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Abstract of Impact of Pressure and Degradation on Morphology in Mesophase-Inducing Polymer
Systems, by Jelynn Tatad, ScM, Brown University, May 2025.

Understanding polymer morphology is crucial in innovating new technologies for
medical devices. This study focuses on characterizing how polymer blending influences
morphology and how these morphological changes affect degradation behavior. Through the
characterization of Poly-L-Lactic Acid (PLA), Polycaprolactone (PCL), and Polyethylene Oxide
(PEO), key structural changes have been noted through Polarized Light Microscopy, where
increased birefringence can be seen in processed samples, thereby suggesting increased order.
XRD analysis quantified phase content, revealing that higher PLA content correlates with
increased mesophase content. The results also showed that PEO/PCL blends maintain a high
crystallinity and minimal mesophase formation. The PLGA degradation study demonstrated the
impact of polymer morphology on degradation kinetics. GPC analysis showed that film-cast
samples degrade the slowest, followed by mesophase-induced samples, and then unprocessed
samples. A second degradation study involving PCL containing hydrophobic drugs (Dolutegravir
and Meloxicam) showed the effects of processing temperature on polymer morphology and
degradation rate. Minimal morphological changes and degradation were observed over the 3
month period, likely due to PCL’s slow degradation rate. These findings confirm that increased
order through mesophase induction indeed slows degradation, highlighting the link between
morphology and degradation. This research provides key insights that are crucial in

understanding future polymer applications within the biomedical device landscape.
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Chapter 1: Introduction

Polymers

Polymers are an important hallmark of material science research due to their versatility’'
and cost-effectiveness in manufacturing®. With countless polymers in existence, the number of
applications for these materials is endless. Biotechnology has found many uses for polymers in
its various innovations within the field. Some examples of these uses are vascular grafts®, tissue
scaffolds®, and bone fixators®. An application we will be focusing on is drug delivery. Polymers
like PLGA have been used extensively for the delivery of drugs and proteins, while

polyanhydrides have been used for injectable and oral deliveries.

Polymers are compounds that are made of smaller molecules known as monomers that
repeat to create long chains. These chains can have vastly different properties depending on the
chemical formula of their respective monomer®. A key characteristic of polymers is their

morphology, which refers to the microscopic arrangement of the molecular structure.

Morphology is commonly classified by two main phases: amorphous and crystalline
phases. The amorphous phase has a disordered structure, where the polymer chains are randomly
arranged. These regions have a glass transition temperature, a point where the polymer shifts
from a solid glassy state with limited motion, to a fluid rubbery state with rapid molecular

motion’.

The crystalline state has an ordered structure, which means the polymers are arranged in
a lattice formation. These crystals can manifest themselves as spherulites, which are crystals that

form radially. These structures contain an optical property known as birefringence, a
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phenomenon referencing the refraction of light in two different directions due to a material’s
structure®. Due to its increased order, the crystalline phase degrades at a much slower rate than
the amorphous phase’. While all polymers have an amorphous region, not all polymers have
crystalline regions, as polymers cannot be fully crystalline. Crystalline regions have a melting

temperature that is higher than the glass-transition temperature.

Previous work in our lab focuses on inducing an intermediate state known as mesophase
into PCL'* and PLA'""?. This phase is characterized by three different categories (nematic/liquid
crystal, plastic crystal, and condis crystal) that are determined by their orientational, positional,
and conformational order, where each mesophase has varying degrees of order'. In this paper,
we will primarily be looking at the nematic mesophase and the condis crystal mesophases.
Nematic mesophase has more order than the amorphous region, characterized by focused
intensity in the middle of the XRD Debye rings though it remains diffused throughout the region.
Condis crystal mesophase has less order than the crystalline region, where the Debye rings are
more diffused although they maintain their positional order. A schematic showing the types of
order each mesophase has can be seen in Figure 1. As an in-between region of the crystalline®
and amorphous phases, inducing mesophase through means of time, pressure, and temperature

allows for the polymer’s morphology to be controlled.
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Figure 1: Schematic representation of polymer morphologies with their respective 2D-XRD azimuthal

scattering patterns'”.

Polycaprolactone (PCL)

Polycaprolactone (PCL) is a synthetic polymer that has a semi-crystalline structure'®. As
a polyester created by polymerizing caprolactone rings'*, PCL is hydrophobic and has a glass
transition temperature of -62°C" and a melting temperature of about 60°C. It is biodegradable
and nontoxic'¢, making it an ideal material for biomedical applications, being used in tissue
engineering'’, dermal fillers'®, and bone scaffolds'. As a drug delivery vehicle, PCL has been
formulated into hydrogels®, nanoparticles®!, fibers*, and scaffolds*. With a slow degradation
rate**, PCL has been popularly used for long-term drug delivery, typically blended with other

polymers to control the degradation kinetics of the device?'.

Polyethylene Oxide (PEQO)

13



Polyethylene Oxide (PEO) is a synthetic polymer with a semi-crystalline structure®. At a
molecular weight below 20,000 g/mol, it is known as polyethylene glycol (PEG)*. Made of
ethylene glycol monomers, PEO is hydrophilic and has a glass transition temperature of -50°C?’
and a melting point of about 70°C, depending on the molecular weight of the polymer. With
low toxicity, the polymer has been used in many drug delivery applications. Its water solubility
has been utilized to make hydrophobic drugs more easily bioavailable in the body, through a
modification known as PEGylation?’. Other applications to drug delivery include oral tablets®

and mucosal delivery matrices®'.

Poly-L-Lactic Acid (PLA)

Poly-L-Lactic Acid is a synthetic polymer with a semi-crystalline structure® that is
derived from cornstarch but polymerized industrially. It is made from lactic acid monomers and
has a glass transition temperature of 55-60°C* and a melting point of 170°C**. With its slow
degradation rate, PLA has been commonly used for implants that need to be in the body for a
long time**. Some examples of its use in the body are sutures®®, scaffolds to support gene

therapy®’, synthetic bone flaps®®, and drug delivery of high molecular weight drugs®.

