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ABSTRACT OF THE THESIS

3D Printing Functional Nanocomposites

by

Yew J. Leong

Masters of Science in Nanoengineering

University of California, San Diego, 2016

Professor Shaochen Chen, Chair

3D printing presents the ability of rapid prototyping and rapid manufacturing.
Techniques such as stereolithography (SLA) and fused deposition molding (FDM)
have been developed and utilized since the inception of 3D printing. In such
techniques, polymers represent the most commonly used material for 3D printing due
to material properties such as thermo plasticity as well as its ability to be polymerized

from monomers. Polymer nanocomposites are polymers with nanomaterials

viii



composited into the polymer matrix. Nanocomposites possess superior properties
compared to its pure polymer form due to the nanomaterials imparting its unique
qualities onto the nanocomposite. Combining the capabilities of 3D printing and the

properties of nanocomposites could potentially unlock countless possible applications.

In this thesis, we present the ability to 3D print functional nanocomposites
using two printing systems: “micro continuous optical printing” (WCOP), an in-house
developed system that utilizies a digital micromirror device (DMD) in a SLA based
process for rapid optical 3D printing, and two photon polymerization (TPP) which
involves a femtosecond laser to fabricate 3D structures with ultrahigh precision and
micron-nano scale resolutions. Chapter 2 of this thesis showcases the 3D printing
ability of the uCOP system. Microcones and size tunable microwells were printed in a
parallel manner with high speeds and resolutions. Chapter 3.1 of this thesis uses the
MCOP system to 3D print artificial microfishes with encapsulated platinum (Pt)
nanoparticles and magnetic (FesO4) nanoparticles for locomotive and magnetically
guided purposes. The speeds of the microfishes can be tuned through the geometrical
design of the microfish as well as through the concentration of the encapsulated Pt
particles. Additional detoxifying nanoparticles (PDA) were encapsulated in the
microfishes and displayed detoxification abilities. Chapter 3.2 of this thesis is a work
in progress that uses the TPP system to 3D print highly defined piezoelectric
nanocomposites using 20nm BaTiO3 (BTO) nanoparticles and a bisphenol-A (BPA)
free photopolymerizable polycarbonate (PC). The printed structures display high

uniformity across all printed areas with resolutions down to 1-2um. The BTO



nanoparticles in the nanocomposites do not interfere with the printing capabilities of

the TPP system allowing the system to retain its high precision capabilities



Chapter 1: Introduction

3D printing brought the prospect of rapid prototyping and rapid manufacturing
where designs could be easily made through the use of 3D computer models. It has
found applications in areas such as the aerospace industry* and the biomedical
industry?. Many processes have been developed over the years and some have
displayed the ability to print microstructures. Stereolithography (SLA) has shown the
capability of fabricating components for microelectromechanical systems®. Fused
deposition modeling (FDM) has been used to print Li-ion microbattery architectures
with incredibly high areal energy and power densities. Selective laser sintering (SLS)
has been used to fabricate a transparent flexible metal grid conductor®. In this thesis
we present the use of two 3D printing systems to 3D print functional nanocomposites.
Nanocomposites can be defined as a bulk solid material that comprises of multiple
phases with at least one of the phases consisting of one dimension <100nm°. This
imparts unique changes in bulk material properties such as changes in mechanical or
electrical properties®2. The first 3D printing system that will be described is an in-
house developed system called “micro continuous optical printing” (LCOP), which
involves the use of a digital micromirror device (DMD) in a SLA based process for
rapid optical 3D printing. The second system is a two photon polymerization (TPP)
system which involves a femtosecond laser to fabricate 3D structures with ultrahigh
precision and micron-nano scale resolutions®. The rest of this chapter will introduce
the concepts and principles of uCOP and TPP as well as the concept of

nanocomposites.



1.1 Micro continuous optical printing (LCOP)

MCOP is a SLA based system for rapid optical 3D printing that we have
developed in the past to allow us to print a variety of complex micro 3D geometries
and structures with high speeds and high resolutions'®*® The pCOP system is
illustrated in Figure 1.1 a. The key component of our system is the DMD, which
consists of an array of about 2 million micro mirrors which can all be individually
controlled to project a desired 2D image, which is illuminated by UV light, onto a
solution of photopolymerizable resin to print highly specified 3D structures with
detailed designs and features. The pCOP system utilizes an in house developed
computer-aided 3D printing system which flexibly allows us to project digital images
on the fly onto the photopolymerizable resin. The resin is loaded onto a motorized x-y-
z stage (Newport 426/433 series) that is coupled to the computer-aided system as well.
This allows us to rapidly print complex 3D structures with ease. An example image for
a simple gridded structure is shown in Figure 1.1 b. Such an image can be easily
made from any image creating or editing software such as Adobe Photoshop. The
white portions of the image are projected onto the resin, which photopolymerizes into
3D structures. Conversely, the black portions of the image are not projected onto the
resin, which leaves those portions unpolymerized. All works in this thesis used a glass
substrate functionalized with 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich),
as described in another work, to assist attachment of the printed structures onto the
substrate. The focal plane of the image is projected directly on the bottom side of the

substrate. All works in this thesis used PDMS spacers with specific heights that were



placed in between the glass substrate and the stage to determine the maximum height

of the printed structures.

