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Abstract

The need for innovative solutions is driving the rapid development of biomedical sci-
ence and materials science to address the pressing challenges in medicine. Among these,
the diagnosis and treatment of cancer, in particular hepatocellular carcinoma (HCC),
continues to be a significant global concern. This research addresses these challenges
by developing biodegradable biopolymer carriers for radioisotopes, focusing on their
application in personalized internal radiotherapy and diagnostics.

Recent advancements in imaging technologies, including MRI, CT, and PET, have
significantly enhanced the precision of tumor localization and characterization, thereby
establishing the foundation for targeted therapeutic strategies. However, conventional
cancer treatments frequently encounter limitations, including toxicity, inefficiencies,
and restricted targeting capabilities. Selective Internal Radiation Therapy (SIRT) has
emerged as a promising alternative, employing radiolabeled microspheres to deliver lo-
calized radiation directly to tumors. This method significantly minimizes collateral
damage to healthy tissues and enhances therapeutic efficacy. The efficacy of SIRT de-
pends on developing microspheres that exhibit optimal properties, including biocom-
patibility, stability, and effective radiation delivery.

This thesis investigates the potential of poly(lactic acid) (PLA), a biodegradable and
biocompatible polymer derived from renewable resources, as a material for fabricating
these microspheres. The physicochemical properties of PLA, including its thermal sta-
bility, crystallinity, and controlled degradation, contribute to its versatility for biomed-
ical applications. Experimental investigations have been conducted to understand the
effects of radiation on the molecular structure and thermal behavior of PLA, provid-
ing valuable insights into its suitability for therapeutic use. Additionally, the study ex-
amines how synthesis parameters influence the size, crystallinity, and stability of PLA-
based microspheres, emphasizing the importance of precise processing techniques in
optimizing their performance.

The thesis also introduces an innovative approach by incorporating europium, a
rare-earth element, into PLA microspheres to mimic the presence of a radioisotope.
This modification alters the microspheres’ structural, morphological, and thermal prop-



vi

erties. Detailed spectroscopic analyses elucidate the interactions between the polymer
matrix and europium that form cross-links between the chains and make the material
more resistant to both the hydrolytic and radiation degradation mechanisms.

PLA microspheres can be customized to fulfill the specific needs of targeted ther-
apies and diagnostics. The findings presented here contribute to developing innova-
tive materials for SIRT, addressing the challenges in cancer therapy and using greener
and more sustainable healthcare solutions. The outcomes advance the radiotherapeu-
tic systems field and set the stage for future innovations in personalized medicine and
sustainable biomedical technologies.

Riassunto

La crescente necessità di soluzioni innovative sta accelerando lo sviluppo della scienza
biomedica e della scienza dei materiali per affrontare le sfide emergenti della medici-
na. In particolare, la diagnosi e il trattamento del cancro, in particolare del carcinoma
epatocellulare (HCC), continuano a rappresentare una preoccupazione significativa a
livello globale. Questa ricerca affronta tali sfide sviluppando vettori biodegradabili per
radioisotopi, con un focus sulla loro applicazione nella diagnostica e nella radioterapia
interna personalizzata. I recenti progressi nelle tecnologie di imaging, come la risonan-
za magnetica (RM), la tomografia computerizzata (TC) e la tomografia a emissione di
positroni (PET), hanno migliorato notevolmente la precisione nella localizzazione e ca-
ratterizzazione dei tumori, creando cosı̀ le basi per strategie terapeutiche mirate. Tut-
tavia, i trattamenti antitumorali convenzionali presentano tuttora diversi limiti, tra cui
tossicità, inefficienza e capacità di targeting limitata. La radioterapia interna selettiva
(SIRT) si è proposta come una valida alternativa, che impiega microsfere radiomarca-
te per somministrare radiazioni localizzate direttamente ai tumori. Questo approccio
riduce significativamente i danni collaterali ai tessuti sani e migliora l’efficacia terapeuti-
ca. Quest’ultima dipende dalla realizzazione di microsfere con proprietà ottimali, come
biocompatibilità, stabilità e somministrazione efficace di radiazioni. Questa tesi esplora
il potenziale del poli(acido lattico) (PLA), un polimero biodegradabile e biocompati-
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bile derivato da risorse rinnovabili, come materiale per la produzione di microsfere per
applicazioni terapeutiche. Le sue proprietà fisico-chimiche, tra cui stabilità termica,
cristallinità e degradazione controllata, contribuiscono alla sua versatilità per le applica-
zioni biomediche. Sono state condotti studi sperimentali per valutare e comprendere
gli effetti delle radiazioni sulla struttura molecolare e sul comportamento termico del
PLA, fornendo preziose indicazioni sulla sua idoneità all’uso terapeutico. Inoltre, la
ricerca ha esaminato come i parametri di sintesi influenzino dimensioni, cristallinità e
stabilità delle microsfere a base di PLA, evidenziando l’importanza di precise tecniche di
produzione per ottimizzarne le prestazioni. Un aspetto innovativo della tesi è l’incorpo-
razione dell’europio, un elemento delle terre rare, nelle microsfere di PLA per simulare
la presenza di un radioisotopo. Questa modifica altera le proprietà strutturali, morfolo-
giche e termiche delle microsfere. Analisi spettroscopiche dettagliate hanno rivelato le
interazioni tra la matrice polimerica e l’europio, che forma legami a ponte tra le catene
del polimero, conferendo al materiale maggiore resistenza alla degradazione idrolitica e
da radiazioni. Le microsfere di PLA possono essere progettate e personalizzate per ri-
spondere alle esigenze specifiche di terapie e diagnostica mirate. I risultati di questa tesi
contribuiscono allo sviluppo di materiali innovativi per la SIRT, affrontando le sfide del-
la terapia del cancro e proponendo soluzioni terapeutiche più ecologiche e sostenibili.
Gli esiti di questo studio fanno avanzare il campo dei sistemi radioterapici e pongono le
basi per future innovazioni nella medicina personalizzata e nelle tecnologie biomediche
sostenibili.
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OVERVIEW

Biomedical science and materials engineering fields are rapidly evolving, primarily due
to the need for advanced solutions to various medical challenges. Tumor diagnosis and
therapy, along with the development of biocompatible materials, are the core research
areas with great impact on human life and health. This thesis explores the emerging de-
velopments in these fields, focusing on the state of the art in diagnostic and therapeutic
interventions and the use of new biomaterials for medical applications.

In the field of oncology, improvements in diagnostic and therapeutic modalities
have increased the accuracy of detecting and treating tumors. Advances in imaging,
molecular diagnostics, and targeted therapies have enhanced life expectancy and con-
tributed to the shift toward more personalized medical treatments. These innovations
are crucial for the progress of oncology and for solving the world’s cancer problem.

Concurrently shedding light on the expansion of biocompatible polymers, notably
polylactic acid (PLA), brings new perspectives on drug delivery and regenerative medicine.
PLA, known for its biodegradability and safety, has emerged as one of the key materi-
als in making microspheres for controlled drug delivery, enabling precise targeting and
release of therapeutics. Its application also extends to tissue engineering, where it is a
scaffold for cell growth and tissue regeneration.

In this regard, Chapter 1 will focus on recent innovations in tumor diagnosis and
therapy. It highlights advances in imaging technologies, such as MRI, CT, and PET
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scan techniques, which have greatly improved the accuracy of tumor localization and
characterization. The chapter also covers minimally invasive surgical techniques and
radiation therapy developments regarding their increased efficacy and reduced side ef-
fects. Nanotechnology-based drug delivery systems and theranostics techniques — a
combination of diagnostic and therapeutic — will be examined as innovative tools for
improving treatment results.

In chapter 2, the area of polylactic acid (PLA), a biodegradable and biocompati-
ble polymer derived from renewable resources like corn starch and sugarcane, is hereto
analyzed. The chapter explores the physicochemical properties of PLA, such as its ther-
mal stability and degradation kinetics, which make it suitable for numerous medical
applications. Special emphasis is given to how PLA microspheres are employed in drug
delivery systems to achieve a sustained drug release through controlled administration
of the drug. The chapter describes various processes, such as spray drying, emulsion
methods and solvent evaporation, which are used in fabricating PLA microspheres and
their relative effects on the size of the particles, drug encapsulation and release profiles.
Finally, an outline of the future perspectives in PLA research, particularly strategies to
enhance its functionality and broaden its medical applications, will also be reported.



CHAPTER
ONE

ADVANCES IN TUMOR DIAGNOSIS AND
THERAPY

A tumor is an abnormal growth of cells that proliferate uncontrolled, forming a tissue
mass. These cells typically originate from a single mutated cell that evades the normal
mechanisms of cell growth regulation and continues to divide uncontrollably. Tumors
can be benign, meaning they do not invade nearby tissues or spread to other parts of the
body, or malignant – also known as cancer – in which case they can invade surrounding
tissues and metastasize to distant sites, potentially causing severe health complications.
According to the International Agency for Research on Cancer (IARC), there were
an estimated 20.0 million new cancer cases worldwide and 9.7 million cancer-related
deaths in 2022. Globally, lung cancer tops the list of most diagnosed cancers (12.4% of
total cases), followed by female breast (11.6%), colorectal (9.6%), prostate (7.3%), and
stomach (4.9%) cancers. Lung cancer also ranks as the leading cause of cancer-related
deaths (18.7% of total deaths), followed by colorectal (9.3%), liver (7.8%), female breast
(6.9%), and stomach (6.8%) cancers [1].

This thesis will exclusively address primary liver cancer, a condition characterized
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6 Advances in tumor diagnosis and therapy

by the formation of malignant cells within the liver tissue. Hepatocellular carcinoma
(HCC) stands as the most prevalent liver tumor, originating from hepatocytes, the
liver’s primary cell type (Figure 1.1). Its development is attributed to fibrosis and cir-
rhosis occurring in the setting of chronic liver injury and inflammation. Variations in
the racial and geographic distribution of HCC primarily stem from specific risk factors.
For instance, regions like Asia and Africa exhibit high prevalence due to hepatitis C and
B virus infections. In contrast, the incidence has risen in the US and Western Europe
over the past decade, driven by the maturity of hepatitis C and the emergence of non-
alcoholic fatty liver disease as a significant risk factor. Notably, HCC’s prognosis hinges
on both tumor stage and the severity of the underlying liver disease. Curative options,
such as liver transplantation and surgical resection, are viable only in the early stages,
underscoring the importance of reliable tumor identification methods [2].

1.1 Diagnosis and Imaging tests

Diagnosing cancer involves accurately identifying the malignancy’s anatomical origin
and the specific type of cells involved. Like other medical conditions, cancer manifests
through various signs and symptoms that can be observed directly, via imaging tech-
nologies, or confirmed through laboratory tests. The likelihood of successfully treating
cancer heavily relies on diagnosing it at an early stage before it grows too large or spreads.

Figure 1.1: Illustration of the section of a liver with HCC.
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Early detection depends on several factors: screening high-risk populations, recogniz-
ing warning signs by both patients and healthcare providers, and employing diagnostic
methods to differentiate cancer from other conditions while also determining the pre-
cise location and extent of the tumor.

Modern diagnostic imaging technologies, such as magnetic resonance imaging (MRI)
and X-ray computed tomography (CT), can distinguish tissues at a sub-millimeter level,
while positron emission tomography (PET) can pinpoint abnormalities within a few
millimeters.

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a noninvasive medical imaging procedure that
generates highly detailed images of nearly all internal structures in the human body, in-
cluding organs, bones, muscles and blood vessels. By utilizing strong magnets and low-
energy radiofrequency signals, MRI scanners gather information from specific atomic
nuclei within the body to produce these images. Consequently, MRI does not rely on
ionizing radiations for image acquisition [3].

For clinical application 1H, 13C, 19F, 23Na, and 31P, are the most frequently used nu-
clei. When the patient is submitted to a strong external magnetic field, these spinning
nuclei align parallel or antiparallel to it, resulting in a net magnetization vector parallel
to the external magnetic field. Radiofrequency pulses at the resonance frequency (Lar-
mor frequency) alter the direction of this net magnetization, allowing the obtainment
of information. Switching off the radiofrequency pulses will seek the equilibrium state,
and the magnetization decays over time through two different relaxation times, T1 and
T2, describing decay along the longitudinal and transverse directions, respectively. A
magnetic gradient is applied along the main magnetic field in the caudal to cranial di-
rection to select an imaging slice through the body. The local magnetic field strength
influences the excitation frequency of spins, allowing only a narrow band of frequen-
cies to excite a thin slice (3-8 mm) of spins. Information for individual points within a
slice is obtained using a combination of frequency and phase encoding, forming a grid
where each pixel is characterized by specific phase and frequency codes, with intensity
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represented by frequency amplitude.
MRI has the potential to highlight variations in T1 and T2 of human tissues through

contrast agents, enhancing the specificity of this technique. As a class of compounds,
chelate complexes of paramagnetic metals – Gd3+, Fe3+, Mn2+ – serve as effective MRI
contrast media by altering the relaxation times of hydrogen nuclei near the metal ions
[4]. Although MRI does not emit ionizing radiation, it employs a strong magnetic field
that extends beyond the machine and exerts mighty forces on magnetizable objects such
as medical implants in the body.

Computed Tomography (CT)

Computed Tomography (CT) is a computerized X-ray imaging procedure that involves
rotating a narrow beam of X-rays around the body to produce cross-sectional images
known as tomographic images. Once the machine’s computer collects several succes-
sive slices, they can be digitally stacked together to create a three-dimensional image of
the patient, aiding in the identification of basic structures as well as possible tumors or
abnormalities [5].

Unlike a conventional X-ray, which uses a fixed X-ray tube, a CT scanner employs a
motorized X-ray source that rotates around the circular opening of a toroidal structure
called gantry. During a CT scan, the patient lies on a bed that slowly moves through the
circular opening in the machine while narrow beams of X-rays are directed through the
body. Detectors capture the X-rays as they exit the patient, transmitting the data to a
computer for processing. The thickness of each image slice can vary, typically 1-10 mm,
depending on the CT machine used.

Contrast agents enhance visibility in X-ray or CT scans, especially for soft tissues
that may be faint or challenging to visualize [6]. For instance, an iodine-based intra-
venous contrast agent is injected into the bloodstream to study the circulatory system
and highlight blood vessels. This method is commonly employed to detect potential
obstructions in blood vessels, including those near the heart. While CT scans involve
ionizing radiation, which poses potential biological risks increasing with cumulative ex-
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posure, the overall risk of developing cancer from X-ray radiation exposure is generally
low.

Positron Emission Tomography (PET)

Positron emission tomography (PET) is a technique that measures physiological func-
tion by observing blood flow, metabolism, neurotransmitters, and radiolabelled drugs.
The technique is based on the detection of radioactivity emitted after the injection of
a small amount of a radioactive tracer, typically labelled with 11C, 13N, 15O, or 18F, into
a peripheral vein. PET can detect biochemical changes in organs or tissues, potentially
identifying the onset of a disease process before anatomical changes are visible with
other imaging techniques [7].

PET utilizes a scanning device to detect photons emitted by a radionuclide within
the organ or tissue under examination. As the scanner moves slowly over the body,
positrons are emitted during the breakdown of the radionuclide. When the radiophar-
maceutical undergoes beta decay, a positron is emitted, which annihilates with an or-
dinary electron, emitting two gamma rays in opposite directions. Gamma rays emit-
ted during positron annihilation are captured by two gamma cameras, forming a three-
dimensional image. A computer processes this data to create an image map of the stud-
ied organ or tissue. The brightness of the tissue in the image correlates with the amount
of collected radionuclide, reflecting organ or tissue function levels. PET imaging has
been shown to be sensitive enough to detect various cancers, including lung, breast,
colorectal, pancreatic, head, and neck cancer, and malignant lymphoma and melanoma
[8, 9].

1.2 Liver Cancer Treatments

Presently, cancer treatments include surgical intervention, radiotherapy, chemotherapy,
and immunotherapy. Early detection of tumors aids in administering surgical and/or
radiotherapeutic interventions. However, for patients with unresectable or irradiation-
resistant tumors or those with metastatic conditions, chemotherapy and immunother-
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apy remain the primary treatment options [10, 11]. Surgical resection is considered the
only curative option for HCC or liver-confined metastases. However, only a minority
of patients are eligible for this treatment due to factors like lesion size, number, or lo-
cation. Consequently, hepatic resection is not feasible for most patients. As a result,
various palliative local treatment methods such as cryotherapy, radiofrequency, or laser
ablation have become increasingly significant. Nonetheless, these methods are only vi-
able for patients with a limited number of small lesions. Unfortunately, by the time
of diagnosis, many patients already exhibit advanced liver disease [12]. Moreover, the
5-year survival rate for patients that have undergone liver metastases surgical resection
is only around 35%; this already low survival rate worsens due to the majority of tumors
being deemed inoperable at the time of diagnosis [13].

Chemotherapy

Chemotherapy for cancer involves cytotoxic chemicals, which possess cell-killing prop-
erties, to either eradicate or decrease the tumor burden, thereby alleviating tumor-related
symptoms and potentially prolonging life [14]. Typically, cytotoxic drugs are admin-
istered intravenously as specified combinations of two or more drugs to increase the
possibility of overcoming tumor cell resistance, procuring the activity of the regimen
against different tumor cell clones, and avoiding pronounced toxicity from normal tis-
sues.

Unfortunately, only a minority of patients with advanced disease may benefit from
cytotoxic drugs that offer a cure for metastatic disease. For some types of tumor, such
as prostate cancer, melanoma, or thyroid cancer, the proportion of patients that benefit
may be as low as 20%, even when choosing the best established therapeutic regimen. In
the case of liver malignancies, patients may not only endure severe side effects impacting
their quality of life before experiencing therapeutic benefits but also face challenges re-
lated to chemoresistance mechanisms, limiting drug penetration into tumors and lead-
ing to resistance development during treatment [15]. Moreover, assessing an individual
patient’s response to treatment is only possible after several cycles of chemotherapy have
been administered.
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Immunotherapy

Immunotherapy is the treatment of disease by activating or suppressing the immune
system. In the case of cancer treatment, its primary goal is to hinder the metastatic pro-
gression of the disease and enhance the quality of life for those affected [16]. Strategies
employed in immunotherapy involve either complementing or stimulating the immune
system using various compounds, such as bacterial lipopolysaccharides, tumor associ-
ated antigens, cytokines, antibodies, and in vitro-stimulated effector cells.

Nucleic acid therapeutics, including DNA- or RNA-based vaccines, have emerged
as promising alternatives to traditional vaccines and rely on the intracellular delivery of
exogenous nucleic acids into target cells [17]. While cell immunotherapy has proven
effective in hematologic tumors, its efficacy in solid tumors falls short of expectations
due to the heterogeneity within these tumors and their external microenvironment [18].

Radiation Therapy and Selective Internal Radiation Therapy (SIRT)

Radiation therapy, also known as radiotherapy, involves the use of ionizing radiation
as a treatment, typically administered as part of cancer therapy to eliminate or manage
the proliferation of malignant cells. Radiation therapy can achieve curative outcomes
for various types of cancer that are confined to a specific area of the body and have not
metastasized. It may also be used as part of adjuvant therapy, employed post-surgery to
minimize the risk of tumor recurrence following the removal of a primary malignant
tumor. Ionizing radiation disrupts the DNA of cancerous tissue, leading to cellular
death. To safeguard normal tissues – such as skin or organs traversed by radiation to
reach the tumor site – directed radiation beams are strategically aimed from multiple
angles to converge at the tumor, delivering a higher absorbed dose compared to the
surrounding healthy tissue [19, 20].

The effectiveness of radiation on cancer is determined by its radiosensitivity. Highly
radiosensitive cancer cells are rapidly eliminated with modest radiation doses. However,
certain cancers, like renal cell cancer and melanoma, are notably radioresistant, requir-
ing much higher doses for a radical cure, which may not be feasible in clinical practice
[21].
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(a) (b)

Figure 1.2: Schematic representation of the application of (a) SBRT and (b) SIRT during treat-
ment on a human patient.

Radiation therapy can be administrated in three different ways:

• External beam radiation therapy: also referred to as Stereotactic Body Radiation
Therapy (SBRT), it is applied externally via targeted beams of radiation to treat
cancer deep within the body (Figure 1.2a). Radiation beams can be produced
by several approaches, such as radioactive sources (usually 60Co), high-energy X-
rays (4-25 MV), or accelerated particle beams (electrons, protons, or heavy ions).