Poly-lactic-co-glycolic acid (PLGA)

PLGA is a polymer synthesized from co-polymerizing PLA and polyglycolic acid (PGA).
It is made from the hydrolysis of lactic acid and glycolic acid monomers*, and its morphology is
highly dependent on the ratio of the two polymers. At higher percentages of lactic acid
monomers, PLGA is overall amorphous, whereas higher percentages of glycolic acid monomers

make PLGA semicrystalline*'. PLGA has a glass transition temperature of 40°C* and does not
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have a melting temperature at the ratios we will be looking at. PLGA is commonly used for drug

delivery applications due to its biodegradability** and quick degradation rate.

Motivations

While the induction of mesophase in individual polymers continues be studied in our lab,
there have yet to be studies on whether polymer blending can affect mesophase formation. PCL
is a polymer commonly used for drug delivery purposes, and the blending of PCL with other
polymers is hypothesized to affect its morphology. This can lead to more avenues for various
drug delivery purposes, as polymers can be blended in various conditions to fit a pharmaceutical
need. As such, our first aim of this project is to induce mesophase into implants with blended
polymer composition and characterize their effects on the morphology when compared with
samples created with only one polymer. This project also works on optimizing a deconvolution

methodology for these samples that have blended composition.

In addition to polymer blending, the effects of mesophase on degradation behavior have
not been extensively studied. Mesophase induction could be a valuable tool in modulating
polymer stability, particularly when implanted in the body. In particular, we will be studying the
degradation behavior of mesophase-induced PLGA, as PLGA’s degradation behavior has been
well-studied in many experiments. As PLGA 1is a primarily amorphous polymer,
mesophase-induced PLGA is predicted to lead to a slower degradation rate compared to its

unprocessed counterparts. This guides the second aim of this thesis.

Finally, we will be looking at the degradation behavior of PCL-drug implants. With PCL

being a primarily crystalline polymer, it is expected to have a slow degradation rate, and given its
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interactions with drug, we anticipate our polymer-drug implants having a slower degradation rate

compared to pure PCL. This guides the third aim of the thesis.

To summarize, this project is guided by the following aims:

1. Characterize the morphology of PCL/PLA and PCL/PEO blends

2. Correlate processing conditions with Degradation Behavior in PLGA

3. Characterize the degradation of DTG-loaded and ML X-loaded PCL tablets

16



Chapter 2: Methods

2.1: Polymer Blend Characterization

2.1.1: Sample Fabrication

Samples were fabricated using three different polymers: poly(caprolactone) (MW:
37,000, Polysciences Inc.), poly(ethylene oxide) (MW: 100,000, Sigma-Aldrich), and
poly(-L-lactic acid) (MW: 100,000, DURECT). Films contained 250 mg of two polymers
blended at ratios of 25:75, 50:50, and 75:25, with polymer 1 being either PEO or PLA and
polymer 2 being PCL. Pure samples of each polymer were also created as control samples to

compare against the blended samples. This would create 9 different polymer compositions.

Processing Conditions
Temperature
Film Cast|1st Press| 25°C 40°C 55°C
100/0 100/0 100/0 100/0 10000 |
75/25 75/25 75/25 75/25 75/25 E
50/50 50/50 50/50 50/50 50/50 | R
-§ 25/75 25/75 25/75 25/75 25/75 9 g
t“:, 100/0 100/0 100/0 100/0 1000 | 5 Y
75/25 75/25 75/25 75/25 75/25 8
50/50 50/50 50/50 50/50 50/50 g
25/75 25/75 25/75 25/75 25/75 |7
100 100 100 100 100 E
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Figure 2: Table showing all samples that were fabricated with the conditions that were used

The polymer pellets are then dissolved in 2 mL of dichloromethane and subjected to a
rigorous mixing process, which involves 3 rounds of sonication for 5 minutes and 1 minute of
vortexing. After the polymers have been fully dissolved, the solution is poured into a 62 mm
petri dish and left in a fume hood for 24 hours to allow the solvent to evaporate fully. This
resulted in a thin film that can be peeled off the dish. For each polymer composition, one sample
will remain as films for characterization purposes, to be referred to for the rest of the paper as

“film-casts™.

(<)
o9

Poly-caprolactone
(PCL)

' \ T [
® e ° M _ f
) S N\ e SR
e o o [y y
o U0 —l # ‘ ‘ # [ j
Poly-Ethylene Oxide (PEO) oy N e
or Poly-L-Lactic Acid (PLA) XA I
T /
—
< Cold Press or 55°C

Dichloromethane "
(DCM) Film Cast

Figure 3: Schematic of Sample Fabrication Workflow.

Following the film casting process, samples are folded and placed into a 13 mm diameter
cylindrical tablet die. The system is then pressed at 10,000 lbs at room temperature for 10
minutes in a Specac GS15011 manual hydraulic press. These will be known as the “first press”

sample, and one sample per composition will remain in this form for characterization.
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Next, these tablets are heat-pressed in a Carver Auto Press (Model 2889) between 2 steel
plates and heated to either 25°C, 40°C, or 55°C. This is followed by a 5-minute cooling period at
15,000 Ibs that used a water and air-cooling system, with an end temperature of 25°C. These
samples will be referred to by their processing temperature in later analyses. This fabrication

process is denoted in Figure 3.

This results in 45 samples from 9 polymer compositions and 5 different processing
conditions, as denoted in Figure 2. Sample naming schemes are named for their percentage of
polymer, Identity of polymer 1, and processing condition (for example: 25% PLA First Press,

100% PCL Film, 75% PEO 25°C).

2.1.2: Polarized Light Microscopy (PLM)

Polarized Light Microscopy was performed using a Laxco SeBa Pro4B Series Digital
Microscope System at 4x and 20x objectives. Images were captured using a 16MP Color Camera

running on the SeBa Pro Software.