1.2 Two-photon polymerization (TPP)

Two-photon polymerization (TPP) is a unique 3D printing technique that is
capable of fabricating on micron-nano scale with ultrahigh precision® with reported
resolutions in the sub-100nm region®® . TPP has found use in fabricating 3D photonic
crystal structures'® fabricating 3D hydrogel scaffolds to study cell migration'’. The
TPP system is illustrated in Figure 1.2. Photopolymerization in this system is only
induced when the photoinitiator simultaneously absorbs two photons. Only a small
portion in the center of the focused laser spot with high intensity and energy is able to
induce the absorption of two photons. Using a photoinitator that is capable of two-
photon absorption with a peak absorption of 400nm, TPP essentially allows the use of
an 800nm laser to induce photopolymerization, as the energy of two 800 nm photon is
equivalent to one 400nm photon. These unique properties give two photon
polymerization high penetration and selectivity of printing within the
photopolymerizable resin. By coupling the laser in conjunction with a computer aided
3D design, the focused laser beam for TPP can be used to fabricate a wide variety of
3D structures with great precision and resolutions. In the work presented within this
thesis, the laser in use for TPP is a Ti:sapphire femtosecond laser with 800 nm
wavelength, 10-fs pulse width, with a repetition rate of 80 Mhz. Laser power and
writing speeds were adjusted accordingly with a laser beam attenuator and by

specifying stage movement speed.
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Figure 1.1: a) Schematic of the uCOP system that consists of a DMD with digital
image input coming from a computer, UV light source, projection optics to focus the
light onto the photopolymerizable resin, a motorized x-y-z stage, and spacers to
determine the maximum height of printed structures. b) Example image used to 3D
print with uCOP, where white portions are projected onto the resin while the black
portions are not
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Figure 1.2: Schematic of TPP system. Only a small portion in the center of the
focused laser spot with high intensity and energy is able to induce the absorption of
two photons, allowing the fabrication of a wide variety of 3D structures with great
precision and resolutions.



1.3 Nanocomposites

Nanocomposites can be defined as a bulk solid material that comprises of
multiple phases with at least one of the phases consisting of one dimension <100nm®.
Nanocomposites, especially polymer nanocomposites, provide superior properties
when compared to its pure polymer form due to the nanomaterials imparting unique
properties to the bulk material*®, prompting heavy research into nanocomposites.
Nanocomposites can alter the mechanical properties dramatically. For example, nano
layered clay in poly(vinyl alcohol) have been shown to drastically increase its stiffness
and tensile strength®. Electrical properties such as ion diffusivity in the polymer
electrolyte of Li-ion batteries have been improved with the use of nanocomposites®.
Functionality can be added into the polymer as shown in the work where a flexible
nanocomposite piezoelectric strain sensor comprised of ZnO nanorods grown on
cellulose fibers showed good strain sensitivity'®. Despite showing incredible potential,
research into 3D printing nanocomposites have been sparse?®-22.Combining the
superior material qualities derived from nanocomposites and the ability to easily
design and manufacture 3D designs with 3D printing, could potentially unlock
countless possible application?. In this thesis, we demonstrate the ability to 3D print
functional nanocomposites with the use of uCOP and TPP. The nanoparticles used in
this thesis were encapsulated in the polymer matrix by mixing it with the
photopolymerizable polymer followed by polymerization with the pCOP or the TPP
system. These systems allow for high spatial selectivity of where to encapsulate

nanoparticles, allowing for highly defined 3D printable nanocomposites.



1.4 Overview

Using the uCOP and TPP systems as described in the previous sections, works
showing the ability to 3D print nanocomposites will be presented in this thesis.
Chapter 2 of the thesis showcases the ability of uCOP to 3D print structures without
any nanoparticles. High printing speeds and resolutions were achieved with the uCOP
along with a great amount of flexibility to print a wide variety of geometries. Chapter
3.1 of the thesis uses the HCOP system to 3D print artificial nanocomposite
microfishes with encapsulated platinum (Pt) nanoparticles and magnetic (FesOa4)
nanoparticles for propulsion and magnetic guidance. The HCOP system was able to
spatially determine where to encapsulate the nanoparticles, allowing for the integration
of multifunctional capabilities in the microfishes. Chapter 3.2 of the thesis uses the
TPP system to 3D print a piezoelectric polycarbonate nanocomposite. The
nanocomposite comprises of 20nm BaTiO3z (BTO) nanoparticles loaded into a
photopolymerizable polycarbonate (PC). The TPP system provides high precision and

resolutions for 3D printing in both pure PC and BTO-PC nanocomposite.



Chapter 2: Rapid 3D Printing of Tunable Microcone Array with

Smooth Sidewall

Standard 3D printing techniques, stated in the previous section, such as SLA,
FDM, SLS have shown broad application and has shown to be useful in different areas
of interest. However, these techniques are serial by nature and can be relatively slow.
In this work we report the use of our HCOP system to optically 3D print microcone
arrays with size tunable microwell on the tip in a parallel manner to show case the
ability of our system to rapidly print structures with high speeds and resolutions as

well as the flexibility to print a different types of structures with great control.

Microcones have been made in other works in the past using a traditional SLA
method utilizing a laser®?*, but being able to print these structures in parallel with
increased speeds are more desirable than printing them in a slower serial manner.
Microwells are microstructures that could be used for single cell studies with well
diameters ranging from 10pm up to >100um?. These structures are typically made
through the use a master stamp and a polydimethylysiloxane (PDMS) mold by
utilizing photolithography and soft lithography methods?®?”. Being able to directly
print microwells cuts out the need of a clean room and reduces the cost and time spent

needed to make the microwells, giving our process an edge over the current methods.

The UV light source (Omnicure 2000) used in this work projects a wavelength
of 365nm and a total output intensity of 6.63 W cm. The photopolymerizable resin
used in this work is dipentaerythritol pentaacrylate (DPPA, Sartomer Inc.) with 1%

(wt/vol) Irgacure 819 (Ciba Inc.). We choose DPPA because it’s a fast curing polymer



due to its five acrylate groups in each monomer. It is also highly cross-linked after
polymerization, making stiff and easy to handle after printing. DPPA has also been
used as a mold for poly-ethylene glycol diacrylate structures?®, giving us flexibility
with the directions of future investigations. 3-(trimethoxysilyl)propyl methacrylate
(Sigma-Aldrich) was used to functionalize the glass substrate as previously described
in another work4. The focal plane of the image is projected directly on the bottom
side of the substrate. PDMS spacers 300um in height were placed in between the glass

substrate and the stage to determine the maximum height of the printed structures.