• Brachytherapy: it is applied through the insertion of radiation-emitting sources
directly within the tumor or adjacent body cavities. The radiation sources em-
ployed can be either permanent, characterized by rapid decay and remaining in-
side the body, or temporary, involving high-activity sources guided electrome-
chanically to tumors via preplaced catheters and subsequently removed after the
complete delivery of the prescribed dose.

• Radioisotope therapy: it is applied through the systemic injection of a radioiso-
tope designed to target disease. The most commonly used radioactive elements
are 131I, 89Sr, and 177Lu.

Selective Internal Radiation Therapy (SIRT) is a type of microbrachytherapy used
to treat liver cancer, whether it originates in the liver or has spread there from other parts
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of the body (Figure 1.2b). SIRT combines embolization, which involves blocking the
tumor’s blood supply, with internal radiation therapy delivered via radioactive beads
placed directly in the body. These tiny beads, typically made of resin or glass, contain a
rare earth radioisotope that becomes radioactive when activated in a neutron flux (typ-
ical values of neutron fluence are in the order of 1013cm−2s−1). Once injected through
a catheter into the blood vessels leading to the tumor, these beads deliver targeted ra-
diation to the cancer cells. The radioisotopes in SIRT are both β and γ emitters. The
β emissions are highly energetic and used for therapeutic purposes, while γ emissions
can be used for imaging techniques such as CT or PET scans to localize the tumor.
The application procedure is described in Figure 1.3. This combination of radiation
therapy and radionuclide diagnostics is known as theranostics. SIRT is often considered
for cases of primary liver cancer where surgical removal is not possible or to shrink the
tumor before liver resection or transplantation [22].

The following section will be dedicated to a more detailed description of the use of
radioactive microspheres in SIRT.

1.3 Radiolabeled microspheres

The term microspheres (MS) describes a general class of particulates with diameters in
the high nanometer to micron range and assume a spherical shape, which can be used
for various purposes in different fields, especially for diagnostic and therapeutic medical
applications. Ideally, MS would be perfectly spherical and uniform in size. However, in
practice, their size distribution deviates from this ideal due to variations in the prepara-
tion method and the material employed.

The primary application of microspheres in medicine is drug delivery, enabling the
administration of therapeutic substances – typically drugs and proteins – into the body
and their controlled release. These drug-loaded microspheres can be applied locally or
delivered to the target area after intravenous injection. Once the target site is reached,
the encapsulated drug is gradually released over the desired period, determined mainly
by its biological half-life and release kinetics from the microsphere matrix. This type of
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Figure 1.3: Illustration of targeted radioactive tracer delivery using glass microspheres: Initially
non-radioactive, the microspheres are activated in a neutron flux to become radioactive. Once
injected, they target and bind to specific tumor cells, emitting radiation that can be detected
using PET and CT imaging (adapted from [23]).

encapsulated drug delivery system offers the advantage of protecting the enclosed drug
from the in vivo environment until the time of release, even for very unstable substances
such as growth hormones, vaccines, or neuroactive peptides [24, 25]. Microspheres find
application in other various fields, including specific cell labeling (especially stem cells)
[26], affinity chromatography for antibody isolation in immunology [27], adsorption
of toxins in blood [28], diagnostic tests for flow cytometry [29], and tissue engineering
[30].

When combined with a radioactive substance, microspheres become radiolabeled.
Even at low concentrations, these radioactive microspheres are capable of delivering
high radiation doses to a target area without damaging the healthy surrounding tissue.
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Unlike drugs, the radioactivity remains confined within the microspheres but acts from
there over a radioisotope-typical distance, for example, more than tens of millimeters for
β-emitters and up to several centimeters for γ-emitters [31]. Nowadays, three types of
microspheres are commercially available: yttrium-90 resin microspheres (Sir-Spheres®,
Sirtex Medical Ltd., Sydney, Australia), yttrium-90 glass microspheres (Therasphere®,
Boston Scientific, Boston, MA, USA) and holmium-166 poly(L-lactic acid) (PLLA)
microspheres (QuiremSpheres®, Quirem Medical B.V., Deventer, The Netherlands).
Other microspheres have been used but did not reach the level of marketing authoriza-
tion in Europe, such as rhenium-188 microspheres [32, 33].

Materials and preparation of radiolabeled microspheres

The process of radiolabeling microspheres for intra-arterial therapy can occur either
during or after their preparation, depending on when the radioactive material is intro-
duced in the matrix [31]. In the former, commonly employed in medicine, the radioiso-
tope is first activated and then incorporated into the microspheres during the synthesis.
Conversely, in the latter approach, the non-radioactive precursor of the radioisotope is
initially present and is subsequently activated once encapsulated. This method is pre-
ferred, especially for shorter-lived radioisotopes. In such cases, the microspheres can be
stored for extended periods of time as part of a sterile, non-radioactive kit and then ra-
diolabeled in a nuclear reactor by bombardment with thermal neutrons shortly before
use.

Radiolabeled microspheres should ideally exhibit several important characteristics.
These include high mechanical stability to endure passage through the capillary net-
work without breakdown and high chemical stability to resist the elution of the radioac-
tive label, removal by macrophages, or radiolysis. Uniform size is also crucial for con-
sistent delivery and distribution within the target area, while unit density helps prevent
settling or streaming, ensuring even distribution. Additionally, relative ease of labeling
is desirable for efficient production and application [34].
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Choice of the radioisotope

The choice of the radionuclide to be inserted into the microspheres should satisfy very
crucial conditions. Firstly, it requires an appropriate radiation spectrum capable of ef-
fectively treating tumors of various sizes. Secondly, a high dose rate is advantageous for
effective radiobiological effects, making a short half-life preferable. Thirdly, a γ-emitter
is necessary for external biodistribution imaging, but with low energy to prevent unnec-
essary radiation burden to the patient and environment. Additionally, the labeling of
particles should be simple without any isotope leakage. Lastly, a large thermal neutron
cross-section enables high specific activities within short activation times [35, 36].

Only a few radioisotopes have these characteristics, which make them potentially
suitable for the treatment of tumors (see Table 1.1) [31]. Yttrium-90 (90Y) is a clinically
acceptable β-emitting radionuclide, useful for therapy due to its energetic emissions
(Emax = 2.28 MeV). Its half-life of 2.7 days is a reasonable match to the uptake and res-
idence time of many antibodies in tumor. Other valuable characteristics are the maxi-
mum travel distance in the soft tissue of 12 mm, and the average radiation penetration
range of 2.8 mm, thus presenting little radiation danger to neighboring healthy tissues.
Clinical trials of radionuclide therapy using 90Y have been encouraging, resulting in
clinically measurable responses even in patients with advanced chemotherapy-resistant
breast cancer. However, 90Y presents drawbacks as a radioisotope for therapy, including
prolonged activation times (more than two weeks) and inability to produce detectable
γ-rays, since it is a pure β-emitter [37].

Rhenium-186 (186Re) and rhenium-188 (188Re) are two other β-emitting radioiso-
topes with Emax = 1.08 and 2.11 MeV, and half-lives of 3.7 days and 16.9 hours, respec-
tively. These rhenium isotopes have similar nuclear and dosimetric properties to 90Y,
but the β-decay of the 186Re and 188Re radioisotopes is accompanied by γ emissions
with an energy of 137 keV and 155 keV, respectively, making them suitable for in situ
monitoring of tumor uptake and dosimetry.

Similarly, holmium-166 (166Ho) emits both β-particles (Emax = 1.85 MeV) and pho-
tons, with a short physical half-life of 26.8 hours, resulting in a high dose rate. It shares
comparable cross-section characteristics with rhenium, but its natural abundance of
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Table 1.1: Characteristics of radionuclides suitable for therapeutical application from [31].

Radionuclide Half-life (h) βmax (MeV) γ (MeV) Cross-section (barn)
32P 343.2 1.71 - 0.19
90Y 64.1 2.27 - 1.3
109Pd 13.4 1.03 0.088 8.8
140La 40 1.31 0.487 8.9
153Sm 46.8 0.80 0.070 220
165Dy 2.4 1.29 0.095 800
166Ho 26.8 1.84 0.081 64
169Er 230.4 0.34 0.008 2
186Re 90.6 1.07 0.137 110
188Re 17 2.11 0.155 70
198Au 64.8 0.96 0.412 99

100% ensures the formation of only one radioisotope, 166Ho, upon neutron bombard-
ment. Another theranostic radionuclide emitting both β and γ energies is samarium-153
(153Sm) since it has a half-life of 46.3 hours. It can emit β particles with energies of 0.81
MeV (20%), 0.71 MeV (30%), and 0.64 MeV (50%), as well as γ photons with energies
of 103 keV [23].

Albumin

Human serum albumin (HSA), commonly referred to as albumin, is a long-circulating
and highly abundant protein in the blood and behaves as a natural ligand carrier with
multiple cellular receptor binding sites, thus being able to promote the delivery of anti-
cancer agents in cells [38]. The colloidal forms of HSA in the particle size range of 100
μm have the potential to be carriers of drugs for targeting specific localization within the
body or local application. The bioactive species’ release rate from the microspheres can
be modified by the particle size, extent of cross-linking, and the position and concen-
tration of drug incorporated in the microspheres. As an example, 99mTc and 188Re mi-
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crospheres of HSA have been widely used for clinical nuclear medicine, particularly for
lung perfusion imaging, a treatment technique based on the trapping of large particles
in the capillary bed of the lung [39]. As well as rhenium and technetium, yttrium can
be bounded to HSA for internal radiotherapy, creating 90Y macroaggregates (MAA) of
HSA, with dimensions generally in the range 10-30 μm [40].

Different functional groups such as -OH, -NH2, -SH and -COOH bind specific
drugs, radiolabeled chemicals, and chelators to microspheres and introduce other func-
tional groups for further derivatization. These chemical modifications are possible be-
fore microsphere preparation but are more commonly performed afterwards. For ex-
ample, pentetic acid, or diethylenetriaminepentaacetic acid (DTPA), whose conjugate
base has a high affinity for metal cations, is frequently used as a chelating molecule for
HSA microspheres [41]. DTPA is bounded via an amide bond to albumin using one
of the molecule’s carboxyl groups, which is able to chelate not only 111In, but also 90Y,
99mTc, 166Ho, and many other lanthanides.

Resins

Spherical anion and cation exchange resins of different sizes serve as examples of mi-
crospheres that can be radiolabeled with ionic radionuclides. These resins are insolu-
ble matrices generally in the form of small (0.25–1.43 μm radius) microbeads fabricated
from an organic polymer substrate. The beads are typically porous, providing a large
surface area where the trapping of ions occurs along with the accompanying release of
other ions, and thus the process is called ion exchange. They achieve labeling efficiencies
typically exceeding 95% through simple incubation in saline or aqueous buffer solutions
containing the radioisotope, such as chloride salts of holmium and yttrium [42]. How-
ever, their stability must be rigorously assessed, as not all resins possess the necessary ca-
pacity or binding affinity for radioisotopes like (90Y)3+. For instance, the already men-
tioned SIR-Spheres® are cation exchange resin microspheres labeled with 90Y phos-
phate, made of sulphuric acid groups attached to a styrene-divinylbenzene copolymer
resin (Aminex 50W-X4).

As well as for HSA microspheres, their surface can be modified with chelating agents
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capable of binding diagnostic and therapeutic radioisotopes. Currently, the most sta-
ble and widely used agents are DOTA, also known as tetraxetan, and MAG3. DOTA
(1,4,7,10-tetra-azacyclododecane N,N’,N”,N”’-tetraacetic acid) is a macrocyclic chela-
tor with a 12-membered tetraaza macrocycle ring that is widely used for binding triva-
lent metals and can complex 212Bi, 90Y, and 111In with over 99% stability for two weeks.
MAG3 (mercapto-acetyl-triglycine) is a renal radiopharmaceutical that was introduced
as a replacement for 131I o-iodohippurate (OIH), and can complex group VIIB radioiso-
topes, such as 186Re, 188Re, and 99mTc with nearly 100% stability in serum over 24 hours
[37].

Glass

A practical method to prevent the leakage of radioactive isotopes from microspheres
is to encapsulate the radioisotope within the microsphere matrix itself. The process in-
volves enclosing a non-radioactive isotope precursor within pre-fabricated microspheres,
which are then activated by thermal neutron bombardment in a nuclear reactor shortly
before use. Glass is the most stable matrix for this application. It is highly resistant to
radiation damage, insoluble, non-toxic, and can be easily formed into uniform spheres
with minimal radionuclidic impurities.

The first attempt to develop such therapeutic radioactive microspheres was the syn-
thesis of aluminosilicate glass containing 17-23 mol% Y2O3 (YAS) [43, 44]. These 20-32
μm diameter microspheres produced by spheroidizing YAS glass frit in an acetylene/oxy-
gen flame are characterized by a completely amorphous structure with high shape isom-
etry (particle asphericity below 5%), high chemical stability, and no crystalline inclu-
sions. During neutron activation in the reactor, the non-radioactive 89Y becomes the
radioactive β-emitter 90Y. The aluminum and silicon oxides present in the glass base do
not form long-lived isotopes when irradiated and impart high chemical stability to the
preparation in the internal medium of the body (blood plasma pH 7.4). The leakage
rate of the 90Y enclosed in the glass matrix was extremely low (not more than 92 Bq were
released from 50 mg of microspheres when activated). These microspheres, registered as
TheraSphere®, are already used clinically for treating liver cancer in Canada, the USA.,
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and China. They are being subjected to clinical trials in treating diseased kidneys and
spleens, and in the radiation synovectomy of arthritic joints [32, 45].

To reduce the risk of release of 90Y into the organism, YAS microspheres with a
core-shell structure were also investigated [46]. This approach focuses on confining the
radioisotope within the microsphere’s interior by employing controlled ion implanta-
tion of the active species, such as phosphorus ions. Alternatively, a hollow porous in-
terior morphology can be engineered to reduce the microsystem’s overall weight and
mitigate potential side effects, as demonstrated with high-density ceramic Y2O3 micro-
spheres [47]. Similarly, glass microspheres have been produced with rhenium, resulting
in 186/188Re microspheres after neutron activation [48].

YAS glass microspheres have shown effectiveness in treating liver cancer, but they
come with certain drawbacks. As already mentioned, one key issue is the prolonged
neutron activation time required for 90Y, coupled with the inability to use it for imag-
ing, since this radioisotope does not emit γ-rays. Additionally, the relatively high density
of these microspheres (3.29 g/mL) and their non-biodegradability present significant
disadvantages. The high density increases the risk of intravascular settling in tissues,
making complete injection through syringes and intravenous lines more complex. At
the same time, the lack of biodegradability may lead to unwanted immunologic reac-
tions in the patient’s body [49].

Polymers

The use of polymers for synthesizing microspheres enables the production of uniformly
shaped and well-defined spheres in a wide range of sizes. Polymer microspheres are typi-
cally made from materials such as poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid)
(PLA), or poly(ε-caprolactone) (PCL) [50]. Table 1.2 lists the most commonly used
polymers for fabricating microspheres, particularly for medical applications. These ma-
terials are chosen for their biocompatibility, degradability, and ability to be processed
into uniform spheres. Unlike glass microspheres, polymer microspheres can be de-
signed to degrade over time, reducing the risk of long-term complications. Moreover,
the lower density, similar to human plasma (1.025 g/mL), can improve their injectability
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Table 1.2: Medical applications of polymeric microspheres from [31]

Mechanism Matrix
Controlled drug delivery PLA, PLGA1, polycyanoacrylate, PMMA2, PEG3

Oral drug delivery of easily degraded drugs PLGA, styrene, PMMA
Vaccine delivery PLGA, chitosan
Specific cell labeling Polystyrene
Adsorption of harmful substances Polymeric resins, PVA, polyacrylamide
Radioembolization PVA4, P(HEMA)5, PLA
Structure for cell growth Gelatin, dextran, cellulose, collagen

and reduce the risk of complications during administration. The degradation rate can
be controlled by adjusting the polymer composition, which also influences the release
profile of the radioactive material. The size of the microspheres is carefully controlled,
usually ranging from 20 to 60μm, to ensure they can selectively lodge in the small blood
vessels feeding the tumor without causing a significant blockage in the surrounding vas-
culature. However, their major disadvantages include their inability to withstand high
thermal neutron fluxes during activation; the polymers used should not break down
too quickly or lose their structural integrity before delivering the intended dose. The
introduction of additives and the adjustment of irradiation parameters can overcome
this problem [51].

Polymer-based microspheres used for internal radionuclide therapy are produced
using several synthesis methods, each offering distinct benefits and limitations. The sol-
vent evaporation technique is one of the most commonly employed methods [52, 53]. It
involves dissolving a polymer in a volatile solvent and dripping this solution into a non-
miscible liquid, i.e. the continuous phase. This phase contains a stabilizer to ensure the
formation and maintenance of a spherical shape. As the solvent evaporates, solid mi-

1poly(lactic-co-glycolic acid)
2polymethylmethacrylate
3polyethylene glycol
4polyvinyl alcohol
5poly(2-hydroxyethyl methacrylate)
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crospheres form, which are subsequently washed to remove stabilizer residues. The sig-
nificant advantages of solvent evaporation synthesis of microspheres are its simplicity,
compatibility with a wide range of polymers, and high yields. However, it has notable
drawbacks, including difficulties in achieving consistent sphere sizes across batches, po-
tentially toxic solvents and stabilizers requiring time-consuming washing, and potential
drug loss during the washing process, generating significant waste. The disadvantage
is that control over sphere size between different batches is complicated. More details
about this synthesis procedure will be given in 2.3.

Spray drying provides another approach, atomizing a polymer solution into a heated
chamber, allowing the solvent to evaporate rapidly and form loose microspheres [54].
This single-step process is straightforward and scalable, and results in low residual sol-
vent levels, making it suitable for creating injectable microspheres. However, the method
can produce particles with high polydispersity and relies on high drying temperatures,
which may compromise the integrity of heat-sensitive bioactive compounds [55]. Nano-
precipitation is a versatile method particularly suited for encapsulating hydrophobic
drugs [56]. It involves dissolving both the polymer and drug in a semi-polar organic
solvent, such as acetone or ethanol, and then gradually introducing this solution into
an aqueous stabilizer. The polymer precipitates at the interface, forming microspheres
or nanoparticles. This technique excels at producing particles with a narrow size distri-
bution and minimizes the need for large amounts of toxic solvents or external energy
inputs. However, it is not ideal for hydrophilic drugs, as their solubility in the required
organic phase is limited, and removing residual solvents remains challenging.

Each method is tailored to specific applications, balancing ease of synthesis, com-
patibility with various drugs and polymers, and control over particle size and unifor-
mity. While solvent evaporation is a well-established and versatile technique, spray dry-
ing and nanoprecipitation offer alternatives better suited to specific requirements, such
as scalability or precision in particle size.

The loading of polymer microspheres can be approached using two primary strate-
gies: incorporating the drug during microspheres synthesis or soaking it into the mi-
crospheres after their production. The encapsulation efficiency is influenced by several
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factors, with drug solubility and the viscosity of the polymer solution being the most
significant [57, 58]. High polymer solution viscosity affects both the size of the micro-
spheres and the rate of drug diffusion from them. Factors such as the temperature at
which microspheres are formed and the solvent evaporation rate can enhance encap-
sulation efficiency by promoting the rapid formation of a hard surface layer, thereby
minimizing drug loss to the aqueous stabilizer phase. For highly soluble drugs in wa-
ter, synthesis conditions must be carefully optimized to prevent drug loss during the
synthesis and washing steps. The microsphere size (surface-to-volume ratio), polymer
molecular weight, porosity, and duration of the soaking process also affect the loading
efficiency. A limitation of the soaking method is that the drug tends to localize pri-
marily in the outer shell of the microspheres, resulting in relatively fast drug release. In
all drug-loaded microspheres, additional factors influence drug release kinetics, includ-
ing the intended application and the injection site (sub-dermal or intravascular), which
can dictate the optimal microsphere size. Additionally, the stability and solubility of the
drug must be considered, as in vitro experiments are typically conducted in large liquid
volumes under sterile conditions without the presence of cells, proteins, or enzymes
that could affect stability and degradation.

