires the need for complete neuromuscular blockage and general anesthesia, which eliminates
some patients from being able to undergo the procedure (20). One of the major concerns regarding this
technology is a lack of understanding on how to optimize treatment parameters. It is very easy for inadvertent
thermal damage to occur due to excessive voltage or pulse durations. Escalating this problem is the need for
proper electrode alignment. Misalignment can also lead to inadequate or excessive energy deposition. Easier
methods for insertion of these electrodes are greatly needed. The available clinical data has prohibited IRE from

4

making a full-fledged translation into the clinic. However, as more data is produced and the results remain
promising, the availability of Nanoknife systems is anticipated to steadily increase.

Additive

manufacturing

provides

an

attractive

alternative for producing more
complicated

electrodes

for

IRE. Additive manufacturing,
or the layer-by-layer joining of
material to form a 3D product,
emerged 20 years ago as a
method

to

aid

rapid

prototyping of machine tools
(31,

32).

This

method

functions through a material Figure 1.3: Object Polyjet 3D printing set-up
addition
process
versus
conventional machining involving cutting, forming or casting material (Figure 1.3). The most common additive
manufacture techniques are stereolithography (SL), selective laser sintering (SLS), fused deposition modeling
(FDM), 3D printing (3DP), multijet modeling (MJM) and laminated object manufacturing (LOM) (33).. This
process emerged in the medical field through applications in craniomaxillofacial surgery and has expanded to
use in bio-models for surgical applications, drug and device development and tissue engineering (34, 35)..
Additive manufacturing offers the ability to fabricate parts of any geometric complexity in shorter time with
reduced cost and without the need for technical expertise. In addition, it has allowed the utilization of medical
imaging to build custom fit orthotics and implants. Despite these advantages, additive manufacturing has not
been widely accepted by the healthcare industry do to a relatively high cost which can only be justified in
complex cases. Fabrication times can vary between a few hours up to 2 days, which is unsuitable in an
emergency situation. In addition, very intricate parts cannot be made due to resolution limits of the technology
and certain methods require support material that is very difficult to remove. In addition, the available materials
provide issues do to their properties and biocompatibility. Efforts should focus on development of
biocompatible materials so they can be used directly for fabrication of medical devices and implants (33).
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Imageable Biomaterials:
As new biomaterials emerge, imaging systems should be developed that allow rapid visualization of the
material within the body. X-ray imaging remains the gold standard for imaging biomaterials in the healthcare
industry. However, imageable biomaterials are a challenge due to the lack of imaging systems available. There
is a clear need for development of new biomaterials that can be visualized without the use of ionizing radiation.
In addition, as alternate imaging systems emerge, these materials will gain momentum as the depth and
resolution of systems are improved.
X-ray imaging is the gold standard for medical imaging due to its reliability. However, it is well known that
overexposure to irradiation can have long-term health effects especially in young, developing children. Despite
this, X-ray imaging is still used for monitoring of many medical procedures in neonates including the position
of peripherally inserted central catheters (PICC). It is estimated that X-ray imaging is overused in 25% of cases.
Reducing the number of X-rays would reduce costs, time needed in the emergency room and an overall
reduction in radiation exposure to the patient and operators (36). This presents the need for alternative imaging
techniques that can be used for superficial as well as internal imaging applications in the medical field.
Fluorescence is a material property that allows it to absorb light at one wavelength and emit light at lower
energy, higher wavelength (37). Light in the near infrared range (650-900 nm) has several advantages for
biological applications, including its ability to penetrate deeper into tissue do to minimal absorption by
exogenous tissue chromophores such as
hemoglobin and water, as well as minimal
tissue auto fluorescence resulting in
optimal signal to noise ratio. Near Infrared
Fluorescence Reflectance Imaging (NIRF)
is an emerging 2D imaging modality that
creates an image from captured emitted
fluorescence

through

a

filter

after

excitation, usually by a near infrared laser
(Figure 1.4). This imaging modality has
high spatial resolution, fast-real time Figure 1.4: Near Infrared Fluorescence Reflectance Imaging Set-Up
display, relatively low cost, portability,
and ability to image several things at a time depending on the excitation and emission wavelengths. Even with
6

these advantages, it currently sees poor tissue penetration (<1 cm) due to limitations in contrast agents as well
as imaging systems (38). Penetration depth has increased with the development of new contrast agents such as
IRDye 800CW which has a 20X enhancement in contrast over ICG. Also, the use of laser light sources and
better filters has helped with enhancement of signal-to-noise ratio and elimination of autofluorescence from
tissue (39, 40).
This imaging modality has recently translated into the clinic, with imaging systems being incorporated into
many robotic surgical suites. Indocyanine-Green, an FDA approved NIR contrast agent, has been used in many
clinical trials including partial nephrectomy, adrenal, ureteral, prostate cancer, and radical cystectomy surgeries
(41, 42). There is significant evidence that this technology can be of aid in superficial surgical procedures but
there is limited information on if the added cost of the technology is justified by better outcomes. It is estimated
that an approximate cost of $100,000 is needed to add NIRF to a robotic system and it currently costs $100 for
each ICG vial. In addition, most of the investigations of NIRF Imaging have been for surgical applications.
There is great potential for this imaging modality to be utilized for device monitoring, cell based imaging and
much more. Furthermore, there is only one clinically approved contrast agent. With the emergence of better
contrast agents, such as IRDye 800 CW, possessing increased fluorescence intensity and aqueous dispersion,
NIRF Imaging will gain momentum (43).
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Abstract:
Much debate exists over the structure and composition of the controversial gold/gold sulfide (GGS)
nanoparticles. The near infrared (NIR) sensitivity of these particles was originally attributed to a hexagonal
core-shell structure. The characterization of these widely investigated particles was completed through various
techniques including: UV/vis absorption spectroscopy, TEM, EDS, FFT, and SAED. We report the NIR
contributing species to be the nanoprism particles, comprised entirely of gold. Filtration of particles indidates
that as the sample becomes predomanitely hexagonal, the NIR peak blue shifts and decreases in intensity. As
the sample becomes predominately nanoprisms, the NIR peak red-shifts. Through compositional analysis, all
particles were found to be identical, indicative that no sulfide was present in the nanoparticles. It is concluded
that the one step reduction of hydrogen tetrachloroaurate by sodium thiosulfate yields polydisperse gold
nanoparticles formed through Ostwald ripening.
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Introduction:
Gold-based nanoparticles have gained immense attention in the literature due to their unique optical properties,
biocompatibility, and ease of surface modification (44). Careful manipulation of the resonance oscillation of
conductive electrons, or surface plasmon resonance (SPR), has allowed these particles to be utilized in an array
of applications including photothermal therapy and imaging (45). Gold nanocages, nanorods, nanoshells and
nanoplates have all been utilized do to their SPR located in the near infrared (NIR) region, where tissue
attenuation is minimized resulting in maximum light delivery depth (5). One of the most controversial
nanoparticles used in these applications are gold/gold-sulfide (GGS NP) nanoparticles. Initially proposed in
1994 by Zhou et al.(46) as a hexagonal, core-shell nanostructure, this synthesis results in two SPR bands, a 550
nm peak from small gold colloid and an 800 nm peak from the contribution of icosahedra, nanoplates and
irregularly shaped asymmetric nanoparticles (47). These particles are advantageous for their one step synthesis,
high absorption efficiency (98%) and optimal size for maximum tumor accumulation (48). Many rebuttals have
followed arguing that the particles are gold-aggregate structures, pure gold nanoparticles and disagreements on
which particles contribute to the NIR peak (47, 49-54). Recently, alternate methods for synthesizing these
particles have arisen including: synthesis of Au2S cores from H2S gas and potassium dicyanoaurate followed by
a pure Au shell growth, synthesis with an alternate gold precursor and radiation induced reduction or a two-step
synthesis resulting in increased nanoplate formation (55-57). Additional efforts have focused on eliminating the
impurities (gold colloid 550 nm) through methods such as filtration and dialysis with little effort on increasing
the monodispersity of the NIR absorbing particles (58). These gold-based nanoparticles have been extensively
investigated in pre-clinical studies for cisplatin delivery (59), immunoconjugated targeted cancer therapy (60),
therapy of breast cancer (61), esophageal adenocarcinoma (62), and prostate cancer (48) without any further
regards for optimization or characterization.
Nanoparticle size effects are well known to greatly affect cell toxicity as well as biodistribution (63, 64). These
size effects are confounded by the variation in shapes present in the sample, which have different charges,
defects and surface areas compared to uniform counterparts resulting in different behaviors in situ (65). In order
for a nanoparticle formulation to gain FDA approval, particles must be homogenous and well characterized.
This ensures that the particles will perform consistently and allow for the accurate prediction of where particles
will accumulate within the body, permitting identification of potential health hazards/long term toxicity effects
(4, 66). Despite these nanoparticles showing promise in pre-clinical studies, efforts are needed to optimize the
nanoparticle formulation. In addition, further elucidation of the structure of these nanoparticles (core-shell vs
aggregate), their elemental composition (gold or gold/sulfide), as well as determination of which nanoparticles
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contribute to the near infrared peak. The following experiments were conducted in order to shed light on these
uncertainties.

Methods:
Nanoparticle Characterization. UV/vis spectroscopy analysis was performed using the Cary 60 UV/vis
spectrophotometer (Agilent). Zeta size measurements were collected with the Malvern NanoZS with dynamic
light scattering and electrophoretic mobility capabilities. Nanoparticle solutions were dropped onto a carbon
200 mesh copper grid [Ted Pella]. Excess liquid was wicked away with a kimwipe and the grids were allowed
to dry, covered, overnight prior to imaging. TEM imaging was performed with a JEOL 2100 field thermionic
emission TEM equipped with a silicon drifted detector-based EDS system. Selected area electron diffraction
(SAED) patterns were obtained using the field-limiting aperture and fast fourier transforms (FFT) were obtained
in high resolution mode. Determination of the 3D structure of the particles was analyzed using tilt tomography
and a tilt angle of 30°. DigitalMicrograph (Gatan) was used to analyze diffraction patterns, FFT, measure dspacing and particle sizes.