A hexagonal array of microcones as well as a spacing gradient array of
microcones were printed. The images used for these arrays are show in Figures 2.1 a
and b respectively. A scanning electron microscopy (SEM) image of the respective
arrays are shown in Figures 2.1 c, d. For both arrays, the exposure times were 3.8s to
fabricate the entire microcone arrays each. After exposure, the substrates were
removed from the stage and the printed structures were washed with isopropyl alcohol
to remove all the unpolymerized resin. The measured base diameter of each microcone
is 100um with a measured height of 288um. In the hexagonal array, the spacing
between each microcone is 300um. In the spacing gradient array, the spacing between
each microcone on width axis of the array is 258um while the spacing between each
microcone on the length axis of the array starts at 126um and subsequently increases
30um after each microcone. A close up of a microcone is shown in Figure 2.2 a,b. It
is reasonable to think that the printed structures should be cylindrical in shape due to
the fact that the 2D image being projected through the resin is circular, but this is not

the case. This is due to two reasons. Firstly, the light intensity of any illuminated spot



b)

Figure 2.1: a) Image used to 3D print hexagonal array, b) Image used to 3D print
gradient spacing array
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d)

Figure 2.1: ¢c) SEM image of the printed hexagonal microcone array, d) SEM image
of the printed spacing gradient array, Continued.
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can be described as a point-spread function and can be approximated as a Gaussian
distribution®. This gives the center of any light spot the greatest relative intensity.
Secondly, the resin follows Beer’s law as the resin absorbs UV light resulting in the
intensity dropping off greatly as the light continues to penetrate the resin. This results
in the microcones being printed instead of microcylinders. The printed microcones
also present smooth side walls, unlike the visible defined layers that characteristic in
other common 3D printing techniques such as FDM and traditional SLA. Our uCOP
system is responsible for this property as it prints in a layerless fashion by keeping the
stage height constant throughout the printing process, instead of printing multiple
layers by moving the stage height in discrete steps like how it is done in FDM and
SLA. The smooth side walls give our system a greater edge over other systems and
techniques as it improves the mechanical integrity of the 3D part by eliminating the
artificial interfaces between the drops or layers in a nozzle-based 3D printing process,.
The high uniformity of the array, speed of printing, high resolution, as well as ability

to print smooth side walls shows the capability of the uCOP system.

Because the UV light absorption in the resin follows Beer’s Law, the exposure
time controls the amount of polymerization that occurs, and in turn controls how the
structure is ultimately shaped. By further increasing the exposure from 3.8s through to
4.2s, the tip of the microcones showed interesting features. With an exposure of 4.0s, a
dimple seemingly formed on the tip of the microcone as shown in Figure 2.2 c.
Increasing the exposure up to 4.2s resulted in the formation of an opening on the tip of

the microcone, a microwell, as shown in Figure 2.2 d. The microwell openings were
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Figure 2.2: Close up of the printed microcones and the tips/microwell with different
exposure times. a and b) 3.8s. ¢)4.0s. d)4.2s
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measured to be 5um in diameter. From the transition of exposures times from 3.8s
through to 4.2s, a more favorable polymerization around the tip of the cone instead of
the center of the tip is seen, resulting in the formation of the microwell. Also,
compared to the smooth tip of Figure 2.2 b, the tips in Figures 2.2 ¢,d have rough
aberrations around the tips. This might be caused by unintended photopolymerization
from UV light being reflected from the already polymerized structures onto the
periphery of the tip. This could also explain the formation of the microwells on the tip
as the reflected light might have caused further polymerization on the periphery. This
showcases the flexibility of the uCOP system as the features of the printed structures

were altered by changing the exposure time of the structures.

In order to further examine the ability to control the fabrication and tune the
size of these microcones and microwells using the pCOP system, an image with
intentionally designed holes, as shown in Figure 2.3 a, was loaded onto the DMD and
printed. Up close SEM images of one of the printed structures in the array is shown in
Figures 2.3 b. The exposure time was 3.8s and the structures were washed in the same
manner as previously described. The measured base diameter of the microcone is
88um and the measured height is 105um. The microwell opening on the tip of the
cone is measured to be 11um in diameter. The height of the microcones is shorter,
compared to the measured height of previously printed microcones even though the
exposure time was the same. This is due to less UV light entering the system, resulting
in less photopolymerization and a shorter microcone. Similar to the previously printed
microcones, these microcones also exhibit smooth side walls as these microcones are

printed in a layerless fashion too. With the image being used, it is reasonable to predict



Figure 2.3: a) Image with holes designed. b) Close up view of the microcone

15
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that the printed structures would have a larger hole diameter relative to the base
diameter of the microcone compared to what was currently printed, but this is not the
case due to the Gaussian distribution of the light intensity, as explained and described
before. The intensity of light gradually goes to zero past the intended line width of the
projected image, photopolymerizing portions past the intended image. This underlying
principle explains why the size of the hole is smaller than expected. Just by simply
changing the design in the image used for the printing, our pCOP system was able to
control the dimensions and the design details of the printed microcones and

microwells on the tip, allowing us to tune the structures to the specific needs at hand.

In conclusion, the pCOP system is fully capable of 3D printing microcones
with high speeds and resolutions along with a high degree of control and flexibility.
The microcones exhibit smooth side walls as they are printed in a layerless fashion.
The tips on the microcones can be closed or opened to produce microwells and their
sizes are tunable by changing the exposure times as well as changing the design of the
image being projected. Many other geometries and designs can be attempted on the fly
just by simply loading a different image onto the DMD chip. Further possible works
include using these structures or other designs as master molds because DPPA can be
chemically treated to include a releasing layer for mold detachment?. Microwells for
single cell studies can also be performed with a variety of microwell sizes and

geometries by changing the conditions and design used for printing.
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Chapter 2, in part is currently being prepared for submission for publication. Y.
Leong, S.C. Chen. This thesis author was the primary investigator and author of this

material.