Several design parameters play a crucial role in achieving the desired drug release
profile. One such parameter is the molecular weight of the polymer chains used. Stud-
ies have shown that molecular weight significantly affects the rate and pattern of drug
release [59, 60]. For instance, using PLGA with a higher molecular weight results in
a slower drug release, whereas a lower molecular weight PLGA leads to a faster release
primarily driven by diffusion. With higher molecular weight PLGA, the drug release de-
pends not only on diffusion rates but also on the degradation rate of the polymer chains,
resulting in a more complex release profile that varies depending on the experimental
conditions. Another important factor influencing drug release kinetics is the size of the
microspheres used [61]. Smaller microspheres have a higher surface-to-volume ratio,
which generally leads to a faster initial release due to the increased surface area. How-
ever, for microspheres larger than approximately 30 μm, the release profile changes, as
the release is no longer solely diffusion-driven. In larger spheres, the diffusion paths are
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longer, slowing the drug’s movement to the surface [62]. Additionally, the degradation
of polymer chains within the microsphere can lead to increased diffusion rates, thereby
accelerating drug release over time.

In Chapter 2 the use of poly(lactic acid) in microspheres for radioembolization will
be explored in depth.



CHAPTER
TWO

POLY(LACTIC ACID) : CHARACTERISTICS
AND INNOVATION IN MEDICINE

Poly(lactic acid) (PLA) is widely regarded as one of the most well-known and com-
mercially successful biopolymer thanks to its excellent processability and mechanical
properties. The term ”biopolymer” refers to a broad range of polymeric materials ei-
ther sourced directly from biological origins, such as microorganisms, plants, or trees,
or synthesized chemically from biological sources like vegetable oils, sugars, fats, resins,
proteins, and amino acids [63]. What sets biopolymers apart from fossil-fuel-derived
polymers is their sustainability, mainly when they are biodegradable. Bio-based plas-
tics, such as PLA, are developed as environmentally friendly alternatives to petroleum-
based plastics, with the added benefit that the raw materials used in their production
capture CO2 from the atmosphere, contributing to lower carbon emissions. Addition-
ally, PLA’s degradation products are non-toxic to humans and the environment [64].
The increasing cost of petroleum feedstocks, along with growing consumer demand for
”green” or renewable products, have further accelerated the adoption of biopolymers.
PLA is also energy-efficient, requiring 25-55% less energy to produce than petroleum-
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based polymers [65]. Its ease of production is attributed to the availability and afford-
ability of lactic acid, making it the first bio-based polyester to be mass-produced on a
commercial scale.

PLA-based polymers are widely employed in the biomedical field due to their ad-
vantageous properties, including biocompatibility (their degradation products are non-
toxic and easily metabolized by the body), hydrolytic degradation in situ, tailorable
properties, and well-established processing methods. The innate characteristics of PLA
lend themselves to rapid prototyping and efficient manufacturing in 3D-printed con-
structs. These characteristics have enabled the development of various applications,
such as bone fixation screws, bioresorbable suture threads, and stent coating, to name a
few. PLA-based materials have also gained attention in nanomedicine, particularly for
the synthesis of nanocarriers designed for the targeted delivery of hydrophobic drugs
and radiotherapy, representing a promising new application [56, 65].

This chapter explores the properties and characteristics that make poly(lactic acid)
so versatile and widely used in multiple application fields, with a particular focus on
its use in radiotherapy. It will also discuss degradation and how it is affected by the
material’s characteristics and environmental conditions.

2.1 Synthesis processes of PLA

PLA belongs to the poly-α-hydroxy acid family, a group of linear aliphatic thermoplastic
polyesters, whose constitutional monomer is lactic acid (LA; 2-hydroxypropanoic acid)
(CH3-CHOH-COOH), an optically active molecule that exists in two chiral forms: L-
lactic acid and D-lactic acid. These stereoisomers allow for variations in the types of
PLA, as it is a chiral polymer featuring asymmetric carbon atoms arranged in a helical
conformation, influencing its properties and applications [66].

The enantiomeric forms of PLA are classified into three types: levorotatory (L-),
dextrorotatory (D-), and meso (a mixture of L- and D- isomers). The type of PLA
synthesized depends on the source material used: poly(L-lactic acid) (PLLA) from L-
lactide, poly(D-lactic acid) (PDLA) from D-lactide, poly(D,L-lactic acid) (PDLLA)
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Figure 2.1: Chemical structure of PLA stereoisomers.

Figure 2.2: Possible synthesis methods for PLA: direct polycondensation, enzymatic polymer-
ization, and ring-opening polymerization (adapted from [67]).

from the mesolactide (Figure 2.1).
Starting from LA, PLA can be manufactured by two main polymerization routes,

which are direct polycondensation (DPC) and ring-opening polymerization (ROP),
as shown in Figure 2.2. Each method has advantages and challenges, influencing the
molecular weight, purity, and overall properties of the PLA produced [67].
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In direct polycondensation (DPC), the lactic acid monomers are polymerized di-
rectly through a condensation reaction, where water molecules are removed as a byprod-
uct. In this process, lactic acid molecules undergo dehydration condensation for 96
hours at temperatures of 150-250◦C, forming ester bonds between the monomers and
creating low-molecular-weight oligomers. Further polymerization through the chain
extension step results in the formation of higher molecular weight PLA chains, although
the presence of residual water can shift the reaction equilibrium and limit chain growth.
While the formation of byproducts is unavoidable, it can be limited by employing a
variety of catalysts, such as Sn(II) octanoate, and by altering the influencing parame-
ters during the polymerization process to enhance the reaction rate and achieve higher
molecular weight [68, 69]. However, PLA produced through DPC generally has poor
mechanical properties and, therefore, is not suitable for many applications. The need
for cost-effective methods to produce high-molecular-weight lactic acid-based polymers
has generated significant commercial interest. Solvent-assisted polycondensation is one
potential solution, as is melt polycondensation followed by solid-state polycondensa-
tion [70].

Most commercial processes for producing PLA favor the ring-opening polymer-
ization (ROP) of lactide—the cyclic dimer of lactic acid—over polycondensation, as it
is more efficient. Initially, lactic acid undergoes oligomerization to form short chains,
which are then depolymerized at temperatures around 150-200◦C in the presence of
water to yield lactide (3,6-dimethyl-1,4-dioxane-2,5- dione). During ROP, the cyclic
structure of lactide opens, allowing monomers to link into long chains and obtain high
molecular weight PLA [71]. Although this route effectively produces high-quality PLA,
it is a two-step process requiring additional purification, which increases costs. Addi-
tionally, it generally involves metal-based catalysts, such as Sn(II) octanoate or zinc lac-
tate, to facilitate the reaction. The ROP of lactide is preferred because it allows for
precise control over polymerization, which is critical for obtaining desired PLA prop-
erties. Since a lactide molecule contains two chiral carbon atoms, it is possible to create
three stereoisomers of lactides: L, D, and meso-lactide. This chirality is advantageous
for the synthesis of PLA with varied stereoregularities, which influences the material’s
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thermal, mechanical, and degradation characteristics [72].

The chemical synthesis previously discussed relies on petroleum-based compounds
that could be affected by crude oil shortages and price fluctuations. Lactic acid (LA) can
be synthesized chemically as a racemic (50:50) mixture of D- and L-LA, though this pro-
cess is unsuitable for applications in food, beverage, and pharmaceutical industries [73].
Since D-LA could lead to metabolic issues, it is not appropriate for producing PLA,
which demands optically pure L-LA (99%) and minimal D-LA (1%) content. More-
over, the polycondensation method yields oligomers with average molecular weights in
tens of thousands; however, side reactions such as transesterification can also occur,
leading to the formation of ring structures like lactide. These side reactions negatively
impact the properties of the final polymer [74]. While producing such byproducts can-
not be eliminated entirely, it can be managed by using various catalysts, functionaliza-
tion agents, and adjustments to polymerization conditions. Enzymatic polymerization
has emerged as a promising alternative to overcome these challenges. This method is en-
vironmentally friendly, operates under mild conditions, and offers precise control over
the polymerization process.

Several studies have reported the use of genetically engineered microbes to enhance
PLA production through fermentation processes [75]. For example, the yeast Saccha-
romyces cerevisiae and the Lactobacillus carry the lactate dehydrogenase gene. They can
produce high levels of LA by converting simple sugars (derived from plant biomass like
corn, sugarcane, beets, and other crops) into lactic acid. Genetically modified strains of
Escherichia coli have also been developed to produce optically pure LA at high yield and
conversion rates on specialized media, helping reduce production costs further [76, 77].
Alkalis like lime (calcium hydroxide) are added throughout the process to neutralize the
LA produced by microorganisms and maintain the pH of the fermentation broth. The
resulting calcium lactate can then be acidified with strong acids, such as sulfuric acid, to
release LA. However, this process generates gypsum (calcium sulfate) as a byproduct,
which requires disposal as solid waste and limits the method’s utility. After fermenta-
tion, LA must be separated and purified from the broth to meet final product standards.
The yield of LA from the broth varies based on the raw materials used and the recovery
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techniques employed. A typical downstream purification process includes (1) biomass
removal, (2) sulfuric acid treatment, (3) gypsum removal to obtain crude LA, and (4)
final purification through ion-exchange chromatography to achieve optically pure LA,
which is then condensed with a catalyst to produce PLA [78].

2.2 Properties of PLA

Crystalline and amorphous structures

Depending on its stereochemical structure and thermal history, PLA can exist in an
amorphous or semicrystalline state. The crystallization behavior, degree of crystallinity,
and thermal properties of PLA are influenced by factors such as molecular weight, poly-
merization conditions, thermal history, and purity. The crystalline regions in PLA are
characterized by a highly ordered arrangement of polymer chains, resulting in enhanced
rigidity, thermal stability, and strength. These regions form primarily during controlled
cooling or annealing processes, particularly in PLA with a high proportion of the L-
lactide isomer (PLLA). In contrast, the amorphous regions are disordered and lack
long-range molecular alignment, contributing to flexibility, transparency, and lower
thermal resistance. The balance between these two phases is determined by factors such
as the stereochemistry of the polymer (e.g., D- and L-isomer ratio), processing condi-
tions, and the presence of nucleating agents. By tailoring the crystalline to amorphous
regions ratio, PLA can be optimized for applications ranging from heat-resistant pack-
aging to flexible films and biomedical devices.

Like many crystalline polymers, PLA exhibits polymorphism, which is the occur-
rence of multiple crystalline forms. Polymorphism in polymers can be classified into
two categories: crystals with different chain conformations and crystals with the same
chain conformation but distinct spatial arrangements. In any given condition, only
one crystalline form is thermodynamically stable, while others are metastable and may
eventually transform into the stable form over time.

The earliest identified crystalline form of PLA is the α-form, which was believed to
be the predominant crystallization form during standard solution casting or melt pro-
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cessing. Early studies on PLLA identified its primary helical structure as a 103 helix,
with two chains packed within a triclinic unit cell [79, 80]. This 103 conformation rep-
resents a stable and ordered arrangement, with each chain completing ten monomer
units per three turns of the helix. However, recent investigations have highlighted sig-
nificant deviations from this idealized structure, primarily due to intermolecular inter-
actions within the crystalline lattice [81, 82]. Analyses of PLLA single crystals using
electron diffraction revealed that the orthorhombic space group P212121 provides the
most plausible packing mode for the 103 helices. This orthorhombic structure natu-
rally distorts the helices into chains with 21 helical symmetry, reflecting subtle shifts
in molecular packing induced by neighboring chain interactions. Such distortions are
critical for understanding PLLA’s mechanical and thermal properties, as they affect
both crystallinity and material strength. Further insights were obtained through in-
frared (IR) and Raman spectroscopy, which suggested that the α-phase of PLLA may
not be uniform but instead comprises a coexistence of 103 and 31 helical conformations
[83, 84]. This hypothesis arises from the observation of spectral signatures indicative of
both structures, pointing to a more complex molecular arrangement than previously
assumed. Deviations in symmetry were incorporated into structural analyses to further
refine the crystallographic model. These refinements led to the identification of the
space group P1211 as a more accurate representation of PLLA’s crystalline structure, as
represented in Figure 2.3. This revision accounts for a slight loss of symmetry along the
chain axis, consistent with experimental observations [85].

A notable characteristic of PLLA is the discontinuity observed in its crystalliza-
tion kinetics within the temperature range of 100 to 120◦C, regardless of molecular
weight. To explain this behavior, a novel crystalline form termed α′ or δ, described as
a ”disordered crystal”, was proposed [86, 87]. This α′-form shares the same 103 helical
conformation and similar chain packing as the α-form but features slightly larger lat-
tice dimensions (Figure 2.4). The α′-modification is conformationally disordered and
metastable below 150◦C, transitioning irreversibly into the α-form upon heating. This
phase transition is thought to involve the reorganization of chain conformations, par-
ticularly the side groups, resulting in a reduced unit cell size. The formation of the α′-
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Figure 2.3: Side and top view of crystal structure of PLLA α form proposed by [85].

and α-phases is highly dependent on the crystallization temperature (Tc) [88]. At low
temperatures (Tc < 100◦C), the disordered α′-phase predominates, while at higher tem-
peratures (Tc > 120◦C), the orderedα-phase is primarily formed. Both crystalline forms
can coexist and grow in the intermediate range of 100–120◦C. This crystallization be-
havior underscores the significance of thermal history during processing, as variations
in Tc can determine which crystalline structure develops.

The β crystal form can be produced at higher temperatures and stretching rates.
This form exhibits improved impact resistance and heat stability, making it suitable for
specific high-performance applications. The β-form has a melting temperature approx-
imately 10◦C lower than the α-form, indicating its lower thermal stability. The α-to-β
crystal transition proceeded efficiently at temperatures between 130 and 140◦C. It was
proposed that the β-form is a frustrated structure containing three 31 helices randomly
oriented up and down within a trigonal unit cell with a space group P32 [89]. The γ-
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Figure 2.4: Comparison of molecular chain conformation between the crystalline forms δ (or
α′) and α (from [85]).

Table 2.1: Properties of different PLA crystal types from [92].

Crystal type Crystal system Chain conformation Cell parameters
a (nm) b (nm) c (nm) α (°) β (°) γ (°)

α Pseudo-orthorhombic 103 helical 1.07 0.645 2.78 90 90 90
α′ Orthorhombic 103 helical 1.08 0.62 2.88 90 90 90
β Trigonal 31 helical 1.052 1.052 0.88 90 90 120
γ Orthorhombic 31 helical 0.995 0.625 0.88 90 90 90

form, identified through epitaxial crystallization of PLA on hexamethylbenzene, con-
sists of two 31 helices packed antiparallel in an orthorhombic unit cell, distinct from the
parallel helix arrangement of the β-phase [90, 91]. Table 2.1 summarizes the parameters
for the reported PLLA forms.

In semicrystalline PLLA, crystalline and amorphous phases coexist, with tie molecules
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linking the two. As polymer crystallization progresses, the volume of the amorphous
region decreases, and the decoupling between the crystalline and amorphous phases is
typically incomplete, resulting in reduced mobility of the amorphous chains. This ob-
servation implies that most semicrystalline polymers should be described using a three-
phase model, as illustrated in Figure 2.5: the crystalline phase, the mobile amorphous
phase (MAP), and the rigid amorphous fraction (RAF) [93, 94]. The MAP represents
the disordered regions of the polymer where molecular chains have significant mobil-
ity, contributing to the polymer’s flexibility and the glass transition process. In contrast,
the RAF arises due to the strong hindrance of amorphous segment mobility caused by
the fixation of polymer chains to the crystalline lamellae. It can be characterized using
thermal analysis, as it does not participate in the glass transition of the MAP and ex-
hibits distinct thermal behaviour. It has been suggested that the crystalline phase and
RAF do not significantly influence the fragility of PLLA, maintaining the polymer’s
nature. From extensive research on determining the exact positioning of the RAF and
MAP within the semicrystalline structure, it was concluded that in the conventional
homogeneous stack model, the MAP is located within the amorphous regions between
crystalline lamellae or stacks. At the same time, the RAF forms interfacial layers be-
tween the crystalline lamellae and the MAP [95, 96]. The introduction of the RAF
in the model offers a comprehensive understanding of semicrystalline polymer struc-
tures and their relationship with macroscopic properties, as it influences thermal and
mechanical behavior by bridging the crystalline and amorphous regions, providing a
gradient of mobility between the two phases.

The MA weight fraction (wMA) from the specific heat capacity increment at Tg :

wMA =
∆cp
∆cp,a

(2.1)

∆cp the specific heat capacity increment at Tg , and ∆cp,a the specific heat capacity
increment at Tg of the fully amorphous material. The RA weight fraction (wRA) by
difference:

wRA = 1 − −wc − −wMA (2.2)
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Figure 2.5: Scheme of the lamellar morphology of PLLA using the three-phase model: the crys-
talline layer (Lc), the rigid amorphous fraction (RAF) (Lra), and the mobile amorphous phase
(Lma) [97].

Sometimes, the crystalline weight fraction (wc) is determined by employing XRD mea-
surements instead of through the previous equation. The calculation of the RA weight
fraction is generally obtained from the calorimetric measurement of (wWA) at Tg ,
which for semicrystalline PLLA is in the range of 60–70◦C.

Thermal properties

Crystal polymorphism significantly impacts the thermal properties of semicrystalline
polymers. The variation in melting behavior influenced by the thermal stability of var-
ious crystal modifications and the potential interconversion between these forms, as
reported for PLLA, is the most commonly studied phenomena [98]. The degree of
disorder in the crystal packing of PLLA influences the thermal behavior of both the
crystalline regions and the coupled amorphous segments.

Pure PLLA and PDLA exhibit similar properties, including a glass transition tem-
perature (Tg) ranging from 50 to 70◦C, a melting temperature (Tm) between 170 and
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190◦C, and a crystallinity of approximately 35% [99]. The degree of crystallinity (X ) is
calculated from DSC data using the following equation:

X% = 100(∆Hm −∆Hc)/∆H0
m (2.3)

Here, ∆Hm and ∆Hc represent the melting and crystallization enthalpies, respec-
tively, while ∆H0

m is the reference enthalpy for PLLA crystals of infinite size (93.6 J/g)
[100].

Isotactic PLLA, composed entirely of L-lactide, is a semicrystalline polymer with
the highest melting temperature among PLA variants. In contrast, syndiotactic poly-
lactide containing higher proportions of the D-isomer, due to its different stereotactic
configuration, demonstrates a lower Tg of 34◦C and a Tm of 155◦C [101]. The mate-
rial transitions to an amorphous state as the D-isomer content exceeds 12–15%. The
blending of PLLA and PDLA leads to the formation of a stereocomplex with a unique
crystalline structure, distinct from those of the individual homopolymers, and a Tm
reaching 230◦C [102]. The peculiar characteristic of PLA is that it can crystallize not
only from the melt state but also from the glassy state, so-called melt and cold crystal-
lization. When PLA is rapidly quenched from the melt phase to a temperature below
Tg, the resulting polymer becomes highly amorphous. It leads to an exothermic cold
crystallization peak (Tcc) during subsequent reheating, typically around 100–120◦C. In
contrast, slow cooling results in a polymer with higher crystallinity and reduced crystal-
lization enthalpy during reheating [92, 103].

The glass transition temperature plays a crucial role in determining the crystalliza-
tion window of PLA, as the mobility of polymer chains is related to the temperature
difference (T −Tg). Above Tg , PLA becomes soft and loses its structural rigidity, lim-
iting its use in high-temperature applications. In contrast, below Tg , PLA retains its
rigidity and strength, making it suitable for packaging and disposable products. The
behavior of Tg is affected by multiple factors, including physical aging, crystallinity,
morphology, and impurities. For instance, the calorimetrically determinedTg of PLLA
generally decreased as crystallization temperature (Tc) increased, regardless of whether
the samples were cold- or melt-crystallized. On the other hand, during the early stages
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of crystallization, an increase in the glass transition temperature is found, attributed to
molecular motions in the interlamellar amorphous phase. These findings support the
applicability of the three-phase model in explaining the structural and thermal behavior
of semicrystalline PLLA [104, 105].