2.1.3: X-Ray Diffraction

X-Ray Diffraction is performed using a Bruker D-8 X-Ray Powder Diffraction machine.
A Cu X-Ray tube is equipped and running at 40 kV and 40 mA with a Bruker Vantec-500
Xe-CO, gas-filled detector with a 13.5 cm diameter window located 20 cm from the goniometer
center. Scans were run at a 2q angle from 20° to 80° with a 15° step size, with each step held for
30 seconds. Each scan produces a spectrum that shows the structural make-up of a material based
on peak intensities at positions specific to the material being analyzed, as well as 2D-XRD

images that show scattering patterns of the sample.
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2.1.4: Peak Deconvolution Analysis

XRD spectra are quantified using a deconvolution methodology derived from protocols
of Stoclet et al. and Galeski. This involves fitting Gaussian curves to fully evaluate the area
underneath the curve, one broad curve spanning the primary area of interest and additional peaks
that correspond to the unit cells into which the crystals of each polymer fall into according to
literature. In PCL, these peaks are placed at 20 values of approximately 21, 22, and 24. In PLA,
these peaks will be placed at approximately 16, 19, and 22, and peaks at 19, 23, and 26 are used
for quantifying PEO. Amorphous curves of processed samples (First Press, Heat Press) are
derived from the film casts, and the amorphous region will be kept unchanged in our analysis.
Wherever the crystalline peaks are unable to fill the area of the spectra, two mesophase peaks
will be fitted to ensure a best fit analysis. Curves are adjusted to reach an r* value as close to

1.000 as possible, but with no less than an r* value of 0.975.

2.2: Degradation Studies

2.2.1: Sample Fabrication

2.2.1.1: PLGA degradation

Samples were created by weighing out 250 mg of poly(D, L lactide-co-glycolide)
(viscocity: 0.67 dL/g, lactide: glycolide 75:25, BioPolymer Industries). The polymer pellets are
then dissolved in 2 mL of dichloromethane and subjected to a rigorous mixing process, which
involves 3 rounds of sonication for 5 minutes and 1 minute of vortexing. After the polymers have

been fully dissolved, the solution is poured into a 62 mm petri dish and left in a fume hood for 24
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hours to allow the solvent to evaporate completely. This resulted in a thin film that can be peeled

off the dish. Some samples will remain as films for the degradation study.

Following the film-casting process, samples are folded and placed into a 13 mm diameter
cylindrical tablet die. The system is then pressed at 10,000 Ibs at room temperature for 10
minutes in a Specac GS15011 manual hydraulic press. Next, these tablets are heat-pressed in a
Carver Auto Press (Model 2889) between 2 steel plates at 20,000 Ibs and 50°C for 10 minutes.
This is followed by a 5-minute cooling period at 20,000 Ibs that used a water and air-cooling
system, with an end temperature of 25°C. The samples are then removed from the press and

stored away for characterization.

2.2.1.2: Degradation of DTG-loaded and MLX-loaded PCL tablets

PCL (CAPA 640, MW: 37 kg/mol, Perstorp Holding AB) was used as the vehicle for
these tablets, with Dolutegravir or Meloxicam incorporated into the system. Films are created by
weighing 225 mg of PCL and 25 mg of drug to create a system with a 10% drug loading.
Samples without drug were also created as a control for this experiment. These films followed
the film-casting protocol and first-pressed at 10,000 Ibs at room temperature for 5 minutes.
Finally, the tablets were heat-pressed at either 25°C or 50°C at 10,000 Ibs for 10 minutes and

cooled to room temperature.

2.2.2: Degradation Study

2.2.2.1: PLGA Degradation Study

A degradation study is conducted to characterize mesophase’s effects on PLGA

degradation. Samples are cut into 1 cm diameter disks, placed into scintillation vials with 10 mL
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of 1X Phosphate-Buffered Saline (PBS), and placed into an incubator at 37 °C. The buffer is
discarded and replenished every week that a sample is in the incubator. At specified time points
(24h, 48h, 72h, 1W, 2W, 3W, 4W), the samples are washed twice in distilled water, lyophilized,
and stored in a freezer until further analysis with X-Ray Diffraction. The solutions of the studies

are subsequently discarded.

2.2.2.2: Degradation of DTG-loaded and MLX-loaded PCL tablets

Processed tablets are placed into falcon tubes containing 20 mL of PBS and incubated at
37°C for the entirety of the study. Tablets were removed at specific time points (24h, 72h, 1W,
2W, 3W, 1M, 2M, 3M), and the solution was discarded. Tablets were lyophilized and then stored

in a freezer until further analysis.

2.2.3: Polarized Light Microscopy (PLM)

Polarized Light Microscopy was performed using a Laxco SeBa Pro4B Series Digital
Microscope System at 10x and 40x objectives. Images were captured using a 16MP Color

Camera running on the SeBa Pro Software.

2.2.4: X-Ray Diffraction

X-Ray Diffraction is performed using a Bruker D-8 X-Ray Powder Diffraction machine
to look at the polymer morphology of each sample before and after degradation. A Cu X-Ray
tube is equipped and running at 40 kV and 40 mA with a Bruker Vantec-500 Xe-CO, gas-filled
detector with a 13.5 cm diameter window located 20 cm from the goniometer center. Scans were
run at a 2q angle from 20° to 80° with a 15° step size, with each step held for 30 seconds. Each

scan produces a spectrum that shows the structural make-up of a material based on peak
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intensities at positions specific to the material being analyzed, as well as 2D-XRD images that

show scattering patterns of the sample.

2.2.5: Peak Deconvolution Analysis

XRD spectra are quantified using a deconvolution methodology derived from protocols
of Stoclet et al. and Galeski. This involves fitting Gaussian curves to fully evaluate the area
underneath the curve, one broad curve spanning the primary area of interest and additional peaks
that correspond to the unit cells into which the crystals of each polymer fall into according to the
literature. In PCL, these peaks are placed at 20 values of approximately 21, 22, and 24. In PLGA,
these peaks will be placed at approximately 16, 19, and 22, following the peaks found in PLA.
Amorphous curves of processed samples (First Press, Heat Press) are derived from the film casts,
and the amorphous region will be kept unchanged in our analysis. Wherever the crystalline peaks
are unable to fill the area of the spectra, two mesophase peaks will be fitted to ensure a best fit
analysis. Curves are adjusted to reach an r* value as close to 1.000 as possible, but with no less

than an r* value of 0.975.