Gold Nanoparticle Synthesis. Nanoparticles were synthesized based on previously described methods (48).
Briefly, 2 mM hydrogen tetrachloroaurate trihydrate (HAuCl4:H2O, Sigma Aldrich) and 1 mM sodium
thiosulfate (Na2S2O3 , Sigma Aldrich) were prepared in Milli-Q water in amber bottles and allowed to age for 3
days prior to synthesis. Na2S2O3 was added to the HAuCl4 in a round bottom flask under mild stirring and
allowed to react for 1 hour at a volumetric ratio of 1.03:1. Nanoparticles were centrifuged at 3200 g for 40 min,
twice, and the collected pellets were combined and re-suspended in H2O to a final optical density (OD) of 1.3.
Particles were PEGylated by mixing 1 mL of 250 mM PEG-SH (Laysan Bio 2000 MW) in ultrapure water with
9 mL of nanoparticles on ice. Particles were allowed to react under constant agitation overnight at 4°C
(Rotoflex). PEGylated particles were centrifuged at 3200 g for 40 min at 10°C to remove excess PEG and
stored in the refrigerator until further use.
Optimization of Nanoparticles. Homogenous mixing, addition and tight control over the reaction parameters is
key to obtaining monodisperse particles. Alteration of key reaction conditions including pH, sodium thiosulfate
addition speed, and temperature were determined in order to optimize the reaction. In addition, most
nanoparticle synthesis uses a shape directing agent or capping ligand in order to direct growth of particles along
certain faces. We investigated the use of multiple shape directing agents that have been previously used for the
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synthesis of gold-based nanoparticles. The effectiveness of optimization parameters was determined by multiple
factors: the width of the NIR peak which corresponds to particle dispersity, the height of the colloid peak in
relation to the height of the NIR peak, and the relative shape formation from TEM imaging. The effect of
changing the temperature on nanoparticle formation was studied. Nanoparticle (NP) synthesis was completed on
a 50°C hot plate, in a refrigerator (4°C) and on ice (0°C) and compared to the normal reaction conditions at
room temperature (25°C). Alteration of pH, addition method, and addition of varying capping ligands are
discussed in the supplementary information.
Growth Mechanism. To determine the growth mechanism of the nanoparticles, Ostwald ripening versus
previously stated core-shell nanoparticles, nanoparticles were synthesized in the microwave to accelerate the
reaction kinetics. HAuCl4 and Na2S2O3 were mixed and microwaved for 10 seconds to induce nuclei formation
and then immediately quenched in ice to prevent further nanoparticle growth. As a control, nanoparticles were
microwaved for 10 seconds and allowed to react at room temperature for one hour.
Seed mediated growth. A commonly used method for nanoparticle synthesis that isolates nucleation and growth
is a seed mediated method. Small monodisperse nuclei are formed and then reacted with additional metal salt
and reducing agent to form larger particles of consistent sizes. Gold seeds were formed based upon methods
previously described by Haiss et al (67). Briefly, 1 mL of 1 wt% HAuCl4 was added to 90 mL milli-Q H20, 2
mL of 38.8 mM Sodium Citrate was added while the solution stirred for 2 minutes, then fresh 0.075 wt%
NaBH4 was added dropwise until the solution turned a wine red color, the solution was allowed to stir for five
additional minutes. 2 mL of 1 mM Na2S2O3 were mixed with 0.25 mL of gold seed and aged for 24 hours. 1.75
mL of 2 mM HAuCl4 was added to the solution while stirring and allowed to react for one hour.
Filtration of Nanoparticles: Three different methods for nanoparticle separation were used: glycerol gradient,
microfiltration, and gel electrophoresis. Density gradient separation was based upon previous methods (68, 69),
where 2 mL of 30-90% glycerol was first carefully layered in a 15 mL conical tube. Next, 0.8 mL of particles
were added on top and centrifuged for 20-40 min at 2000 – 3200 g, 22-40°C. Distinct bands of nanoparticles
were separated with a dispensing needle, spun down at 4722 g for 8 minutes to remove the glycerol and resuspended in water. For microfiltration, PEGylated nanoparticles were sequentially passed through 0.22 µm, 0.1
µM and 0.05 µM filters (Polycarbonate, Sterlitech). Particles captured by the 0.22 and 0.1 µm filters (PVDF
Millex) were reconstituted via sonication in a beaker filled with water for 30 minutes and pushing 3 mL of
ultrapure water through the opposite end using a syringe adaptor to release nanoparticles. For gel
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electrophoresis, particles were centrifuged at 4722 g for 8 minutes and resuspended in 1X TAE buffer.
Nanoparticles were run in a 0.3 wt% agarose gel at 125 V for 1.25 hours in a gel electrophoresis unit (Fisher
mini-horizontal). Individual bands of nanoparticles were separated with a razor blade and recaptured by running
gel electrophoresis of the gel pieces in 13 kDa dialysis membranes containing 1X TAE buffer for 2 hours at 125
V. TAE buffer containing nanoparticles were centrifuged for 8 minutes at 4722 g and re-suspended in ultrapure
water (70).
Nanotoxicity. Prior to complete toxicity studies, nanoparticle stability was assessed. Nanoparticles were
suspended in DMEM-F12 media at an OD of 0.66. Stability was monitored every 30 minutes over 24 hours
using the scanning kinetics function of the UV/vis spectrometer. The absorbance at the NIR resonant peak was
normalized over time. Decrease in the absorbance corresponds to instability due to protein absorbance and
settling of the particles. These particles are often used for photothermal therapy of solid tumors, thus epithelial
cells are the most common healthy cell type found in tumors leading to the use of RPE-1 cells for toxicity tests.
In addition, these cells do not undergo senescence allowing longer experiments to be conducted and compared
to other commonly used cell types (HeLa), RPE-1 have a diploid karyotype. The nanoparticle concentrations
chosen match previous toxicity studies and are representative of the dose of nanoparticles accumulating in
tumors after systemic and local injections. Toxicity assessment was based off previously established methods
(61, 71). Briefly, RPE-1, a human retinal epithelial cell line, were plated in 96-well plate at a density of 100
cells/mm2 and allowed to adhere for 24 hours at 37°C, 5% CO2. Media was replaced with media containing
nanoparticles at a concentration of 5 - 100 µg/mL. Nanoparticles were incubated with particles for 24 hours.
Cell toxicity was analyzed using multiple methods to ensure no interference of the nanoparticles with toxicity
results. Cell titer glo, quantifies the amount of ATP present which relates to the number of metabolically active
cells and LDH Assay measures lactate dehydrogenase (LDH) released by damaged cells into the media. Positive
control of cells with media and negative controls of media with and without nanoparticles were used. Toxicity
assessment and calculations were conducted according to manufacture protocol [Promega – Celltiter Glo,
Piercenet – LDH cytotoxicity assay].
Statistical Analysis. All statistics were performed using JMP analysis of variance (ANOVA) to compare
between groups. Tukey’s post hoc test was used in conjunction with ANOVA for all sample analysis.
Differences were recorded to be statistically significant at p < 0.05. All errors are given as standard deviations.

Results/Discussion:
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It is accepted that the synthesis of a homogenous nanoparticle formulation requires isolated nucleation and
growth steps (72). However, in 1994, a rapid, one-step, method for producing hexagonal, core-shell
nanoparticles with a gold core and thin, 5 nm, gold sulfide shell was proposed (46). Since then, these particles
have gained attention for their applicability as photothermal therapy agents and imaging beacons due to their
absorption peak in the near infrared biological window, high absorption efficiency, and optimal size for tumor
accumulation. However, because the reaction is a one step synthesis, nucleation and growth phases are
concurrent resulting in formation of an array of shapes and sizes. There are three main particle groups, ~5 nm
gold colloid, ~30 nm hexagonal multifaceted particles, and ~60 nm nanoplates resulting in a 530 nm peak that is
contributed to by gold colloid, a contaminant, which is not active for photothermal therapy when excited by a
near infrared laser and a characteristic near infrared peak located at 800 nm, which is easily shifted by adjusting
the ratio of gold to sulfide. This peak has been previously stated to be a contribution of highly faceted
hexagonal particles, nanoplates and irregularly shaped polygons and rods. Particles were synthesized using
previously described methods. The particle polydispersity is demonstrated in Figure 2.1a. Particles were
successfully PEGylated as demonstrated by the increase in particle size Figure 2.1b.
There have many methods developed to optimize nanoparticle conditions including methods that alter the
reaction kinetics including temperature, pH and addition method. Previous methods for GGS NPs have been
conducted at room temperature. Room temperature synthesis provided size and shape variations consistent with
previously published results (48) as shown in Figure 2.2. Variation of temperature resulted in large shifts in the
resonant NIR peak. At lower temperatures, the peak shifted and broadened into the 900 nm range and the
colloid peak lowered. TEM imaging showed predominant formation of nanoprisms. High temperatures formed
large amount of colloid and a shifted GGS NP peak to 710nm. TEM imaging was not performed due to
disappearance of NIR peak. These results indicate that room temperature reactions provide the most desirable
results with a NIR peak located at 790 nm. Altering pH, addition method, and various capping ligands were
investigated with no substantial impact on nanoparticle formation. These methods and results are discussed in
the supplementary information.
There exists much debate over the actual structure and formation of GGS NP. Mie Theory Modeling has
provided results that match a core shell nanoparticle, however, many have argued that these particles are
aggregates formed from Ostwald ripening. Ostwald ripening is a nanoparticle growth mechanism in which large
particles grow at the expense of smaller particles resulting in particles formed of aggregates (47). In order to
determine the growth mechanism of the nanoparticles, we designed an experiment in which the reaction would
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stop immediately after nucleation began. For the particles whose reaction was quenched immediately after
nucleation, only small gold colloid formation occurred as evidenced by the absorption peak at 520 nm as shown
in 2.ure 3. For the particles whose reaction was allowed to proceed, there is indication of a second peak
forming, suggestive of Ostwald ripening. While this peak isn’t as large and red shifted as normal, it matches
previous results in which the reaction occurred at 50°C. A core-shell nanoparticle would not develop over time
without the second addition of reagents, demonstrating the nanoparticles are not composed of the previously
suggested core-shell structure. Supporting this hypothesis, are high-resolution TEM images of both hexagonal
and triangular particles. Core shell nanoparticles are distinct with a high contrast core and lighter shell, or vice
versa, depending on the material. From Figure 2.4, it is clear that the nanoparticles are a homogenous material
with no evidence of a core shell structure. There is a thin coating surrounding the particles, this is the PEG layer
that was added to prevent agglomeration and facilitate filtration.
Further arguments surround the elemental composition of these nanoparticles. To determine the structure and
elemental makeup of the particles, high resolution TEM analysis was utilized. Particles are mostly well-defined
hexagonal shapes from projections of 3D icosahedra. This is evident from the defined facets within the
nanoparticles as well as the darker interior of the particle indicating a change in thickness of the particle
consistent with polyhedral structures (Figure 2.4). This is further confirmed by the tilting of the TEM stage; as
the angle changes, different facets become focused and defined, confirming the 3D nature of the particle (Figure
2.4). Nanoprisms have uniform crystals throughout the structure, corresponding well with the previously
established plate like structure. Tilting of the stage had no effect on the overall appearance of the structure
consistent with plate-like structures. To determine the elemental composition of the particles, EDS, FFT and
SAED analysis were used. EDS, on both individual and clusters of particles, was conducted on a sample size of
10 nanoparticles. Nanoprisms and hexagonal particles produced identical spectra consistent with face-centered
cubic (FCC) gold (Figure 2.5,2.6). There is no evidence of sulfur in the particles, which has a characteristic
EDS peak of 2.307 keV. The largest peaks are C and Cu, components of the TEM grid, and iron and cobalt that
are part of the TEM grid holder. Outside of the extraneous peaks, sample peaks are gold. If sulfide is in the
sample, it is less that one part per billion, providing no significant contribution to the particle structure nor role
in its bulk material properties. To confirm these results, SAED and FFT analyses were ran on the same samples.
The predominant lattice spacing correspond to FCC [111] and [100] Au, with some forbidden reflections that
can be indexed as ½[422] FCC Au (73). These characterization results indicate that both nanoparticle
populations are made predominately of gold with no evidence of sulfide. These results support previous claims
that sodium thiosulfate acts as both a reducing agent and a shape directing agent that facilitates growth of
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nanoparticles predominately into their preferred highly faceted multiple-twinned structure with mainly [111]
and [100] facets (74). Formation of nanoprisms is most likely due to insufficient amount of sodium thiosulfate
as well as nucleation and growth occurring simultaneously.
To produce a monodisperse sample, a method that provides more control over the synthesis was utilized. Seed
mediated growth methods are commonly used to increase control over the reaction conditions due to separation
of nucleation and growth. Small gold seeds, 5 nm, were successfully synthesized as previously reported. The
optimal seed mediated condition involves incubating sulfide with gold colloid for 24 hours and then adding
additional gold salt. Colloid that was not aged in this method resulted in globular particles indicating the
importance of sulfide in determining the overall shape of the particles. Seed mediated growth resulted in a NIR
peak located around 717 nm [Figure 2.7]. This peak is much smaller and blue-shifted than previous synthesis.
From TEM imaging, it is clear that the overall size distribution of the nanoparticles is reduced and the sample is
predominately hexagonal particles. Plates remain present but are much smaller, most under 50 nm. This study
was the first indication that the icosahedra are not contributing to the near-infrared peak. These results suggest
that the small peak at 717 nm peak is due to the smaller nanoplates and the hexagonal particles most likely
absorb at 550-600 nm which is consistent with previously published data on highly faceted symmetrical gold
nanoparticles (75, 76).
In order to confirm our hypothesis that the nanoplates are the only particles contributing to the near infrared
peak, filtration was used isolate different nanoparticle populations. From these studies, we wanted to create a
homogenous nanoparticle suspension, identify a rapid filtration method, and confirm which nanoparticles
contribute to the near infrared peak. The first method utilized was glycerol density separation. This method is
widely published in the literature and has been used for many different particles. The glycerol density
separation was the only filtration method that allowed separation without prior PEGylation. However, there was
residual glycerol that had to be removed after separation, which required multiple wash steps. The optimal
conditions for separating the particles in glycerol were found to be 40 minutes at 3200 g, 40°C using a 60-30%
density gradient. Previous methods utilize higher centrifugation speeds; the increased temperature facilitated
increased diffusion of the particles at lower centrifugal speeds. These parameters resulted in the cleanest bands
with minimal streaking between bands as shown in Figure 2.8. Care was needed to ensure the sample was kept
steady and the precise amount was removed to avoid blending sections. This process was difficult to reproduce
as any slight motion could disrupt the separation. However, this filtration method demonstrated that as the
sample became predominately hexagons, which have been previously indicated as the particles of interest, the
16