The glass transition of the rigid amorphous phase (RAF) was identified through
changes in apparent heat capacity occurring between the mobile amorphous phase (MAP)
glass transition temperature (Tg) and the melting temperature (Tm). Since the heat ca-
pacity change of the MAP at Tg depends on the enthalpy of fusion in semicrystalline
PLA, which varies with thermal history, the RAF was analyzed to assess the non-linear
changes in heat capacity. The thickness of the RAF – calculated using the already pre-
sented three-phase model – could affect the glass transition. Specifically, an increase
in the thickness, which correlates with higher crystallization temperatures, led to a de-
crease in Tg [97]. It was also proposed that the RAF may not remain rigid up to the
melting temperature (Tm) and could gradually decrease or disappear above the glass
transition temperature (Tg) of the MAP [106].

Optical properties

Studying the optical properties of materials, including polymers like PLA, is crucial for
understanding their behavior, functionality, and potential applications. Optical prop-
erties reveal valuable information about the interaction between materials and electro-
magnetic radiation, particularly in the visible, infrared (IR), and ultraviolet (UV) re-
gions. Optical properties such as absorption, reflectance, and transmittance provide
insight into the chemical structure, bonding, and molecular interactions within the
material, while techniques like IR and Raman spectroscopy can distinguish between
crystalline and amorphous regions, shedding light on the material’s microstructure and
its impact on physical properties.

Several factors, including constitution, configuration, conformation, stereoregu-
larity, and crystallinity, influence the degree of order in a macromolecular system. Vi-
brational spectroscopy techniques, such as infrared (IR) and Raman, provide insights
into these aspects by analyzing spectral bands associated with stereoregularity, chain
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conformations, and crystalline structures. Conformational regularity arises from in-
tramolecular interactions between neighboring chemical groups within the same poly-
mer chain, while crystallinity depends on intermolecular forces between adjacent chains
[107].

Vibrational spectroscopy is particularly sensitive to local molecular environments,
enabling differentiation between these two types of interactions. The high sensitivity of
IR spectroscopy to changes in the dipole moment of vibrating groups makes it ideal for
detecting polar functional groups and even structural changes during melting and crys-
tallization [108]. For example, time-resolved IR spectral analysis was employed to study
the intermolecular interactions involving both the CH3 and C=O groups, as well as the
C-O-C backbone, during both the induction and growth phases of melt crystallization.
These observations highlight the significant role of weak interchain interactions in gov-
erning the nucleation and growth mechanisms of polymer crystallization. In contrast,
Raman spectroscopy is better suited for analyzing the homonuclear polymer backbone
due to its sensitivity to changes in polarizability.

In the PLA α-form, the 103 helical chains consist ofN = 90 atoms within the trans-
lational repeat unit. The factor group of the line group is isomorphic to the cyclic group
C10, which includes ten symmetry elements: the identity element (E) and nine screw
axes (Ck

10). Based on group theory, the nine atoms in the chemical unit contribute to
270 normal vibrations (3N ). Among these, four are non-genuine modes arising from
pure translations of the chain and rotations about the chain axis:

Γvib = 25A+ 27B+ 26E1 + 27(E2 +E3 +E4) (2.4)

Γrot−trans = 2A+E1 (2.5)

In vibrational modes withA symmetry, all physical repeating units vibrate in phase,
as dictated by the screw operation. ForB symmetry modes, alternating units vibrate out
of phase. The En species represent doubly degenerate modes, with pairs of vibrations
occurring at the same frequency. Selection rules dictate that E3 and E4 modes are inac-
tive in both IR and Raman spectroscopy. However, A, B, E1, and E2 modes are Raman
active, while only A and E1 modes are IR active [109].
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(a) C=Ostretching regionat 1850–1650 cm−1. In semicrystalline PLA, the C=O stretch-
ing mode exhibits four active modes in the Raman region, labeled A, B, E1, and
E2, which appear approximately at 1749, 1763, 1769, and 1773 cm−1, respectively
(Figure 2.6a). In the IR spectrum, theA andE1 active modes are overlapped, pro-
ducing a broad asymmetric band around 1760 cm−1. In amorphous PLA, the
Raman lines are broad and asymmetric, with deconvolution analysis revealing
two components at 1768 and 1749 cm−1, likely due to pair addition mechanisms.
The spectral splitting of the νC=O band arises from the intramolecular coupling
or correlation field splitting, which is caused by interchain interactions such as
C–H···O hydrogen bonding or dipole-dipole interactions [87, 108]. Since in-
tramolecular coupling is sensitive to morphological and conformational changes,
perturbations incorporating (D,D) or (D,L) units can lead to the emergence or
disappearance of specific bands. In semicrystalline PLLA, the four components
of the C=O stretching band correspond to the four possible conformers: gt, gg,
tt, and tg. In contrast, amorphous PLLA only exhibits bands associated with
the gt, gg, and tt conformers. The correlation field splitting, also known as fac-
tor group splitting or Davydov splitting, occurs due to lateral interactions be-
tween chains in the unit cell, dividing the absorption into multiple components.
Specifically, in the orthorhombic unit cell of PLLA, the transition moments of
adjacent PLLA chains can couple either in or out of phase, leading to splitting in
the IR absorption spectrum [110].

(b) CH3 and CH bending region at 1500–1250 cm−1. The CH3 asymmetric deforma-
tion modes are observed around 1456 cm−1 as prominent Raman and IR bands,
reflecting the structural organization of the CH3 group. Time-resolved correla-
tion analysis suggests that CH3 groups establish close interchain contacts dur-
ing the induction period, which distorts the 103 helix conformation in PLLA α-
crystals. Deconvolution of the Raman spectra in this region reveals three groups
of split bands at approximately 1390, 1360, and 1300 cm−1, corresponding to the
A,B, andE modes of the CH3 and CH bending region, respectively (Figure 2.6b)
[109]. As with the C=O stretching region, the semicrystalline PLLA is character-



40 Poly(lactic acid) : characteristics and innovation in medicine

ized by sharp, split peaks, while the amorphous state displays broad, asymmetric
bands [111]. In PDLA, the bands at 1390 cm−1, associated with δsCH3 symmetric
deformation, and at 1300 cm−1, associated with δCH bending, are broad, have
comparable intensity, and show no significant frequency shifts.

(c) Skeletal stretching and CH3 rocking region at 1250-800 cm−1. The doublet ob-
served in the IR spectrum at 1185 and 1215 cm−1 in semicrystalline PLA is at-
tributed to the symmetric C-O-C stretching modes (A and E1 types) of ester
groups. The band at 1109 cm−1 corresponds to the C–O–C trans-conformation
present in the crystalline phase of PLLA, while the 1193 cm−1 band reflect sen-
sitivity to both the structural arrangement of the C–O–C backbone and the
ordering of the CH3 group in the crystalline phase. Unlike the IR spectrum,
the symmetric and asymmetric C–O–C modes appear as low-intensity bands in
the Raman spectrum (Figure 2.6c). Additional bands at approximately 1130 and
1045 cm−1 are observed in both Raman and IR spectra, corresponding to CH3
asymmetric rocking and C–CH3 stretching, respectively. The strong band at
873 cm−1, attributed to C–COO stretching, is sensitive to the 103 helix confor-
mation and is present in both spectra. In IR spectra, the bands at 955 and 860
cm−1 are proportional to the concentration of α-form crystals [112]. Notably, a
band at 921 cm−1, attributed to the coupling of C-C backbone stretching with
CH3 rocking, is characteristic of the α-phase in semicrystalline PLLA. This band
also observed in materials like polypropylene and poly(α-L-alanine) [113, 114], is
absent in amorphous polymers.

(d) Low-frequencies region. Below 800 cm−1, two distinct bands are observed for
PLA: one in the range of 736–760 cm−1 and another in the range of 650–677–711
cm−1, corresponding to δC=O and γC=O, respectively (Figure 2.6d). Below
600 cm−1, the Raman lines become susceptible to changes in chain morphology.
In semicrystalline PLA, splittings of deformation vibrations, including bending
and torsion modes, appear between 398 and 411 cm−1 and are attributed to the
δCCO mode. Additionally, the skeletal chain deformation bands (δCOC) and
the backbone torsions (τCC) are found at 230, 210, and 160 cm−1.
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Figure 2.6: Raman spectra of semicrystalline (red curves) and amorphous (gray curves) PLA in
four different spectral regions: (a) 1650–1850 cm−1,(b) 1250–1500 cm−1, (c) 800–1160 cm−1, (d)
160–800 cm−1.

Degradation mechanisms

Hydrolytic degradation

As an aliphatic polyester, PLA is prone to hydrolytic degradation, unlike aromatic poly-
esters such as poly(ethylene terephthalate) (PET). The biodegradation process occurs
naturally through the hydrolysis of ester bonds (Figure 2.7). Water molecules from the
surrounding environment diffuse into the polymer matrix (stage I), although PLA’s
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hydrophobic nature prevents polymer dissolution and results in negligible volumetric
swelling. As water infiltrates, it cleaves ester bonds, constituting the polymer’s back-
bone, leading to a chain scission mechanism (stage II). The lactic acid monomers and
oligomers produced gradually diffuse out of the matrix (stage III), and their high con-
centration, along with the newly formed terminal carboxylic groups, accelerates the hy-
drolytic degradation process [56]. Moreover, water penetration into the bulk of the
polymer disrupts its microstructure by creating internal cavities (stage IV). In vivo, en-
zymes further contribute to degradation by eroding the device’s surface.

The behavior, rate, and mechanism of PLA’s hydrolytic degradation are influenced
by material factors, including molecular and higher-order structures, as well as medium
factors, such as temperature, pH, and the presence of catalytic species (e.g., alkali or en-
zymes). These factors can be adjusted to control the degradation behavior and rate,
which is particularly important for PLA-based materials used in biomedical and phar-
maceutical applications [115]. Interestingly, the in vivo hydrolytic degradation rate of
PLA is closely aligned with its in vitro rate [116], allowing in vitro studies to predict in
vivo degradation behavior and rates to a significant extent.

The molecular weight of PLA significantly influences its hydrolytic degradation
behavior, affecting both the rate and the mechanisms involved. High molecular weight
PLA tends to resist hydrolysis during the initial stages of degradation due to its dense,
entangled polymer chains, which impede water penetration into the matrix. Addition-

Figure 2.7: Stages of hydrolytic degradation mechanism in polymers: water diffusion (stage I),
polymer hydrolysis and autocatalysis (stage II), oligomers diffusion and mass loss (stage III), and
formation of a porous structure due to homogeneous degradation (stage IV).
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ally, it contains fewer chain ends per unit volume, resulting in a lower concentration of
catalytic sites such as terminal carboxylic and hydroxyl groups. This lower availability of
reactive sites delays the onset of autocatalytic effects, where the formation of carboxylic
groups lowers the local pH and accelerates degradation. However, once degradation
begins, high molecular weight PLA can degrade rapidly as molecular weight decreases.
In contrast, low molecular weight PLA, with its higher concentration of chain ends, is
more prone to hydrolysis. The increased number of terminal groups facilitates chain
scission, while shorter chains improve chain mobility, enhancing water diffusion and
accelerating the degradation process [117]. This sensitivity to molecular weight enables
tailoring PLA degradation rates for specific applications. For instance, high molecu-
lar weight PLA is suitable for long-term applications like medical implants, whereas
low molecular weight PLA is ideal for short-term uses, such as drug delivery systems or
biodegradable packaging.

The pH of the medium influences the hydrolytic degradation process. In alkaline
environments, the high concentration of hydroxide ions significantly accelerates the
degradation of PLA-based materials. In acidic conditions, degradation primarily fol-
lows a chain-end scission mechanism, breaking lactyl monomer units into lactic acid.
Conversely, degradation occurs through a backbiting mechanism in alkaline conditions,
producing lactyl dimers (lactide), which are subsequently hydrolyzed into lactoyl lactic
acid [118]. This degradation is characterized by surface erosion, where the hydrolytic
degradation rate at the material’s surface—exposed to water with catalytic agents—far
exceeds the diffusion rate of water or catalytic agents into the material. As a result, degra-
dation appears confined to the surface. Under neutral pH conditions, referred to as
neutral hydrolytic degradation (NHD), hydroxy-terminated L-lactic acid oligomers de-
grade via backbiting cleavage to form dimers, whereas acetylated L-lactic acid oligomers
undergo random chain scission.

Temperature is another critical factor influencing the hydrolytic degradation of
PLA. Elevated temperatures enhance the mobility of water molecules and their diffu-
sion into the polymer matrix, facilitating the cleavage of ester bonds and accelerating
the hydrolytic reaction. Additionally, higher temperatures promote chain scission by
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activating terminal carboxylic and hydroxyl groups formed during degradation, which
act as catalysts for breaking down the polymer’s backbone. Temperature also influences
the degradation mechanism. For example, at higher temperatures, backbiting reactions
become more pronounced, leading to the formation of cyclic lactide as a byproduct.
When the temperature approaches or surpasses PLA’s glass transition temperature (ap-
proximately 55–65◦C), the polymer transitions from a rigid state to a rubbery or semi-
molten state, increasing the accessibility of water to ester bonds and further acceler-
ating hydrolysis. At temperatures near PLA’s melting point (170-180◦C), degradation
shifts from a hydrolytic to a predominantly thermal process. When the temperature
exceeds Tm , crystalline regions melt, resulting in a uniform amorphous phase. In this
state, hydrolytic degradation proceeds homogeneously, resembling the behavior of non-
crystallizable PDLLA [119].

The degradation kinetics are heavily influenced by PLA crystallinity. The interac-
tion between RAF and MAP plays a role in biodegradation rates, as the RAF is less
accessible to enzymatic or hydrolytic attack [99]. Chains within crystalline regions are
more resistant to hydrolysis compared to those in amorphous regions due to limited wa-
ter penetration into the rigid crystalline structure. Consequently, hydrolysis predomi-
nantly occurs in the amorphous regions, where water-soluble oligomers and monomers
are removed, leaving behind ”crystalline residues”. Thus, hydrolytic degradation rates
under alkaline or enzymatic conditions typically decrease as crystallinity increases. How-
ever, in NHD, degradation rates often increase with higher crystallinity [120]. This
counter-intuitive effect arises because crystallization concentrates hydrophilic terminal
groups (–OH and –COOH) and catalytic carboxylic acid groups (–COOH) within
the amorphous regions. These groups loosen chain packing, facilitating water diffu-
sion and increasing water content in the polymer. The combination of abundant water
and the catalytic effect of carboxyl groups accelerates hydrolysis in crystallized PLLA.

Radiation degradation

Some polymer materials like PLA are utilized for medical applications; they must be
sterilized by high energy radiations such as X-ray and γ-ray before use. The radiation



Properties of PLA 45

resistance of these polymeric materials is also important when used in atomic furnace
facilities or radiation equipment [121]. Since X-ray and γ-ray energies are so much more
intense than visible light and UV radiation, they can unselectively ionize molecules
through strong interactions with the molecules’ nuclear or electron clouds. The sec-
ondary electrons produced by such interactions have enough kinetic energy to trigger
succeeding ionizations and energy excitation of surrounding molecules.

When PLA is exposed to radiation, it can undergo physical and chemical trans-
formations, primarily driven by molecular-level phenomena, including chain scission,
cross-linking, and changes in crystallinity, which in turn influence thermal stability,
structural integrity, and biodegradability (Figure 2.8). The dominant molecular mech-
anism observed across most studies is chain scission, wherein the polymer’s molecular
chains break down into smaller fragments, reducing its molecular weight. This phe-
nomenon has been extensively documented for γ and electron-beam irradiation, with
several studies identifying a linear correspondence between dose and molecular weight
reduction [122, 123]. Scission of PLA’s backbone ester bonds produces free radicals that
may persist after irradiation, leading to post-irradiation aging effects and further degra-
dation in oxygen-rich environments [124]. These intermediates are then inactivated
through neutralization, hydrogen abstraction, or recombination with excess energy loss
by chemical reactions and thermal diffusion. On the other hand, cross-linking, which
involves the formation of chemical bonds between chains, can also occur but to a lesser
extent, particularly at high irradiation doses (>200 Gy).

Ionizing radiation also influences PLA’s crystallinity, an essential factor in deter-
mining its thermal stability and biodegradation behavior. At low-to-moderate radia-
tion doses (e.g., 30–60 kGy), chain scission increases chain mobility, promoting reorga-
nization into crystalline regions, as observed in both γ and electron-beam studies [125].
However, at higher doses, accumulated damage disrupts molecular packing, reducing
crystallinity and impairing ordered structures [126]. The interplay between scission-
induced crystallization and radiation-induced disruption is context-dependent, and the
inclusion of additives or post-irradiation heat treatments can further modify crystallinity
trends.
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Figure 2.8: Hypothetical degradation mechanisms of PLLA upon γ-irradiation as proposed by
[123].

Thermal property changes under irradiation are closely tied to molecular weight
reduction and crystallinity shifts. Consistent trends across multiple studies show that
Tg and Tm decrease with increasing radiation dose due to reduced chain length and
amorphization [127]. Crystallinity increases observed at moderate doses may enhance
the localized thermal stability of some regions but are typically outweighed by thermal
degradation at ultra-high doses (>100 kGy) [128]. Practical studies on medical steril-
ization have established that sterilization-relevant doses (25–50 kGy) induce tolerable
thermal property changes and maintain material integrity for many applications.

Aspects of X-ray-induced molecular modifications in PLA will be discussed in depth
in Chapter 3.



Applications of PLA in medicine 47

2.3 Applications of PLA in medicine

Materials intended for internal use within the body must receive approval from regula-
tory agencies. The basic requirements for biomaterials in medical applications include
nontoxicity, effectiveness, and the ability to be sterilized. While many existing bioma-
terials meet these criteria, most still lack proper biocompatibility. This term refers to a
material’s capacity to function as intended without adverse effects in a specific applica-
tion. It depends on the material’s inherent properties and interaction with the intended
biological environment. Various materials have been explored for medical devices, in-
cluding polymers, metals, ceramics, and composites [65].

Medical devices are typically divided into two categories: biodegradable and non-
biodegradable. Currently, no non-biodegradable material can completely avoid pro-
voking a significant foreign body response when implanted. The body’s natural de-
fenses often lead to immune rejection or encapsulation of permanent implants, result-
ing in complications such as bacterial infections and implant failure. As a result, bio-
degradable polymers have attracted considerable interest since they eliminate the need
for long-term biocompatibility. These materials degrade and disappear after fulfilling
their purpose, removing the need for secondary surgeries to extract the implant once
the defect has healed. Despite their benefits, biodegradable polymers are not yet exten-
sively used in clinical practice due to two major challenges. First, their degradation rate
must precisely match the rate of tissue regeneration. Second, the degradation process
can release byproducts that may be toxic to the body [129, 130]. Toxicity often stems
from low molecular weight compounds leaching the material, such as unpolymerized
monomers, additives, or residues from polymerization initiators and catalysts. While
such compounds are regulated, the continuous release of degradation byproducts de-
mands a thorough evaluation of their safety and metabolic pathways. For hydrolyz-
able polymers, manufacturing and storage require careful control to prevent premature
degradation caused by moisture exposure. Sterilization poses a significant challenge,
as certain polymers, like poly(α-hydroxy acids), are sensitive to radiation. As a result,
ethylene oxide gas is commonly used for sterilization, although this method requires
meticulous degassing to ensure no residual gas remains [131].
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Figure 2.9: Examples of medical applications of PLA: drug delivery systems, surgical sutures,
tissue engineering scaffolds, and bioresorbable implants and stents.

PLA has become a cornerstone material in a wide range of biomedical applications,
as illustrated in Figure 2.9, due to its versatile properties, including tunable degradation
rates, ease of processing, and capacity for bioresorption. Its significance spans ortho-
pedics, tissue engineering, drug delivery, and surgical interventions, where its unique
characteristics offer tailored solutions for specific medical challenges.

(a) Orthopedic Applications. In orthopedics, PLA is extensively utilized to fabri-
cate bioresorbable screws, plates, pins, and anchors for fracture fixation and lig-
ament repair. These devices provide temporary mechanical support during the
healing process and degrade into lactic acid, a naturally metabolized compound,
eliminating the need for a secondary surgical procedure to remove the hardware
[132]. PLA-based implants are particularly advantageous in cases where high me-
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chanical stiffness or long-term strength is not required, such as knee, shoulder,
wrist, and zygomatic fractures. These materials also promote stress transfer to
the damaged area, fostering natural tissue regeneration.