2.2.6: Size Exclusion Chromatography (SEC)

Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-MALS) was
conducted on a TOSOH Bioscience EcoSEC Elite HLC-8420 GPC to calculate the molecular
weight of degraded samples after each time point. Spectroscopic-grade tetrahydrofuran (THF)
stabilized with 250 ppm butylated hydroxytoluene (BHT) was used at a flow rate of 0.7 mL/min
with a 40 pL sample injection at 40°C. The separation was performed on two TSKgel GMHhr-N

columns in series, with an inner diameter of 7.8 mm, a length of 30 cm, and a mean particle size
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of 5 um. Refractive index increment (dn/dc) was measured with an integrated TOSOH Dual
Flow RI detector and multi-angle light scattering (MALS) with a 20 £ 5 MW laser with a
wavelength of A = 505 nm at low (10°), right (90°) and high (170°) angles were connected in

parallel with the RI. Data was processed in TOSOH SecView2.5 software.

Degradation study samples were analyzed with SEC-MALS by preparing a | mg/mL
sample of the analyte in HPLC-grade THF with 1% BHT as the inhibitor and allowing solvation
under gentle agitation for at least 12 hours. Samples were filtered through 0.2 pum filters before
injection. A polystyrene (PS) standard with a narrow polydispersity (NIST 1478, 2.520 mg/mL,
injection volume of 50 uL, Mw of 37,400 g/mol) was used for setting instrument parameters and
instrument calibration. A dn/dc value of 0.185 mL/g was used for PS in THF. Column calibration
was performed using 12 PS standards ranging from 1,110,000 Da to 589 Da with 3rd order

fitting.
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Chapter 3: Results and Discussion

3.1: Blended Polymer Characterization

3.1.1: PLM Images

The goal of analyzing samples using PLM is twofold: to gain insight into a polymer
sample’s structure and to note any changes between pure and blended samples. Images from the
PLM are used to show the existence of birefringence and spherulites, thus providing a qualitative
lens of the polymer structure. These are best shown in images of the film casts, where the
spherulite formations can be seen (Figure 4). PCL (Figure 4A) shows spherulites interspersed
with other regions, which can indicate phase separation. While PLA (Figure 4B) shows
pronounced spherulites, PEO (Figure 4C) shows disrupted spherulites, possibly as a result of the

solvent used in the film-casting step of preparation.

A B C

Figure 4: PLM images of unprocessed and unblended polymer films imaged at 20x magnification. (4)

PCL. (B) PLA. (C) PEO.

The images in Figure 5 show blended PCL and PLA at the five different processing
conditions. As the processed results are too thick to show pertinent details about the sample
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morphology at the centers (Supplementary Figure 19), the images of the edges of the samples

will be analyzed.
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100% PCL 75% PCL
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Figure 5: PLM images of PLA/PCL blends imaged edge of sample at 20x magnification.

Looking at the 100% PCL samples, spherulites are not visible, though birefringence is
still present. This may indicate nematic mesophase formation, as orientational order is necessary
for birefringence to be present. While the 25°C and 55°C samples show spherulites with
birefringence, regions of birefringence without lamellar structures are present. The 40°C sample
yields similar results to the First Press sample, showing regions of birefringence without
spherulites. Looking at the 100% PLA samples, there is a significant change in morphology with

increased processing. While the film shows a strong presence of spherulites, none of the
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processed samples show spherulites, though birefringence is present. Stronger birefringence can

be seen in the first press and 25°C samples, compared to the 40°C and 55°C samples.
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Figure 6: PLM images of PEO/PCL blends imaged edge of sample at 20x magnification.

In Figure 6, PEO shows very little birefringence as a film, though there is a strong
presence of birefringence in the processed samples. The first press and 40°C samples seem to
show stronger birefringence compared to the 25°C and 55°C samples. It is also worth noting that
there are no spherulites present in the processed samples, further suggesting morphological
changes during pressure processing. Overall, PLM analysis of pure samples suggests the ability

to induce morphological changes to a polymer compared to its unprocessed film form.
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Additionally, changes between the blended and pure samples can be noted. In Figure 5,
samples with higher PLA content show smaller regions of birefringence with few spherulites
present. In contrast, unprocessed films of the 25% samples had larger spherulite formations that
resembled the ones present in the 100% PCL Film. Meanwhile, the 50% samples had vastly
different crystal formations than either of the pure PLA or PCL films. While large spherulites are
present in pure samples, the 50% sample had much smaller structures. Some of the regions seem
to have interrupted spherulite formation, potentially because of phase separation. The rest of the
processed samples show spherulite formation, but in much smaller regions than what is seen in
the pure samples. This is unlike the processed samples of the pure polymers, as no crystal
formations were observed in these images. Processed samples with higher PLA content showed
stronger birefringence. Despite the pure PLA sample having more well-defined spherulites,
smaller crystal formations can be observed in the samples with higher PLA content. Based on
this analysis, we can predict that samples with higher PLA composition might contain higher
mesophase content due to the stronger presence of birefringence, whereas the samples with lower

PLA content might likely have more crystalline morphologies.

