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Abstract

A novel method to fabricate uniform, biodegradable microspheres from
poly(lactic-co-glycolic acid) (PLGA) 85:15 using an electrospraying process is outlined
in this thesis. Initial optimization of PLGA solution parameters discovered that 4wt%
PLGA in chloroform yielded microstructures with a smooth, spherical morphology. The
addition of benzyltriethylammonium chloride (BTEAC, 2% (w/w) PLGA) increased the
conductivity of the solution, and reduced the coefficient of variance (CV) for
microsphere diameter from >20% to 14%. Furthermore, modifications of applied
potential and spinneret-collector separation distances during electrospraying improved
the microsphere diameter to 11% CV. The fabrication parameters were finalized by the
addition of silicon wafer substrates bearing Ti/Au (10/100nm) dual layer electrodes with
1.5mm diameter working areas. Resulting microspheres had an average diameter of
3.23+0.23um and showed a 7% CV. This method was then applied to exploratory
research in fabricating conductive biomedical devices through the electrochemical
polymerization of polypyrrole (PPy) for 1 minute on PLGA microspheres. Electrical
Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CVt) was performed using a
bare gold reference electrode to characterize the electrical properties. The fabricated
conducting polymer-based electrodes showed promising 10% and 23% impedance
decreases at 1 kHz and 100 Hz respectively relative to the bare gold reference. The
charge storage capacity of these devices was improved over bare gold electrodes by 20%.
Based on these observations, the PLGA microsphere fabrication route presented in this

thesis shows promise for the development of conductive biomedical devices.
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Chapter 1 Introduction

The use of biodegradable materials for biomedical applications is a practice that
dates back thousands of years to the first uses of natural materials such as collagen to
assist in wound closures. In the 1960’s, synthetic biocompatible polymers such as
polyurethane were explored for biomedical applications, such as heart valves and stents.?
The steady advancement of these synthetic biopolymers over the past two decades has
sparked great interest for applications in the biomedical field, specifically where the
polymers were also biodegradable through either hydrolytic processes (e.g. polylactides

and polycaprolactone), or through enzyme activity such as with poly(amino acids).

1.1 Overview of Poly(lactic-co-glycolic acid)

One of the most widely applicable biodegradable and biocompatible polymers in
literature today is poly(lactic-co-glycolic acid) or PLGA (Figure 1.1) .*® PLGA is soluble
in a wide range of organic solvents, such as chloroform, and is degraded by water
through hydrolytic cleavage of ester bonds. It is part of a family of FDA approved linear
polymers capable of being synthesized in a wide variety of combinations from constituent
acids, with applications such as controlled delivery of pharmaceutical drugs and genetic
material including DNA.”® PLGA is mainly identified by monomer ratio (i.e. the PLGA
75:25 copolymer is comprised of 75% lactic acid and 25% glycolic acid monomers).®
Additionally, PLGA can be identified by stereochemistry (i.e. poly D,L-lactic-co-glycolic
acid signifies a racemic mixture of D and L enantiomers of the acids). The final

properties of PLGA (e.g. mechanical strength, degradation rate, etc.) depend strongly on



the initial molecular weight of the polymer, monomer ratio, stereochemistry, exposure to
water, and the temperature at which the polymer is stored.’®*! Table 1.1 compares several

variants of PLGA and shows how selected properties vary based on chemical structure.
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Figure 1.1 Chemical structure of poly(lactic-co-glycolic acid) and acid monomers.® The subscripts n and m
denote monomer ratios, the sum of which is unity.

Table 1.1 Comparison of Selected Biodegradable Polymer Properties®

Modulus  Elongation Cristallinity ~ Degradation Time

Polymer Solvent
Y (GPa) (%) v (%) (Weeks)
Polyglycolide/
oyglyeo ] © 7.0 15-20 Hexafluoroispropanol 45-55 6-12
Polyglactine
Poly(L-lactide) 2.7 - Benzene, THF, dioxane 37 12-18
Poly(D,L-lactide) - 3-10 Methanol, DMF Amorphous 11-15

Ethyl acetate,
2.0 3-10 chloroform, acetone, Amorphous 5-6
THF
Ethyl acetate,

Poly(D,L-lactide-co-
glycolide) 85/15

Poly(D,L-lactide-co-

alycolide) 75/25 2.0 3-10 chloroform, acetone, Amorphous 4-5

DMF, THF

) Ethyl acetate,
Poly(D,L-lactide-co- Y

slycolide) 50/50 2.0 3-10 chloroform, acetone, Amorphous 1-2
Yo

DMF, THF
Poly (L-lactide-
co-glycolide) 10/90




1.2 Conventional Methods for Fabrication of PLGA Microstructures

The encapsulation of bioactive agents such as dexamethasone® and bioactive
macromolecules such as DNA and RNA® is currently one of the most studied
applications of PLGA. The wide range of chemical and physical properties available to
PLGA allows a substantial degree of flexibility in choosing a fabrication route to create
encapsulating microspheres. A few examples of well-known fabrication techniques in
literature include emulsions, phase separations, and spray-drying.***> Emulsion methods
include single (oil-in-water) and double (water-in-oil-in-water) emulsions, where precise
control of the solvents and dispersions is critical to producing uniform microspheres.'®*®
Phase separation (coacervaction) is a more difficult process that requires meticulous
control over liquid-liquid interphases and subsequent drying procedures.*?* The main
advantage here lies in the ability to control size through stirring speed, however, the
process is susceptible to agglomerates and uses large quantities of organic solvent. Spray
drying is a rapid method involving dispersions or emulsions in a stream of heated air.?*
This process excels in simplicity, but also produces a large quantity of agglomerated
structures, and suffers from large product loss due to product adhesion to the inner walls
of the dryer. The most common drawback for all of the above methods is that produced