(b) Tissue Engineering. PLA plays a pivotal role in tissue engineering by serv-
ing as scaffolds that provide a temporary structure for cell attachment, prolif-
eration, and differentiation. These scaffolds gradually degrade, allowing new tis-
sue to replace the material over time. The degradation rate of PLA can be tai-
lored through molecular weight adjustment, crystallinity, and copolymerization,
making it suitable for various tissues, including skin, cartilage, and bone [133].
Advanced PLA-based scaffolds are being developed for applications such as vas-
culature repair, where their bioresorption properties support the formation of
new blood vessels, and cardiac patches for myocardial infarction recovery, which
mimic the electrophysiological functions of native tissue.

(c) Surgical Applications. PLA’s degradable nature makes it highly effective for
surgical sutures, staples, and soft-tissue fixation devices. PLA sutures dissolve
naturally after tissue healing, preventing complications associated with non-bio-
degradable materials. In vascular surgery, PLA is employed in bioresorbable stents
(BRSs) temporary support blood vessels, particularly beneficial in pediatric cases
or recurrent vascular conditions, as they degrade after fulfilling their purpose
[134].

(d) Dental and Craniofacial Uses. In dentistry, PLA is used for guided tissue re-
generation as resorbable membranes and temporary implants [135]. It is also uti-
lized in craniofacial surgeries, aiding in augmenting bone structures or repairing
defects. PLA-based pins and screws have proven effective in securing craniofacial
fractures due to their biodegradability and biocompatibility.

(e) Drug Delivery Systems. In drug delivery, PLA is widely used to manufacture
microspheres, nanoparticles, and implantable devices that enable the controlled
release of therapeutic agents over specified time frames. These systems are em-
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ployed for the prolonged administration of medications such as vaccines, contra-
ceptives, local anesthetics, and anticancer drugs. Drug release from PLA-based
devices occurs through mechanisms such as erosion, diffusion, and swelling, which
can be finely tuned by modifying the polymer’s composition and structure. This
precision reduces the dosing frequency and minimizes side effects, making PLA
an ideal material for advanced drug delivery technologies [136]. Besides the drugs,
PLA microspheres can be prepared to incorporate histological markers like fluo-
rescein for intra-pulmonary histopathological investigations [137].

PLA Microspheres for radioembolization

PLA microspheres are emerging as a versatile and promising platform for radioemboliza-
tion, a localized cancer treatment designed to target liver tumors, including hepatocel-
lular carcinoma and metastatic liver cancers, as already discussed in Section 1.3. This
approach involves delivering radioactive microspheres directly into the tumor’s blood
supply through transarterial catheterization. The microspheres lodge in the tumor vas-
culature, delivering high-dose radiation locally and minimizing exposure to healthy tis-
sues. The unique attributes of PLA, such as its biocompatibility, biodegradability, and
capacity for property modification, make it an ideal material for crafting microspheres
tailored to these needs. For example, QuiremSpheres®, a type of PLLA-based micro-
sphere containing 166Ho, received CE mark approval in 2017 for selective internal radia-
tion therapy (SIRT), marking an important step toward the broader clinical application
of PLA in this domain [138].

A key advantage of PLA microspheres in radioembolization is their biodegradabil-
ity. Unlike conventional glass or resin microspheres, which remain permanently in the
body, PLA microspheres naturally degrade into lactic acid, a compound metabolized
by the body. This property reduces the risk of long-term complications and negates
the need for secondary surgeries to remove residual materials. These polymeric micro-
spheres can be customized to achieve precise sizes, ensuring effective embolization of
tumor vasculature while minimizing unintended deposition in healthy tissues [32, 139].
PLA’s degradation rate can be fine-tuned by altering its molecular structure, such as ad-
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justing molecular weight or crystallinity, allowing it to align with the therapeutic time-
frames required for effective radiation delivery. Furthermore, the material’s adaptability
facilitates its use for carrying radioactive isotopes and co-delivering chemotherapeutic
agents or other bioactive substances, enabling combination therapy that enhances tu-
mor destruction.

The emulsion solvent evaporation method

The production of PLA microspheres for radioembolization commonly utilizes tech-
niques such as solvent evaporation, spray drying, and nanoprecipitation, each offering
unique benefits and challenges. The oil-in-water (O/W) emulsion solvent evaporation
process is the most prevalent method, as it offers significant control over particle size,
distribution, and morphology.

The method, described in Figure 2.10, involves dissolving the polymer in a volatile,
water-immiscible solvent – defined as the organic phase – and incorporating a radionu-
clide or its precursor. Chloroform (CHCl3) and dichloromethane (CH2Cl2) are com-
mon organic solvents, both notable for their relatively low boiling points of 61.5°C and
39.6°C, respectively. This mixture is emulsified under constant stirring into an aqueous
phase stabilized by surfactants like polyvinyl alcohol (PVA) to create discrete droplets.
These droplets then undergo solvent diffusion into the aqueous phase, followed by
evaporation at the water-air interface. As the solvent evaporates, the droplets harden
into solid microspheres, which are subsequently filtered and dried [140, 141].

Droplet formation during emulsification is crucial for controlling microsphere size,
which impacts encapsulation efficiency, drug release rates, and in vivo behavior. For in-
stance, smaller particles have higher surface areas, enhancing drug release rates, while
larger particles are beneficial for extended-release formulations. The size of microspheres
can be controlled by adjusting the stirring speed, stabilizer concentration, and viscosity
of the organic phase. Higher stirring speeds generate smaller droplets due to increased
shear forces, while greater viscosity results in larger droplets, requiring more energy for
droplet disruption. Stabilizers such as PVA enhance droplet stability, with higher con-
centrations yielding smaller microspheres by preventing droplet coalescence [142, 143].
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Figure 2.10: Schematic illustration of the synthesis procedure for radiolabeled PLA micro-
spheres. The organic solution containing PLA and the radioisotope precursor dissolved in an
organic solvent is added to the aqueous phase containing the surfactant. The resulting O/W
emulsion, after constant stirring and the evaporation of the organic solvent, is composed of mi-
crospheres.

The organic solvent must be slightly soluble in the continuous phase to ensure effec-
tive partitioning and subsequent precipitation of the polymer matrix. Nonetheless,
challenges such as removing residual solvent and achieving consistent microsphere size
across batches demand careful optimization during production. Another critical con-
sideration in microsphere production is the solubility of the compounds involved, as it
determines the selection of the emulsion phases. Achieving high yield and effective en-
capsulation requires the compounds to exhibit low solubility in the continuous phase,
ensuring minimal radionuclide loss during preparation. Temperature is another crit-
ical factor in microsphere production, influencing both solvent removal and particle
solidification. Elevated temperatures accelerate solvent evaporation, promoting rapid
solidification, but may lead to larger, less uniform microspheres due to insufficient mix-
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ing time. Lower temperatures, in contrast, offer better control over size distribution and
result in denser particles [144]. Additionally, operating at temperatures near the boil-
ing point of the dispersed phase solvent has been shown to improve surface porosity.
In fact, increasing porosity accelerates both degradation and drug release, making this
feature highly desirable for controlled-release systems [145].

The use of acetylacetonates as radioisotope precursors

Acetylacetonate (acac) complexes are versatile coordination compounds widely utilized
in catalysis due to their stability and efficiency in facilitating diverse chemical transfor-
mations. They are derived from acetylacetone (Hacac, 2,4-pentanedione ), and aliphatic
β-diketone. At ambient conditions, it is generally accepted that Hacac mainly exists in
its enolic form in the gas and liquid phases (Figure 2.11a). The pKa of Hacac in water
amounts to 8.9; thus, it can be easily deprotonated, and the resulting acac− moiety can
act as an anionic bidentate ligand, which can bind to metal ions in different coordina-
tion modes. Usually, metals react with Hacac to form bonds with the two oxygen atoms
[146, 147].

In the synthesis of PLA, metal acetylacetonates [Mn+(acac)n] play a pivotal role,
particularly in the ring-opening polymerization (ROP) of lactide and in post-polymeri-
zation modifications. For instance, tin acetylacetonate can serve as a catalyst for ROP
as an alternative to SnOct2 [148], while samarium acetylacetonate has been employed in
transesterification reactions to compatibilize and enhance the performance of PLA/poly-
carbonate (PLA/PC) blends [149, 150]. The latter also acts as a plasticizer, reducing
thermal properties such as the glass transition, melting, and crystallization tempera-
tures [151].

Due to their favorable nuclear properties, rare earth metals like samarium (Sm) and
holmium (Ho) have attracted attention as radioisotopes for therapeutic and imaging
applications. When coordinated with acetylacetonate ligands, these metals form highly
hydrophobic and thermally stable complexes, suitable for integration into biodegrad-
able delivery systems like PLA microspheres. These microspheres offer targeted radi-
ation delivery while maintaining therapeutic efficacy. However, challenges persist in
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(a) (b)

Figure 2.11: (a) Tautomerism of acetylacetone (Hacac) in its diketo and enol forms, and the
transformation into the acetylacetonate form (acac−) through deprotonation. (b) Structure of
holmium acetylacetonate (Ho(acac)3), as an example for rare earth acetylacetonates.

ensuring the chemical stability of the metal-acetylacetonate complexes during encapsu-
lation, especially in emulsion-based fabrication methods, and in preserving their com-
patibility with the PLA matrix during neutron activation to produce radioisotopes.

Recent research has demonstrated the successful incorporation of rare earth acety-
lacetonate complexes into PLA microspheres, focusing on isotopes such as Sm-153 and
Ho-166 [152–154], in the form of Sm(acac)3 and Ho(acac)3 (whose structure is depicted
in Figure 2.11b), respectively. The solvent evaporation technique has emerged as a re-
liable method, achieving encapsulation efficiencies exceeding 90% and significant hy-
drolysis resistance during processing. Post-synthesis, neutron activation converts stable
isotopes (e.g., Sm-152 to Sm-153 and Ho-165 to Ho-166). Studies have shown that this
process maintains the structural integrity of the microspheres and chemical stability of
the complexes, with isotope retention exceeding 90% under physiological conditions
[155, 156].

Advances in the characterization of rare earth acetylacetonate-PLA systems have
employed techniques like infrared ion spectroscopy (IRIS) and density functional the-



Applications of PLA in medicine 55

ory (DFT) modeling to analyze coordination geometries and chelation motifs, partic-
ularly for Ho(acac)3 complexes [146]. These studies have highlighted asymmetric coor-
dination patterns and potential secondary ligand interactions while partially addressing
the hydrolytic stability of the complexes during synthesis. Gaps remain in understand-
ing ligand exchange mechanisms at emulsion interfaces.

The radioisotope content is capped at 28 wt% in polymer microspheres, signif-
icantly restricting their applications. To address this limitation, researchers have re-
cently explored the potential of using solely the acetylacetonate complex to achieve
higher radioisotope concentrations. For instance, microspheres composed exclusively
of Ho(acac)3 can attain a holmium content of 45 wt% [157, 158]. Beyond Sm and Ho,
emerging research explores alternative isotopes such as Yb-175 for integration into PLA-
based systems. For example, microspheres loaded with ytterbium acetylacetonate have
shown promising radiochemical stability and biodistribution profiles in preclinical tu-
mor models, expanding the scope of potential applications [159]. The existing body of
work demonstrates substantial progress in developing rare earth acetylacetonate-PLA
microsphere systems for medical applications. Established protocols encompass synthe-
sis, encapsulation, neutron activation, and preliminary stability assessments. However,
future research must address challenges such as incorporating lesser-studied isotopes
(e.g., europium and ytterbium), understanding of stability mechanisms during synthe-
sis, and evaluating alternative biodegradable polymers as potential substitutes for PLA
in these systems.

Open questions

While PLA microspheres offer significant advantages in radioembolization, several chal-
lenges must be addressed to harness their potential fully. Ensuring consistent size and
shape is critical for effective embolization, as irregularities can lead to off-target effects,
particularly in the intricate vasculature of tumors. Maintaining radionuclide stability
throughout synthesis and degradation is critical to ensure safety and therapeutic ef-
ficacy. The degradation rate of the microspheres must also be carefully balanced to
provide sustained radiation exposure without compromising patient safety [35]. Ad-
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ditionally, the manufacturing process often involves the use of solvents and stabiliz-
ers that must be thoroughly removed to avoid toxicity, which can increase costs and
complexity. These challenges highlight the need for innovative engineering solutions
to optimize the clinical performance of PLA microspheres. The application of PLA
microspheres in radioembolization marks a significant advancement in targeted cancer
therapies. Their degradable, localized delivery system minimizes invasiveness while al-
lowing for customization, making them a cornerstone material in this field. With their
combination of safety, efficacy, and adaptability, PLA microspheres hold the potential
to transform the treatment landscape for liver cancer and other conditions.

Studies have shown that PLA microspheres can persist in the body for extended
periods, sometimes exceeding 14 months, although they may lose their spherical in-
tegrity over time [160]. This slow degradation poses potential risks, such as unintended
embolization in non-target organs and interference with subsequent treatments. Re-
searchers are exploring faster-degrading formulations to mitigate these issues while en-
suring therapeutic stability. Simplifying production processes and reducing costs are
priorities, particularly to increase accessibility in developing regions.

Efforts to advance PLA microsphere technology are introducing new possibilities.
Hybrid materials that combine PLA with other biocompatible substances are being
developed to enhance their mechanical strength and imaging capabilities. For instance,
PLA microspheres with embedded CT or MRI contrast agents improve procedural pre-
cision by allowing real-time visualization, reducing the risk of unintended tissue dam-
age [161]. Additionally, their potential for co-delivering therapeutic agents alongside
radiation offers a more comprehensive approach to treating advanced or resistant can-
cers.

2.4 Environmental impact and sustainability of PLA

Due to its bio-based and compostable nature, PLA has emerged as a widely discussed
alternative to petroleum-based plastics, such as polyethylene terephthalate (PET) and
high-density polyethylene (HDPE). Its production relies on fermentation processes to
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generate lactic acid, which is then polymerized into PLA. This renewable sourcing sig-
nificantly reduces reliance on finite fossil fuels, contributing to a smaller carbon foot-
print during production than conventional plastics.

However, to comprehensively assess the environmental sustainability of PLA, it is
necessary to evaluate its performance across its entire lifecycle: feedstock acquisition,
manufacturing processes, and end-of-life disposal. Numerous studies have employed
life cycle assessment (LCA) methodologies to explore the environmental impact be-
tween PLA and conventional plastics [162]. These researches revealed that PLA pro-
duction significantly reduces greenhouse gas (GHG) emissions relative to PET. How-
ever, these benefits are partially offset by energy-intensive steps in PLA’s manufactur-
ing, such as the polymerization of lactic acid into PLA [163]. Additionally, the culti-
vation of feedstocks like corn or sugarcane requires significant land, water, and energy
inputs and may compete with food production, raising ethical and practical questions
about resource allocation. Additionally, the agricultural practices used for these crops
often rely on fertilizers and pesticides, which can contribute to soil degradation, water
contamination, and greenhouse gas emissions, an impact category in which PLA may
perform worse than fossil-based PET or HDPE [164].

Processing inefficiencies in PLA production—particularly in lactide ring-opening
polymerization—contribute to substantial energy demands. Optimizations such as in-
tegrating renewable catalysts or using solvent-free systems have been suggested to miti-
gate these inefficiencies, though such practices remain emerging in large-scale industrial
contexts [163].

PLA’s end-of-life disposal also presents challenges. However, it is compostable, in-
adequate sorting, and limited access to industrial composting facilities mean that PLA
often ends up in traditional waste streams. PLA is compostable under specific indus-
trial conditions, requiring temperatures above 58◦C and controlled humidity, but such
infrastructure is not always widely available [165]. Consequently, PLA often ends up in
landfills, where it may generate methane under anaerobic conditions without gas cap-
ture systems. Recycling infrastructure for PLA is also sparse compared to PET, which
has a well-developed bottle-to-bottle circular recycling system [166].
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From a sustainability perspective, PLA represents a step toward reducing the envi-
ronmental impact of plastics but is not a perfect solution. Its benefits are maximized
when paired with sustainable agricultural practices, efficient manufacturing processes,
and comprehensive waste management systems that include proper sorting, compost-
ing, and recycling infrastructure. Research into alternative feedstocks, such as agricul-
tural residues or algae, is also underway to reduce competition with food production
and further improve the sustainability profile of PLA [167]. The environmental ben-
efits of incorporating recycled PLA into new products further suggest that PLA’s life-
cycle impacts could be considerably reduced if such advanced recycling technologies
were implemented at scale. Studies also underscore the importance of aligning PLA
production and disposal systems with circular economy principles to maximize its sus-
tainability potential.
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OVERVIEW

Poly(lactic acid) (PLA) is one of the most researched polymers due to its biodegrad-
ability, biocompatibility, and adaptability, positioning it as an ideal candidate for vari-
ous biomedical and industrial applications. However, some constraints associated with
structural, mechanical, and other functional characteristics need to be resolved to ex-
ploit the potential of PLA fully. These include its susceptibility to ionizing radiations,
its variability in performance due to the interplay between crystalline and amorphous
domains, and the need for property tailoring to suit specific requirements. This thesis
systematically explores these challenges through three interconnected areas: radiation-
induced modifications, crystallinity control, and novel functionalization approaches,
thus providing a thorough strategy for enhancing the effectiveness of PLA in modern
technologies.

In these fields, the PLA’s performance depends on surmounting several challenges.
For example, its chemical stability under radiation requires optimization, particularly
for PLA microspheres used in radiotherapy, where activation occurs in a high-energy
neutron flux. Furthermore, the degree of crystallinity in PLA influences key functional
attributes such as degradation rate, mechanical strength, and interactions with thera-
peutic agents like drugs or radioisotopes. More emphasis is needed on how these prop-
erties may be shaped to serve specific requirements while looking at how environmental
and chemical conditions impact PLA, which this thesis aims to explore.
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The summaries and characterizations presented in the following chapters were conducted in
collaboration with Galatea Biotech s.r.l. (University of Milano - Bicocca, Milan, Italy), who was
responsible for the provision of PLLA used in the research.

Chapter 3 discusses the effects of ionizing radiation on the bulk PLA material at the
molecular level, with a focus on the low-dose regime, which was not thoroughly inves-
tigated prior to that. It is well known that high doses of radiation can cause the scission
of PLA chains and subsequent degradation of the polymer. However, this study reveals
that low-dose radiation can alter the molecular structure, forming hydroxyl groups,
C=C bonds, and hydrogen-bonded carbonyl configurations without significant chain
breakage. Advanced spectroscopic methods also pinpoint key mechanisms, including
Norrish type-II reactions and water-mediated processes. The chapter also explains how
the radiation behavior of PLA is influenced by its initial crystalline or amorphous struc-
ture, building up the basis for optimizing PLA microspheres in the context of person-
alized medical treatments.

The elemental analyses have been performedbyDr. FrancescoMaspero, theNMRandPXRD
measurements by Sergio Piva from the group of Angiolina Comotti, University ofMilano Bicocca.

Chapter 4 shifts focus to PLA microspheres, specifically addressing the control of
crystallinity—a critical factor in determining their physical and functional properties.
The chapter explores in more detail how the emulsification temperature during micro-
sphere synthesis influences the ratio of crystalline and amorphous phases. Techniques
such as Powder X-ray Diffraction (PXRD), Differential Scanning Calorimetry (DSC),
and Raman spectroscopy are employed to analyze how temperature variations affect
microsphere size, dispersity, and structural integrity. The findings emphasize the im-
portance of precise crystallinity control for applications such as controlled drug release
systems, radiation-hardened materials for additive manufacturing, and radiotherapy.

The PXRD measurements have been performed by Sergio Piva for the group of Angiolina
Comotti, the DSCmeasurements by Giulia Tarricone from the group of Roberto Simonutti.