Chapter 3: 3D Printing Nanocomposites
3.1 3D-Printed Artificial Microfish

Aquatic organisms employ a variety of locomotive strategies to maneuver
within their environments. Such mechanisms present a wide variety of inspirations in
designing microswimmers for applications such as guided drug delivery to
environmental decontamination®*-3, A large problem when taking cues from
biological designs for creating microswimmers, is to find a way to replicating the
biological form and function. In this work, we use our HCOP system to: 3D print
hydrogel microfishes with designed biomimetic structures, incorporate platinum (Pt)
and magnetic (Fe3O4) nanoparticles for chemically and magnetically guided
movement, as well as incorporate functionalized nanoparticles (PDA) for
detoxification®*. The speed of the microfishes can be tuned by changing the geometric
design of the fish as well as by changing the concentration of the encapsulated Pt
nanoparticles. This integration of multifunctional capabilities demonstrates the
flexibility and potential for creating functional nanocomposites in a wide variety of

applications such as actuation, sensing, and detoxifying.

Advances in nanotechnology as well as the methods for fabricating and
manufacturing nanomaterials has presented the ability to create motors with
biomimetic properties for self-propulsion®*-33, Different methods for fabricating and
manufacturing has led to the designs of multiple types of micro/nano swimmers with
different locomotive techniques®3. Methods to create rolled up nanostructures gave

rise to tubular microjets as well as microdrillers®”~*°. Template-assisted

18
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electrochemical deposition has been utilized to create tubular microrockets and

nanomotors*:*2,

However, these methods only allow for manufacturing of simple geometries
such as spheres or cylinder, restricting the ability to create complex and nuanced 3D
designs that mimic biological functions. Additionally, such methods tend to only
allow the use of homogenous inorganic materials, and as such, limits the
multifunctional capabilities of the motors. Techniques that involve direct writing
utilizing a laser have full capabilities of 3D designing complex structures with great
specificity, such as helical structures that are inspired by bacterial flagella**. However,
due to its serial nature, scaling up becomes an issue. Molding methods have also been
employed for large batch fabrication of biomimetic micoswimmers made out of
poly(dimethylsiloxane) (PDMS) powered by external magnetic fields or
cardiomyocytes**46. However, the magnetic materials and cells cannot be integrated
into a single step during fabrication and manufacturing of the swimmer itself, limiting
the addition of other functionalities as well as increasing the amount of time spent
fabricating. A system that is capable of creating highly specified 3D structures with
the ability to integrate different modes of multifunctionality with ease as well as
possessing the potential for large batch fabrication is therefore a necessity to
efficiently fabricate and manufacture more advanced microswimmers. The pCOP that

we developed is fully capable of efficiently fulfilling these criteria’s.

In this work, we used the pCOP system to fabricate artificial microfishes with

biomimetic structures and guided movement capabilities, the uCOP system allows us
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to design a wide variety of biomimetic structures due the digital nature of our
computer aided system. We can easily load an image with designed biomimetic
features and print them with high speeds and micron scale resolutions. In order to
incorporate the guided movement functionality into the microfishes, we chose to make
the fishes out of 700 Da poly(ethylene diacrylate) (PEGDA), purchased from Sigma-
Aldrich, and functional nanoparticles. The microfishes are comprised mostly of
PEGDA, a photopolymerizable polymer that is widely used for drug delivery and
tissue scaffolds. PEGDA was also used to encapsulate both platinum (Pt)
nanoparticles and magnetic (Fe3O4) nanoparticles to provide the chemical reaction for
the microfishes’ propulsion and to enable magnetic guidance. Additional detoxifying
nanoparticles (PDA) were also encapsulated for toxin neutralization®*, showcasing the

multifunctionality of the microfishes.

In order to optimize the microfishes swimming capability, we printed multiple
biomimetic forms with different designs and sizes. A composition of 40 wt% PEGDA
in water and 1 wt% lithium phenyl-2,4,6-trimethylbenzoylphosphinate as the
photoinitiator*” was used for the microfishes. Because of the fast and digital nature of
the HCOP system, we can easily print wide arrays of fishes with different features and
designs in <5s and cycle through multiple iterations in quick succession. SEM images
of the printed microfishes are seen in Figure 3.1.1 a-d. Figure 3.1.1 a shows a single
microfish with a measured height of 30um and a length from head to tail of 200um.
Figure 3.1.1 b shows an of array of smaller printed microfishes with high uniformity
and precision with lengths measuring 100pum. In a single array, we can also include

microfishes with varying lengths ranging from 100pum up to 500um, as seen in Figure
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Figure 3.1.1: a) Single microfish that is 30um in height with head to tail length of
200um, b) Uniform array of smaller microfishes with head to tail length to 100um

21



d)

Figure 3.1.1: ¢) array of microfishes with varying lengths, d) Manta ray design,
Continued.
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3.1.1 c¢. We can also print different biomimetic designs, such as a manta ray inspired

design, as seen in Figures 3.1.1 d.