near-infrared peak begins to disappear and shift back towards the symmetrical gold nanoparticle peak at 530
nm.
For gel electrophoresis, in order to separate particles, the particles must be charged. PEGylation was employed
in order to charge the particle surface and allow effective separation. Previous methods separated particles at
100 V for 1 hour. After 1 hour, separation was observed but the bands were very tight. 125 V for 1.25 hours
provided bands that were more differentiable as shown in Figure 2.9. Visually, there are three distinct bands of
nanoparticles, blue-green band that migrated the furthest, a purple intermediate band, and a red band that was
closest to the well. These bands correspond to three sets of nanoparticles as confirmed by UV/vis. The green
band has an SPR at 810 nm and no peak at 530 nm indicating the presence of only non-spherical particles. The
red band has a maximum SPR at 550 nm with a smaller peak at 780 nm. And the purple band is a mixture
between the two extremes, most likely indicating the presence of both spherical and asymmetric particles. This
method is also subject to experimental error when separating the bands. Zeta size analysis showed that the
average size of particles decreased (40.58 nm to 37.83 nm) and the polydispersity index improved after
separation (0.47 to 0.43).
The last filtration technique involved sequential filtration through micron size filters. This filtration technique
was used to filter both bare and PEGylated particles. Both particles passed efficiently through the filter. In order
to recover the retentate, the filters were sonicated to release captured particles. Bare particles resisted recovery,
while PEGylated particles resulted in near 100% recovery. This simple technique resulted in the most efficient
separation of nanoparticles compared to other methods and was the quickest to complete. The two filtered
samples of interest were those that passed through the 0.05 µm filter and recovered from the 0.1 µm filter. The
0.05 µm fraction has a NIR peak at 705 nm that is equivalent to the gold colloid peak as shown in Figure 2.10.
The 0.1 µm fraction is shifted into the red with a NIR SPR peak at 834 nm. From TEM analysis, it is clear that
the 0.05µm fraction is predominately hexagons (76.6%) and the 0.1µm retentate is more nanoplates (56.8%)
confirming our hypothesis that nanoplates are the predominant species contributing to the NIR peak. As the
samples are sequentially filtered, the size distribution becomes much tighter (Figure 2.10). Filtration of particles
supports the hypothesis that the nanoplates are contributing to the NIR peak, not the previously attributed
hexagonal prisms.
To determine the impact of purifying the sample on cytotoxicity, the three different nanoparticle populations
were evaluated. Prior to conducting experiments, the stability of the particles were analyzed in culture media.
17

Toxicity effects can be skewed by the effect of nanoparticle settling in the media. The three particles were all
stable over 24 hours periods with the nanoplate fraction showing the least stability, as evidence by the greater
decrease in the maximum absorbance peak [Figure 2.12]. This effect is expected due to the larger size of the
particles and increased surface area of the plates, compared to that of the icosahedra, resulting in increased
gravitational settling and possible protein adsorption. Cytotoxicity showed the non-filtered nanoparticles, which
are the most polydisperse, resulted in the highest toxicity [Figure 2.13]. The 50 nm, most monodisperse,
resulted in the least toxicity. While previous studies have stated that smaller particles have more toxicity than
same shape counterparts due to enhanced surface area, shape effects tend to dominate. It has been reported that
nanoplates have increased toxicity over spherical particles due to their propensity for surface defects. The
polydisperse sample has the most variation in size and shape, resulting in the most toxicity. It is clear, that
different shapes and sizes have an impact on toxicity at a simplified 2D assay level, and these effects are
exacerbated when moving into 3D or animal models. This effect will not only effect toxicity and cellular uptake
but biodistribution throughout the species. These findings further dictate the need to produce a monodisperse
sample prior to conducting any clinical testing.

Conclusions:
Previously described gold/gold-sulfide nanoparticles are not a core-shell structure but rather aggregates of small
gold nanoparticles. The elemental composition of these particles is FCC gold. Seed mediated growth can be
utilized to synthesize predominately icosahedral particles with limited nanoplates. Despite previous interest in
the icosahedral nanoparticles, these particles do not contribute to the NIR peak as confirmed by filtration. The
three-filtration methods all facilitated nanoparticle separation, with microfiltration providing the most
reproducible and rapid fractionation. These particles were successfully PEGylated and stable in cell culture
media for 24 hours. Cell toxicity demonstrated that sample uniformity affects toxicity, with the most
monodisperse sample showing the least toxicity and unpurified particles having the most toxic effects. This
study highlights the need to fully characterize and optimize nanomaterials before translating into animal and
pre-clinical models, this will save time and resources and spare research animals. Limitations of this project are
that the nanoparticle population is still polydisperse with the hexagonal population approaching 76%
monodispersity. Future work should focus on optimizing the nanoplate formation prior to further efficacy
analysis. In addition, analysis of the thermal conductivity of the two particle populations will be done for
comparison purposes to further elucidate that the nanoplates are the nanoparticle of interest for biological
applications.
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Figure 2.1: GGS NP Synthesis according to previously published synthesis methods. NPs are extremely polydisperse.
Zeta size analysis shows the effective PEGylation of NPs by evidence of increase in size.
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particles form due to Ostwald ripening.
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Figure 2.4: Determination of structure though tomography tilt. When the TEM stage is tilted the facets that are in focus as
well as the crystal orientation change demonstrating the prismatic nature of the hexagonal nanoparticle.
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Figure 2.8: Glycerol Separation of Nanoparticles. 3200 g, 40°C, 60-30% glycerol gradient for 40 minutes provided the
best separation with minimal streaking between bands. The fraction that migrated the furthest, C5, is composed
predominately of nanoprisms as indicated in the TEM image and has the most red-shifted band with a SPR peak at 795
nm with minimal gold colloid. The first band is predominately multi-faceted hexagons with some nanoprisms. This band
still has two absorption beaks with the maximum being at 550 and a smaller peak with maxima at 682 nm. The
nanoprisms that are in fraction 1 are much smaller than those nanoprisms in fraction 5.
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Figure 2.9: Gel Electrophoresis separation of nanoparticles. Three distinct bands of particles can be seen. The green band
migrated furthest from the well and corresponds to the reddest shifted peak with minimal colloid. The reddish/pink band is
predominately 550 nm peak with a minimal NIR peak at 720 nm. And the middle peak is a mixture between the two
populations.
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Figure 2.10: Microfiltration of nanoparticles. Sequential filtering results in blue shifting on the NIR peak and removal of
larger nanoprisms. As the particles are filtered, the size distribution gets much tighter.
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Figure 2.11: TEM images of microfiltered particles. The 50 nm filter produced predominately hexagonal particles and the
100 nm recovered particles are mostly nanoprisms.
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Figure 2.12: Stability of filtered nanoparticles in DMEM-F12 media. The 50 nm filtered particles are the most stable and
100 nm filtered the least. This is most likely a gravity effect with larger particles settling out first.
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Figure 2.13: Cytotoxicity of Nanoparticles to RPE-1 cells. The non-filtered, polydisperse particles are the most toxic to
cells as confirmed by Cell-titer glo and LDH cytotoxicity assay. The monodisperse, smaller particles are the least toxic to
cells. Line above sample means all three values are statistically significant from each other. A star above one sample
represents the one sample is statistically different from the other two. Error bars are represented as standard deviation
(p<0.05).
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Supplementary Information:
Optimization of Nanoparticles. Homogenous mixing, addition and tight control over the reaction parameters
is key to obtaining monodisperse particles. Alteration of key reaction conditions including pH, sodium
thiosulfate addition speed, and temperature were determined in order to optimize the reaction. In addition, most
nanoparticle synthesis uses a shape directing agent or capping ligand in order to direct growth of particles along
certain faces. We investigated the use of multiple shape directing agents that have been previously used for the
synthesis of gold-based nanoparticles. The effectiveness of optimization parameters were determined by
multiple factors: the width of the NIR peak which corresponds to particle dispersity, the height of the colloid
peak in relation to the height of the NIR peak, and the relative shape formation from TEM imaging.
pH, Addition Method. pH has been previously shown to play a key role in shape and size of nanoparticles
formed (77). pH was altered within one pH unit of the sodium thiosulfate, hydrogen tetrachloroaurate and the
mixture immediately after adding the sodium thiosulfate. pH was adjusted with a 1:100 dilution of 1M HCl and
NaOH and monitored with a pH probe. One pH adjusted solution was mixed with a non-pH adjusted solution
i.e. the sodium thiosulfate was added to the pH adjusted hydrogen tetrachloroaurate. In addition, conventional
reactions have occurred in flat bottom beakers with a rod stir bar and reaction conditions that involve pouring in
the sodium thiosulfate with no control over the addition speed. Round bottom flasks with an egg shaped stir bar
were used as an alternate method for containing the reaction. This set-up is known to have better mixing due to
the increased contact between glassware and stir bar. To control the addition speed, a syringe pump was used
for the addition of sodium thiosulfate with speeds of 2-26 mL per minute.
Shape Directing Ligand. Based on previous gold nanoparticle synthesis, the use of a shape-directing agent was
added to the synthesis to facilitate growth of one shape over others. Sodium citrate, polyvinylpyrrolidone
(PVP), and Tween 20/80 were explored as capping ligands due to their previous use in gold nanoparticle
synthesis.
Based on previous studies (78), Tween 20 or Tween 80 was added in varying amounts [0.1, 0.25, 0.5 mL] to
nanoparticle reactions after 0, 15, and 30 minutes of incubation. The reaction was allowed to proceed for one
hour. Nanoparticles were centrifuged at 4782 g, 8 minutes and resuspended in milli-Q water.
Sodium citrate is used in the Turkevich method for the stabilization of the particles, reducing the amount of
aggregation and producing moderately monodisperse gold nanoparticles. Although this method requires the use
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of a boiling solution of sodium citrate, it was added at room temperature in solution to GGS NPs. It has also
been indicated as a shape directing ligand in lemongrass extract to facilitate formation of nanoplates (79).
Polyvinyl pyrrolidine has also been indicated for its ability to induce formation of nanoplates (77). These
reagents were added at varying amounts to typical GGS NP reaction in order to facilitate formation of different
structures.
Microwave Assisted. The kinetics of a reaction are known to be greatly affected by the temperature of the
reaction. This consideration brought forth the integration of microwave irradiation as a rapid heating source for
nanoparticle synthesis. The thermal factor has been shown to affect uniformity and size of nanoparticles (Zhou
et al., 2002). Different microwave irradiation powers and times were investigated.
Water Bath Assisted. Based upon the quick synthesis of a tunable gold nanoparticle via the Turkevich method,
the effect of a quick water bath assisted heating step for the synthesis of gold nanoparticles was investigated as
an alternative to microwave-assisted synthesis. Reagents were placed in a glass beaker and placed within a heat
water bath for measured periods of time prior to reaction. This protocol was named the flash heating method,
for the short amount of time reagents were left in the water bath.
Results/Discussion:
pH, addition method. Analyzed the effect of pH on nanoparticle synthesis. The pH of HAuCl4 as well as the
nanoparticles after formation is 4. Adjusting the pH of HAuCl4 prior to addition of Na2S2O3 prevented reaction
at low and high pH. At pH 6-10 only gold colloid formed. Adjusting the pH of Na2S2O3 [pH 5.6] prior to
reaction resulted in variation of the NIR peak in the reaction. Utilized a 10 mL syringe with a 19 gauge needle
to add Na2S2O3 to HAuCl4 solution, varied syringe pump addition speed from 2 to 26 mL/min. There was no
discernable difference between maxima of the NIR peaks and only a slight advantage in peak-to-peak ratio for
the 18 mL/min addition speed. Zeta size analysis revealed no significant different in size distribution. TEM
analysis showed no discernable difference in shape size distribution. However, the shape and size distribution of
particles looks significantly better than just doing manual addition. This imaging was done without centrifuging
or filtering. The adjustment of Na2S2O3 pH was once again altered above and below its resting value by one pH
unit. A more basic solution resulted in more narrow, blue-shifted NIR peaks while acidic solutions became
broader.
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Shape Directing Ligands. Analyzed effect of adding Tween 20 and Tween 80 to nanoparticles to help control
shape. When Tween is added to either the Gold or Sulfide solutions prior to reaction, no reaction occurs when
the solutions are mixed. It is shown in the literature that Tween works by preventing aggregation and GGS NPs
are thought to form through aggregation, therefore Tween may be preventing the reaction. However, it was
hypothesized that if Tween is added after the reaction has begun it may help control the shape and size of
particles once they are in the growth stage. In order to analyze this effect, the best reaction occurred with the use
of 0.5 mL of Tween 80 after 15 minutes. This resulted in a narrower NIR peak and the lowest amount of colloid
formation of all reactions. After TEM analysis, Tween appears to actually block formation of most particles.
Those particles that do form are not perfectly hexagonal and appear more globular/rounded. Literature has
shown that sodium citrate acts as both a weak reducing agent and a capping agent. This has allowed for the
controlled growth of gold spherical nanoparticles. Different concentrations (0- 120mM) of sodium citrate were
added to the combined hydrogen tetrachloroaurate and sodium thiosulfate solution in efforts to control particle
formation. The addition of sodium citrate resulted in a greater production of hexagonal particles in addition to a
greater amount of colloid. PVP has been used as a capping agent, similarly to sodium citrate, extensively in
gold nanoparticle synthesis. Its effect on the HAuCl4, Na2S2O3 reaction were investigated through the addition
of 0 – 10 mill molar PVP. This method resulted in an increase of nanoprism formation as compared to sodium
citrate capping, as well as the increased production of gold colloid.
Analyzed the effect of different microwave irradiation power and time on the reaction between Na2S2O3 to
HAuCl4. Experiments were conducted having heated one or the other reagent, both prior to combination, and
after combination. This protocol was then repeated with several capping agents as well as a second addition step
of either reagent. It was found that microwave irradiation of the hydrogen tetrachloroaurate and of the combined
reaction would produce a significant increase in the colloid production. The irradiation of the sodium thiosulfate
prior to combination, resulted in a blue shifted, narrow NIR peak with a small increase in colloid production.
With the addition of a second step after the heated sulfide combination, the colloid peak was reduced and the
NIR peak returned to its 800nm position. After TEM analysis, one step microwave assisted methods resulted in
rounded nanoprisms. Combining this procedure with a shape directing agent, PVP, resulted in the increased
production of nanoprims. The two step method, use of a second thiosulfate addition one hour after initial
reagent combination, resulted in a moderate increase of nanoprism production though it contained an excess of
sodium in solution as evidenced by the crystal formation.
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Effect of Water Bath-Assisted Nanoparticle Formation. The water bath was used as a heating method for the
sodium thiosulfate prior to combination with hydrogen tetrachloroaurate. The water bath was heated to boiling.
Sodium thiosulfate was placed in a glass beaker and placed into the water bath for different measured periods of
time over the temperature range. The optimal reaction involved immersion of sulfide in the water bath for 5
seconds. This procedure was conducted for both one and two step methods, previously described. TEM revealed
no clear difference in nanoparticle formation.
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Figure 2SF1. Effect of addition method on nanoparticle formation. It was hypothesized that a more controlled addition
method would result in a more homogenous nanoparticle suspension. 26 mL/min Syringe pump addition provides the
most homogenous GGS-NPs distribution with reduction in large triangles. Those triangles that do form are more
consistent in shape and size than the manual addition.
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Figure 2SF2. Effect of changing pH on the reaction
conditions. It has been previously shown to favor different
shapes at different pH for gold nanoparticle formation.
Adjusting the pH of the gold prevented any reaction from
occurring. Adjusting the pH after the two reagents. For our
reaction, adjusting pH prior to reaction blocks reaction at low
pH. As pH increases, the GGS-NPs peak broadens providing
undesirable results. The optimal pH for these reactions occurs
at the resting pH of the reagents.
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Figure 2SF3. Tween 20/80 has been previously shown to control shape of gold nanoparticles, and act as a reducer and
stabilizer. Tween 80 provided the narrowest NIR peak with the lowest colloid contaminant. TEM images show a globular
structure with very few particles formed.
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Figure 2SF4: Effect of sodium citrate on the reaction. Low concentrations of sodium citrate generally resulted in a red
shift of the NIR peak due to the increased size of particles. At 100mM, the NIR peak was blue-shifted and produced
nanoprisms of a consistent size. Higher concentrations of sodium citrate resulted in a plasmon peak near 500nm.
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Figure 2SF5: The effect of PVP on the reaction. Small amounts of PVP in solution generally red shifted the NIR peak and
increased the production of colloid. Larger amounts of PVP resulted in a single, narrow plasmon peak near 500nm.
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Figure 2SF6: Microwave-Assisted Reactions. One-step reactions involved the heating of the sodium thiosulfate prior to
combination with hydrogen tetrachloroaurate. Two-step reactions involve an additional addition of room temperature
sodium thiosulfate after one hour of reaction time. Two-step reactions are thought to lower the total amount of colloid
produced. It was found that microwave irradiation caused the deposition of excess sodium into solution.
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Figure 2SF7: The effect of water bath flash heating. The one/ two-step methods are consistent with those described during
microwave-assisted synthesis. In general, there is no discernable difference in nanoparticle formation.
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Abstract:
Irreversible electroporation, a non-thermal ablative technique, has gained recent attention for its ability to treat
multiple tumor types. Most procedures are percutaneous or completely open, presenting the opportunity to
create devices capable of performing IRE via adaptations of endoscopic tools currently used for pancreatic
cancer biopsies. Multimodal devices were fabricated through the use of additive manufacturing. 3D printing
provided optimal resolution and material properties over stereolithography printing techniques. The devices
facilitate attachment of two electrodes, incorporation of a temperature sensor as a feedback loop for clinicians
and the ability to co-deliver drug in addition to IRE. Devices were capable of puncturing porcine pancreatic
tissue with equivalent amount of force to beveled stainless steel needles. Drug delivery resulted in a spherical
delivery range with forward and backward flux being equal. Application of 90 1 Hz 1500 V 50 µs pulses
resulted in damage to pancreatic tissue phantom that corresponded well with COMSOL modeling of anticipated
treatment zone. A fiber bragg temperature sensor was developed to monitor treatment abnormalities and prevent
necrotic cell death from occurring.
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Introduction:
Pancreatic cancer is one of the most debilitating diseases in the developed world, with a median survival of 6
months and five-year survival of 5% (80). Due to its asymptomatic nature, pancreatic cancer often has a late
diagnosis, with only 10% of patients eligible for the only curative treatment, surgery (81). This presents the
need for alternative treatments for the majority of patients. 40% of patients present with localized disease that is
unresectable due to vasculature encasement including the celiac trunk, superior mesenteric artery/vein or portal
vein (82).