structures typically have size coefficients of variation (CV) in the range of 10-50%,

which is typically too large for reliable performance in biomedical devices.*®

1.3 Electrospraying as an Alternative Fabrication Method

A fabrication technique that aims to mitigate the disadvantages of conventional

methods is known as electrostatic spinning (commonly referred to as electrospinning or



electrospraying)?. This technique has seen a significant increase in utilization over the
past decade as a simple, cost-effective means of producing continuous nanoscale fibers
from polymer solutions.?” This electrostatic spraying process is based on the uniaxial
stretching of a viscoelastic jet of polymer solution or melt.?*# A typical laboratory setup
for electrospraying is simple, involving only a metallic needle spinneret, a high voltage
power supply (typically direct current), and a grounded conductive substrate as a
collector (Figure 1.2A). The theory behind the process is more complex however. When
an electrical potential (typically 1-30kV) is applied to a polymer solution being pumped
through the metallic spinneret, the pendant drop of that solution becomes electrified and
is subjected to both electrostatic repulsion from surface charges and coulombic forces

from an external electric field generated between the spinneret and grounded collector.®

polymer solution

needle Y —, v
liquid jet )‘ +
[’y high voitage ;_% il
power supply o — &
—

B
Taylor cone

' £ —1cm —2cm
- collector

Figure 1.2 A) Schematic of the overall electrospraying process®®, B) Taylor cone formation, and C) the
resulting matt of fibers after a typical experiment. D) Image of 1/250 s and E) 18ns timescale photography
showing the perceived splitting and actual high frequency whipping behavior of the solution jet.

The surface tension of the viscous polymer solution also influences the process by
acting to resist the electrostatic forces applied by the external electric field. Increasing the

applied potential to overcome this resistance distorts the pendant solution drop into what



is referred to as the Taylor cone (Figure 1.2B).3' Further increases in potential will
eventually allow the electric field strength to overcome a threshold value of the solution
surface tension, resulting in the release of a liquid jet. The jet then undergoes vigorous
whipping motions as a result of interactions between the external electric field and
surface charges on the jet, which act to decrease the diameter of the ejected fibers as the
fiber nears the collector.***® To the naked eye, the ejected fibers give the impression of
splitting into many different fibers and forming a wide stream of fibers (Figure 1.2D), but
closer inspection with slow-motion photography reveals the whipping phenomenon
(Figure 1.2E)**. Fibers depositing on the collector typically form a randomly woven matt
(Figure 2.1C), as the whipping motion is not conducive to producing aligned fibers.
However, the setup and operating conditions of this process can be extensively
optimized, granting flexibility in the desired end product such as aligned fibers and

intricately woven matts of aligned fibers.*®

Some common adjustment parameters for the electrospraying process include the
applied potential, spinneret-collector separation distance, and solution properties among
many others, all of which have been shown to play a role in determining the fabricated
morphology of different polymer systems.?”?° The applied potential directly affects the
volume of polymer ejected from the spinneret, as well as the intensity of forces placed on
the fiber by the external electric field. The effects of the spinneret-collector separation
distance are primarily observed in the final dimensions of the deposited polymers. The
greater the distance traveled, the longer the forces applied by the electric field may act on
the ejected solution. This is clearly observed during fiber fabrication.** Solution

properties such as viscosity, surface tension, and solution conductivity are all reported to



affect the morphology of the structures fabricated.®*** Agents such as salts are often
added to increase the conductivity of the electrosprayed solution and thus increase the
forces applied during the spraying process, typically resulting in structures with smaller
dimentions®. Though fibers are the main microstructures produced from this technique in
literature, recent developments have shown the potential for the fabrication of other

structures such as microspheres.

1.4 PLGA Microsphere Applications in Electrically Conductive Devices

One potential application of electrospraying is in the fabrication of microelectrode

I*2. Their work showed the formation of

neural probes as demonstrated by Abidian et a
conductive poly(3,4-ethylenedioxythiophene) nanotubes containing PLGA fiber cores
created via electrospraying. PLGA performed the dual role of defining the surface area of
the subsequent conductive nanotubes while also modifying controlled drug release

rates.’? Nanoscale bioelectronics such as these are in high demand for applications such

36,37 38,39

as neural interfacing®™°" and bioactuation®™*, which require small electrode sizes capable
of maintaining low impedance characteristics. A persisting challenge for these devices is
the electrical impedance, which can become quite large as devices approach the
nanoscale. While impedance can be decreased through use of nanofibers with inherently
large surface areas, there is potential for further improvement through the use of spherical

structures.

The feasibility of creating uniform spherical structures via electrospraying was
previously demonstrated with PLGA 50:50.*° However, those results cannot be directly

applied to other PLGA compositions, since as stated above (Section 1.1), the final



morphology depends strongly on solution parameters, including polymer composition®?’.
Additionally, at the time of this research, no other published literature has tested the
electrical impedance and charge storage capacities of conductive electrodes bearing
spherical microstructures, which may have significant impacts on the properties of

nanoscale bioelectronics.

This thesis describes the optimization of a modified electrospraying process with
the ultimate goal of producing well-defined PLGA 85:15 microspheres having diameters
approaching the nanometer length scale. The optimized process is then applied to the
production of poly(pyrrole) (PPy) electrically conductive electrodes in order to
demonstrate the potential of such devices to improve electrical properties for applications

in electrically conductive biomedical devices.