Because of the high degree of spatial control that our uCOP system possess,
we can spatially decide where to pattern or encapsulate different types of materials
with great specificity for tunable multifunctional capabilities. For this work, we
encapsulated Pt nanoparticles in the tail of the microfish and the magnetic
nanoparticles in the head of the microfish, as seen in Figure 3.1.2. With these two
nanoparticles and the ability to spatially encapsulate them, we were able to effectively
control the swimming direction and speed of the printed microfishes. The printing and
fabrication process of the microfishes with encapsulated nanoparticles is illustrated in
Figure 3.1.2 a. First the entire body of the microfish was printed with the solution of
PEGDA, next the remaining unpolymerized PEGDA solution was washed away and
another solution of PEGDA containing dispersed Pt nanoparticles was flowed in. A
second exposure for photopolymerization in the tail was performed to encapsulate the
Pt nanoparticles. A concentration of 8.0 *108 particles/mL of Pt nanoparticles in the
same PEGDA solution previously described was used. The Pt nanoparticles
catalytically decomposes hydrogen peroxide into oxygen, which enables the microfish
to propel itself. For the next step, the solution of PEGDA and Pt particles was
thoroughly washed away and a solution of PEGDA and magnetic nanoparticles was
then flowed in. A second exposure in the head was performed to encapsulate the Fe3O4
nanoparticles. A concentration of 5mg mL™ of magnetic particles in the same PEGDA
solution previously described was used. The magnetic nanoparticles allow the

magnetic guidance of microfishes’ movement. In order to confirm that the uCOP
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system can successfully spatially encapsulate the nanoparticles in the respective areas
for the functionalization of the microfish, energy-dispersive X-ray (EDX)
spectroscopy was performed. Figure 3.1.2 b confirms that the Pt nanoparticles are
localized in the tail of the fish and that the magnetic nanoparticles are localized in the
head of the fish. For increased functionality, additional nanoparticles can potentially

be integrated into the microfishes, allowing for greater tunability.

The movement of the microfishes provided by the encapsulated Pt
nanoparticles in hydrogen peroxide fuel can be seen in Figures 3.1.3. The bubbles of
O> from the Pt assisted catalysis of hydrogen peroxide fuel provides the propulsion of
the microfishes. The bubbles are created at a high frequency, providing smooth and
continuous propulsion through the medium, displaying the catalytic efficiency of the
spatially encapsulated Pt nanoparticles. Because propulsion is generated by the
expulsion of O, the rate of catalytic decomposition is directly proportional to the
propulsion speed*®. Therefore, increasing the concentration of hydrogen peroxide
and/or increasing the amount of Pt particles, will increase the rate of catalytic
decomposition which leads to faster propulsion. In order to test this, concentrations of
5%, 10%, and 15% hydrogen peroxide were used. As seen in in Figure 3.1.3 c, the
microfishes are faster in higher concentrations, with speeds up 780 um/s in 15%
hydrogen peroxide. The Stoke’s drag force on the microfishes is directly related to the
geometry and design of the microstructures*®. Therefore, microfishes with different
geometries will have different speeds even though they have the same Pt loading
concentration while being fueled by the same concentration of hydrogen peroxide as

well. The design seen in Figure 3.1.3 a represents the common fish design, denoted as
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different microfishes’ speed in different concentrations of hydrogen peroxide, d-f)
Sequentially taken pictures of a microfish guided by an external magnetic source
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Fish 1, while the design seen in Figure 3.1.3 b represents the manta ray
design, denoted as Fish 2. Comparing Fish 1 and Fish 2 in Figure 3.1.3 c clearly
shows that Fish 1 is faster than Fish 2. This is due to the geometries of both fishes
with Fish 1 experiencing lower drag forces compared to Fish 2. The average speed of
Fish 1 is shown to be 1.5 times the average speed of Fish 2. From these results, it is
clearly demonstrated that the speed of the microfishes can be finely tuned through
optimizing the design and geometry of the fish. The ease of printing and as well as the
flexibility of pCOP system can easily facilitate such optimizations of the microfishes.
The speed of the microfishes is not limited to the design and geometry. As stated
before, the rate of catalytic decomposition is directly proportional to the speed of the
microfishes. By changing the concentration of encapsulated Pt nanoparticles, we can
also tune the speed of the microfishes. A microfish, denoted as Fish 3, has the same
design as Fish 1, but was instead loaded with a Pt nanoparticle concentration of 4.0
*10® particles/mL. This is half the concentration that was loaded into Fish 1. Fish 3
shows slower speeds than Fish 1 when fueled by the same concentrations of hydrogen
peroxide, as seen in Figure 3.1.3 c. This confirms the ability to tune the speed of the
microfishes by changing the loading concentration of Pt nanoparticles. Combined with
the geometrical design as well as adjusting the loading concentration of Pt
nanoparticles, we have a great control in tuning the speed of the microfishes through

the nCOP system.

The magnetic nanoparticles that were spatially encapsulated in the head of the
microfishes provide the ability to magnetically control the direction of microfishes

movement. Figures 3.1.3 d-f show sequentially taken pictures of a microfish guided
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by an external magnetic source. The microfish shows rapid alignment with the
changing external magnetic field, allowing for fine control and easy changes in the
direction of movement. Through the encapsulation of Pt nanoparticles and the
magnetic nanoparticles, the microfishes show high degree of control and tunability of
the speed as well as efficient control in guiding the microfishes and the capability to

be applied in diverse applications.

In order to examine a possible application of the 3D-printed microfishes,
detoxification nanoparticles, PDA, were additionally encapsulated into the body of the
microfishes. PDA nanoparticles are made from the self-assembly of 10,12-
pentacosodiynoic acid for the detoxification of melittin®*. Encapsulated PDA
nanoparticles in PEGDA have shown good detoxification properties in the previous
work. When pore forming toxins, such as melittin, bind to the PDA nanopatrticles,
fluorescent emission occurs, allowing the use of fluorescence intensity as an indicator
of detoxification efficiency in the experiment. The encapsulation of the PDA
nanoparticles was performed with the same method as the encapsulation of the other
nanoparticles, but here the PDA nanoparticles were spatially encapsulated in the entire
body. A concentration of 3 mg mL™ of PDA nanoparticles in the same PEGDA
solution as described before was used. In order to examine the detoxification efficacy
of the microfish, we had three testing conditions: a control, stationary microfishes, and
mobile microfishes. Microfishes in all conditions were incubated in 5% hydrogen
peroxide at 37°C for 10 min. The control condition contained microfishes with
encapsulated PDA and Pt nanoparticles placed in the solution of hydrogen peroxide