The anatomical complexity, encroachment of major vessels and high incidence of perineural

invasion makes the use of conventional ablative techniques, which cause death through thermal necrosis,
undesirable due to their inability to spare critical structures within the treatment zone (14, 83). Irreversible
electroporation (IRE), a new ablative technique, applies short microsecond pulses of energy, which cause pores
to form in the cell membrane, as a protective measure by the cell to shunt current through it. If above a critical
electric field threshold, the pores become permanent, leading to cell dysfunction and naturally occurring cell
death, apoptosis (84). Since the treatment is electric field dependent, there is a sharp delineation between
treatment zones on the order of 10-20 µm as opposed to typical ablation transition zones of 100 µm or greater
(20). As a result of the low energy input into the system, the relatively short treatment time, and intervals
between pulses, the treatment is non-thermal, avoiding undesirable effects of typical ablative techniques
including scarring, charring, and inability to treat vascularized tumors due to the heat-sink effect (85).
Irreversible electroporation has shown success in treatment of brain (25), pancreatic (26), breast (23), liver (27),
lung (28), prostate (29) and bowel cancer (30, 86). While this treatment methodology has largely been evaluated
for tumors accessible through open surgical or percutaneous procedures (16, 24, 87), there is a unique
opportunity to create devices capable of performing IRE via adaptations of endoscopic tools currently used for
pancreatic cancer biopsies. Our novel approach employs 3D printing to rapidly produce inexpensive prototypes
that can easily be analyzed for functionality and modified as necessary to engineer the optimal design.

Methods:
Rapid Prototyping. Device designs were developed using SolidWorks computer aided design software
(Dassault Systèmes SolidWorks Corp.) Prototypes were printed using the Object Connex 350 three-dimensional
rapid prototyping system (Stratasys Ltd., Minneapolis, MN) in high-resolution mode using rigid opaque gray
material (VeroGray RGD850). Electrodes were fabricated from stainless steel needles (Lex and Lu) soldered
with l mm lead free solder (C2G) and stainless steel soldering flux (La-Co M-A). Alternate electrodes were
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fabricated through the use of a pressure sensitive anisotropic conductive adhesive tape (3M™ electrically
conductive adhesive transfer tape 9703).
COMSOL Modeling. To gain an understanding of the electric field distribution three-dimensional finite element
numerical models were created [COMSOL, Stockholm, Sweden]. One electrode was set as the charged surface
to which voltage was applied (500 – 2000 V) and the other electrode was set to ground1 The models utilized the
dimensions of the needles from Table 3.1 and electrode size and spacing were varied from 1-10 mm to
determine the optimal ratios. Electrical conductivity values were taken from previous results by Arena et al
(88). Electric field profiles were determined by solving the electric current module.
Puncture Studies. The capability of devices to penetrate tissue was investigated on porcine pancreas kindly
donated by the Virginia-Maryland College of Veterinary Medicine. Penetration studies were based off work
previously done by Kosoglu et al (89, 90). Briefly, 3 mm thick pancreas samples were cut and affixed to hollow
square tubing with a circular opening. The needles were housed in leur-lok adapters and attached to a syringe
pump (Harvard Apparatus). Needles were advanced at a speed of 1 mm/s and the resulting force was measured
with a load cell (Denver Instruments). Experiments were allowed to progress until needles completely breached
the tissue. Force required for puncture was determined to be the maximum force reached during the experiment.
Drug Delivery. To demonstrate feasibility of multimodal needles to locally deliver drugs, Medical Grade
Agarose (Fisher Scientific) was mixed with deionized water to form a 0.5wt% tissue phantom (91). The solution
was heated to boiling in a microwave in a glass mold. Gels were allowed to set at 4°C for at least 2 hours. Prior
to experiments, gels were allowed to equilibrate to room temperature for one hour and removed from molds.
360-µm acrylic tubing (Paradigm Tubing) was fed through one channel of the 3D printed needle. Tubing was
fixed inside of a dispensing needle using adhesive and the needle assembly was attached to a syringe pump and
the needle was inserted halfway into the agarose gel. Agarose infusions were completed with a delivery rate of
1 µL/min (92). Diffusion of drug throughout the tissue phantom was monitored with a P2V camera.
Testing in Tissue Phantoms. The capability of the device at performing IRE was tested on collagen tissue
phantoms containing human pancreatic adenocarcinoma cells (Panc-1, ATCC). As previously described (93,
94), Collagen Type I was isolated from rat tails (Sprague Dawley, Bioreclamation) by excising tendons and
dissolving in 100 mL of 0.1% acetic acid per gram of tendon at 4°C for 48 hours under constant agitation
(Rotoflex). The collagen solution was centrifuged for 90 minutes at 8800 g, 4°C. The supernatant was
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decanted, lyophilized and the dry mass was determined. 12 mg/mL working solutions of collagen were prepared
by dissolving the dry collagen in 0.1% acetic acid for 72 hours under agitation. Collagen phantoms were
prepared by neutralizing the stock solution of collagen with 10% 10X DMEM, 22% 1X DMEM 1.6% NaOH
containing Panc-1 cells to make a final tissue phantom of 8 mg/mL collagen and 5 million cells/mL. This
concentration was chosen because it has an elastic modulus previously shown to be comparable to tumor tissue
(95). Phantoms were seeded into 12 well plates to a height of 5 mm and allowed to polymerize at 37°C for 30
minutes, then transferred to petri dishes filled with media and allowed to incubate for 24 hours. Prior to IRE,
phantom sections were adhered to each other using a drop of 12 mg/mL collagen and incubated for 15 minutes
prior to treatment.
IRE experiments were performed using the BTX ECM 830 to deliver Ninety 1 Hz 1500-volt pulses with 50 µs
duration. This voltage was chosen because it is sufficient to cause pancreatic cancer cell death, which has been
previously reported to occur around 500 V/cm for pancreatic cancer cells in collagen tissue phantoms (88).
Calcein AM, (1 mM, 1.5 uL/mL PBS) a cell-permeant dye was used to stain live cells; it is converted to a
green-fluorescent calcein after acetotoxymethyl ester hydrolysis by intracellular esterases. Propidium iodide (1
mg/mL, 10 uL/mL PBS) was used to stain dead cells, a red-fluorescent nuclear and chromosome counterstain
that is impermeable to live cells. Tissue phantoms were allowed to recover for two hours after IRE, in order for
cells, which underwent reversible electroporation, to reseal prior to staining. Calcein AM and Propidium iodide
were prepared in PBS and added to tissue phantoms for 30 minutes in the dark at room temperature. Samples
were rinsed twice with PBS, dissected, and imaged using the tile function of a fluorescent microscope (Zeiss,
AX10).
Statistical Analysis. All statistics were performed using JMP analysis of variance (ANOVA) to compare
between groups. Tukey’s post hoc test was used in conjunction with ANOVA for all sample analysis.
Differences were recorded to be statistically significant at p < 0.05. All errors are given as standard deviations.