Chapter 2 Materials and Methods

2.1 Materials

PLGA (85:15 DLG 7E) with an inherent viscosity of 0.6-0.8 dLg™ was purchased from
Evonik Industries (Birmingham, AL). Benzyl-3-triethylammonium chloride (BTEAC)
and Pyrrole (molecular weight: 67.09gmol™) were purchased from Sigma-Aldrich.
Poly(sodium-p-styrenesulfonate) (PSS, MW 70 kD) was purchased from Acros-Organics.
Chloroform (CHCI3) was purchased from SupraSolv Company. N-type silicon wafers
coated with TiO, were purchased from University Wafer Company. Spinnerets (metal tip,
22 gauge), plastic syringes (3ml), petri dishes (120mm diameter), and plastic microscope

slides were purchased from VWR.

2.2 Fabrication of Conductive Substrates

Initial trials used as-purchased plastic microscope slide substrates, which were covered
by removable plastic masks. The masks were laser cut (Universal CO, Laser Model
M360) to the desired “dumbbell” shape as shown below in Section 3.4. The dumbbells
were comprised of a square deposition area (0.25cm?) connect to a larger rectangle (0.25
x 1.0 cm) via a connecting “bridge” (0.1 x 1.0 cm). A one-step sputter coating process
(Quorom EMS 150 Sputter Coater) was used to apply a layer of Au (100nm). Later trials
used as-purchased N-type semiconductor silicon wafers covered by removable tape
masks that were developed for this work. These masks were laser-cut to a different

“dumbbell” shape chosen to optimize desired parameters as shown in Section 3.4. The



diameters of the circles were a 1.5mm work area connected to a 5mm circle by a
1.0x10mm “bridge”. Masked Si wafers were coated with a dual conductive metal layer
comprised of 10nm Ti support layer and 100nm Au to ensure good conductivity and
adhesion to the oxide substrate surface (Kurt J. Lesker Lab-18 evaporative coating
system). Removal of the plastic slide and removable tape masks respectively completes

the substrate fabrication process.

2.3 Fabrication of Electrosprayed Microspheres

The fabrication process for PLGA microspheres was improved in several stages, the
methodology of which is presented here in the order utilized. All electrospraying
experiments were carried out in a closed Plexiglas box to increase control over the

experimental environment.

2.3.1 Initial Fabrication

A homogeneous solution of 3, 4, and 5% (w/w) PLGA was prepared by dissolving
0.473g, 0.617g, and 0.779g of PLGA respectively in 10ml of chloroform at room
temperature for 12 hours. The mixture was electrosprayed onto the fabricated plastic
substrates described above (Section 2.2) for 25s using an applied field of 100kvVm™
(10kV applied potential and 10cm spinneret-collector separation distance), a spinneret
gauge of 22, and a flow rate of 500ul/hr. Temperature and humidity were controlled at
26°C and 35-37% respectively. The resulting PLGA microspheres were deposited

directly onto the 0.25cm? square of the conductive substrate.



2.3.2 Addition of Inert Organic Salt

A homogeneous solution of 3, 4, and 5% (w/w) PLGA and 2% BTEAC (w/w PLGA)
was prepared by dissolving aforementioned quantities (Section 2.3.1) of PLGA and
0.0095g, 0.0123g, and 0.0157g BTEAC respectively in 10ml of chloroform at room
temperature for 12 hours. The mixture was electrosprayed onto fabricated plastic
substrates described above (Section 2.2) for 25s using an applied field of 100kVm™
(10kV applied potential and 10cm syringe-substrate separation distance), a spinneret
gauge of 22, and a flow rate of 500ul/hr. Temperature and humidity were controlled at
22°C and 30-34% respectively. The resulting BTEAC-loaded PLGA microspheres were

deposited directly onto the 0.25cm? square of the conductive substrate.

2.3.3 Optimization of Fabrication Parameters

A homogeneous solution of 4% (w/w) PLGA and 2% BTEAC (w/w PLGA) was
prepared by dissolving 0.617g of PLGA and 0.0123g BTEAC in 10ml of chloroform at
room temperature for 12 hours. The mixture was electrosprayed onto fabricated plastic
substrates described above for 25s. The parameters of field strength (80kVm™, 100kVm™,
and 133kVm™) were tested by varying applied potential and spinneret-substrate
separation distance independently. Additionally, an alternative setup to produce 100kVm®
! was tested (8kV applied potential and 8cm syringe-substrate separation distance). The
spinneret gauge was 22, and a flow rate was 500pul/hr. Temperature and humidity were
controlled at 25°C and 30-31% respectively. The resulting BTEAC-loaded PLGA
microspheres were deposited directly onto the 0.25cm? square of the conductive

substrate.
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2.3.4 Redesign of Conductive Substrates

The previously used plastic substrates bearing square “dumbbell” electrodes were tested
alongside circle “dumbbells” on both plastic and Si wafer substrates. A homogeneous
solution of 4% (w/w) PLGA and 2% BTEAC (w/w PLGA) was prepared by dissolving
0.617g of PLGA and 0.0123g BTEAC in 10ml of chloroform at room temperature for 12
hours. The mixture was electrosprayed onto fabricated plastic substrates described above
for 25s using an applied field of 100kVm™ (8kV applied potential and 8cm syringe-
substrate separation distance), a spinneret gauge of 22, and a flow rate of 500ul/hr.
Temperature and humidity were controlled at 21°C and 30-31% respectively. The
resulting BTEAC-loaded PLGA microspheres deposited directly onto both types of

conductive substrate.