with no melittin. No visible fluorescence was detected, as seen in Figure 3.1.4 a. The
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Figure 3.1.4: Fluorescent images of microfishes in 5% hydrogen peroxide with
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by the microfishes in each condition
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stationary condition contained microfishes with encapsulated PDA, but no Pt
nanoparticles, placed in the solution of hydrogen peroxide with 2.5 mg mL™ melittin.
Because there were no Pt particles, the microfishes were completely stationary during
incubation. Low intensities of fluorescence were detected, as seen in Figure 3.1.4 b,
confirming that the encapsulated PDA particles were interacting with the melittin. The
mobile condition contained microfishes with encapsulated PDA and Pt nanoparticles
placed in the solution of hydrogen peroxide with 2.5 mg mL™* melittin. Because there
were Pt nanoparticles, the fishes were moving during incubation. High intensities of
fluorescence were detected, as seen in Figure 3.1.4 ¢, showing the impact of moving
microfishes on the interaction between PDA and melittin. Further quantification of the
fluorescence intensity was performed using ImageJ as previously described®°.

Relative fluorescence can be calculated according to Equation 1:

integrated intesnity of fish  integrated intesnity of background (1)

Relative fluoresence intensity of fish =
y area of fish area of background

The integrated intensity and area can be measured directly using ImageJ. The data
from all three conditions are plotted in Figure 3.1.4 d. Statistical analysis was
performed to compare the means of the conditions through the use of analysis of
variance (ANOVA) followed by Tukey’s post-hoc test. p < 0.05 was considered
statistically significant. From the data, it is shown that moving microfishes are
significantly more efficient in detoxifying compared to stationary microfishes,

exemplifying how important movement is in removing toxins.

In this work we showed the ability to rapidly 3D print microfishes with

designed biomimetic features using the LCOP system with in a parallel manner. By
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altering the geometrical design, we can tune the speed of the microfishes to the desired
speed for any application. The pCOP can easily facilitate the speed optimization of
any microfish through the ability to load any design on the fly as well as the ability to
print microfishes in mere seconds. We also displayed the ability to spatially
encapsulate nanoparticles for multifunctional capabilities with a great deal of control
and precision. Pt nanoparticles were encapsulated for locomotive purposes by
catalytically decomposing hydrogen peroxide to produce oxygen gas for propulsion.
Magnetic nanoparticles were encapsulated to provide the ability to magnetically guide
the direction of the microfishes. Detoxifying PDA nanoparticles were additionally
encapsulated in the microfishes for toxin detoxification. It was shown that the
microfishes were more efficient in interacting with the toxins when they were moving,
showcasing a possible detoxifying application with the microfishes. We are not
limited by the nanoparticles that were mentioned in this work. This work can be
further expanded to include other components such as Ag, Ir, MnO., or catalases to
interact with different types of fuel®®2. There have been works with micromotors to
use water as a source of fuel instead>*>*, which could possibly be integrated into future
works with the microfishes to improve its potential to be used in highly practical
applications. Different functional nanoparticles, other than PDA, can be added for
greater multifunctionality. Our system can potentially be applied and tuned for

applications such as drug delivery and environmental remediation.
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3.2 3D printable, Bisphenol A-free, Piezoelectric Polycarbonate Nanocomposite

Piezoelectricity allows for the conversion of mechanical forces into electrical
energy and vice versa. Piezoelectric nanocomposites provide the ability to create
smaller functional piezoelectric devices while helping mitigate undesirable mechanical
properties that piezoelectric materials might possess such as brittleness. Because the
polymer imparts its mechanical properties on the nanocomposite, polymer choice is
very important. Polycarbonate is a widely used polymer due to its desirable
mechanical properties such as high toughness and impact strength, but current
processing methods are not suited for 3D printing. Additionally, current techniques
used to create nanocomposites do not have capabilities to easily fabricate 3D
structures and designs on the nano/micron scale. In this current work in progress, we
present the use of TPP to 3D print highly defined piezoelectric nanocomposites using
20nm BaTiO3 (BTO) nanoparticles and a bisphenol-A (BPA) free photopolymerizable
polycarbonate (PC). The printed structures display high uniformity across all printed
areas with resolutions down to 1-2um. The BTO nanoparticles in the nanocomposites
does not interfere with the printing capabilities of the TPP system allowing the system
to retain its high precision capabilities. Having the ability to 3D print piezoelectric
composites with high resolutions and precision opens many possibilities to create
devices that require intricate 3D geometries and design. BTO surface modification
must be investigated along with additional mechanical characterization of PC and
piezoelectric characterization of BTO-PC composite before this work can be

concluded.
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Piezoelectricity is a phenomenon in which a dielectric material generates
electrical surface charge in response to mechanical strain, or vice versa®. This is due
to the deformation of the material’s non-centrosymmetric unit cell, inducing an
internal polarization on the unit cell. Such properties have been used to create nano
resolution stages®® and ultrasound transducers®’. Most of these applications uses
ceramic based materials due to its strong piezoelectric properties. However,
piezoelectric ceramics have limitations such as being brittle which limits its flexible
applications. Furthermore, highly piezoelectric ceramics, such as lead zirconate
titanate, can contain toxic elements which limits its use in biological systems. Studies
on piezoelectric polymers such as polyvinylidene fluoride (PVDF) have been done to
try and overcome these issues, but PVDF has relatively low piezoelectric coefficient
of <25 pC/N®®8, whereas PZT has a piezoelectric coefficient of >250pC/N>® depending
on composition. In order to overcome the natural brittleness of piezoelectric ceramics
while still maintaining good piezoelectric properties, piezoelectric polymer composites
have been studied and have been used to improve devices such as ultrasound
transducers®”%61, Polymer composites provide better mechanical properties such as
increased flexibility, while still being able to maintain its good piezoelectric
properties. Recently in the last few years, advances in piezoelectric nanocomposites
have been made. Some works include the use of ZnSnO3-PDMS nanocomposites for
high-power generation with a large output voltage of 20v® and a highly flexible ZnO
nanowire-PMMA nanocomposite for energy harvesting and deformation sensing®.
The processes used to fabricate these devices do not provide the ability to easily

fabricate 3D structures and designs. Any sort of multilayered designs would require
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multiple processing steps. Providing the ability to fabricate intricate 3D geometries in
a simple, singular process can open up many possibilities for designing devices that

require complicated geometries.