Results/Discussion:
Additive manufacturing includes multiple fabrication methods for the development of prototypes. In order to
determine the best printing method, we investigated standard 3D printing using the commercially available
Objet Connex 350 and compared results to a stereolithography method. The Object utilizes liquid photopolymer
that is dispensed in a typical inkjet printer fashion. This method is advantageous because it offers the ability to
print multiple materials at once, with the option for use of biocompatible polymers. However, this technology
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utilizes a support material, which requires cleaning after the print to remove. Stereolithography techniques
utilize UV curable materials. The process starts with a vat of the liquid polymer, the polymer is cured into the
desired shape a layer at a time by UV exposure, and the stage is lowered down for the next layer to be cured.
This process allows the liquid polymer to act as the support material, requiring no cleaning after fabrication.
The Object can operate in two different modes, high speed and high resolution. We began by printing a typical
19-gauge needle in both modes. From Figure 3.1, it is clear than in order for this method to be feasible for
development of these devices, further efforts should be completed in high-resolution mode. In this printing
mode, you have a 16-micron resolution over the 30-micron resolution in high-speed mode. Printing was
completed with the VeroGrey RGD850, Objets proprietary opaque material, with material properties similar to
nylon [E = 2000-3000 MPa]. This material was chosen because of its elastic modulus, less of a discrepancy
would exist between this material and stainless steel as opposed to other polymers, such as polypropylene, with
lower elastic moduli. This material also is rigid, preventing buckling when inserting into tissue. We next wanted
to compare the two printing methods. We printed a cross section with strut width of 0.15 and a final outer
diameter of 1 mm, consistent with a final outer diameter of a 19-gauge needle. Stereolithography provided
higher resolution when printing smaller parts as shown in Figure 3.2 with the final output more closely
matching the intended design. From the 3D printed design, the effect of gravity is apparent as two of the four
struts have rounded and deformed. However, stereolithography only has an option of one material, a proprietary
material developed by a chemistry lab on campus, which is very brittle. Needles would crumble upon
manipulation providing undesirable material properties for the devices. This confirmed the decision to move
forward with the Object Connex 350 in high-resolution mode for device development.
The multimodal device design consists of the incorporation of two electrodes, shown in blue in Figure 3.3. An
insulative ring surrounding a cross-shaped internal base separates these electrodes. The cross shaped base
allows separation of four distinct channels. Two of these channels harbor wires attached to the two electrodes.
The other two channels facilitate attachment of two additional electrodes, which would expand the treatment
zone, or allow addition of two rings for monitoring impedance, provide options for drug delivery or allow
addition of temperature monitoring. We were able to utilize 3D printing to facilitate printing of the insulative
pieces of the device (Figure 3.4). Devices were successfully fabricated and scaled down to 16-gauge and 12gauge needle size for demonstration of multimodality as shown in Figure 3.5, dimensions are shown in Table
3.1.
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Table 3.1: Needle Dimensions
Needle Gauge

Outer Diameter [mm]

Inner Diameter [mm]

Strut Width [mm]

16 gauge

1.5875

0.88

0.2

12 gauge

2.5

1.5

0.35

16-gauge was the smallest size capable of being printed due to resolution limits of the 3D printer. Current
percutaneous bipolar IRE probes are 16-gauge and have been shown to have no adverse effect on the pancreas,
including acute pancreatitis, due to puncture. Since these devices will perforate through the stomach, a smaller
needle size is advantageous to prevent any adverse effects such as bile leakage. The use of 3D printing
facilitated rapid manufacture of these devices while minimizing cost. In order to fabricate electrodes, two
different attachment methods were used. Soldering provided the most reproducible electrode attachment
method. However, in order for the electrodes to be fabricated, the surfaces had to be roughened to remove the
shiny exterior. Any poor soldering connections, indicated by balled up solder, were not used for further studies.
Conductive adhesive provided the most effective attachment, however, this method required pressure to be
applied for up to 24 hours to increase the bond. Providing constant pressure was very difficult to do inside of
the electrodes, resulting in very few effective bonds being made. The bonds that were made could be broken
easily by tugging on the wire unlike the soldered bonds. Soldering of the larger needle allowed 2000 V to be
applied, the adhesive needle could withstand 1500 V, and the smaller soldered needle could also handle 1500 V.
The soldering efficiencies are shown in Table 3.2.
Table 3.2: Electrode Attachment Efficiency
Applied Voltage [V]

Soldered Needle [V]

Adhesive Needle [V]

16 gauge Needle [V]

2000

1920

-

-

1500

1447

1449

1438

1000

957

960

943

In order for these devices to function, they must be capable of penetrating tissue. To determine the force
required to pierce tissue, puncture studies were conducted on porcine pancreas. As expected, stainless steel
needles required the least amount of force to puncture tissue (Figure 3.6). However, the force required by the
3D printed devices was not statistically different (p = 0.06). The large standard deviations can be attributed to
the heterogeneity of the porcine tissue.
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An important aspect of these devices is the ability to deliver drug. This will facilitate electrochemotherapy,
delivery of drug to kill any residual cancer cells at the margins of the IRE treatment zone or drugs that
specifically target the stroma, which is very dense and abundant in pancreatic adenocarcinoma (96). Successful
delivery of drug was demonstrated in an agarose tissue phantom using delivery rates consistent with
convection-enhanced delivery (92). Reflux or backflow is a common problem with localized drug delivery due
to spacing between the needle insertion track and the tissue phantom. Backflow can be eliminated through quick
insertion of the needle into the tissue as well as the use of optimal drug delivery rates, with faster delivery rates
coinciding with increased reflux (97). Our devices allowed drug diffusion to be radially distributed along the
shaft of the needle, with forward and backward flow almost equal (Figure 3.7). This distribution can be
attributed solely to convection-enhanced delivery. The addition of electroporation will further aid in drug
diffusion throughout the tissue.
To evaluate ability of devices to kill pancreatic cancer cells, collagen tissue phantoms containing human
pancreatic cancer cells were fabricated. Pan-02 cells were utilized because they are a pancreatic
adenocarcinoma cell line, which represents over 90% of all pancreatic cancers. In order to avoid excessive
necrosis at the core of the tissue phantoms due to the large size required for treatment, phantoms were
fabricated in small layers [5 mm] and fixed to each other with a thin layer of collagen glue. This allowed a
tissue phantom of final height 2 cm, 2.2 cm diameter to be fabricated with overall high viability. As expected,
the treatment zone is circular perpendicular to the needle shaft and ellipsoid along the shaft of the needle as
evidenced by Figure 3.8. The maximum treatment area occurs at the midpoint of the insulative spacer and the
treatment radius decreases as you proceed to the ends of the electrodes. These experimental results correspond
well with the anticipated treatment zone from numerical modeling. COMSOL modeling also showed the
maximum treatment diameter would be located at the center of the needle. Electrode and spacing heights can be
easily altered in order to best fit the tumor shape. For our in vitro studies, electrode heights of 6 mm with
insulative spacing of 5 mm were chosen. This results in an oblong treatment area with fairly consistent diameter
along the shaft.
IRE is known as a non-thermal treatment modality, which leads to apoptotic death over necrosis. However, if
the parameters aren’t perfect, there can be localized heating, which will dissipate as it moves away from the
electrode. If heating is greater than 42°C, can lead to necrosis and damage to surrounding vessels and nerves.
An attractive addition to the IRE probes, that could provide real time feedback to the clinician regarding
incorrect parameters, would be the incorporation of a temperature sensor. This would notify the clinician to stop
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the treatment and reconfigure the applied voltage or pulse setting or to trade out the probe due to faulty wiring.
Thermocouples, the standard temperature sensor, are susceptible to electromagnetic interference making them
incapable of monitoring IRE treatment (98). Fiber optics, which are inert to applied voltage, provide an
alternative to thermocouples, often providing better readouts and availability at the micron scale (98). Fiber
bragg gratings (FBG) have been used as temperature sensors, based on their ability to reflect particular
wavelengths of light and transmit light at other wavelengths dependent on the temperature of the optic. FBG
temperature sensors were fabricated according to protocols described by Wang et al (99). [Results to come]

Conclusions:
Devices were successfully fabricated through the use of 3D printing and custom fabricated electrodes. This
unique design allows multiple modes of functionality to be incorporated including up to four electrodes for IRE
treatment, impedance monitoring, temperature monitoring and drug delivery. Devices were capable of
puncturing porcine tissue on par with solid stainless steel needles. 1500 V applied to the devices was sufficient
to cause cell death in a pancreatic tissue phantom, consistent with modeled electric field predictions. Devices
are capable of delivering drug in a spherical treatment zone that could be enhanced through the use of reversible
electroporation. Fiber bragg temperature sensors allowed monitoring of heating during treatment, preventing
unintentional thermal necrosis. These devices provide the opportunity for IRE to be delivered minimally
invasively for the first time, through the use of endoscopic biopsy tools. This will prevent unnecessary pain for
fragile cancer patients while allowing palliative IRE to be performed. Limitations of this work are that we
could only fabricate devices down to a 16-needle. In addition, we wanted to be able to print the entire needle
(metallic and polymeric) at once. As additive manufacturing techniques advance, smaller needles will be able to
be printed and there may be an option for the entire needle to be fabricated at once without additional assembly
steps.
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Figures:

A

B

C

Figure 3.1: 19 gauge needles printed with the Objet Connex 350 3D printer (A) High Resolution mode (B) Commercial 19
gauge stainless steel needle for comparison (C) High Speed mode. Scale bar = 1 mm.
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3D Printing

Stereolithography

Figure 3.2: Comparison of resolution between 3D printing and stereolithography additive manufacture techniques. Scale
bar is 2 mm.
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Figure 3.3: 3D CAD drawings of the multimodal needles. Electrodes (blue) are separated by insulation (grey). The needle
based which consists of an insulating ring and cross shaft allow isolation of four electrical components. (A) Profile of
multimodal needle (B) Top view of needle shaft (C) Exploded view of the assembled needle
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D