Further looking at the PEO blends in Figure 6, spherulite formations are seen in nearly all
of the films, with 75% PEO having larger structures, while the 25% PEO samples had smaller
structures. Notably, the 50% PEO film does not show any spherulite formations, likely due to
phase separation. This phenomenon occurs when two phases of a homogeneous solution separate
and aggregate with their respective phase. In this case, PEO and PCL are separating into two
distinct regions, possibly due to their immiscibility. PEO, being a hydrophilic polymer, would

make it difficult to mix with the hydrophobic PCL, likely causing spherulite formation to be
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disrupted under these conditions. In the processed samples, birefringence with a lack of lamellar
structures is seen in nearly all samples, with a stronger birefringence noticed in the first press and
25°C samples. This could indicate possible mesophase formation within the blended, processed
samples. With increasing PEO content, the first press samples appear to have increasing levels of
birefringence. The 55°C samples appeared to have less birefringence than the other processed
samples, likely due to the processing sample being close to both PEO and PCL’s melting
temperatures. Based on these observations, we can predict the first press and the 25°C samples to

have a larger mesophase content, while the 55°C samples might have lower mesophase content.

The PLM images provide qualitative insight into a polymer’s structure, using the
presence of birefringence and spherulites to inform on what the phase content of the sample
might be. To further confirm our predictions quantitatively, X-Ray Diffraction is needed to show

the scattering patterns and percentage of each polymer phase of the samples.

3.1.2: 2D XRD analysis

XRD scans were completed for each sample, yielding scans showing the scattering
patterns of each sample based on their structure. Thin Debye-Scherrer rings are characteristic of
crystalline regions, while a halo-like effect in these scans represents the amorphous region.
Referring to Figure 7, condis-crystal mesophase can be seen with slight broadening of the
Debye-Scherrer rings, though uniform spacing can still be observed. Nematic mesophase can be
seen when the rings have widened to a point where the spacing is no longer visible, though the

intensity of the ring remains.
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The scattering for the 100% PCL Film (Figure 7) shows 2 well-defined peaks that are
seen within the frame. This is represented by the (110), (111), and (200) orthorhombic crystal
peaks of PCL, which are located at 26 values of approximately 21°, 22°, and 24°. As the rings
located at the 21° and 22° are very close to one another, the two rings appear as one thick ring.
Subsequently processed samples show broadening of their Debye-Scherrer rings. This may
indicate the formation of the condis-crystal mesophase which is consistent with the PLM images

showing birefringence with a lack of spherulites.
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Figure 7: PLM images of PLA/PCL blends imaged edge of sample at 20x magnification.

The pure PLA film also shows a very crystalline sample, with orthorhombic
crystallization face peaks at Miller Indices of (111) (200), (203), (015), which are located at 15°,
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17°, and 22°, respectively. However, the processed samples show a prominent amorphous halo
that nearly obscures the crystalline peaks that are present. This is characteristic of a nematic

mesophase being induced.

When looking at the blended samples, it appears as though there are 4 rings present,
though there are 6 primary peaks to take note of. These correspond with the crystalline peaks of
their constituent polymers. With processing, these rings become broadened. At higher
percentages of PLA, a much more prominent halo is observed in the films, indicating a potential
induction of nematic mesophase. In samples with less than 50% PLA content, the crystalline
rings maintain their same position, despite broadened scattering, indicating a condis-crystal
mesophase. Comparing the blended samples to the pure samples, it appears that the 25% and
50% PLA samples appear most like pure PCL samples, while the 75% PLA samples are most

similar to the pure PLA samples.
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Figure 8: PLM images of PEO/PCL blends imaged edge of sample at 20x magnification.

In Figure 8, pure PEO is comprised of three main Debye-Scherrer rings in the (112),
(120), and (222) monoclinic planes, which are located at approximately 19°, 23°, and 26°*. It is
accompanied by a very faint halo, indicating little amorphous content. With increased
processing, the rings undergo peak broadening without losing positional order, indicating
condis-crystal mesophase. Within the blended samples, the six Debye rings corresponding to
their respective polymers are present, having a strong presence in the samples that contain more
than 50% PEO content. In processing, we start to notice the rings become less sharp, and a halo
within the scan is more prominent. Since we are still able to distinguish the rings that correspond

to each polymer but see more of a halo effect, we can propose that the type of mesophase we are
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looking at is condis crystal mesophase. There doesn’t appear to be any particular trend that we

notice at different ratios of polymers.

3.1.3: Deconvolution XRD analysis
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Figure 9: Phase content comparison of the PLA/PCL Blends. (4) Crystalline Content. (B) Amorphous

Content (C) Mesophase Content.

Figure 9 shows an overview of the phase content calculated in peak deconvolution for
the PLA/PCL blends. Looking at the crystalline content (Figure 4A) of the processed samples,
crystallinity content remains similar compared to the films with some variation, except with pure
PLA. A high standard deviation is seen with the pure PLA samples, which shows that the films
are not homogeneous. This is expected, as PLA is a semi-crystalline polymer and will have some

regions of high crystallinity and some of high amorphous content.

Looking at the amorphous content (Figure 9B), we see our highest amorphous content in
the film casts, which makes sense as we are working with the assumption that our films only
contain crystalline and amorphous regions. From then on, we start to notice an overall decrease

in amorphous percentage with processing. This means that it’s likely that most of the mesophase
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content will come from the amorphous region, with some coming from the crystalline regions.

Blended samples with less PLA content seem to have less amorphous content throughout.

Looking at the mesophase content (Figure 9C), increased processing leads to increased
mesophase. Notably, the condition with the highest mesophase content is the pure PLA samples
for all processing conditions, except for the 55°C condition. A trend of increasing mesophase
content is seen from the first press processing up to 40°C, with a drop off at 55°C. This trend is

seen in all samples except 75% and 100% PLA.
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Figure 10: Phase content comparison of the PEO/PCL Blends. (A) Crystalline Content. (B) Amorphous

Content (C) Mesophase Content.

The PEO/PCL blends show different trends. Looking at the crystallinity content (Figure
10A), the samples are very crystalline overall. Increasing the PEO content indicate higher
crystallinity. Heat and pressure processing do not change the crystallinity content significantly in
any of the PEO/PCL blends. Looking at the amorphous content (Figure 10B), the highest
amorphous content can be seen in the pure PCL samples. The data also suggests that increasing

PEO content decreases amorphous content.
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Looking at the mesophase graphs (Figure 10C), we see that all of the samples have very
low mesophase content. Though there is increasing mesophase content with increasing
processing temperatures, the mesophase content remains throughout all polymer blends and

processing conditions within the PEO/PCL blends.