Incorporating a lanthanide ion in PLA microspheres to simulate the presence of a
radioisotope for radioembolization is a key area of focus in Chapter 5, expanding the
insights from the previous chapter. The rare-earth ion selected for incorporation into
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the microspheres in this thesis is europium (Eu3+). This choice is based on two pri-
mary considerations: firstly, europium is more readily available compared to other rare-
earth ions, such as holmium, which is commonly employed as a radioisotope in PLA
microspheres. Secondly, europium is widely utilized as a luminescent probe due to its
hypersensitive 5D0 →7 F2 transition at approximately 613 nm, which is highly sensi-
tive to changes in its local environment. In this context, this chapter investigates in
detail how europium influences the morphology, crystallinity, and stability of the mi-
crospheres while providing a detailed focus on the reasons for such changes. Thus, a
temperature-controlled emulsification process integrates europium ions into the PLA
matrix, resulting in enhanced crystallinity and improved thermal properties. The find-
ings obtained using SEM, XRD, DSC, and spectroscopy techniques demonstrate that
europium ions serve as nucleation sites, stabilizing the microspheres’ structure. The
chapter also discusses the remarkable stability of europium within the microspheres,
with minimal leaching during degradation, proving that europium-doped PLA micro-
spheres are truly promising candidates for biomedical applications like radioemboliza-
tion.

The investigation presented in this chapter has been carried out over 6 months as a visiting
PhD student at the Graz University of Technology (TUG), Austria, under the supervision of pro-
fessor Roland Resel. Dr. Eduardo Machado Charry performed the micro-CT measurements at
the Graz micro-CT Consortium. The GIXD measurements have been carried out at the SAXS
beamline of the Elettra synchrotron facility (Trieste, Italy) under the supervision of ProfessorHeinz
Amenitsch, Dr. Sumea Klokic and Dr. Philipp AldoWieser.

Overall, the chapters in this thesis provide a comprehensive strategy for overcom-
ing PLA’s limitations and expanding its applicability through molecular-level insights,
structural optimizations, and functional enhancements. This work integrates funda-
mental research and practical innovation, providing a compass to understand how PLA
can be especially applied in advanced medical and industrial use, expanding the fron-
tiers of its use.
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3.1 Introduction

Ionizing radiation plays a significant role in many applications involving polymeric ma-
terials. Over the past few decades, numerous studies have focused on analyzing the ef-
fects of radiation on the mechanical, chemical, and functional properties of polymers.
These effects include changes in hardness, plasticity, dielectric response, color, and mi-
cromorphology, which can have substantial implications for material performance in
various settings [168]. Understanding the underlying mechanisms that govern these
changes, such as the polymer’s crystalline or amorphous state’s influence, provides valu-
able insights into how modifications can be promoted or inhibited. This knowledge is
critical for optimizing materials and processes for specific applications, ensuring that the
resulting products meet the required performance standards. This is especially relevant
for polymers that have the potential to be used as biodegradable carriers of radioisotopes
in internal radiotherapy, a rapidly advancing area in cancer treatment.

In the context of radioisotope delivery, inorganic glass microspheres have been widely
used in clinical settings due to their excellent biocompatibility, chemical stability, and
radiation hardness, which minimizes the leaching of incorporated radioisotopes [44,
46, 169, 170]. These properties make glass microspheres particularly effective in deliv-
ering high doses of radiation directly to tumors while limiting radiation exposure to
surrounding healthy tissues. However, their high density relative to blood plasma and
slow biodegradation – which leads to prolonged residence times in the body – pose
challenges. These limitations hinder the prescription of treatment cycles and impede
efficient treatment optimization via low-dose pilot microspheres in pre-therapeutic di-
agnostics. Biodegradable polymeric microspheres have emerged as a promising alterna-
tive to overcome these challenges, potentially providing a more versatile and sustainable
solution for targeted radiation therapy and pre-therapeutic applications.

Although extensive research has been conducted on the medical applications of
polymers – particularly as drug delivery carriers [52, 171, 172], theragnostic imaging nanopar-
ticles [56], and medical device components [121] – critical issues must be resolved before
their use as radioisotope microcarriers. One of the most pressing concerns is balanc-
ing biodegradability and radiation hardness. While biodegradability ensures that the
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microspheres are efficiently eliminated from the body after fulfilling their therapeutic
role, radiation hardness is necessary to prevent premature leaching of the radioisotope
before it has decayed sufficiently. This balance is essential for ensuring the microspheres
are effective in delivering radiation and safe for the patient. Controlling these properties
requires a comprehensive understanding of radiation damage mechanisms influenced
by the polymer’s initial structure, also affecting its biodegradability.

Poly(lactic acid) (PLA) emerges as a promising candidate for these applications due
to its biocompatibility and high biodegradability within the human body. Early studies
on PLA microspheres, particularly for internal radiotherapy, have provided preliminary
data on radioisotope leaching through both in vitro and in vivo experiments, as well as
clinical studies for the treatment of hepatic tumors [156, 173–175]. More recent research
has continued to explore the potential of PLA for this purpose [159, 176], highlighting
the promising applications of PLA microspheres as carriers for radioisotopes. These
studies have provided important insights into how PLA can be utilized for targeted
radiotherapy, although challenges related to radiation damage remain a key area of fo-
cus. Investigations into the effects of radiation on PLA have predominantly centered
on applications where PLA tools and films are sterilized or functionalized using various
forms of radiation, including using UV light, corona processes, X-rays, β, or γ radiation
[177–179].

Research on radiation effects on PLA’s structure and morphology primarily high-
lights changes in molecular weight, as already explained in Chapter 2, indicating the
occurrence of cross-linking and chain scission processes as results of irradiation [124,
180, 181]. Spectroscopic analyses using Fourier-transform infrared (FTIR), attenuated
total reflection (ATR) FTIR, and Raman scattering reveal that cross-linking and chain
scission correlates with spectral changes, particularly in the C=O and CH3 vibrational
modes [82, 109]. These spectral alterations, induced by γ and β radiation [122, 125, 127,
128, 182–184], suggest disruptions in the carbonyl and methyl group environments due
to radiation-induced conformational changes that degrade the polymer.

The underlying mechanisms of these radiation-induced modifications, including
bond breaking and reactions between terminal groups, have been extensively studied.
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In particular, Norrish I and II processes are often invoked to explain the chain scission
and cross-linking events observed in irradiated PLA [185, 186]. These processes often in-
volve radical formation, as indicated by electron paramagnetic resonance (EPR) studies
[125, 128, 184]. Despite these advances, the initial stages of radiation-induced perturba-
tion at the molecular level, particularly at low irradiation doses, remain poorly under-
stood. Most research has focused on high-dose irradiation (greater than 10 kGy), with
limited attention paid to the role of the crystalline or amorphous state during the early
stages of radiation-induced damage. This gap in understanding presents a significant
challenge for further optimizing PLA for use in radiotherapy applications.

This chapter aims to address these gaps by investigating the mechanisms occurring
during the early stages of molecular perturbation in irradiated PLA, focusing on how
polymer conformation influences modification events. By better understanding these
mechanisms, this research tries to identify best practices for producing PLA with the
appropriate radiation hardness required for effective use as a radioisotope carrier in ra-
diotherapy applications.

3.2 Materials and methods

The present study investigates a matrix of unirradiated and irradiated PLA samples
(Mw ∼ 84 kDa) with different initial conformational features. These were obtained
by subjecting a batch of semicrystalline PLA pellets (mass 15–20 mg each) to thermal
treatments. The pellets were fabricated via hot extrusion at 180◦C from bio-produced
L-isomer. Thermogravimetric analysis (TGA) and combustion-based organic elemen-
tal analysis confirmed the final material to be free from bioprocess residuals, such as
solvents or nitrogen- and sulfur-containing contaminants, with concentrations below
the instrumental detection limit of approximately 102 ppm. The complete degradation
of the sample occurs around 350◦C. Beyond this temperature, the sample demonstrates
thermal stability. Traces of water, attributed to PLA hygroscopicity, were detected in a
few samples via weak broad infrared absorption in the H–O–H bending region of wa-
ter molecules. Surface contamination was ruled out by comparing measurements from
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external and freshly cut surfaces. Five distinct types of starting materials were identi-
fied among the sample sets: as-extruded (AE) and re-extruded (RE) PLA samples, and
samples derived from AE that underwent specific thermal treatments: heating above
the melting temperature of 220◦C followed by quenching at 0◦C (MQ), cold crystal-
lization at 150◦C after treatment at 220◦C (CC), and remelting at 220◦C after cooling
at the same temperature (RM). Differential Scanning Calorimetry (DSC) experiments
were used to perform the thermal treatments on samples and to determine the ther-
mal properties. The materials’ crystalline or amorphous states were assessed by powder
X-ray diffraction (PXRD). Raman spectroscopy provided additional insights into the
PLA conformation. Samples from each PLA material set were exposed to X-ray doses
ranging from low doses (1–100 Gy) to higher doses (300–3000 Gy) to study the effects
of irradiation. The low-dose range remains unexplored, while the higher-dose range
overlaps with the lower limit (1 kGy) of previously investigated ranges. Given the ab-
sence of a known dose threshold for molecular perturbation, selected doses were cho-
sen as 1 × 10k Gy and 3 × 10k Gy for k = 0,1,2,3, sampling effects on a logarithmic
scale. X-ray irradiation was performed using a tungsten (W) target, 20kV accelerating
voltage, and 20mA current intensity. The effects of irradiation were analyzed via atten-
uated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy. Spectra
were collected at five points on each PLA pellet and averaged across repeated measure-
ments on different pellets, resulting in over 200 samples analyzed. Spectral intensities
were normalized to the asymmetric bending mode of CH3 at 1450 cm−1, as this mode
remains unaffected by irradiation [124]. Repeated measurements taken at intervals from
minutes to weeks after irradiation confirmed the stability of observed spectral changes
at room temperature. Isochronous and isothermal annealing experiments (1–10 min,
50–80◦C) further assessed the stability of irradiation effects. Additional insights into
irradiation effects were obtained via 1H Nuclear Magnetic Resonance (NMR) and Gel
Permeation Chromatography (GPC).
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3.3 Results and discussion

Characterization of PLA initial conformation

The results of the DSC analysis provide an initial overview of the thermal history and
expected conformation of the investigated PLA materials before irradiation. Represen-
tative DSC curves for the two types of starting materials are presented in Figure 3.1:
PLA produced via single hot extrusion (AE sample, Figure 3.1a) and PLA produced via
double hot extrusion (RE sample, Figure 3.1b). In Figure 3.1a, the absence of an exother-
mic crystallization peak during the first heating, which appears at approximately 100◦C
in Figure 3.1b, indicates that the AE material is predominantly crystalline. In contrast,
the RE material begins in a primarily amorphous state. During cooling to 0◦C, the AE
sample does not exhibit exothermic peaks around 105◦C, which are observed in the RE
sample.

Both samples display a glass transition temperature (Tg) around 64◦C and an en-
dothermic melting peak at 175◦C. Additionally, Figure 3.1a demonstrates that the AE
material undergoes cold crystallization during a second heating cycle, following melting
at 220◦C for 1 min and cooling to 0◦C. This is evidenced by a broad exothermic peak
at approximately 115◦C, signifying reduced crystallinity after heating above the melting
temperature. Interestingly, during a third DSC cycle with heating above the melting
temperature, as reported in Figure 3.2, the material becomes fully amorphous and ex-
hibits an intense crystallization exothermic peak, similar to the one observed during the
first cycle of Figure 3.1b. This behavior suggests that the combined thermal and mechan-
ical conditions of re-extrusion, as applied to the parent semicrystalline AE material to
produce the RE sample, are analogous to repeated melting, resulting in the amorphiza-
tion of the structure.

Based on the DSC curves, AE and CC samples are expected to exhibit crystalline
characteristics. RE, MQ, and RM samples derived from AE through treatments halted
after melting are expected to display amorphous properties. Further confirmation of
PLA conformation within the investigated material set is provided by powder X-ray
diffraction (PXRD, Figure 3.3). The PXRD patterns reveal well-defined peaks in AE



Results and discussion 71

Figure 3.1: Differential Scanning Calorimetry (DSC) analysis of PLA materials. (a) PLA pro-
duced via hot extrusion at 180◦C followed by slow cooling (AE sample). (b) PLA subjected to
two successive hot extrusion processes at 180◦C (RE sample).

Figure 3.2: Thermal behavior of an as-extruded (AE) PLA sample during heating and cooling
ramps from 0 to 220◦C measured by DSC. The values of Tg , Tc , and Tm are indicated in the
figure.
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and CC samples, while MQ, RM, and RE samples display only a broad halo. The nar-
row reflections at 2θ = 16◦ and 18◦ are consistent with the presence of 103 helices of
crystalline PLA in the α-form, whereas the broadband is characteristic of amorphous
polymeric compounds [109, 187]. Thus, AE and CC samples exhibit crystalline fea-
tures, while the other samples are amorphous, as further corroborated by Raman spec-
tra (Figure 3.4). Indeed, the low-energy regions of the τ(CC) skeletal chain torsion and
δ(COC) and δ(CCO) chain deformation modes (200–600 cm−1) exhibit narrow and
split peaks in AE and CC materials, consistent with their more crystalline structure.
In contrast, MQ, RM, and RE samples display broad spectral features indicative of an
amorphous state that disrupts chain morphology and broadens skeletal chain modes.
Additional evidence of amorphous-state broadening is observed in the 700–750 cm−1

region of the δ(C=O) modes, and even more prominently at 920 cm−1. Only AE and
CC materials show a fully resolved mode at this latter frequency, attributed to the cou-
pling of ν(C–C) backbone stretching with CH3 rocking.

Effects of X-ray irradiation on PLA

The studied materials’ ATR-FTIR spectra display all PLA’s intrinsic vibrational charac-
teristics (Figure 3.5a). The spectral region from 800 to 1500 cm−1 is dominated by skele-
tal stretching, and CH3 rocking and bending modes. The prominent C=O stretching
mode is observed near 1750 cm−1, and the CH3 stretching modes are centered around
2900 cm−1[109]. Notably, no significant changes are observed in these intrinsic vibra-
tional modes after irradiation within the investigated dose range, especially those sensi-
tive to the crystallinity, e.g. the CH3 rocking mode coupled with (C–COO) stretching
at 870, 921 and 955 cm−1, showing that the irradiation process does not alter the mor-
phology of PLA. However, weak radiation-induced peaks are detected at 1560, 1610,
1627, 1647, 2850, 2925, 3180, and 3390 cm−1, absent in the expected PLA phonon spec-
trum (Figure 3.5b, c). These peaks persist reproducibly for weeks after irradiation.

Figure 3.6 summarizes the statistical intensity-dose relationship for these peaks, based
on hundreds of measurements across PLA samples subjected to low X-ray doses (0-
100 Gy), a range previously unexplored. The data reveal clear dose-dependent spec-
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Figure 3.3: PXRD patterns in the 2θ range of 5deg–40deg for various PLA types: as-extruded
(AE) at 180◦C, melted at 220◦C and quenched at 0◦C (MQ), melted, cooled, and cold-
crystallized by reheating at 150°C (CC), melted, cooled, and subsequently remelted (RM), and
re-extruded (RE).

Figure 3.4: Raman spectra in the range 130-1100 cm−1 of different types of PLA: as-extruded
(AE), extruded and remelted at 220◦C, and quenched at 0◦C (MQ), extruded after remelting,
cooled, and subsequently cold crystallized by reheating at 150◦C (CC), extruded after remelting
and cooling, and subsequently remelted (RM), and re-extruded (RE). Attributions of the main
spectral features are shown.
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tral changes, exceeding uncertainties associated with polymeric inhomogeneity. Specif-
ically, the peaks at 1560 cm−1, 1627–1647 cm−1, and 3180–3390 cm−1 are unequivocally
radiation-induced, while the peak at 1610 cm−1 decreases with irradiation when present
before exposure. Similarly, the peaks at 2850 and 2925 cm−1 are enhanced by irradiation
but may also be observed in unirradiated samples. The intensity of these radiation-
induced features can reach up to 1–10% of the reference intensity of the intrinsic CH3
mode at 1450 cm−1.

Further insights arise from correlations among intensities of the irradiation-depen-
dent peaks, as shown in Figure 3.7. Strong correlations exist between specific peak pairs,
such as 1627 and 1647 cm−1, 2850 and 2925cm−1, and 3180 and 3390 cm−1 (Figure 3.7a-
c), while moderate correlations are observed between these pairs (Figure 3.7d-f). Con-
versely, the radiation-induced bleaching of the 1610 cm−1 peak does not correlate with
the growth of peaks at 1627–1647 cm−1, 2850–2925 cm−1, or 3180–3390 cm−1 (Figure
3.7g-i). The 1560 cm−1 peak, which exhibits a non-monotonic dose dependence, shows
no significant correlation with other spectral features, except for a moderate association
with the 1627–1647 cm−1 peak pair (Figure 3.7j-l). These observations suggest distinct
molecular mechanisms underlying the formation of these vibrational features, provid-
ing valuable insights into the radiation-induced modifications of PLA.

The peaks at approximately 2850 and 2925 cm−1 (Figure 3.5c) lie in the C–H stretch-
ing region[188]. Their positions differ from native CH3 stretching modes of PLA at
2880, 2945, and 2997 cm−1 [109]. Their strong correlation (Figure 3.7b) suggests a com-
mon origin, consistent with the symmetric and asymmetric stretching of CH2 groups
in polyethylene [189] and photodegraded PLA [190].

The weak peaks at 3180 and 3390 cm−1 (Figure 3.5c) suggest the formation of hy-
droxyl (OH) groups upon irradiation. Although PLA’s hygroscopic nature could lead
to water incorporation and subsequent reaction during irradiation, the sharpness of
these peaks cannot be ascribed to the broad OH stretching band of water molecules,
which typically lacks narrow features [191, 192]. Instead, these narrow peaks suggest the
formation of in-chain OH groups, distinct from the terminal OH of PLA chains, re-
sponsible for peaks at 3657 and 3510 cm−1 [185], which remain unaffected by irradiation
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Figure 3.5: Effects of irradiation on the infrared spectra of PLA. (a) ATR-FTIR representative
spectra for (1) unirradiated PLA, (2) unirradiated PLA with a native 1610 cm−1 band, and (3) X-
ray irradiated PLA showing additional radiation-induced peaks. Inset: zoomed spectral region
(800–1000 cm−1) highlighting three vibrational modes associated with the CH3 rocking mode
coupled with (C–COO) stretching, sensitive to chain crystallinity. All spectra are normalized
to the intensity of the 1450 cm−1 CH3 bending mode. Enlarged views of (b) 1450–1750 cm−1

and (c) 2750–3800 cm−1 regions, with relevant peak positions marked.

Figure 3.6: Radiation dependence of anomalous vibrational peaks. ATR-FTIR intensity vs. X-
ray dose in semi-logarithmic scale for low doses (0-100Gy) of (a) peaks at 1560 and 1610 cm−1,
(b) peaks at 1627, 1647, and 3390 cm−1, and (c) peaks at 2850 and 2925 cm−1. Intensities are
normalized to the CH3 bending mode peak at 1450 cm−1 in the same spectrum and compared to
unirradiated samples. Error bars represent standard deviations. Dashed curves in (a) are guides
to the eye, while those in (b) and (c) are results of linear fitting.
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Figure 3.7: Correlation plots showing the intensity relationships of specified anomalous infrared
absorption peaks in the FTIR spectra of irradiated and unirradiated PLA. Data were collected
across 36 measurement sessions (represented by distinct symbols), each averaging six samples
with repeated measurements per sample. Intensity values are normalized to the intrinsic CH3
bending mode of PLA at 1450 cm−1, used as an internal reference in each spectrum.
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(Figure 3.5c).
The broad peak at 1610 cm−1 (Figure 3.5a, b) is attributed to the δ(HOH) bending

modes of water molecules, as observed in various systems [193–195] and in other PLA-
water interactions [196]. Alternative attributions to amide groups or aromatic C=C
bonds are inconsistent with elemental analysis and spectral data [188, 197, 198].

The peaks at 1627 and 1647 cm−1 (Figure 3.5b) align with the C=C stretching re-
gion of non-conjugated alkenes [188, 198]. Evidence from prior studies suggests these
peaks correspond to C=C bond formation in PLA [126, 185, 199–201]. The 1560 cm−1

peak likely arises from perturbed carbonyl configurations, potentially involving hydro-
gen bonding, as seen in other carbon-based systems post-oxidation [188, 201, 202]. Its
appearance at low doses and disappearance at higher doses suggest it originates from
transient molecular perturbations. This spectral analysis demonstrates the distinct vi-
brational modes induced by irradiation, providing unprecedented insights into the ef-
fects of low-dose radiation on PLA at the molecular level.