Figure 3.4: Assembled 12 gauge Multimodal Device. Insulated pieces (white) were 3D printed using the Objet Connex
350. Electrodes were custom fabricated from stainless steel needles. The cross shaft allows passage of 350 µm diameter
wires/tubing/fibers. This design can facilitate the incorporation of four electrodes for increased treatment area or use of
only two electrodes with two extra ports for drug delivery, temperature monitoring, diagnostics or impedance monitoring.
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Drug Delivery
Electrode 1

Fiber Optic
Temperature
Sensor

Electrode 2

Figure 3.5: Demonstration of device multimodality. The four ports allow connection of two electrodes for IRE, a channel
for drug delivery, and a channel for temperature monitoring.
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Figure 3.6: Puncture Studies on Porcine pancreatic tissue (A) Actuator progressed needles at a speed of 1 mm/s into the
porcine pancreatic tissue. Load cell recorded force required until puncture (maximum force). (B) Comparison of 18 gauge
needle and 3D printed device. (C) Force required to puncture pancreatic tissue (n=5). Results are not statistically different
(p=0.06).
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Figure 3.7: Proof of concept studies of drug delivery (A) Needle in agarose gel after delivery of 60 µL (B) 542 µL (C)
Horizontal cross-section of agarose gel 1 cm from the top (D) 2 cm from top (E) 3 cm from top
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D

Figure 3.8: (A-D) 5 mm sections of tissue phantom with live (green)/dead (red) staining of a pancreatic cancer tissue
phantom after the application of 90 1 Hz 1500 V 50 µs pulses. (overlaid circles) Corresponding COMSOL modeling of
treatment area. Treatment zone includes electric fields greater than 500 V/cm, which induces cell death. Tissue phantom is
20 mm in diameter.
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Abstract:
Peripherally inserted central catheters (PICCs) are hollow polymeric tubes that transport nutrients, blood and
medications to neonates.

To determine proper PICC placement, frequent x-ray imaging of neonates is

performed. Because x-rays pose severe health risks to neonates, safer alternatives are needed. We hypothesize
that near infrared (NIR) polymer composites can be fabricated into catheters by incorporating a fluorescent dye
(IRDye 800CW) and visualized using NIR imaging. To fabricate catheters, polymer and dye are dry mixed and
pressed, sectioned, and extruded to produce hollow tubes. We analyzed surface roughness, dye retention,
stiffness, biocompatibility and near-infrared contrast intensity. The extrusion process did not significantly alter
the mechanical properties of the polymer composites. Over a period of 23 days, 94% of the dye was retained in
the polymer composite tube. The addition of 0.025 wt% fluorescent dye resulted in a 14-fold contrast
enhancement resulting in the capability of imaging up to 3 cm under a tissue equivalent. The addition of IRDye
800CW did not alter the biocompatibility of the medical grade polymer and did not increase adhesion of cells to
the surface. We successfully demonstrated that catheters can be imaged without the use of harmful radiation and
still maintain the same mechanical properties as the medical grade equivalent.
Keywords: Catheter, Polyurethane, Fluorescence, Mechanical Testing, cytotoxicity
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Introduction:
Catheters offer a variety of uses in the clinical setting, including the delivery of chemical agents (such as drugs
and imaging dyes), nutrients and blood to patients(100). Peripherally inserted central catheters (PICCs), which
are inserted into veins not in the chest or abdomen, are widely used in neonatal and pediatric intensive care units
(ICUs) for long-term delivery of therapeutics with lower infection rates compared to central venous catheters
(101-103). However, the long-term placement of PICCs increases the likelihood of migration of the catheter
from the target location, resulting in adverse effects to the patient (101, 104). These side effects include vascular
perforation (pierced blood vessel), venous thrombosis (blocked blood vessel), and pericardial tamponade
(pressure on the heart), all of which can result in death(101, 105). In addition to PICC migration, insertion can
be difficult and often requires multiple adjustments in order for the tip of the catheter to be correctly placed
(102). Only 66% of catheters are inserted correctly the first time and 2-10.5% of catheters dislodge throughout
the course of implantation (102, 105). To determine and monitor the location of the catheter, clinicians utilize
X-ray imaging. Despite X-ray being the gold standard, neonates are particularly at an increased risk from
prolonged radiation exposure involved in X-ray imaging, including proclivity to develop lymphoma and other
forms of cancer at a later stage of their life (106-111) Thus, there is a clear medical need for catheters that can
be imaged without the use of ionizing radiation in order to avoid any inherent risks to the developing child.
An attractive alternative to X-ray imaging is near infrared (NIR) imaging that allows images to be acquired
without any harmful side effects (40). The main tissue components that absorb light are hemoglobin and
melanin which have high absorption bands at wavelengths shorter than 600 nm and water which begins to
absorb significant amounts of light at wavelengths above 1150 nm (112, 113). Thus, there is a window (between
~ 650 nm – 950 nm) where biological tissue components do not absorb significant light, allowing imaging at
depths ranging from 2 - 4 cm (40, 114, 115). In this article, we report the fabrication of NIR fluorescent
enhanced catheters through the integration of a near-infrared sensitive agent, IRDye 800CW, within a polymer
matrix. The objective of this study is to demonstrate fluorescent-polymer composites as improved PICC
materials, which we anticipate will provide physicians with a safe and effective substitute to imaging catheters
without the use of ionizing radiation.
We provide details of the integration of medical grade thermoplastic polyurethane (TPU) with IRDye 800CW
extruded as a PICC. Surface and mechanical testing results are reported to show the influence of the fluorescent
agent incorporated within the TPU matrix. To test the safety of these altered PICCs in a biological setting,
biocompatibility studies were conducted to analyze any adverse effects of the new PICC on endothelial cells.
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Materials and Methods:
Materials. Aromatic polyether-based medical grade thermoplastic polyurethane (TPU) pellets (Texin RxT90A)
was provided as a kind gift from Bayer Material Science (Pittsburgh, PA). IRDye 800CW Carboxylate infrared
dye was obtained from LI-COR Biosciences (Lincoln, NE). Phosphate buffered saline powder (PBS, pH 7.4)
was purchased from Fisher Scientific and a 1X solution was prepared in milli-Q deionized water (EMD
Millipore). A fabricated medical grade PICC (Hospital TPU) was provided as a gift from Cook® Medical
(Winston Salem NC, USA). Human Umbilical Vein Endothelial (HUVEC) cells and complete endothelial
growth medium (EGM Bulletkit) were obtained from Lonza and prepared according to manufacturer’s
instructions. Alamar Blue, Calcein AM and Propidium Iodide were purchased from Fisher Scientific.
Thermal Analysis Characterization and Catheter Fabrication. The thermal degradation temperatures were
analyzed to verify that both the TPU and IRDye 800CW would not decompose during the extrusion process.
The temperature at which the samples began to decrease sharply in weight was determined to be the onset of
degradation. Thermal degradation temperatures were evaluated using a Q50 Thermogravimetric Analyzer
(TGA) (TA Instruments, New Castle, DE). Analysis was conducted in nitrogen gas at 20°C/min (n=3).
Thin films of TPU with and without IRDye 800CW (TPU Composite and Plain TPU) were fabricated using a
hydraulic platen press (PHI, City of Industry, CA). As illustrated in Fig. 4.1, 5 grams of TPU with 0.025 wt%
IRDye 800CW was pressed for 30 seconds, sectioned into 5 mm squares, and fed into a Haake Minilab Micro
Compounder (Thermo Fisher Scientific, Waltham, MA). Catheters were extruded at 100 rpm at 195°C using a
custom die fabricated via additive manufacturing (Solid Concepts Inc., Austin, TX). Extruded sections of Plain
TPU and TPU Composites were imaged and outer diameter measurements were obtained using calipers (n=3).
Inner diameter measurements were obtained using scanning electron microscopy (SEM), and thickness
measurements were calculated by subtracting the inner radius from the outer radius.
Surface Analysis and Mechanical Testing. Scanning electron microscopy (Field Emission SEM, LEO Zeiss
1550, Tokyo, Japan) was used to examine the outer surface and cross-sectional features of the catheters. Outer
surfaces and cross-sectional features were imaged before and after retention studies of the extruded tubes.
Atomic force microscopy (Veeco MultiMode AFM, Plainview, NY) was used to obtain quantitative outer
surface roughness measurements of the Hospital TPU, Plain TPU, TPU Composite, and Leached TPU
Composite samples. Surface roughness was measured using contact mode (n=3). Tensile testing was performed
using an Instron 5500R (Instron, Norwood, MA) at a cross head speed of 50 mm/min on Hospital TPU, Plain
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TPU, TPU Composite, and Leached TPU Composite (n=3) samples. To prevent slipping, an Instron clamp with
grooved indentations was used. Uniaxial tensile testing was performed on all samples until material failure. The
elastic modulus was determined to be the slope from the linear low strain region (0 to 10%) of the curve. The
point of fracture was determined to be the ultimate tensile strength (UTS).
Retention Studies, Photodegradation and Fluorescent Imaging Analysis. To simulate the long-term effect of
being implanted in vivo, catheters were leached in PBS for 23 days to determine the amount of dye retained
within the matrix. TPU Composite tubes were cut into thin slices, weighed, and added to a black 96 well plate
containing 200 µl PBS. Leaching of IRDye 800CW from the TPU Composite (n=8) was analyzed under
physiological conditions (pH ~7.4, 37°C, with gentle agitation) in a water bath. The water bath was covered to
prevent photobleaching. Each day, tube slices were transferred to the successive well containing fresh PBS, and
the previous day’s saline was analyzed using a microplate reader (BioTek Multi-Mode, Winooski, VT) with
excitation at 765 nm, emission at 794 nm and sensitivity at 100. To determine the amount of IRDye 800CW
retained, a calibration curve containing serial dilutions of IRDye 800CW in PBS was used (0 to 0.00030 wt%)
(R2 = 0.99).
In order to determine the contrast enhancement due to the addition of IRDye 800CW, samples were imaged on
a LI-COR Pearl Impulse NIR imaging system (Lincoln, NE) and analysis was performed in LI-COR Pearl
Impulse Software. Shapes were drawn manually around the samples (n=3) and the signal-to-noise ratio (SNR)
was computed (Mean of Sample/Standard deviation of Background). To determine the optimal loading
concentration, thin films of TPU containing 0.025, 0.075 and 0.125 wt% IRDye 800CW were pressed and
imaged. Hydration effects of Plain TPU and TPU Composite tubes were analyzed by imaging dry, 24 hour PBS
soaked then dried, and hydrated samples (in PBS) with the LI-COR System. For investigation of
photobleaching, TPU Composite tubes were placed 6 inches beneath a 13-watt halogen light source for ten
days. Samples were removed daily for fluorescence intensity analysis. Error bars represent variation within a
sample; signal is calculated at each pixel within each individual sample. To determine if the fluorescent signal
degraded due to repeated imaging with the LICOR system, samples were imaged 20 consecutive times and
fluorescent intensities were compared.
To determine contrast enhancement of the TPU Composite tubes, samples were hydrated for 24 hours in PBS to
simulate physiological conditions, placed in the LI-COR system without Superflab® tissue mimic (Radiation
Products Design Inc. Albertville, MN) and imaged to acquire the 0 cm fluorescence intensity. Imaging was
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repeated with 1, 2, and 3 cm of Superflab® placed over the samples. Images were analyzed by first automatic
shape drawing around each sample in the 0 cm image. These shapes were then copied to successive images
containing Superflab®, and the SNR was calculated for each. Enhancement factors were calculated by dividing
the SNR of TPU Composite by the SNR of Plain TPU. Standard deviations were calculated from SNR of the
four samples and scaled by the background noise.
Biocompatibility Studies. Biocompatibility studies were conducted to determine the toxicity of TPU Composite
in direct contact with endothelial cells as well as the adhesion of endothelial cells to the TPU Composite.
Pressed films (Plain TPU and TPU Composite) were sterilized by washing in 1X PBS for 24 hours under
constant agitation (Argos Rotoflex), followed by a 30 minute soak in 100% ethanol and two 1 hour rinses with
sterile PBS. Biocompatibility studies were based off work previously completed by Chan-Chan et al (116).
Briefly, 12-well cell bind plates were seeded with HUVEC cells (passage 4-10, cultured in complete endothelial
growth medium EGM Bulletkit, LONZA) at a density of 100 cells/cm2 for 12 hours to allow for adhesion
[37°C, 5% CO2]. Films (19 mm) were placed in direct contact with the cells and incubated for an additional 72
hours, with daily replacement of media. Toxicity was quantitatively analyzed with alamar blue according to
manufacturer’s protocol. Briefly, 100 µL of alamar blue was added to the media and allowed to incubate for 1.5
hours. Fluorescence of the alamar blue in each well was read at excitation 545 nm, emission 590 nm. Films
were removed from wells and cells were stained with Calcein AM and propidium iodide according to
manufacturer’s protocol, fixed with 4% paraformaldehyde for 1 hour and rinsed three times with PBS for
qualitative analysis of cell death. Cells were imaged with fluorescent imaging (Zeiss – Axio Observer.A1) for
proliferation, morphology changes and viability. Studies were repeated with 0.025 wt% IRDye 800CW in
media, cells with media as a positive control, and cells with 70% ethanol in media as a negative control .
To determine if endothelial cells will adhere to the catheters, 19 mm films were cut and affixed to the bottom of
suspension 12-well culture plates with 50 µL of 10 mg/mL collagen Type I isolated from rat tails (94). Plates
were incubated for 30 minutes to allow for collagen polymerization. Films were seeded with 100 cells/cm2 and
incubated for one hour. Wells were washed with PBS to remove non-adherent cells and stained with Calcein
AM and propidium iodide to aid in visualization of cell binding. The number and cell health of adherent cells
was analyzed with fluorescence microscopy and compared to positive (collagen plates) and negative (Teflon)
controls (117).
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Statistical Analysis. All statistics were performed using Origin® 8.0 analysis of variance (ANOVA) to compare
between groups. Tukey’s post hoc test was used in conjunction with ANOVA for all sample analysis.
Differences were recorded to be statistically significant at p < 0.05. All errors are given as standard deviations.