3.2: PLGA Degradation Study

3.2.1: PLM Images

Though PLGA is typically an amorphous polymer, its constituent monomers that could
result in crystalline phase depending on the copolymer and may still be observed in the sample as
small spherulites. It would also be interesting to point out structural changes that occur

throughout the degradation process.
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Figure 11: PLM images of degraded PLGA samples at 10x magnification.

Looking at the PLGA pellet images (Figure 11), crystal formations can be seen in the
24H and 48H samples. In the 24H sample, these manifest as small spherical structures, whereas
the 48H crystals appear as a long branch of crystal. Interestingly, the 72H and 1W samples do
not appear to have any crystal structures present, but birefringence is present. The pellets are
assumed to be unprocessed samples without mesophase present, so the birefringence without
crystal formation is interesting to take note of. This can be due to pre-processing of the pellets
that may have been done before purchasing these samples, as the pellets are thought to have been
extruded. This extrusion can potentially cause some type of morphological changes, which may
have been reflected in the PLM images. Within the film samples, the 24H, 72H, and 3W samples
seem to show a similar long crystal formation as the 48H pellet sample. This aligns with what we

expect to see, as the film-cast samples are the most crystalline form of our polymer.

In the processed samples, spherulite formation can be seen in the 24H, 48H, and 72H
samples. The most prominent presence of spherulites can be seen in the 48H sample, as these
structures are present in the 10x magnification, whereas the 24H and 72H spherulites are only
seen in the 40x magnification (Supplementary Figure 20). No birefringence is observed in these
samples. The presence of spherulites could be a result of amorphous region being degraded first,

revealing the presence of crystal structures.

3.2.2: Degradation Study Observations

The degradation study yielded interesting physical observations. Before the study, all

samples were transparent, with the film and processed samples being punched out into 1 cm
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diameter disks. After 24 hours, the shape of the processed samples morphed from a disk shape to
a crescent moon-like shape. After 72 hours, the films and processed samples became opaque,
possibly indicating morphological changes. The pellets became translucent after 1 week, and
when cut in half, a transparent “core” remained on the inside. This transparent core would
become smaller as the study progressed. In the 4W pellets, bubble-like formations were

discovered on two of the samples, potentially indicating degradation or morphological changes.

Mass Loss Mass Loss (%)
10+ 40
-o- Pellet
—_ 30 .
=) * - Film
E 54 3 20 -~ Processed
@ |
9 o 10
") n=3 (E“ w n=3
-] 0-p$ee—or 9 T 1 ° 0-reee—er =T T 1
= 200 400 600 \ 800 ° 10 200 400 600 J 800
Time (hours) Time (hours)
5= A -20- B

Figure 12: Graphs of PLGA mass loss during degradation study. (A) Mass loss in mg. (B) Mass loss in

percentage.

Other interesting observations included the sample mass loss throughout the study.
Though we would expect the samples to lose mass throughout the study, the pellets seemed to
experience a gain of mass (Figure 12A) until the final timepoint at 4 weeks. This could be due to
salts or degraded monomers remaining within the system. A drastic mass loss is observed at the
4-week time point, due to one of the samples breaking off a portion of its system in the
lyophilization process. Though the processed samples experienced a higher mass loss compared

to the films, they lost a similar percentage of mass throughout the study (Figure 12B).
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3.2.3: GPC analysis

GPC allows us to gain insight on the molecular weight changes that occur during
degradation of our samples. Analysis with this instrument produces information about a sample’s

molecular weight, allowing us to know how much of the sample has degraded at a given

timepoint.

Due to the nature of polymer degradation, the polydispersity index (PDI) (Figure 13D)
increases with longer degradation time. To encapsulate all of the polymer data at lower
molecular weights, the GPC data integrates over a much longer range. This range also includes
peaks that are known to correlate with the solvent peaks, a limitation of the instrument that is

being used to analyze the data.
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Figure 13: Molecular weight analysis graphs of degraded PLGA samples. (A) Number Average
Molecular Weight (Mn). (B) Weight Average Molecular Weight (Mn). (C) Peak molecular Weight (Mp).

(D) Polydispersity Index (PDI)

Looking at Mn (Figure 13A), degradation behavior appears to be similar in all three
processing conditions. Molecular weight decreases slowly in the first 72 hours of degradation,
with a significant decrease in Mn after the 2-week timepoint. Looking at Mw (Figure 13B),
degradation behavior is similar for all three conditions for the first 72 hours. Beginning at the
I-week timepoint, the films begin to show significantly slower degradation compared to the
pellet and processed samples. Similar trends can be seen with Mp (Figure 13C), which represents
the mode of the weight distribution. By the end of the study, the pellets show faster degradation
compared to the processed samples. This suggests that the films have the slowest degradation

rate, followed by the processed tablets, and the fastest being the unprocessed pellets.

3.2.4: 2D-XRD Analysis

2D-XRD scans (Figure 14) were taken of the samples to further document morphological
changes within the degraded samples overtime. Overall, the PLGA that we are experimenting
with is mostly amorphous. The XRD frames do not show any easily-distinguishable Debye-rings,
and all of the samples have a halo effect representing their amorphous regions. The amorphous
halo in the pellet samples shows the least intensity, suggesting that the sample is very amorphous
at this condition. This is expected, as the pellets have not been treated with time or pressure, so
morphological changes are not expected at this point. This is interesting, as the PLM image of
the 48 hour pellet (Figure 13) shows birefringence, which does not align with what we are seeing

in our XRD for that sample.
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Figure 14: 2D-XRD scans of PLGA Degradation Study Samples.