2.3.5 Final Optimization of Fabrication Parameters

A homogeneous solution of 4% (w/w) PLGA and 2% BTEAC (w/w PLGA) was
prepared by dissolving 0.617g of PLGA and 0.0123g BTEAC in 10ml of chloroform at
room temperature for 12 hours. The mixture was electrosprayed onto fabricated plastic
substrates described above for 25s using an applied field of 100kVm™ (8kV applied
potential and 8cm syringe-substrate separation distance), a spinneret gauge of 22, and a
flow rate of 500ul/hr. Temperature and humidity were controlled at 22°C and 30-34%
respectively. The resulting BTEAC-loaded PLGA microspheres deposited directly onto

the 1.5mm circle of the conductive substrate.
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2.4. Analysis of Microsphere Morphology

To characterize the size and morphology of the electrosprayed PLGA microspheres,
optical bright-field microscopy images were taken at various magnifications (Zeiss
Imager Z1, Germany) and analyzed using AxioVision digital processing software.
Further analysis was conducted using Field Emission Scanning Electron Microscopy
(FESEM) (FEI Helios NanoLab 660 FIB/FESEM). To reduce charging in the FESEM,
the samples were briefly sputter coated by gold (Denton Vacuum, LLC) for 40 sec at

40mA.

2.5 Statistical Analysis

Microspheres were analyzed by focusing on a predetermined central area of each optical
image and measuring all microspheres within that area. Standard statistical analysis
(Origin 8.6 SRO, Northampton, MA) was performed on fabricated PLGA microspheres
(n=100-200 microspheres). Outliers were detected and removed by use of a Grubbs Test
with a significance of 0.05 (standard two-sided analysis). One-way ANOVA analysis was

conducted on Impedance and Cyclic Voltammetry results (OriginPro 2015).

2.6 Conductive Polymer Coating on Fabricated PLGA Microspheres

Exploratory work was completed to test the efficacy of PLGA microspheres as template

cores for the fabrication of spherical conductive microstructures from poly(pyrrole)

(PPy).
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2.6.1 Electrochemical Polymerization of Pyrrole

The electrochemical polymerization of PPy was performed using an Autolab PGSTAT
302N (USA METROHM Company) in galvanostatic mode, with a two-electrode
configuration at room temperature. Fabricated PLGA microspheres were coated with a
solution of pyrrole (2.0M), which was doped with poly(sodium-p-styrenesulfonate) (PSS)
(2.0M) in deionized water using 0.5mAcm™ current density for 1 minute. The working
electrode was applied to the 5mm circle on the above Si wafer substrates. The counter

electrode was connected to a platinum wire in the pyrrole-PSS solution.

2.6.2 Electrochemical Impedance Spectroscopy (EIS)

EIS was used to determine the impedance of PPy-coated and bare gold electrodes.
Measurements were done using an Autolab PGSTAT 302N and Nova frequency response
analyzer software in potentiostatic mode. A solution of 0.1M phosphate-buffered saline
(PBS, pH=7.4) was used as the electrolyte in a three-electrode configuration. The
Ag/AgCI reference electrode and PPy-coated microspheres were immersed in the
electrolyte along with the counter electrode. An alternating current (AC) sinusoidal
signal, with 10mV root-mean-square amplitude, was imposed to measure the impedance

magnitude and phase angle over a frequency range of 1-10* Hz.

13



2.6.3 Cyclic Voltammetry (CV1t)

A staircase CVt was performed using an Autolab PGSTAT 302N with a three-electrode
configuration, again using Ag/AgCl as a reference electrode. A scan rate of 30mV s was
applied, sweeping between -0.8 to 0.4V on the working electrode. The surface area
contained inside the CVt curve represents the charge capacity of conducting polymer and
was calculated using OriginLab software. In order to calculate the charge storage
capacity the third cycle was used since the readings were observed to be consistently

stable after the second cycle.
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Chapter 3 Results and Discussion

The results of this work are presented in six sections, each showing a progressive
step towards optimization of PLGA microsphere fabrication. The first two sections focus
on the selection of optimal solution parameters, while the third section deals exclusively
with the electric field as controlled by various processing parameters. The fourth section
elaborates on substituting the electrode geometry and substrate materials with those that
are reported in the literature concerning the intended biomedical device application. The
fifth section combines the results of the previous sections to finalize the parameters for
the fabrication of PLGA microspheres, with which large quantities of samples are
prepared and analyzed. Finally, the sixth section details an exploratory research that
combines fabricated microspheres with conductive polypyrrole (PPy) to produce

conductive biomedical devices.

3.1 Initial Fabrication of PLGA Microspheres

Studies into various forms of PLGA found that 85:15 lactic/glycolic acids was
appropriate for this research due mainly to a high degradation resistance (see Table 1.1).
This would allow the fabricated microspheres to withstand subsequent fabrication and
characterization steps, which involve exposure to aqueous environments. The processing
parameters for initial testing were proposed and are summarized in Table 3.1. The
original solvent was dichloromethane, but the high vapor pressure lead to deposition of
PLGA precipitate, which often clogged the spinneret. Chloroform was therefore adopted

instead. Ambient conditions such as temperature and humidity were difficult to optimize
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since the effect on the final product of electrospraying remains uncertain in
literature,?"?®3! however, previous work has found optimum electrospraying conditions
between 25-40%. It is difficult to pinpoint why this range is preferable since literature has
not formed a consensus, and moreover rarely reports these values. For this thesis, room
temperature and ~31% humidity were chosen. The deposition time of 25 seconds
consistently yielded samples bearing dense microsphere populations without sphere
overlap, and was thus used throughout this research. Unless otherwise stated, each
fabrication step was reproduced a minimum of five times, analyzing a minimum of 100

microspheres to calculate statistics.