Results:
Thermal Analysis Characterization and Polymer Processing. TPU and IRDye 800CW displayed very high
onset degradation temperatures with TPU degrading at 283 ± 8 °C and IRDye 800CW degrading at 308 ± 10 °C
(Supplemental Fig. 4.1). Both temperatures were considerably higher than the processing temperature of TPU
(195 °C). A custom annular die (Supplemental Fig. 4.2) was fabricated out of stainless steel to produce hollow
tubes. Extruded samples appear visually smooth and transparent, and were nearly indistinguishable from the
Hospital TPU samples (Fig 4.2A-D). TPU Composite tubes were slightly darker in color than the unmodified
polymer tubes suggesting the fluorescent agent does not significantly alter the appearance of the TPU (Fig.
4.2B, 2C). The curve in the extruded samples was due to the extrusion collection procedure. Extruded samples
had average outer diameters of 2.82 ± 0.09 mm and thickness of 0.79 ± 0.03 mm while the Hospital TPU had an
average outer diameter of 2.48 ± 0.11 mm and thickness of 1.19 ± 0.21 mm (Table 4.1).
Surface Analysis and Mechanical Testing. SEM images of extruded samples displayed irregularly shaped cross
sections compared to the circular Hospital TPU (Fig. 4.2E-2H). Furthermore, extruded samples were thicker
than Hospital TPU (Table 4.1, Fig. 4.2). However, surface morphology between extruded samples and Hospital
TPU appeared similar, consisting of defined grain boundaries throughout the microstructure (Fig. 4.2I – 4.2L).
TPU Composite tubes contained light precipitates dispersed throughout the polymer surface demonstrating the
presence of fluorescent agent (Fig. 4.2O, 4.2P). Quantitative roughness measurements (Table 4.4.2) obtained
from AFM contact mode revealed that Hospital TPU had the smoothest surface while Plain TPU contained
roughness values that were statistically significant compared to all other samples (p < 0.05). No statistical
significance in roughness existed between TPU Composite and Leached TPU Composite tubes compared to
Hospital TPU, suggesting the addition of fluorescent agent does not negatively alter roughness morphology.
Furthermore, the mixing of the fluorescent dye with TPU acts as a plasticizer, smoothing rough areas during the
extrusion process as evidenced by the increased roughness in Plain TPU samples. During tensile testing, failure
occurred at the clamped ends of all samples. Samples that slipped before failure were not included in data
analysis. Hospital TPU had the highest average elastic modulus (1.87 ± 0.19 MPa), while TPU Composite had
the lowest elastic modulus (0.17 ± 0.005 MPa) (Table 3, Fig. 4.3). Though the Hospital TPU elastic modulus
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and ultimate tensile strength (UTS) were significantly higher compared to the extruded samples, there was no
statistical difference within the extruded samples. This suggests the addition of IRDye 800CW does not alter the
mechanical properties of the TPU.
Retention Studies, Photodegradation and Fluorescent Imaging Analysis. Daily analysis of PBS from TPU
Composite tubes showed total loss of 6.35 ± 5.08% from within the polymer matrix over a 23-day period (Fig.
4.4). Optimal loading level of IRDye 800CW was determined to be 0.025 wt% as higher concentrations resulted
in quenching of the fluorescent signal (Supplemental Table 4.1, Fig. 4.3). Fluorescent signal increased
significantly when the TPU Composite was soaked in PBS for 24 hours and dried prior to imaging (Fig. 4.4).
Further enhancement of signal intensity occurred when the TPU Composite was completely hydrated in PBS
compared to the dry state (Supplemental Fig. 4.4). Photodegradation studies revealed no significant loss of
signal over a 10-day period. Substantial variation in the SNR was observed due to changes in radius of the
extruded samples (Supplemental Fig 4.4). Repeated imaging studies revealed no loss in signal when samples
were imaged multiple times (data not shown).
Fluorescent scans of the TPU Composite tubes resulted in a 14-fold increase in SNR compared to the Plain TPU
tubes. This contrast enhancement allows imaging of the extruded tubes up to depths of 3 cm (Fig. 4.5) A 50%
reduction in signal was observed between the leached and non-leached samples. Non-leached and leached
samples were significantly different at every depth (p < 0.05) (Fig. 4.6). Regardless of the decrease in signal,
leached samples were still imagable at depths up to 3 cm.
Biocompatibility studies. Typical biocompatibility studies involve placing the material in direct contact with the
cells for a set time period. After a 72 hour incubation of HUVECs with IRDye 800CW (0.025 wt%), Plain TPU
and TPU Composite, no statistical difference was seen in cell viability as shown in Table 4.4. Viability values
were normalized to the media control values. These results were confirmed with Calcein AM and Propidium
Iodide Staining (Table 4.4, Fig. 4.7). The majority of cells were viable, and no apparent change in cell
morphology or proliferation rates were observed due to the IRDye 800CW, Plain TPU or TPU Composite.
In order to be a viable biomaterial, cell adhesion should be minimal in order to avoid excess damage when
removing or inserting the PICC. Cells preferentially adhered to Collagen I, a protein found in the native
microenvironment of the extracellular matrix. Cells increased substantially in the area due to spreading with
extended lamillopodia demonstrating their affinity for the material (Fig. 4.8 A1). The rounded shape of the cells
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with no extended protrusions indicated weak adherence to the negative control (Teflon) as well as the Plain
TPU and TPU Composite (Fig. 4.8 A2-4). The number of adhered cells was counted using ImageJ particle
analyzer software (NIH) from 6 images and normalized to Collagen I. Cell adherence to Teflon, Plain TPU and
TPU Composite were significantly lower from Collagen I but were not significantly different between each
other (Fig. 4.9B).

Discussion:
We fabricated fluorescent PICCs as a proof of concept, demonstrating a promising viable alternative to ionizing
radiation to visualize catheters at medically relevant depths. NIR fluorescent dyes are ideal contrast agents due
to their excitation in the desired biological window (between ~ 650 nm – 950 nm) where absorption by tissue
components is minimized. This property allows enhanced penetration of light into the tissue (40, 114). Though
the FDA approved fluorescent dye indocyanine green (ICG) has been used as a contrast agent and more recently
for lymph node mapping, it has limited capabilities in functionalization and imaging depth. However, IRDye
800CW is an NIR dye that has a similar chemical structure to ICG, but allows for chemical functionalization
and has a 20x enhancement in brightness making it suitable for deeper imaging applications(40). While IRDye
800CW is not FDA approved, it has undergone pre-clinical trials in animals with great success and is poised to
enter human clinical trials in the near future(40). For visualization of this contrast agent, many instruments are
already in existence and have regulatory clearance including the Zeiss Pentero and Leica FL800 (40).
Therefore, the evaluation and use of IRDye 800CW in our studies is sensible for realistic future clinical
implementation. Additionally, medical grade catheters have numerous additives incorporated in their
manufacturing protocol such as barium stabilizers for processing protection, antioxidants to prevent premature
degradation, and anti-microbial coatings (118). Therefore, the inclusion of a fluorescent agent within this
process is within the scope of standard manufacturing procedures.
With regard to catheter fabrication procedures, thin films were produced prior to extrusion to enhance
incorporation of IRDye 800CW within the polymer matrix. Extrusion is a common polymer processing
technology used to produce numerous types of catheter designs incorporating various materials for improved
performance. An extruder die that forms hollow tubular structures has not previously been machined for
tabletop compounders such as the Haake Minilab (~ 5 g hopper) used in this study. Therefore, a novel die
design was constructed from Solid Concepts (Supplemental Fig. 4.2). Due to the resolution of the additive
manufacturing process, approximately 2.7 mm outer diameter tubes were the smallest size capable of being
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manufactured, which is larger than the 0.67 mm outer diameters of standard neonatal PICCs. Extruding a
smaller catheter would require a significantly reduced lumen, resulting in higher pressures. The current
manufacturing technique could not fabricate a die that could sustain the pressure and still result in a hollow
tube. As a result of this limitation, a 2.7 mm outer diameter PICC obtained from Cook® Medical was used as a
control (Hospital TPU). Smaller dies are commercially available for larger extrusion systems; therefore we do
not see this as a roadblock to future fabrication at scale for such catheters.
From the optical and microscopy images, the fluorescent agent does not significantly change the surface
features of the tubes, as the fluorescent enhanced samples remain nearly indistinguishable from the unmodified
TPU counterparts. Similar surface features suggest that the functionality of the novel catheter will yield similar
results in situ. PICCs must navigate through complex vascular blood vessels to reach their destination, so the
ability of a catheter to be easily manipulated is directly related to its stiffness. The catheter tip must be soft
enough that it does not cause damage as it progresses through vascular pathways yet strong enough to respond
to manipulation (119). From the results, the samples containing the fluorescent agent (TPU Composite and
Leached TPU Composite) were slightly softer compared to the Plain TPU; however, no significant difference
exits between the elastic modulus and UTS of the three groups. Although a significant difference in elastic
modulus and UTS exits between the Hospital TPU and extruded samples, the Hospital TPU might have been
processed using a stiffer TPU or contain additives that altered its material properties. Another important
property of a PICC is the surface morphology. Significant roughness alterations would change the
hydrophobicity of the material, enhancing protein and cell adsorption to the tube ultimately decreasing catheter
“ease of removal” (120). Results here indicate that addition of fluorescent agent does not significantly alter the
roughness of the fabricated tubes as the composite samples have similar roughness measurements compared to
the Hospital TPU samples.
In order for the catheters to be viable, they must be able to be imaged repeatedly as standard PICC lines can be
implanted for weeks to months and are imaged on a weekly basis. Repeated imaging of fabricated catheters
resulted in no change in fluorescent signal over time. Variation in signal was due to diameter variations of the
catheters resulting from limitations of the die used for extrusion. One inherent limitation of IRDye 800CW is its
instability in bright light and need for refrigeration. Photodegradation studies of our TPU Composite at room
temperature revealed stability of the fluorescent signal over a ten-day period. These results suggest that the TPU
provides a protective coating over the IRDye 800CW preventing it from degrading or photobleaching.
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The TPU Composites display a burst release in loss of dye within the first 5 days during the leaching studies
with minor release over the next 18 days. A pre-leach step could be incorporated into the sterilization and
packaging process of these PICCs. The 6.38% loss of the fluorescent agent after 24 hours was due to the
physical blending of the fluorescent dye with the TPU. The outermost layer of dye leached out while the dye
that remained trapped within the TPU matrix was retained throughout the duration of the study. There was no
chemical interaction of the fluorescent dye with TPU as the carboxylate dye contains no reactive groups
allowing for conjugation to the TPU. The loss of dye resulted in a 50% reduction in fluorescent signal at 0 and 1
cm between leached and non-leached samples. However, the leached catheters were still capable of being
imaged up to depths of 3 cm like their non-leached counterparts (Fig. 4.6).
In order for these composite catheters to be an alternative biomaterial, they must demonstrate equivalent
biocompatibility to the medical grade equivalent. HUVECs were used because they are a primary cell line and
will respond more closely to what would be seen in situ than a transfected cell line. In addition, endothelial cells
line the interior of blood vessels and will be the cells in closest contact to the PICC line when inserted. The TPU
Composite did not result in a decrease in cell viability compared to media or its individual components (Plain
TPU and IRDye 800CW). These results indicate that the combination of TPU and IRDye 800CW had no
adverse effects on endothelial cells, the predominant cell type the material will be in contact with in situ.
Catheters must traverse blood vessels, remain implanted and be removed with minimal damage occurring to the
inner lining of blood vessels. In order for this to occur, minimal adhesion of endothelial cells to the biomaterial
should be observed. From our results, less than 10% of cells adhered to the TPU Composite after one hour.
Those cells that did adhere, bound very weakly to the material with no cell spreading observed. TPU is a
relatively bioinert material commonly used for long term PICC use, the addition of IRDye 800CW did not
significantly alter the surface properties or toxicity of the material. These results indicate that minimal damage
will occur to endothelial cells when the catheters are implanted or removed.