The film samples have a halo with higher intensity, which suggests increased order within
the polymer structure. As these samples also have not been treated with time nor pressure, we
can predict that this is due to increased chain interaction due to the solvent-casting process.
Higher intensity suggests that the films may have a higher crystalline content compared to the
pellet samples. The processed samples do not display as much intensity as the film-casted
samples, but have more than the unprocessed pellets. As these samples have been processed with

time and pressure, this could suggest that mesophase formation has taken place.
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3.3: Degradation of DTG-loaded and ML X-loaded PCL, tablets

3.3.1: 2D-XRD Analysis

Looking at the samples processed at 25°C (Figure 15), the samples without drug and the
samples containing Dolutegravir show two prominent Debye rings that correspond to the (110)
and (200) orthorhombic crystal peaks of PCL. Other minor rings can be seen in the MLX
samples, which likely represent peaks that are present in Meloxicam. thin rings seen throughout
with little amorphous halo, suggesting high crystallinity. Compared to the blank samples, more
prominent halo effects can be seen in DTG and MLX samples. The second ring (which
corresponds to the peak at 23°) is broader in the DTG and MLX compared to the blank sample,
which can be an effect of polymer-drug interaction.
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Figure 15: 2D-XRD images of polymer-drug samples processed at 25°C after degradation timepoint.

Looking at the 50°C samples (Figure 16), the additional Debye rings representing MLX
are especially noticeable under 50°C processing. Interestingly, the 3 Month MLX samples have
rings that seem to have gotten thinner, contrary to the broadened rings that are seen in the other
samples. there appears to be more ring broadening in comparison to the 25°C samples. Despite
this, there does not appear to be any peak broadening trends in relation to time. This can be

further explained using deconvolution analysis of the XRD Scans.
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Figure 16: 2D-XRD images of polymer-drug samples processed at 50°C after degradation timepoint.

3.3.2: Deconvolution Analysis

Deconvolution is done to study the effect of drug interactions with polymer morphology,
as well as note any morphological changes throughout the 3 month degradation study. It should
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be noted that the deconvolution of these samples only looked at the morphology of the PCL

device, so the drug peaks were not included in the deconvolution calculations.
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Figure 17: Deconvolution Comparisons of Blank Samples processed at 25°C (left) and 50°C (right).

First, we will look at the deconvolution results of the blank samples (Figure 17) that do

not contain any drug. At both processing temps, samples contain the least crystalline content

prior to degradation. While there are changes in crystalline and amorphous content between the

processing temperatures and throughout the study, these changes are not found to be statistically

significant. Mesophase content remains virtually the same throughout the study, regardless of

time and processing temperature. Compared to the other samples, the blank samples tend to have

the highest crystalline content over time. Despite this, results show that the samples are primarily

amorphous, which doesn’t align with the XRD scans we have.
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Figure 18: Deconvolution Comparisons of DTG Samples processed at 25°C (left) and 50°C (right).
Looking at the samples that contain DTG (Figure 18), mesophase content in 25°C sample
stays relatively similar throughout, while there is a lot more variance in the 50°C samples. 50°C
samples see higher amorphous content in the samples that have been degraded for more than 1
month, compared to the 25°C. There appears to be similar mesophase content in both the blank
and DTG samples, with the DTG 25°C samples having similar results to the blank samples.
There does not appear to be any significant trends correlating phase content changes with

degradation time or processing temperature within the DTG samples.
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Figure 19: Deconvolution Comparisons of MLX Samples processed at 25°C (left) and 50°C (right).

Finally, we will look at the samples that contain MLX (Figure 19). Mesophase content
remains relatively the same, regardless of processing temperatures and degradation time. The
results show that the samples processed at 50°C have low crystalline content. Additionally, there
is also significantly higher amorphous content, compared to the blank and DTG samples.
Overall, there are higher percentages of mesophase compared to the previously discussed
samples. Once again, there does not appear to be any significant trends correlating phase content

changes with degradation time or processing temperature within the MLX samples.
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There are several possible explanations for the results that we are seeing with these PCL
tablets. The primary reason is that polymers are naturally heterogeneous. Therefore, even
analyzing different regions in the same sample may not express the same properties, as seen by
the high SD in some of the results. Another reason could be that the samples did not degrade for
long enough. PCL is a polymer with a slow degradation time, with research finding that the
polymer takes 2-4 years to fully degrade®. A 3 month study may not be enough time for
morphological changes to take place, therefore yielding results that are not statistically

significant.
3.3.3: GPC analysis

GPC was run on the samples to observe any connection between polymer morphology
and degradation rate. For this section, samples with the same composition will be compared

against different processing temperatures.
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Figure 20: Molecular weight analysis graphs of PCL blank samples. (A) Number Average Molecular

Weight (Mn). (B) Weight Average Molecular Weight (Mn). (C) Peak molecular Weight (Mp). (D)

Polydispersity Index (PDI)

Figure 20 looks at the GPC results of the blank PCL samples. Looking at the Mn results

(Figure 20A), the samples processed at 25°C tended to have a lower Mn over time than the

samples processed at 50°C. Though we would not typically be expecting an increase in Mn after

a 3 month period of degradation, it is worth noting that the samples may not have degraded

enough to see significant decrease and the PCL pellets that were used for the 3 month samples

may have had a higher actual Mn than those used in the samples that were removed after a

shorter amount of time. Similar trends can be seen within Mp and PDI, where the values seen in
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the 50°C samples are greater than those of the 25°C. In the Mw results (Figure 20B), the 25°C
samples start off by degrading slower than the 50°C samples, but eventually observe lower Mw

values after a month. Overall, these results suggest that PCL processed at 50°C has a slower

degradation rate than PCL processed at 25°C.
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Figure 21: Molecular weight analysis graphs of DTG samples. (A) Number Average Molecular Weight
(Mn). (B) Weight Average Molecular Weight (Mn). (C) Peak molecular Weight (Mp). (D) Polydispersity

Index (PDI)

Looking at the results of the DTG samples (Figure 21), a different trend is observed. The