Table 3.1 Initial Processing Parameters for the Fabrication of PLGA Microspheres

Applied Potential 10kV
Spinneret-Collector Separation Distance 10cm
Deposition Time 25s
Temperature 21+ 3°C
Humidity 32+ 2%

Previous work found that a 3-5% PLGA (w/w) concentration range in
dichloromethane consistently produced smooth, spherical PLGA microstructures*, and
thus served as a starting point for the work presented in this thesis. It was expected that as
solution concentration increased, microsphere diameters would also increase as a result of

the amount of polymer deposited per unit time given the same electrospraying conditions.
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Figure 3.1 shows representative optical bright-field microscopy images for all
three solution concentrations tested in these initial trials. At first glance, fabricated
microspheres appeared uniform at all concentrations; however, statistics showed that the
average diameters of the microspheres were far from uniform with coefficients of
variance (CV) exceeding 20% in all solutions (Table 3.2). Interestingly, there was no
distinguishable difference in microsphere diameter between 3, 4, and 5wt% PLGA, in

contrast to what was predicted previously®.

These results indicated that the chosen solution range consistently produced
spherical microstructures; however, the observed variance of microsphere diameters at all
solution concentrations prompted additional solution modification through the addition of
an inert stand-in for the pharmaceutical agents typically carried by PLGA in literature.
This addition would increase solution conductivity, theoretically decreasing the
microsphere size®”. The next phase of development therefore concentrated on the addition

of such a compound.

Table 3.2 Comparison of Fabricated PLGA Microsphere Diameters

PLGA Concentration  Microsphere Diameter Coefficient of VVariance

3wWt% 5.82+1.63um 28%
Awt% 5.93+1.41um 23%
5wt% 4.61+1.95um 43%
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Figure 3.1 Optical bright field images of PLGA microspheres electrosprayed from solutions of A) 3wt%,
B) 4wt%, and C) 5wt% PLGA concentrations in chloroform. Microstructures appear consistently spherical
in these images; however, low uniformity was evidenced by statistical analysis, prompting further
optimization.

3.2 Addition of Inert Organic Salt

The compound chosen for this fabrication route was the inert organic salt benzyl-
3-triethylammonium chloride (BTEAC). Based on previous literature*’, a concentration
of 2% BTEAC (w/w PLGA) was added to the above solutions (Section 3.1). Figure 3.2
shows the optical images comparing microspheres resulting from the three solutions. The
addition of BTEAC was observed to decrease the diameters of the resulting

microspheres, and also had an intriguing impact on resulting morphology.
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Figure 3.2 Optical bright field images of PLGA microspheres electrosprayed from solutions of A) 3wt%,
B) 4wt%, and C) 5wt% PLGA concentration in chloroform with 2% BTEAC (w/w PLGA). Samples from
5wt% and D) 3wt% solutions often showed morphologies such as fibers, while 4wt% rarely contained such
structures.

The results of the 3wt% solution (Figure 3.2A) were initially promising based on
the statistical analysis of the microsphere diameters (Table 3.3), which indicated a 12%
CV. However, it was difficult to reproduce these results in subsequent experiments.

Large fibers were frequently found among the microspheres as shown in Figure 3.2D.

Table 3.3 Comparison of Fabricated PLGA/BTEAC Microsphere Diameters

PLGA Concentration  Microsphere Diameter Coefficient of Variance

3wt% 2.91+0.35um 12%
4Awt% 2.82+0.41um 15%
Swit% - -
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Figure 3.2B shows the results from the 4wt% PLGA solution, which appeared
uniform and essentially free of fibers. Statistics reveal a much narrower diameter
distribution than previously obtained for 4wt% PLGA (Section 3.1). The samples
prepared from 5wt% PLGA were far less promising owing to the persistent presence of
fibers. As a result, no statistical data was taken, and this solution was deemed unsuitable
for further optimization. Overall, the addition of salt proved feasible for CV reduction,
but also increased the presence of fiber structures in 3 and 5 wt% PLGA solutions.
Further optimization was therefore limited to 4wt% PLGA and shifted focused to process

parameters.

3.3 Optimization of Fabrication Parameters

As determined in the previous experiments, the solution parameters for 4wt%
PLGA with 2% BTEAC (w/w PLGA) in chloroform were effective for producing
microspheres, but further adjustments to processing parameters were needed to narrow
the diameter distributions. Solution flow rate and the spinneret gauges are often stated to
influence final polymer morphology?, but were not found to have a consistent impact the
results of this research. Thus, a 500ul/hr flow rate and spinneret gauge of 22 was chosen

based on previous research and are held constant for the work presented in this thesis.

The most influential parameter of the electrospraying process perhaps is the
electric field strength when generated between the spinneret and the grounded collector.
As mentioned above (Section 1.3), the electric field can be affected by alterations in the
applied potential and the spinneret-collector separation distance. In this section, the

effects of varying these parameters were analyzed using 4wt% PLGA with 2% BTEAC
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(w/w PLGA) solution. Figure 3.3 shows the effect of both a lower (80kVm™) and higher
(133kVm™) field strength than used in the previous sections (100kVm™). Here, the
density of deposited microspheres appears to increase with electric field strength. At a
low field strength (Figure 3.3A), the diameter of the microspheres was 2.89+0.33um,
approximately the same size as in previous trials (Section 3.2). The use of a higher field
strength (Figure 3.3B) had no significant (p>>0.05) impact on microsphere diameter

(2.900.38pm).