In a previous work, the pCOP system was used to 3D print 80nm BaTiOs-
PEGDA nanocomposites®®, providing an alternate solution to these issues. The printed
structures were 100um-200um in size with reported resolutions down to ~5pm.
Although the uCOP system can print large arrays, it does not have the ability to print
smaller and finer structures with defined 3D features and details with <5um
resolutions. BaTiOz (BTO) used in the previous work is a lead-free alternative to PZT
with bulk piezoelectric coefficient of >190 pC/N®%¢, depending on synthesis and
processing. It was also reported in the work that smaller BTO nanoparticles could
improve the optical transparency of the printed structures, potentially allowing for
greater the mass loading. Additionally, PEGDA that was used in the previous work
does not provide high durability and mechanical stiffness that might be desired for
certain applications. In light of these issues, we present the ability and use of TPP to
3D print highly defined piezoelectric nanocomposites structures with 1-2um
resolutions using 20nm BTO nanoparticles and bisphenol-A (BPA) free

photopolymerizable polycarbonate (PC).

Polycarbonate is a widely used polymer in automotive parts, building and
construction, data storage on CDs®’, and recently has found use for biomedical
applications as well as tissue engineering scaffolds®®. PC possess desirable mechanical

properties such as its high toughness and impact strength. However, one of its largest
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drawbacks is that PC commonly made out of the polymerization of BPA and
phosgene. BPA is an estrogen analog that has been under scrutiny for possibly causing
human developmental problems in children®® ", Therefore, exploring and finding a
BPA-free PC is highly desirable especially in products that come in direct contact with
humans such as children toys, medicine, and foods. One of the most promising
methods of creating BPA-free PC is through ring opening polymerization (ROP) of
cyclic monomers to form aliphatic PC®8. Recently a synthetic facile and green route
with scalable capabilities of six-membered functional cyclic carbonates have been
reported’*"3. Such monomers also present the ability to functionalize side groups for
additional material properties, such as the ability to make it photopolymerizable. No
photopolymerizable PC has been reported thus far and the ability to do so opens up
new possibilities to use PC, especially for optical 3D printing methods. In this work,
we report a two-step polymerization process to create a photopolymerizable PC. The
two-step polymerization process is shown in Figure 3.2.1. The first step involves the
thermal ROP of methacrylated trimethylolpropane cyclic carbonate (TMPMAC) and
unfunctionalized trimethylolpropane cyclic carbonate (TMPC) to create random
copolycarbonate. The second step involves photpolymerization to cross-link the
methacrylate groups in the random copolycarbonate. Using TPP to 3D print PC-BTO
nanocomposites, we can fabricate piezoelectric devices for use in areas such as micro
electromechanical systems (MEMS), power generation and harvesting, mechanical

force sensing, or for biomedical applications.
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Figure 3.2.1: The two step polymerization process of BPA-free photopolymerizable
PC. First step involves ROP of TMPMAC and TMC. Second step is the
photopolymerization to cross link methacrylate groups
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TMPMAC and TMPC were provided by Cyclicor AB (Sweden), triethylamine
and 1-propanol were purchased from Sigma-Aldrich, and Irgacure-819 was purchased
from Ciba Inc. 20 nm BTO nanoparticles were prepared as described in another
work™. To prepare the photopolymerizable PC, TMPMAC and TMPC can be mixed
in varying molar ratios. By changing the ratios of TMPMAC and TMPC relative to
each other, the crosslinking densities can be tuned to give different mechanical
properties. Due to this work still being in progress at the time of writing and to
simplify the results, a molar ratio of 2:2 was used. This corresponds to a 0.2 mmol of
TMPMAC (45.6mg) and 0.2 mmol of TMPC (32.4 mg). The two monomers were
placed in a 1.5 mL Eppendorf tube with 3pL of triethylamine and 3pL 1-propanol.
The mixture was heated and mixed at 90°C for 5 minutes. For samples without BTO,
4.5 L of 5% wt/vol of Irgacure 819 in ethanol was added. For samples with BTO, 1
wt% of BTO nanoparticles was additionally. The solution was then heated and mixed
for another 1 minute and was used immediately after heating. After printing with TPP,
the polymerized structures were thoroughly washed with ethanol to remove all

unpolymerized polymer from the structures.

To demonstrate the ability to print PC first, we dispense 3 uL of the PC
solution without any BTO nanoparticles onto the glass substrate for TPP. The laser
power was set to 120 mW using a laser beam attenuator and the writing speed was set
to 60 um/s. SEM images of simple structures such as tessellated hourglass geometries
are shown in Figures 3.2.2 a,b. The structures printed using TPP show high
uniformity across all printed areas, displaying the high precision and definition that the

TPP system possess. The line width of the structures is measured to be 2um. This can
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b)