Mechanisms of radiation-induced perturbation of the molecular unit

The IR absorption data presented in the previous sections provide clear evidence of
molecular perturbation in the PLA unit caused by X-ray irradiation in the investigated
low-dose range. These perturbations involve the formation of chemical groups and
bonds not originally present in the PLA molecular structure: (a) C=C bonds, (b) hy-
droxyl (OH) groups (distinct from chain-end OH groups), (c) methylene (-CH2) groups,
and (d) hydrogen-bonding carbonyl (C=O· · ·H) groups.

The observed data suggest that the initial events of radiation damage involve multi-
ple molecular modification pathways. A Norrish type-II mechanism has been proposed
to contribute to PLA photodegradation [185, 190, 203], yielding reaction products such
as CH2 and OH groups. However, this mechanism alone cannot fully account for the
experimental results, including the current data set [190, 203]. Specifically, while this
mechanism predicts the formation of alkene =CH2 groups from the hydrogen trans-
fer from the methyl to the carbonyl group (with characteristic modes in the 3000–3100
cm−1 range), such modes are not detected in the present spectra. Notably, the initial
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Figure 3.8: Mechanisms of modification: (a) PLA molecular unit interacting with adsorbed wa-
ter. (b) Methyl-carbonyl hydrogen bonding facilitates a Norrish II-like reaction. (c) Resultant
structure from the reaction with water, forming CH2 alkene, intrachain OH, and C=C bonds.

step of the Norrish type-II mechanism involves hydrogen bonding between the car-
bonyl and methyl groups of the unperturbed PLA molecular unit (Figure 3.8a, b). This
interaction results in a C=O stretching mode significantly lowered in frequency, appear-
ing around 1560 cm−1. The detection of this 1560 cm−1 peak after low-dose irradiation
suggests the occurrence of the Norrish type-II reaction as an early, metastable stage of
radiation-induced molecular changes in PLA (Figure 3.8b).

Subsequent molecular modifications likely involve the formation of C=C bonds
via the carbonyl group’s carbon atom, and the carbonyl’s transformation into an in-
trachain C–OH group (Figure 3.8c). The alternative formation of a C=C bond with
the methyl group carbon can be excluded, as it would lead to =CH2 groups, which are
not supported by the absence of alkene C–H stretching modes in the 3000–3100 cm−1

range [188]. Instead, the hydroxylation of the carbonyl group is corroborated by the
appearance of peaks at 3180 and 3390 cm−1. These peaks, attributable to OH groups
within the molecular unit (distinct from chain-end OH groups), correspond to stretch-
ing modes in =COH–O structures involved in intramolecular hydrogen bonds, as ob-
served in other systems [204, 205]. This process resembles radiation-driven keto-enol
tautomerism [206], potentially facilitated by the presence of water molecules. The pro-
cess is consistent with the rise of C=C modes at 1627–1647 cm−1 and intrachain OH
stretching at 3200–3400 cm−1.

Water molecules likely play a key role in these reactions, potentially substituting for
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the hydrogen bonding between carbonyl and methyl groups depicted in Figure 3.8b.
This tautomerism differs from the Norrish type-II mechanism and accounts for the
emergence of CH2 stretching modes at 2850–2930 cm−1. Specifically, the methyl group
(-CH3) is transformed into a -CH2–OH group through water interaction, resulting in
the pair of peaks at 2850 and 2925 cm−1 (Figure 3.8c). Importantly, this mechanism
does not involve chain scission, which is consistent with the absence of any increase in
end-chain OH signals. Gel Permeation Chromatography (GPC) measurements con-
firm no detectable changes in molecular weight (Mw) attributable to chain breaking.
Additional confirmation comes from 1H NMR analysis of unirradiated and irradiated
samples. Following FTIR verification of sidechain OH removal via PLLA dissolution
in CHCl3 (Figure 3.9), the 1H NMR spectra show no significant increase in OH reso-
nance intensity at approximately 3.5 ppm after irradiation (Figure 3.10), ruling out chain
breaking-induced end-chain OH formation.

Evolution at high doses and thermal stability of modified groups

The modified molecular unit shown in Figure 3.8b, featuring an intrachain hydrogen
bond between methyl and carbonyl groups, exhibits instability, as evidenced by the de-
crease of the IR mode at 1560 cm−1 at doses exceeding 10 Gy (Figure 3.6a). This observa-
tion suggests that the intermediate state depicted in Figure 3.8b can either revert to the
polymer’s initial configuration or evolve into alternative conformational states. These
pathways may include reactions with water molecules (Figure 3.8c) and subsequent in-
teractions with other groups.

At higher irradiation doses, the metastability of radiation-induced IR modes be-
comes apparent. Specifically, these modes diminish to very low asymptotic values at
doses beyond 100 Gy and up to 3 kGy (Figure 3.11). This trend indicates that energy
dissipation from the radiation to the material facilitates the annealing of the groups
formed during the early stages of PLA molecular unit modification.

Isochronous and isothermal annealing experiments on the radiation-induced IR
modes further confirm the thermal instability of these groups and underscore the role
of thermal energy dissipation during X-ray exposure. Figure 3.12 demonstrates that the
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Figure 3.9: FTIR spectra of (a) irradiated bulk PLLA, and (b) the same sample after dissolution
in CHCl3 and subsequently dried, showing the full removal of irradiation-induced vibrational
modes including sidechain and end-chain OH modes at 3180 and 3390 cm−1.

Figure 3.10: 1H NMR spectra of (a) PLA samples unirradiated and (b) irradiated at 100 Gy dis-
solved in CDCl3. The resonance signal at 1.4-1.6 ppm is assigned to methyl protons (-CH3) and
at 5.1–5.2 ppm to methine protons (-CH) of the PLA repeat unit. The spectral region at 3-4
ppm of OH groups is magnified, showing the lack of relevant changes ascribable to irradiation-
induced end-chain OH groups. Concentration effects cause minor differences in the broaden-
ing of this resonance due to slightly different dilutions.
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Table 3.1: Values of melting (Tm) and cold-crystallization (Tcc) temperatures from DSC curves
of as-extruded (AE) PLA samples unirradiated and irradiated at 1 to 3000 Gy doses. Melting
temperature values are related to the first and second heating (T1

m and T2
m, respectively).

Dose (Gy)
0 1 3 10 30 100 300 1000 3000

T1
m 179.6 181.2 180.4 179.4 180.2 179.4 180.2 179.5 179.4

Tcc 117.1 119.9 117.9 119.7 119.2 115.2 119.0 115.6 114.1
T2
m 176.1 177.2 177.7 176.2 177.0 175.8 176.5 176.6 175.1

peaks at 1627–1647 cm−1 are bleached upon thermal heating above 60◦C, which is near
the PLA glass transition temperature (Tg). Complete bleaching to negligible values oc-
curs after annealing at 80◦C, with similar results observed for other radiation-induced
peaks. This behavior suggests that the bleaching of these radiation-induced vibrational
modes arises from interchain interactions facilitated by heating above the Tg of the sys-
tem.

Importantly, if the reduction in IR mode intensity at high doses results from in-
terchain reactions, it implies a conformational change in the material. Such effects are
supported by DSC measurements on irradiated samples at varying doses (Table 3.1),
which reveal changes in the glass transition temperature. As shown in Figure 3.13, the
Tg decreases at irradiation doses above 100 Gy. This finding supports the hypothesis
of conformational readjustments in the material, particularly in the dose range where
the anomalous vibrational modes from the initial modification events disappear. This
rearrangement likely reflects a transition toward a less crystalline state, driven by inter-
chain interactions mediated by reactions between radiation-induced molecular groups
and localized energy release from the X-ray beam.

Role of PLA initial conformation

The comparison between samples with differing initial conformations reveals signif-
icant differences in the effects of irradiation, as illustrated in Figure 3.14 for the 1647
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Figure 3.11: ATR-FTIR intensity vs. X-ray dose in semi-logarithmic scale for doses higher than
100 Gy of (a) peaks at 1560 and 1610 cm−1, (b) peaks at 1627, 1647, and 3390 cm−1, and (c) peaks
at 2850 and 2925 cm−1. Intensities are normalized to the CH3 bending mode peak at 1450 cm−1

in the same spectrum and compared to unirradiated samples. Error bars represent standard
deviations. Dashed curves are guides to the eye.

Figure 3.12: Thermal stability of anomalous peaks: First derivative ATR-FTIR intensity at 1647
cm−1 plotted against annealing temperature for various annealing times, normalized to the ini-
tial intensity (unity at 20◦C). Error bars represent estimates based on the signal-to-noise ratio
of the IR spectra.
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Figure 3.13: Dose dependence of the glass transition temperature: Glass transition temperature
(Tg ) plotted against X-ray dose on a semi-logarithmic scale, derived from DSC curves of ir-
radiated PLA samples. The curve serves as a guide to the eye. Error bars reflect propagated
uncertainties from the standard DSC curve analysis used to determine Tg .

Figure 3.14: Conformation dependence: Representative ATR-FTIR spectra of various PLA
samples (labels as in Figure 3.3) after 100 Gy X-ray exposure. Intensities are normalized to the
intrinsic CH3 bending mode at 1450 cm−1. Inset: Intensity of the X-ray-induced 1647 cm−1

mode across the different samples.
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cm−1 mode after 100Gy irradiation. Materials with more crystalline structures, such as
AE and CC types, exhibit pronounced intensities, whereas amorphous variants (MQ,
RM, and RE) display negligible intensities. Importantly, all other structural and com-
positional characteristics are consistent across the different variants, as they were derived
from the same batch of material through controlled thermal treatments.

This indicates that an amorphous initial conformation strongly impedes the initial
PLA molecular unit modification stages. Regarding the possible reasons for this hin-
drance, it is worth noting that amorphous and crystalline PLA exhibit almost identical
water molecule diffusion coefficients and solubility[207], ruling out these factors as ma-
jor contributors to the observed effect. Instead, since the primary distinction between
amorphous and crystalline PLA lies in the packing of helical chains, the source of the
effect likely relates to how chain interactions facilitate or inhibit the reaction depicted
in Figure 3.8. In this context, the results in Figure 3.14 suggest that the initial methyl-
carbonyl hydrogen bonding reaction (Figure 3.8b) is significantly promoted within the
specific environment of the α crystalline phase.

Given the observed role of crystallinity, it is important to note that although the
observed phenomena primarily involve intramolecular mechanisms, likely independent
of molecular weight, an indirect influence of molecular weight cannot be excluded. This
influence may arise from its impact on the material’s crystallization propensity.

3.4 Conclusions

The present investigation provides the first experimental overview of PLA modification
under very low doses of ionizing irradiation, identifying the initial events of molecu-
lar unit perturbation. The spectroscopic results offer new insights into the radiation-
activated groups that prime the material for conformational and morphological evolu-
tion under higher irradiation doses. Specifically, evidence is presented for forming C=C
groups in the polymer backbone, accompanied by the transformation of methyl groups
into alkene CH2 groups and the hydroxylation of carbonyl groups. These mechanisms
occur without significant chain scission, which has been reported to dominate at much
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higher irradiation doses in the literature.
During prolonged irradiation, however, the radiation-activated groups diminish,

driving the polymer chains toward conformational rearrangements, as reflected by a
reduction in the glass transition temperature. Notably, the activation of these mech-
anisms at low doses is impeded by the reduction in the material’s crystalline features,
highlighting the role of conformation in determining PLA radiation hardness and its
susceptibility to molecular unit damage.

These findings suggest potential strategies for optimizing PLA-based materials for
specific applications by tailoring their radiation hardness and biodegradability through
appropriate thermal treatments, such as crystallization or amorphization, or by con-
trolled irradiation. Furthermore, this work opens new pathways for designing improved
PLA production processes, enabling applications that require enhanced performance
under radiation exposure.
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4.1 Introduction

In various industrial and medical applications of poly(lactic acid) (PLA) microspheres,
the polymer’s crystallinity significantly influences their processes and functionalities
[56, 131]. The degree of crystallinity in PLA microspheres significantly affects their me-
chanical properties, thermal stability, and biodegradability, which are vital in ensuring
the material’s effectiveness in its intended applications. For instance, in additive man-
ufacturing, PLA crystallinity is crucial for the feasibility of laser sintering using micro-
sphere powders. Here, the crystalline structure impacts the material’s melting behavior,
directly affecting its ability to fuse effectively during the sintering process [208]. In med-
ical contexts, crystallinity impacts the biodegradability of the material, as more crys-
talline forms tend to degrade more slowly compared to their amorphous counterparts,
as well as the release rate of encapsulated molecules. This factor is essential when PLA
is used as a biocompatible and biodegradable drug carrier, as it governs how quickly
or slowly therapeutic agents are released into the body [117, 209–213]. Moreover, crys-
tallinity also affects the material’s response to ionizing radiation [179, 214], with impli-
cations for applications such as sterilization, radiotherapy, and functionalization pro-
cesses.

The crystalline phases in PLA materials arise from the organized packing of poly-
mer helical chains, specifically the 103 (α form) and 31 (β form) helices [85, 89, 90, 109,
215, 216]. The extent and type of crystalline order depend on the polymerization of
L and D enantiomers of lactic acid, whether in an ordered or random distribution
[141, 217]. When the polymerization process produces a disordered arrangement, the re-
sulting material tends to be more amorphous in nature, which may affect its mechanical
and thermal properties. Additionally, including certain additives, such as poly(ethylene
glycol), can further reduce the order level within the polymer matrix, leading to an
amorphous structure that may be more suitable for specific applications [218].

Control over the crystallinity of PLA typically involves adjusting the ratio of L to D
enantiomers or adding suitable additives, which can influence the overall structure and
performance of the material [131, 141, 217, 218]. Confinement effects, such as those in ul-
trathin films, microfibers, or droplets, also play a role in influencing crystallinity, with
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smaller scales often promoting a higher degree of crystallization [219–223]. Addition-
ally, internal surfaces within crystalline domains can affect the balance of crystalline and
amorphous fractions in microsized polymer systems, further complicating the manip-
ulation of crystallinity [95, 224, 225]. Besides synthesis techniques, thermal treatments
are often employed to modify crystallinity, with the evidence available on the impacts
of post-synthesis thermal treatments on PLA microspheres [131, 208]. However, using
additives to regulate the properties of materials, especially in the medical field, presents
certain risks. These include the unpredictable release of additives within the human
body, which could potentially have adverse effects on patients, highlighting the need
for careful consideration and regulation of materials used in medical applications.

In addition to the synthesis and additives involved in controlling crystallinity, the
emulsification process used during microsphere production plays a key role. By ad-
justing the emulsification temperature, typically varying within a range of 10−20 ◦C,
researchers have observed changes in the size distribution of the resulting microspheres
[139, 144, 158, 226]. While this approach has been reported in the literature, there re-
mains a lack of diffractometric or spectroscopic data to confirm whether emulsifica-
tion temperature alone can reliably control the crystallinity of PLA microspheres. This
gap in understanding necessitates further exploration to determine the most effective
methods for controlling the crystalline structure of PLA.

This chapter aims to experimentally explore innovative strategies to manipulate the
crystallinity of PLA microspheres, specifically by varying the emulsification tempera-
ture above the boiling point of the organic solvent and exceeding the polymer’s glass
transition temperature. Additionally, this chapter investigates the potential formation
of crystalline and amorphous microstructures in pure poly(L-lactic acid) (PLLA) mi-
crospheres, and their responses to ionizing radiation. These experiments will provide
valuable insights into the mechanisms of crystallinity modification and the potential
implications of these modifications on the material’s performance in medical applica-
tions.
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4.2 Materials and methods

Batches of PLLA microspheres were synthesized using PLLA material (Mw ∼ 84 kDa)
in the form of semicrystalline pellets weighing 15–20 mg each. The pellets were fabri-
cated through hot extrusion at 180◦C from bioproduced L-isomer and were thoroughly
characterized using elemental analysis, thermogravimetric analysis, and spectroscopic
methods. The PLLA pellets were then processed into a powder using an ultracentrifu-
gal mill fitted with a 1 mm sieve. This powder was dissolved in dichloromethane (DCM,
99%) at a ratio of 10 mL DCM per 200 mg of PLLA powder, stirring the mixture at
20◦C for 10 minutes until fully dissolved.

Microspheres were produced via an oil-in-water (O/W) emulsification process cou-
pled with solvent evaporation, as depicted in Figure 4.1 and described in previous works
[140, 227]. The organic PLLA solution was emulsified into a water-based solution of
poly(vinyl alcohol) (PVA,Mw ∼ 31 kDa, hydrolyzation degree = 88%) under controlled
temperature conditions. The aqueous phase was prepared by dissolving 375–3000 mg
of PVA in 75 mL of water stirred at 40◦C. Once fully dissolved, the PLLA/DCM solu-
tion was added to the aqueous phase under mechanical stirring at 500 rpm for two hours
to ensure complete DCM evaporation. The emulsification temperatures (Temu) were
varied between 20 and 80◦C. Care was taken to prevent foaming at Temu ≥ 50 ◦C,
where the DCM exceeded its boiling point (∼ 40 ◦C). After synthesis, microspheres
were cooled gradually to room temperature and washed to remove excess PVA. Some
samples prepared at Temu ≥ 50 ◦C were rapidly cooled in an ice bath at 0 °C for 20
minutes before washing. Residual PVA was confirmed to be absent using differential
scanning calorimetry (DSC) analysis (Figure 4.2). The absence of a secondary melting
peak near 250◦C, alongside the primary peak at ∼175◦C attributed to PLA, confirms
the absence of PVA residues in the microspheres.

Microspheres from each batch were drop-cast onto stainless steel discs (10 mm di-
ameter) and allowed to dry for at least 8 hours to ensure complete solvent evaporation.
To study microsphere formation kinetics, samples at varying Temu were extracted at
fixed intervals, with t = 0 defined as the time of organic phase addition and t = 2 h mark-
ing the end of synthesis. Optical microscopy images were captured for each aliquot,
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Figure 4.1: Schematic illustration showing the preparation of PLLA microspheres. The organic
phase contains PLA dissolved in DCM, and the aqueous phase contains PVA. The emulsifica-
tion (Temu) ranges from 20 to 80◦C.

and the average diameter of the microspheres was calculated. The crystalline and amor-
phous phases of the microspheres were characterized using powder X-ray diffraction
(PXRD). The crystalline fraction was estimated by calculating the ratio of integrated
narrow reflections to the total pattern, including the broad, amorphous halo. Ther-
mal properties were determined using Differential Scanning Calorimetry (DSC), and
Raman spectroscopy provided structural insights at the single-microsphere level. Spec-
tral intensities were normalized to the skeletal C-COO stretching mode at 870 cm−1,
which served as an internal reference [109]. Surface and internal structures were ex-
amined by scanning electron microscopy (SEM). Microsphere sections were prepared
by embedding the dried samples in epoxy resin and cutting them with a lapping ma-
chine. Each batch of microspheres was exposed to a 100 Gy dose of X-ray irradiation,
applied using a tungsten target X-ray tube with a 20 kV accelerating voltage and 20 mA
current. Post-irradiation analysis used attenuated total reflection Fourier-transform in-
frared (ATR-FTIR) spectroscopy. Intensities were normalized to the asymmetric CH3
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bending mode at 1450 cm−1, which was unaffected by irradiation [124]. A reference
sample from a DCM solution was prepared as a PLLA film and analyzed under identi-
cal conditions before and after X-ray exposure.

Figure 4.2: Thermal behavior of PLLA microspheres synthesized at room temperature, ana-
lyzed by differential scanning calorimetry (DSC) during heating-cooling cycles between 0 and
300◦C to exclude the presence of residual PVA in the sample.