Figure 3.3 Optical bright field images of PLGA microspheres electrosprayed from 4wt% PLGA with 2%
BTEAC (w/w PLGA\) solutions. The strength of the electric field was varied between A) 80kVm™ and B)
133kVm™. Microsphere density was observed to increase with the applied field strength, though
microsphere diameter was not impacted.

Though uniform microspheres were produced (~13% CV), it was difficult to
prevent the simultaneous formation of other microstructures. Lower field strengths
imparted lower forces on the PLGA solution, often resulting in large drops of solvent
interspersed with microspheres as seen in Figure 3.4A. Conversely, higher electric field
strength resulted in frequent fiber formation as shown in Figure 3.4B. Such features were
notably less frequent at the previously tested electric field strength of 100kVm™, leading

to the hypothesis that the electric field may not be consistent between the substrate and

spinneret. Therefore, the spinneret-collector separation distance was decreased to 8cm,
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requiring a reduction of applied potential to 8kV to maintain a 100kVm™ applied field.
The shorter distance was predicted to mitigate possible interference of the electric field or
interactions occurring between sprayed droplets that may have been responsible for the

other microstructures observed earlier. Figure 3.5 shows the results of this adjustment.

Figure 3.4 Optical bright field images of PLGA microspheres electrosprayed from 4wt% PLGA and 2%
BTEAC (w/w PLGA) solutions. The strength of the electric field was varied between A) 80kVm'™, which is
susceptible to large droplet formation and B) 133kVm™, which produced fibers on a consistent basis.

Figure 3.5 A) Optical and B,C) FESEM images of PLGA microspheres electrosprayed from 4wt% PLGA
and 2% BTEAC (w/w PLGA) solutions at 100kVm™ electric field strength (8kV applied potential, 8cm
spinneret-collector separation distance). Microspheres appear smooth and uniform in the optical images; an
observation confirmed by FESEM images.
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As shown in Figure 3.5A, the structures produced from the 100kVm™ applied
electric field and shorter spinneret to substrate separation distance lack the fibers or
droplets observed previously. Statistical analysis shows that these microspheres had
diameters of 3.55+0.4um and 11% CV. Additional imaging with Field-Emission
Scanning Electron Microscopy (FESEM) confirms a smooth, spherical geometry for the
deposited microspheres. These results appear to support the previously stated hypothesis
of electric field inconsistency. The next step in development was to mass produce these
microspheres for applications in biomedical devices. However, the electrode substrates
used thus far were simple plastic coverslips with a large square area of sputtered gold,
and are generally unsuitable for bioelectronics applications, as explained in the next

section.

3.4 Redesign of Conductive Substrates

For the intended application of these PLGA microspheres in bioelectronics,
smaller electrode sizes are favored as they minimize undesired biological responses such
as fibrous encapsulation and inflammatory responses. Since the work described here is
intended to be applied to such electrodes, decreasing the electrode size was considered
prudent. Figure 3.6 shows the alteration from a square area of interest (Figure 3.6A) to a

smaller circular one (Figure 3.6B).

Figure 3.7 shows the results of employing the solution and processing parameters
from the previous sections on the smaller electrodes. While the morphology and diameter
of the microspheres appeared uniform, the density of these deposited structures varied

greatly from the edge of the gold electrode to the center. Further, the shape of the
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deposition area did not follow any distinguishable pattern (Figure 3.7A,B) and changed
on a per sample basis. Figure 3.6B also shows this phenomenon through the irregular

pattern on the electrode area of interest (red circle).

Figure 3.6 Image showing the progression of electrode substrates from the A) initial square shape to B) the
final circular configuration. The red circle highlights the irregular deposition of PLGA microspheres on the
electrode (light cream color). C) The final electrode shape on Si wafer substrates.

Figure 3.7 Optical bright field images of PLGA microsphere deposition patterns on plastic substrates
bearing circular electrodes. A) and B) show the irregularity of the deposition area while C) shows higher
magnification of the density distribution from the outer edge of the deposition area to the center. Electric
field edge effects may be the cause of the unpredictable pattern and high density of microspheres at the
edge of the gold electrode.
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This lack of control and severity of microsphere density changes near the
electrode edge may be attributed in part to electric field edge effects. Since the plastic
substrate is insulating, the electric field is generated only in the area designated by the
gold electrode shape, increasing the complexity of the process. Similar effects were
previously observed for the large square electrodes, though this phenomenon had little
impact on PLGA deposition patterns on the relatively large electrodes. It was
hypothesized that switching to a semiconductor substrate may mitigate this problem.
Silicon semiconductor substrates are ideal substitutes for the plastic substrates on account
of their wide applicability in the electronics industry and literature®®. A sample of this
new substrate is shown in Figure 3.6C. Switching to silicon, however, introduced new
challenges. Gold is notoriously poor at wetting the surface of silicon wafers, thus
requiring an additional layer of titanium to ensure proper adhesion. Instead of traditional
sputter coating, an evaporative sputtering technique was adopted. The plastic masks used
previously were ill-suited for such a process and thus necessitated a new fabrication route
for masks as is described in Section 2.2.