Conclusion:
Preliminary results suggest the incorporation of a NIR fluorescent dye (IRDye 800CW) at 0.025 wt% with
medical grade TPU can be successfully extruded and imaged, confirming presence and conservation of dye
function. Addition of the fluorescent contrast agent does not significantly affect the surface or mechanical
properties of the medical grade TPU. Furthermore, the TPU provides a protective effect to the IRDye 800CW
preventing photobleaching and degradation in bright light and warmer temperatures. Contrast enhanced
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catheters can be imaged at depths up to 3 cm using the LICOR imaging system with an excitation of 785 nm.
This proof of concept study shows that near infrared enhanced catheters may provide a potentially attractive
alternative to the use of ionizing radiation for PICC line monitoring.
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Figures and Tables:
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Composite Chips

Figure 4.1: Schematic of the fabrication process for Composite Catheters.
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Figure 4.2: Optical images (A-D) and SEM micrographs (E-P) of hollow polymer samples. Hospital TPU (A) appears
perfectly round and smooth. The extruded samples (B, C, D) appear smooth and optically transparent similar to the
Hospital TPU with the composite samples being nearly indistinguishable from their unmodified counterparts. SEM
micrographs consist of cross sectional view (E,F,G,H), top view (I,J,K,L), and roughness profiles (M,N,O,P).
Collectively, the extruded samples have large diameters and thicknesses compared to the Hospital TPU due to the
extruder die design (Table 1). Plain TPU (F), TPU Composite (G) and Leached TPU Composite (H) have irregular cross
sectional slices due to swelling and sample collection during extrusion. Top view and roughness images between all
samples appear similar. Optical image scale bar = 7.5 mm, cross sectional and top view scale bar = 200 µm, roughness
image scale bar = 600 nm.
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Table 4.1: Outer and Inner Diameters and Thickness Measurements

Sample
Hospital TPU
Plain TPU
TPU Composite
Leached TPU Composite

Outer Diameter
(mm)
2.56±0.04
2.78±0.09
2.84±0.11
2.84±0.08

Inner Diameter
(mm)
1.88±0.01
1.28±0.11
1.28±0.21
1.19±0.03

Thickness
(mm)
0.34±0.01
0.75±0.01
0.78±0.05
0.83±0.03

Table 4.2: TPU roughness (Ra) measurements. (Asterisk * denotes statically different (p < 0.05) to all other samples, n =
3)

Sample

AVG Ra (nm)

Hospital TPU
Plain TPU
TPU Composite
Leached TPU Composite

4.86 ± 1.38
19.07 ± 7.36
7.34 ± 1.78
6.52 ± 2.42
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Figure 4.3: Mechanical Properties of Catheters. Elastic modulus (Table 3) was determined by the slope of the linear
region between 0 to 10% strain. The UTS was determined to be the point at which the samples fractured. n= 3.

Table 4.3: Mechanical Property Measurements of Samples
(Asterisk * denotes statically different (p < 0.05) to all other
samples, n = 3)
Sample
AVG Elastic Modulus (MPa)
Hospital TPU
1.87 ± 0.19*
Plain TPU
0.19 ± 0.02
TPU Composite
0.17 ± 0.005
Leached TPU Composite
0.23 ± 0.03
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AVG UTS (MPa)
88.1 ± 8.58*
56.4 ± 17.6
50.0 ± 10.3
62.22 ± 19.6
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IRDye 800CW Retained (%)
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94

20
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Figure 4.4: Retention analysis of IR Dye 800 CW within TPU matrix. 6.35% of the IR Dye 800 CW was released from
the polymer over 23 days. Inset is the same data with axis adjusted for clarity. The majority of the dye released as a burst
within the first five days (5.40%) followed my minimal leaching throughout the duration of the study Error bars represents
standard deviation (n=8).
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Figure 4.5: Fluorescent intensity scans of Plain TPU, TPU Composite, and Leached TPU Composite. Samples were
imaged at an excitation wavelength of 778 nm. 0, 1, 2, 3 cm correspond to the imaging depth or the thickness of Superflab
covering the samples that the imaging probe penetrated.
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Figure 4.6: Contrast Enhancement intensity factor of TPU Composites. The fluorescence intensity decreases as a function
of depth, though signal is still observed at 3 cm. All values are statistically different within the non-leached and leached
samples. All values are statistically different between the non-leached and leached samples except for at 3 cm. Error bars
represent standard deviation (n=4).
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Control

IRDye 800CW

200 µm

Plain TPU

200 µm

TPU Composite

200 µm

200 µm

Figure 4.7: Biocompatibility of thin films with HUVECs. Cells are stained with Calcein AM (green) to indicate viable
cells and propidium iodide (red) to signify dead cells. Incubation of cells with Plain TPU, TPU Composite and 0.025 wt%
IR Dye resulted in a non-significant difference in viability compared to the control. No apparent changes in morphology
or proliferation were observed due to the polymer composite, polymer or IRDye 800CW.

Table 4.4: Biocompatibility Results

Sample
Media
TPU
TPU Composite
0.025 wt% IR Dye

Normalized Viability (%)
100 ± 5.13
94.79 ± 3.26
92.34 ± 3.93
91.27 ± 8.54
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A1: Collagen

A2: Teflon

100 µm

A3: Plain TPU

100
100µm
µm

100 µm

A4: TPU Composite

100 µm

B

Normalized Adhesion

100

50

0
Collagen

Teflon

Plain TPU

TPU Composite

Figure 4.8: Adhesion studies of HUVECs seeded directly on top of substrates. (A1-4) Typical morphologies of HUVECs
stained with Calcein AM (green) on respective substrates. Collagen preferentially adhered to Collagen I with substantial
cell spreading. Cells weakly attached to TPU, TPU composite and Teflon as evidenced by the round shape with know
extended lamellipodia. (B) Normalized numbers of cells adhered to substrates over a 60 minute time period. Cells had a
high affinity for collagen I, one of the major proteins found in HUVECs native microenvironment. Minimal adherence
occurred for Plain TPU, TPU composite and Teflon. Adherences of cells for the three films (Plain TPU, TPU composite,
Teflon) are statistically different from the collagen with no difference observed between the three polymer films.
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Supplementary Figures:
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4SF1. Thermal degradation heating profiles of IRDye 800CW and TPU. The point at which there is a dramatic decrease in
sample weight is determined to be the thermal degradation temperature.
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4SF2. Novel annular die computer aided design schematic. (A) Three-dimensional side view with 4.67 mm width and
11.82 mm cylindrical length, which the TPU is pushed through. (B) Front view with four 6 mm outer diameter holds
which are fastened to the extruder. (C) Back view of the die showing four support bars, which produce the hollow tube
feature using a 0.3 mm gap.
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0.075 wt%

0.125 wt%

2 cm

1 cm

0 cm

0.025 wt%

4 ST 1. Composite Thin Film Intensity Measurements
IRDye 800CW (wt%)
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0.025
224
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60
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31
4SF3. Intensity scans of pressed thin film TPU Composites. TPU Composites of different wt% of IRDye 800CW were
pressed and imaged up to 2 cm to determine highest SNRs (ST 1). The 0.025wt% TPU Composite produced the greatest
signal compared to the 0.075 and 0.125 wt% samples.
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4SF4. Fluorescent intensity scans of various TPU samples in different test conditions: (A) TPU Always Dry, (B) TPU
Soaked in PBS and Dried, (C) TPU Composite Always Dry, (D) TPU Composite Soaked then Dried, (E) TPU Composite
in PBS . The lowest signal is given by the plain TPU that is always dry. The greatest signal is given by the TPU
Composite sample imagined while submerged in PBS.
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4SF5. Photodegradation studies of TPU Composite tubes. Encapsulation of the IRDye 800CW in TPU resulted in
prevention of photodegradation up to 8 days. Variation in signal is due to variation in tube diameter size. Standard
deviations represent the variance among pixels per image. Error bars represent standard deviation.
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Chapter 5: Conclusions
This thesis focused on the potential opportunities and limitations in the emerging technological fields of
nanotechnology for photothermal cancer therapy, 3D printing for irreversible electroporation applications, and
imageable biomaterials. From our gold-based nanoparticle optimization, it was shown that the predominant NIR
nanoparticle species is not a core shell pseudo-spherical particle, but rather, a pure gold nanoplate. Future work
will involve optimizing this formulation to produce a predominately nanoplate formulation. Most nanoparticle
fabrication protocols result in inherently polydisperse samples. While our efforts focused on the sodiumthiosulfate based gold nanoparticles, size and shape variations occur with most nanomaterials, resulting in
potentially increased toxicity and, we anticipate, unpredictable biodistribution in vivo. Efforts to optimize and
characterize nanoparticles at the conception phase will limit these undesirable effects. With respect to the
emerging area of 3D printing, we demonstrated that this emerging technology could be used to effectively
produce a multimodal medical device for possible treatment of solid tumors, such as pancreatic cancer. Future
work will involve fabricating and testing a fiber optic temperature probe that will be embedded in the device.
Resolution and available materials currently limit the applicability of 3D printing for the devices shown here.
Furthermore, the optimal technology would be able to print both polymeric and metallic materials with one
system to facilitate rapid production. While a 3D printer that can overcome these limitations is not yet available,
it is anticipated that the future of 3D printing will hold great promise for complicated, multi-material medical
devices. Lastly, we show successful fabrication of an imageable biomaterial that could be visualized at depths
of up to 3-cm from a mock tissue surface using fluorescence imaging. Future work includes long-term
assessment of IRDye 800 CW stability, implantation and monitoring of polyurethane composites in an animal
model, and improved fabrication of extruded samples through collaboration with a local catheter manufacturer.
The introduction of advanced imaging systems with improved resolution and imaging depths will facilitate
translation of these biomaterials into the clinic. In summary, we have validated the need for extensive testing
and analysis of emerging technologies at the conception stage in order to facilitate rapid translation to the clinic
with the safest and most promising product possible.
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