Mn results (Figure 21A) show that the 50°C DTG sample degrades slower than 25°C samples for
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most of the duration of the study. Furthermore, the Mn values are lower compared to those of the
blank sample. While we might predict that drug-polymer interactions might slow down the
degradation rate, it might appear that these interactions may actually speed up the degradation
process. However, the Mw results show that the degradation rate is quite similar throughout the 3
month study, with no observable trend in the Mw, Mp, and PDI. By the end of the study, the
values for these 3 characteristics are similar between the 25°C and 50°C samples. These results
suggest that for samples containing DTG, there might not be any observable effect that the

processing temperature has on the degradation rate at the end of 90 days.
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Figure 22: Molecular weight analysis graphs of MLX samples. (A) Number Average Molecular Weight
(Mn). (B) Weight Average Molecular Weight (Mn). (C) Peak molecular Weight (Mp). (D) Polydispersity

Index (PDI)

Interestingly, the MLX samples (Figure 22) seem to have a similar trend to the blank
samples, where the 50°C samples tends to have a higher molecular weight compared to the 25°C
samples, thereby suggesting a slower degradation rate. This can be seen across the Mw and Mp
values, while the 50°C samples have a slightly lower Mn than the 25°C at the end of 90 days.
However, this can be a result of longer polymer chains being broken down into shorter chains,
skewing the Mn value lower. Nonetheless, the results suggest that PCL tablets containing MLX

degrade slower when processed at 50°C than when processed at 25°C.

Within all sample compositions, we are not able to see a clear degradation trend over
time, as Mw and Mn values are increasing and decreasing over time. Because samples were cut
radially before being dissolved, a large proportion of the sample will have not been degraded. To
achieve more accurate results of the degradation, it would be best to take a proportion of the

sample that has more surface area, as opposed to the inner core portions that would degrade last.
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Chapter 4: Conclusions

In conclusion, this project takes a deep dive into polymer morphology, particularly in the
induction of mesophase on polymer blends and the study of degradation behaviors. By exploring
the behavior and structures of Poly-L-Lactic Acid, Polycaprolactone, Polyethylene Oxide, and
Poly-lactic-co-glycolic acid, the work we have done allows us to learn more about these
polymers and how we can use them to our advantage in future projects. PLM images of
birefringence without the presence of spherulites suggest a possible change in structure, while
XRD confirmed our findings through Debye-Scherrer ring broadening. XRD peak deconvolution
was able to quantify the phase content of these samples, suggesting that samples with higher
PLA content exhibit increased mesophase content. On the flip side, PEO/PCL blends seem to
maintain high levels of crystallinity with low mesophase formation. These findings highlight the

role of polymer composition in morphological studies.

The PLGA degradation study allows us to study the effects that morphology has on
degradation kinetics, which has not been previously studied. PLM images revealed the presence
of crystalline structures in the typically amorphous PLGA samples during degradation,
suggesting morphology/structural changes. GPC analysis further confirmed this phenomenon, as
results find that films degrade slowest, followed by processed samples, and then unprocessed
pellets. These findings suggest that processing is able to improve degradation rate compared to
unprocessed samples, confirming our hypothesis that increasing order through mesophase
induction would slow down degradation. This study further highlights the applications of
polymer morphology, linking it directly with degradation. This work can be used to improve

further medical implants used for human health.
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The analysis of PCL tablets containing Dolutegravir and Meloxicam processed at
different temperatures reveals that incorporation of drug can also affect the polymer morphology
and degradation behavior. XRD and deconvolution results suggest minimal morphological
changes over the course of the three-month study, due to the nature of PCL’s slow degradation
rate. GPC results show that samples did not exhibit a clear degradation trend, due to the section
of the sample that was analyzed. Future experiments can look at analyzing areas primarily
focusing on the surface of these tablets to gain a more accurate representation of the degradation.

These results can further inform future research that can improve the drug delivery field.

Future experiments continuing these projects can use Differential Scanning Calorimetry
to confirm the existence of mesophase through thermal analysis. Further analysis of the phase
content results from each polymer can also be conducted to see which polymer might be playing
a bigger role in the morphology of the respective tablet. Additionally, other polymer blends can
be explored to investigate their ability to induce mesophase. Within the degradation studies,
futere studies can be conducted to see if morphological or degradation behavior can be
understood better over long-term periods. In the case of the slow-degrading PCL, more

significant results may be obtained through a longer study.

In summary, this research is crucial in understanding polymer morphology and how it can
be applied in various applications, such as biomedical innovations. Mesophase is a powerful, yet
not well-known tool that can be used to augment the technologies that are used today. As such,
the findings of this study are a huge step in understanding the field of polymers and serve as a

strong foundation for future materials science and medical device research.
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75% PLA Phase Content
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50% PLA Phase Content
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25% PLA Phase Content
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100% PEO Phase Content
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Supplementary Figure 14: Deconvolution Graphs of 25% PLA, 75% PCL samples at different processing
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Supplementary Figure 15: Deconvolution Graphs of 100% PEQO samples at different processing

conditions.

71



75% PEO Film 75% PEO 40°C 15K

zzzzz

,,,,,

.....

75% PEO First Press | 75% PEO 55°C 15K

Legend

Raw Data Points
Total Integrated Area
PCL Curve (3)

PEO Curve (3)
Amorphous Curve (1)

75% PEO 25°C15K o Mesophase Curve (2)
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Supplementary Figure 17: Deconvolution Graphs of 50% PEO, 50% PCL samples at different processing

conditions.
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Supplementary Figure 18: Deconvolution Graphs of 25% PEO, 75% PCL samples at different processing

conditions.
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Supplementary Figure 19: PLM Images of degraded PLGA samples at 40x magnification
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Supplementary Figure 20: Table comparing XRD scans of different PLGA processing conditions.
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Supplementary Figure 21: Graphs showing phase content of degraded PLGA samples. Only crystallinity

and amorphous regions were calculated for these samples.
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Supplementary Figure 22: Deconvolution comparison of 25°C PCL implants.
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Supplementary Figure 23: Deconvolution comparison of 50°C PCL implants.
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