Figure 3.8 shows the results of combining the solution and process parameters
developed in previous sections with the new substrate shape and material. While the
adhesive masks were not ideal and yielded rough edges on the electrodes, deposited
microspheres did not have preference for either the gold electrode or the silicone
substrate. This result supports the earlier hypothesis of electric field edge effects
disrupting uniform deposition on plastic substrates. Moreover, the uniformity of the

microsphere sizes was maintained, and other morphologies such as fibers were almost
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completely excluded. Based on these results, the fabrication route for PLGA

microspheres could be applied to mass produce samples for subsequent application.

Figure 3.8 Optical bright field microscopy images of PLGA microsphere distributions on silicon wafer
substrates at A) 5X and B) 50X. Though the electrode edges were rough in appearance, microsphere
deposition was not affected and had no distinguishable preference for either gold or silicon surfaces.

3.5 Final Optimization of PLGA Microsphere Fabrication Parameters

This section summarizes large scale production of PLGA 85:15 microspheres
with encapsulated 2% BTEAC (w/w PLGA) as a stand-in for anti-tumor or anti-
inflammatory agents. The processing and solution parameters refined in the previous four

sections are summarized in Table 3.4.

After coating over 50 samples, statistical data was collected from ten samples
chosen at random from the population. The central points of those images were magnified
six times, leaving generally 15-25 microspheres within those boundaries for a total of
200, all of which were counted and measured according to Section 2.5. Figure 3.9 shows
optical and FESEM images typical of the samples produced. The deposited structures

appear as smooth spheres with even density distributions across the electrode surface.
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Table 3.4 Final Parameters for the Electrospraying of PLGA Microspheres

Polymer PLGA 85:15
Solvent Chloroform
Conductivity Modifier BTEAC Organic Salt
Solution Concentration 4wt% PLGA/2Wt%BTEAC
Applied Potential 8kV
Spinneret-Substrate Separation Distance 8cm
Electric Field Strength 100kV/m
Flow Rate 500ul/hr
Deposition Time 25s
Ambient Temperature 22°C
Ambient Humidity 32%
Spinneret Gauge 22

Figure 3.9 Representative A) optical and B) FESEM images of the PLGA microspheres fabricated by the
optimized electrospraying process.

Figure 3.10 gives a histogram showing the diameter distribution of these
microspheres. The average microsphere diameter was 3.23+0.23um, with a 7% CV. This

is the lowest diameter variance achieved by this work and can be considered a substantial
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improvement from the initial experiments. The process can now be applied to

bioelectrical device fabrication, a brief example of which is given in the next section.
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Figure 3.10 Histogram showing the distribution of PLGA microsphere sizes produced during the mass
production step of this work. The average microspheres diameter was 3.23+0.23um, with a 7% CV.

3.6 Conductive Polymer Coating on Fabricated PLGA Microspheres

The results from the previous sections showed that PLGA can be readily
processed into spherical microstructures. Additionally, it was previously shown that
PLGA 85:15 is stable during electrochemical polymerization and can be removed via
dissolution in chloroform, leaving surrounding structures intact, thus making it desirable
for applications with conducting polymer structures*®** A preliminary experiment

combining the fabricated microspheres from Section 3.6 is detailed here.
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The Electrodes bearing electrosprayed PLGA microspheres were placed in a
solution of the conductive monomer pyrrole and dopant ionic salt poly(sodium-p-
styrenesulfonate) (PSS) in deionized (DI) water. Electrochemical polymerization was
carried out according to the procedure given in Section 2.6.1. Figure 3.11 shows FESEM
images of a 1 min coating of PPy. Optical images were not obtained, since polymerized

polypyrrole (PPy) does not transmit or reflect enough light for practical observations.

Figure 3.11 FESEM images of A, B) individual and C, D) multiple PLGA microspheres partially
encapsulated by conductive PPy. Defects on the surface of the microspheres were plausibly due to electron
beam damage. The red circles in C) highlight instances where PPy coating encapsulates smaller structures,
indicating complete encapsulation of all microspheres is plausible given longer polymerization times.

The rougher surface surrounding the microspheres seen in Figure 3.11 is
indicative of a PPy film since FESEM images without any PPy coating (Figure 3.9B)

show the characteristic grain structure of gold around the microspheres. The coating
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process initiated from the gold substrate and surrounded the bottom of the PLGA
microspheres first, likely a result of the electrochemical polymerization process itself,
which occurs at the interface of a conductive substrate and the monomer solution.*? Since
the PLGA microspheres are insulating in nature, PPy tends to deposit first around the
bottoms of these microspheres. The precise polymerization mechanism is still debated in
literature.***® It is predicted that given longer polymerization times, the coating will
continue to encapsulate the microspheres until they are completely covered, as is

evidenced by some of the smaller structures in Figure 3.11C (red circles).

The electrical performance of these conductive microstructures was measured in
the form of Electrical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CVt).
These characterization techniques are widely accepted in literature and are described in

44-46

full detail elsewhere™ ™, therefore, only a basic summary of each technique is provided.

Resistance is a measure of a circuit component’s ability to resist the flow of

E

electrical current, and is restricted to circuits that follow Ohm’s Law (R = 7) where

resistance (R) (ohms) is defined as the ratio of potential (E) (volts) to current (1)
(amperes). More complex circuits and situations involving alternating currents (AC),
such as those detailed in this thesis, require a more general resistance parameter called
impedance. EIS measures the impedance of a circuit by applying a range of small AC
potentials to a circuit and calculating the resulting impedance (Z) (ohms) based on
Equation 3.1,

Er _ Epsin(wt) sin(wt)

Equation 3.1 Z= I Ipsin(wt+e) O sin(wt+e)
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where (E) and (I) are as defined above, (w) is the radial frequency in hertz, (t) is time,
and (¢) is the phase shift between applied and measured signals at time t. Subscripts
indicate applied (o) and measured signals at time t (;). Data is typically presented as a log-

log plot of impedance vs. AC frequency.