Figure 3.2.2: 3D printed tessellated hourglass geometries of pure PC using TPP, a)
top-down view, b) tilted view
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easily be tuned to any desired width by changing the power or the write speed of the
TPP process. The power is directly proportional to the line width while the write speed
is inversely proportional to the line width. The height of the structure was measured to
be approximately 3um tall. The height of the structure can easily be increased by
using TPP to polymerize another layer on top, allowing for precise 3D multilayer
designs in a single processing step. With these abilities at hand, we can easily tune the
geometrical specificities and design. Next, we demonstrate the ability to 3D print
BTO-PC nanocomposite by including 20nm BTO nanoparticles into the
photopolymerizable PC. 3 pL of the BTO-PC solution was dispensed onto the glass
substrate and the laser power was set to 135 mW and writing speed was set to 60
pm/s. A single layer printed grid is shown in Figure 3.2.3 a. Just like the pure PC, the
structure shows high uniformity across the printed areas. The line width was measured
to be 1.8um with measured height of the structure to be approximately 3um tall. A
multilayer printed grid is shown in Figure 3.2.3 b. This was done by polymerizing
multiple layers on top one another. The laser power and writing speed was the same as
the single layer grid. The line width was measured to be 2.2um with measured height
of the structure to be approximately 10um. Higher magnification images of the printed
structures’ surfaces of both pure PC and BTO-PC are shown in Figures 3.2.4 aand b
respectively. The BTO-PC surface is significantly rougher with aggregate particles
protruding from the surface of the polymer when compared to the much smoother pure
PC surface. This confirms the presence of BTO nanoparticles in the BTO-PC
nanocomposite. Although the BTO nanoparticles are 20 nm in size, they form clearly

visible aggregates in the BTO-PC nanocomposite. The sizes of these aggregates are
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b)

Figure 3.2.3: 3D printed BTO-PC nanocomposite using TPP, a) a single layer grid, b)
a multilayer grid
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b)

Figure 3.2.4: Higher magnification images of the 3D printed surfaces, a) pure PC, b)
BTO-PC nanocomposite
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highly varied, ranging from 50nm to 400nm. Even though the BTO-PC
nanocomposite contain nanoparticles which could negatively affect the TPP printing
abilities by interacting with the laser light, the same high level of uniformity, precision
and definition of TPP printing is retained when compared to the printed structures of
pure PC. This indicates that the nanoparticles do not hinder the TPP’s ability to 3D

print nanocomposite structures.

In conclusion, we display the ability to print BTO-PC nanocomposites using
TPP. Photopolymerizable PC was made possible through a two-step polymerization
process: ROP of cyclic carbonates with methacrylate functional groups, followed by
photopolymerization to cross link the polymer. We can achieve high structure
uniformity across printed areas as well as high precision printing and definition with
the TPP system. These desirable properties are not diminished when printing BTO-PC
compared to pure PC. Because this work is still in progress at the time of writing,
additional work to characterize the mechanical properties of differing molar ratios of
PC will be done. Piezoelectric characterization of the BTO-PC composite will also be
performed to confirm its piezoelectric properties. The printability of the other molar
ratios of PC and BTO-PC must be examined due to differing crosslinking densities
each ratio produces. In the previous HCOP work with BTO-PEGDA, it was shown that
surface modification of the 80nm BTO nanoparticles affects the piezoelectric
coefficient. Therefore, a similar study into surface modifications of the 20nm BTO is
required to examine the effects on piezoelectricity. Future possible applications of

BTO-PC nanocomposite include the fabrication of a working device utilizing its
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piezoelectric properties. Such applications could involve 3D printing arrays of tunable

ultrasound transducers’ or 3D printing electroactive tissue scaffolds’.

Section 3.1, in part, is a reprint of the material as it appears in Zhu, W., Li, J.,
Leong, Y., Rozen, I., Qu, X., Dong, R., Wu, Z., Gao, W., Chung, P., Wang, J. &
Chen, S. 3D-Printed Artificial Microfish. Adv. Mater. 27, 4411-4417 (2015). The

thesis author was the third author of this paper.

Section 3.2, in part, is currently being prepared for submission for publication
of the material. Leong, Y., Chen, S. This thesis author was the primary investigator

and author of this material.



Chapter 4: Conclusion and Future Works

In this thesis, we have shown the ability to 3D print functional nanocomposites
using both the uCOP system and TPP system. With the uCOP system, we 3D printed
artificial microfishes with encapsulated nanoparticles for multifunctional purposes. Pt
nanoparticles provided the propulsion by catalytically decomposing hydrogen
peroxide into oxygen. Magnetic nanoparticles provided the ability to magnetically
guide the microfishes using an external magnetic source. The speed of the microfishes
can additionally be tuned to any desired speed by changing the geometric design of the
fish as well as by changing the concentration of the encapsulated Pt nanoparticles.
Additional multifunctionality can be added onto the microfishes through the ability to
spatially decide where to encapsulate nanoparticles and this was shown by the addition
of detoxifying PDA nanoparticles. PDA nanoparticles were encapsulated onto the
body of the microfishes and displayed detoxification capabilities. Additionally,
significantly increased detoxification was found in mobile microfishes with Pt
encapsulated nanoparticles compared to stationary microfishes with no Pt
nanoparticles. Future possible works on the microfishes include the expansion to
encapsulate other nanoparticles for additional functionality. Nanoparticles that can
interact with other types of fuel such as water could enable the use of the microfishes
in broader applications. Different types functional nanoparticles besides PDA can

encapsulated into the microfishes as well.

Using the TPP system, we were able to 3D print BTO-PC nanocomposites

using TPP. Photopolymerizable PC was made possible through a two-step

44
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polymerization process: ROP of cyclic carbonates followed by photopolymerization to
3D print highly defined piezoelectric nanocomposites using 20nm BaTiOs (BTO)
nanoparticles and a bisphenol-A (BPA) free photopolymerizable polycarbonate (PC).
The printed structures display high uniformity across all printed areas with resolutions
down to 1-2um. The BTO nanoparticles in the nanocomposites does not interfere with
the printing capabilities of the TPP system allowing the system to retain its high
precision capabilities. Having the ability to 3D print piezoelectric composites with
high resolutions and precision opens many possibilities to create devices that require
intricate 3D geometries and design. BTO surface modification must be investigated
along with additional mechanical characterization of PC and piezoelectric

characterization of BTO-PC composite before this work can be concluded.
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