CVt applies a cyclic potential to a system that sweeps first towards a negative and
subsequently back towards a positive potential value. The current resulting from the
applied potential is then measured and analyzed. In a typical experiment, the negative
potential increases the measured current until reduction within in the system occurs. As
the potential sweeps towards positive values, a second peak appears when a part of the
system oxidizes. The frequency and potential range at which peaks occur depend on the
system being analyzed. A full sweep encloses a derived surface area, which in this thesis

is used to calculate the charge storage capacity of the system as shown below.

Figure 3.12 shows the results of both types of analysis on a bare reference
electrode, and one bearing PLGA microspheres coated with PPy for 1 minute. For each

type of analysis, five samples were compared and averaged.
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Figure 3.12 A) EIS spectroscopy and B) CVt comparing bare gold reference samples and electrodes
bearing PLGA microspheres coated for 1 min with PPy.
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The EIS data (Figure 3.12A) shows a large decrease in impedance when
compared to bare gold at the low end of the frequency spectrum. For relevant
bioelectronics applications, it is common practice to examine impedance at specific
frequencies relevant to the intended application®’. For this work, the impedance at 110Hz
and 1kHz were compared between the fabricated sample and the gold reference. At 110
Hz, the fabricated sample impedance significantly (p<0.05) decreased from 165+14Q to
127£10Q, an improvement of 23%. At 1kHz, the fabricated sample also showed a
significant (p<0.05) decrease of 10% in impedance from 100+10Q to 90+10Q. These
results show potential for continued improvement of impedance properties given longer

electrochemical polymerization durations.

CVt data shows improvement in terms of charge-storage capacities over the bare
gold substrates (Figure 3.12B). CVt was measured in order to determine the absolute
charge storage capacity of the fabricated devices, which is directly related to the surface

area contained within the CVt plot as shown in Equation 3.2.

S
r*A

Equation 3.2 Q=

In the above equation, (Q) is the charge-storage capacity (C/cm?), (S) is the derived
surface area of the CVt plot (See Section 2.6.2), (r) is the scanning rate (V/s), and (A) is
the absolute surface area of the electrode (cm?). As seen in the figure above, the coated
electrode had a dramatically larger area (S) than the bare gold. Calculations show a
significant (p<0.05) improvement in charge storage capacity from 1.89+ 0.33mC/cm? to
2.31+0.55mC/cm?. This result holds promise that long durations of coating with PPy can

further improve the storage capacity.
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Chapter 4 Conclusions and Future Work

This work discloses the development of a novel fabrication route to produce
uniform PLGA 85:15 microspheres on the surface of effective electrodes for potential
applications in electrically conductive bioelectronics devices. Previous works by other
groups provided inspiration for the initial fabrication of well-defined structures ranging
from nanofibers to microspheres, but no previous work incorporated PLGA 85:15, a
polymer with higher resistance to hydrolysis. Further, PLGA microspheres had yet to be

combined with conductive polymers for bioelectronics applications.

Initial fabrication steps taken from the literature did not produce monodisperse
microspheres (CV>20%), and occasionally produced a variety of other structures
including fibers and large solvent drops. The addition of an organic salt, BTEAC
improved the CV to ~14% in diameter for 4wt% PLGA solutions containing 2% BTEAC
(w/w PLGA). Modification of the applied electric field strength above and below
100kVm™ did not reliably improve fabricated microsphere uniformity. However,
decreasing the applied potential to 8kV and the spinneret-substrate separation distance to
8cm decreased CV to 11%. The replacement of plastic substrates and larger square
electrodes with silicon wafer substrates bearing small circular electrodes yielded further
improvement of the microsphere sizes and uniformity. Mass production using the settings
determined from all previous steps resulted in uniform microspheres with diameters in

the range of 3.23+0.23um (CV=7%).
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The potential application for bioelectronics devices was demonstrated through
exploratory research where PLGA microspheres were coated with a layer of
electrochemically polymerized conducting PPy for one minute. The electrical properties
of impedance and charge-storage capacity were tested using EIS and CVt analysis.
Impedance testing showed statistically significant (p<0.05) decreases at 110Hz and 1kHz
frequencies (23% and 10% decrease respectively) when compared to bare gold
references. CVt analysis also showed statistically significant (p<0.05) improvements in
charge storage capacity nearing 20% over bare gold electrodes, a promising value

considering the small amount of PPy deposited.

Additional work may be useful to further refine the fabrication process and
broaden the applicability of this technology. The substitution of BTEAC for more
biologically-relevant agents such as anti-tumor or anti-inflammatory pharmaceuticals
may allow the PLGA microspheres produced by this method to address a wide range of
medical conditions. Continuation of the PPy coating as a function of deposition time will
likely find further improvement of the impedance and charge-storage capacities of the
overall electrode. Further, nearly complete coating of the PLGA microspheres with PPy
followed by subsequent removal of PLGA may yield optimum electrical properties due to
the additional surface area inside the now hollow microstructures. While microstructures
prove effective, the development of controllable structures at the nanoscale is highly
desirable and remains a challenge. Future work with this process may lead to the

development of PLGA nanospheres as templates for nanostructured bioelectronics.
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