4.3 Results and discussions

Microsphere size and size dispersion

Figures 4.3a-e show representative optical microscope images of microsphere batches
synthesized via emulsification at room temperature (Figure 4.3a) and at higher Temu
ranging from 50 to 80◦C, with a fixed PVA concentration (1 w/v%) and natural cooling
at room temperature. The size distributions are displayed as histograms in Figures 4.3f-
j. Additionally, representative images of microspheres obtained through quenching are
shown in Figure 4.4, where the effects are quite similar at Temu < Tg, while notable
differences emerge at higher temperatures.
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Figure 4.5 provides a comprehensive summary of the results from Figures 4.3 and
4.4, presenting data on the mean microsphere size, size standard deviation, and polydis-
persity index (PDI). The PDI is calculated as the square of the ratio of the standard de-
viation to the mean size. Regarding mean microsphere size (Figure 4.5a), a clear regime
change is observed between microspheres synthesized at room temperature and those
formed at elevated Temu. Above the boiling point of the organic solvent, the mean size
decreases significantly, with Temu ≥ 50 ◦C yielding much smaller microspheres.

The smallest mean size, 35 μm (29 μm for quenched samples), is observed atTemu =
50 ◦C, which is considerably smaller than the 58μm size obtained at room temperature.
As Temu increases beyond 50◦C, the mean size increases but remains smaller than at
room temperature. Beyond Temu = Tg, the mean size stabilizes but shows dependence
on the cooling method, with quenched samples exhibiting larger sizes.

Figure 4.5b reveals three distinct regimes in size standard deviation. The first regime,
from room temperature to Temu = 50 ◦C, shows a notable reduction in size standard
deviation from 12 to approximately 7 μm, regardless of the cooling procedure. In the
second regime, between Temu = 50 and 60 ◦C, a slight increase in size standard devi-
ation occurs, mirroring trends in mean size. The third regime, at Temu > Tg, exhibits
larger size distributions. In slowly cooled samples, no clear trend is observed between
70 and 80 ◦C, while quenched samples display an even greater size standard deviation,
paralleling increases in mean size. Importantly, the calculated PDI values in Figure 4.5c
remain below 0.1 across all conditions, indicating that emulsification produces highly
monodisperse systems. Even at Temu = 50 and 60 ◦C, where the highest PDI values
are observed, the reduction in mean size is accompanied by a proportionally smaller
reduction in size standard deviation.

These findings offer insights into the underlying mechanisms of emulsification.
Changes inTemu influence the physical properties of the solution, which, in turn, affect
the emulsification process. Emulsification is governed by the interplay of two compet-
ing mechanisms: microsphere breaking and coalescence[228]. Microsphere breaking
destabilizes the emulsion, fragmenting larger microspheres into smaller ones, while co-
alescence leads to the formation of larger microspheres by merging smaller ones. The
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Figure 4.3: Microspheres vs. emulsification temperature: (a–e) Optical microscope images of
microsphere batches prepared at emulsification temperatures of 20, 50, 60, 70, and 80◦C, re-
spectively. (f–j) Size dispersion histograms derived from analyzing the corresponding optical
images (a–e). Values of the diameter mean value and relative standard deviation are also re-
ported.
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Figure 4.4: Microsphere size vs. emulsification temperature for quenched samples: (a–d) Op-
tical microscope images of microsphere batches prepared at emulsification temperatures of 50,
60, 70, and 80◦C, followed by quenching at 0◦C, respectively. (e–h) Size dispersion histograms
based on the analysis of the corresponding optical images (a–d). Values of the diameter mean
value and relative standard deviation are also reported.
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efficiencies of these mechanisms depend on various factors, including the ratio ηE/ρS
(viscosity of emulsified species to solution density) for breaking, and

√
ρS /ηS (solution

density to viscosity ratio) for coalescence [228].

The observed changes in Figures 4.5a-b between Temu = 20 and 50 ◦C coincide
with exceeding the boiling point of DCM. At Temu = 50 ◦C, rapid DCM removal re-
sults in a water-based emulsifying solution with lower density and higher viscosity com-
pared to room temperature. These changes inhibit coalescence, maintaining smaller
mean sizes, as seen in the second regime (50-60◦C). At higher Temu, the increased ther-
mal energy promotes coalescence [229, 230], resulting in larger mean sizes at 70 and
80◦C (Figure 4.5a) [231]. However, microsphere breaking is also enhanced at these tem-
peratures, as the polymer viscosity (ηE) decreases significantly above Tg, resulting in a
broader size distribution. The enhanced mobility of macromolecules within each mi-
crosphere makes breaking more probable, particularly as the size increases, increasing
the number of smaller microspheres. This results in a mixed population of smaller and
larger microspheres, further broadening the size distribution, as shown in Figure 4.5b.

Temporal size analysis of microsphere aliquots extracted at different times (30 s to
2 h) during synthesis at various Temu (Figure 4.6) further highlights these competitive
processes. Rapid size reduction occurs in the first 5 minutes, followed by slower kinetics.
At Temu = 70 and 80 ◦C, the negative slopes observed in the asymptotic behavior indi-
cate a reversal in the size trend, suggesting a competitive balance between the breaking
and coalescence mechanisms as time progresses [232].

Comparing slowly cooled and quenched samples (circles and triangles in Figures
2a-b, respectively) underscores the influence of cooling kinetics. Quenching at 0 ◦C
rapidly freezes high-temperature size distributions immediately after stirring and heat-
ing stop, while slow cooling allows further microsphere breaking, modifying the size
distribution. This effect is more pronounced at high Temu, while differences are mini-
mal at lower Temu, below Tg.

Polymer morphology also influences microsphere stability. Factors such as chain
viscosity, crystallinity, amorphous fractions, and porosity play significant roles in de-
termining microsphere stability during emulsification and in the final product. Sub-
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Figure 4.5: Microsphere size and dispersion analysis: (a) Mean size (d̄), (b) size standard de-
viation (σd), and (c) polydispersity index (PDI) as a function of emulsification temperature,
derived from histograms. Data are shown for batches cooled naturally after 2 hours of heating
(red circles) and quenched at 0◦C (blue triangles). Dashed lines indicate the boiling point of
the organic solvent (DCM) and the glass transition temperature (Tg) of PLLA microspheres.

sequent sections provide data on crystallinity through PXRD and DSC, and detailed
single-microsphere analyses via Raman spectroscopy and SEM.

Crystallinity vs emulsification temperature

The PXRD analysis of microspheres from various batches reveals the coexistence of
amorphous and crystalline phases across all investigated samples, as depicted in Figure
4.7. Specifically, the PXRD patterns in Figure 4.7 display six distinct narrow reflections
in the 10–25◦ region, characteristic of crystalline PLLA in the α-phase, alongside a broad
halo centered at approximately 17◦, attributed to the amorphous PLLA phase.[233, 234]
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Figure 4.6: Kinetics of microsphere size evolution: Mean size calculated from aliquots taken at
different time intervals after pouring the organic PLLA solution into the aqueous PVA solution
at (a) 20, 50, and 60◦C and (b) 70 and 80◦C. Lines serve as visual guides, with dashed lines
representing a linear fit for data between 30 seconds and 5 minutes, and dashed-dotted lines
representing a linear fit for data between 5 minutes and 2 hours.

The narrow reflections also include weaker peaks of the α-phase (e.g., near 21◦, which
are absent in the parent bulk material), indicating a high degree of crystallinity.

Notably, the PXRD patterns demonstrate that the proportion of the crystalline
phase varies with emulsification temperature and is further influenced by the cooling
process. The volume fraction of crystalline phases, summarized in Figure 4.8, highlights
several key observations. BelowTg, emulsification at temperatures above room temper-
ature promotes cold crystallization, increasing the crystalline PLLA content from un-
der 25% to 40–50%. Within this range, cold crystallization is facilitated as temperatures
approach Tg, likely due to enhanced chain mobility that enables structural rearrange-
ment.

Conversely, at Temu > Tg, higher temperatures appear to hinder microsphere crys-
tallization. In this regime, competing mechanisms of emulsion destabilization and coa-
lescence, thermally activated at elevatedTemu (Figure 4.5), significantly impact the crys-
tallinity. This effect is more pronounced in samples subjected to slow cooling from high
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temperatures compared to quenched samples.
Given that quenched samples exhibit broader size distributions, particularly skewed

toward larger microspheres (Figure 4.5), this raises the question of whether a relation-
ship exists between size and crystallinity, especially for microspheres formed above Tg.
This question is further explored in subsequent sections, where DSC, micro-Raman
data, and SEM analysis provide additional insights.

Microsphere crystallization propensity

In Figure 4.9, we present the results of the DSC analysis performed on the investigated
microsphere batches. The DSC curves, consistent with the literature on PLLA thermal
properties [131], exhibit three key features. The first feature observed just above 60◦C
corresponds to the material’s glass transition temperature (Tg). At higher temperatures,
certain samples display an exothermic cold crystallization peak at Tc, occurring just be-
low 100◦C. This peak indicates a solid-state rearrangement of macromolecules into a
crystalline phase, facilitated by increased molecular mobility above Tg. At even higher
temperatures, an intense endothermic peak is observed near the melting temperature
(Tm) at around 175◦C.

As shown in Figure 4.9a, the glass transition, cold crystallization, and melting tem-
peratures remain largely independent of the emulsification temperature, with Tg =
61±2◦C,Tcc = 96.0±0.5◦C, andTm = 175.5±0.5◦C. Exceptions include a lowerTg =
56 ± 1◦C in the sample prepared at room temperature and a reduced Tcc = 86 ± 0.5◦C
in the sample emulsified at 50◦C and quenched at 0◦C. However, the cold crystalliza-
tion enthalpy (∆Hcry) varies significantly with Temu, reaching its lowest value in micro-
spheres prepared at 60◦C, irrespective of the cooling method. This result aligns with
the PXRD data in Figure 4.7, which reveals the largest crystalline fraction in the same
batches and, consequently, the lowest amorphous fraction available for cold crystalliza-
tion compared to other samples. Despite this agreement, the overall ∆Hcry values (Fig-
ure 4.9(b)) only partially reflect the dependence of crystalline fraction on Temu seen
in the PXRD analysis. Specifically, ∆Hcry appears qualitatively anticorrelated with the
non-monotonic trend of the crystalline fraction (Figure 4.7) for microsphere batches
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Figure 4.7: Normalized powder X-ray diffraction patterns of two representative microsphere
batches prepared at differentTemu – (a) room temperature, and (b) 60◦C followed by a quench-
ing at 0◦C– showing a different amorphous halo. All the patterns were normalized to the most
intense reflection at 16.6◦. The cumulative fittings (red), obtained from the single peak fit (blue),
show good agreement with the experimental data (black). The table presents the reflection an-
gles obtained from the fitting of the reference pattern (60◦C quenched sample), along with the
normalized peak intensities and indices corresponding to the crystalline structure as reported in
the literature [233, 234].

Figure 4.8: Crystalline fraction as a function of emulsification temperature for microsphere
batches obtained via slow cooling (circles) and quenching to 0◦C (triangles), estimated from the
analysis of crystalline and amorphous phase contributions in the PXRD patterns. Dashed lines
indicate the boiling point of the organic solvent (DCM) and the glass transition temperature
(Tg) of PLLA microspheres. Solid curves serve as guides for the eye.
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Table 4.1: Average crystallite size (D) – calculated from the Scherrer equation using the angle of
the 200 reflections and its FWHM – for different microsphere samples synthesized at different
Temu from slow cooling and quenching to 0°.

Slowly cooled MS Quenched MS
Temu (°C) Angle (2θ) FWHM D (nm) Angle (2θ) FWHM D (nm)

20 16.70 0.5396 15.55 – – –
50 16.65 0.4848 17.30 16.59 0.4736 17.71
60 16.59 0.4816 17.42 16.64 0.4079 20.56
70 16.59 0.4636 18.09 16.62 0.5297 15.84
80 16.64 0.4391 19.11 16.61 0.4131 20.31

subjected to slow cooling. From the PXRD spectra using the most intense reflection at
approximately 16.6◦, it was possible to calculate the average crystallite size (D) using the
Scherrer equation, D = Kλ

βcos(θ) . The results presented in Table 4.1 validate the trend in
crystalline fraction within the sample: as crystallinity increases, the crystallites become
larger.

Additionally, several noteworthy observations emerge from the DSC data. The
cold crystallization enthalpy, in many cases just a few J/g, is lower than expected for crys-
tallization from an amorphous fraction exceeding 50–60%, as indicated by PXRD. Re-
ported ∆Hcry values for largely amorphous PLLA typically exceed 20 J/g.[131, 217, 233]
The ∆Hcry values span a wide range, differing by up to a factor of 5 (from 2.5 to 17 J/g),
while the amorphous fraction varies by only a factor of 0.5 (from 50–60% to 75–80%).
Furthermore, quenching samples from Temu > Tg results in a notable increase in crys-
tallinity compared to slow cooling. These findings suggest that a portion of the amor-
phous phase in the microsphere system is constrained against cold crystallization and
does not participate in the thermally activated process near 95◦C as detected in DSC.

Quantitatively, the gap between the amorphous fraction derived from PXRD and
the fraction available for cold crystallization can be estimated using the DSC curves
as (1 − −χDSC

cry ), where χDSC
cry = (hm − −hc)/h

crys
m . Here, hc and hm represent the cold

crystallization and melting enthalpies, respectively, and hcrys
m = 93 J/g is the reference
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Figure 4.9: (a) Differential scanning calorimetry (DSC) curves of microsphere batches pre-
pared by emulsification at the indicated temperatures, followed by either slow cooling or rapid
quenching at 0◦C (denoted as Q in the curves). (b) Cold crystallization enthalpy values, de-
termined from the integrated area of the exothermic cold crystallization peaks around 95◦C in
(a), plotted as a function of emulsification temperature (Temu) for slowly cooled (triangles) and
quenched (circles) microsphere batches.
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Figure 4.10: (a) Total amorphous fraction calculated from PXRD analysis (filled markers) and
DSC curves (open markers) for microsphere batches emulsified at different temperatures fol-
lowed by slow cooling. (b) The same analysis as in (a), but for microsphere batches rapidly
cooled by quenching at 0◦C.
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melting enthalpy of 100% crystalline PLLA [131, 141, 208, 217]. Figure 4.10 illustrates the
observed gap, which suggests the presence of a rigid amorphous phase within the micro-
spheres, influenced by Temu. As Figures 4.3 and 4.7 indicate, Temu affects microsphere
formation, size distribution, and polymer chain packing, particularly near or above Tg,
impacting the crystallinity and amorphous fractions.

Two primary factors likely influence the size dependence of crystallinity and the
residual amorphous fraction resistant to cold crystallization. First, the interaction of
PLLA chains with microsphere interfaces, including potential surface and volume ef-
fects dependent on size distribution, plays a significant role. Second, thermally acti-
vated polymer chain mobility, driven by temperature changes across Tg, also affects
crystallinity. Based on these considerations, two limiting scenarios can be proposed.
In the first scenario, the microsphere ensemble consists of two subsets: primarily amor-
phous microspheres and predominantly crystalline microspheres, with size as the key
parameter inhibiting cold crystallization above or below a threshold size. In the second
scenario, each microsphere comprises both crystalline and amorphous regions, with a
portion of the amorphous region forming a rigid phase resistant to cold crystallization.
Here, the rigid fraction’s size dependence influences the cold crystallization propensity.

As the surface-to-volume ratio increases with decreasing microsphere size, the data
in Figure 4.10 suggest that the rigid amorphous fraction decreases with increasing to-
tal surface area. This observation aligns with prior studies showing enhanced interface
chain packing propensity, leading to higher cold crystallization [221, 223, 224]. The next
section, supported by micro-Raman and SEM analyses, favors a model aligning with the
second scenario.

Single-microsphere crystallinity

Figure 4.11a presents representative micro-Raman spectra obtained from single micro-
spheres of similar sizes (depicted in the inset images) within the spectral range of 130–1200
cm−1. This range highlights intrinsic vibrational modes that offer insights into the crys-
tallinity of the polymer [109, 214, 235]. In particular, the low-energy regions, including
the τ(CC) skeletal chain torsion and δ(COC) and δ(CCO) chain deformation modes
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(from 200 to 600 cm−1), show narrow and split features in semicrystalline materials,
which gradually merge into a single unstructured spectral peak in amorphous materi-
als. A broadening characteristic of the amorphous state is also evident in the 700–750
cm−1 range, associated with the δ(C–O) modes, and even more pronounced at 922
cm−1, where only semicrystalline materials exhibit a resolved weak peak attributed to
the coupling of ν(C–C) backbone stretching with the CH3 rocking mode.

The crystallinity of the microspheres influences the ability to resolve twin peaks
near 410 cm−1. In Figure 4.11b, the intensity of the peak-to-saddle ratio, after normal-
ization to the intensity at the saddle point, is presented as a measure of crystallinity.
This intensity is selectively sampled for subsets of ”small” microspheres (smaller than
30–40 μm) and ”large” microspheres (larger than 40–50 μm). Similar results are ob-
tained when normalizing the intensity of the 922 cm−1 mode to the strong 870 cm−1

mode, shown in Figure 4.11c. The size thresholds are based on the size distributions
shown in Figure 4.3 to differentiate between small- and large-particle subsets.

The data in Figure 4.11 reveal two important observations. First, a notable increase
in crystallinity occurs when the emulsification temperature (Temu) exceeds room tem-
perature, consistent with the PXRD and DSC results. Second, microspheres from
batches quenched fromTemu (except forTemu = 80◦C) show slightly lower crystallinity
compared to microspheres from slowly cooled batches, further confirming the consis-
tency with other analyses. Importantly, no significant difference is observed between
small and large microspheres within the same batch, except for the batch quenched
from 80°C, which contains very large microspheres.

The absence of a significant difference in the Raman spectra of small and large mi-
crospheres within the same sample batch suggests that changes in the crystalline/amor-
phous phase ratio due to variations inTemu are not driven by size-dependent effects that
determine whether microspheres are crystalline or amorphous. Instead, these changes
appear to be associated with Temu-dependent mechanisms that influence the ordering
and disordering of the internal microstructure, where each microsphere contains both
crystalline and amorphous parts. Furthermore, mobile and rigid amorphous regions
must be considered within the amorphous phase. This aligns with the observed discrep-
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Figure 4.11: (a) Raman spectra of two similarly sized microspheres produced at 20◦C (red curve)
and 60◦C (blue curve). Key spectral regions influenced by crystallinity are highlighted with
corresponding vibrational mode assignments. Insets show optical images of the analyzed mi-
crospheres. (b) Crystallinity-dependent resolution of the Raman mode at 410 cm−1, shown as
peak-to-saddle mean intensity, and (c) the 922 cm−1 Raman mode. All the spectra were nor-
malized to the 870 cm−1 mode. Data are categorized into ”small” microspheres (<30−40 μm,
blue bars in (b), orange bars in (c)) and ”large” microspheres (>40−50 μm, red bars in (b), green
bars in (c)) for various batches synthesized at the indicated T emu (quenched samples are labeled
Q). Error bars denote standard deviations from six microspheres per batch.



Results and discussions 107

ancy between the amorphous fraction from PXRD and the cold crystallization propen-
sity indicated by DSC cold crystallization enthalpy.

The lack of a direct relationship between crystallinity and microsphere size is fur-
ther confirmed by expanding the Raman analysis of PLLA features across a matrix of
samples, varying both Temu and emulsion composition with different PVA concentra-
tions. The plots in Figure 4.12 summarize the results, showing changes in mean size,
polydispersity index (PDI), and crystallinity (as indicated by the narrowing of the 410
cm−1 Raman mode) as a function of Temu and PVA concentration (w/v %). While the
data for 1% PVA vsTemu might suggest that crystallinity is associated with smaller micro-
spheres (with the highest crystallinity in batches with the smallest mean size), the data
at Temu = 60◦C (and 80°C) versus PVA concentration reveal a nonmonotonic trend
in crystallinity, with two minima at 0.5 and 4 w/v % PVA. This pattern does not corre-
spond to the monotonic decrease in mean size, further supporting the presence of both
crystalline and amorphous phases in each microsphere, as suggested by the statistical
analysis of single-microsphere Raman measurements.

Further details regarding the morphology of the microspheres are provided by SEM
analysis. Figure 4.13 presents SEM images of microspheres from the batch prepared at
80◦C with slow cooling, with similar features observed in samples from other batches
(not shown). Panels (a) and (b) show the external appearance of the microspheres at
two magnifications, while panels (c) and (d) reveal the internal structure of microsphere
sections embedded in epoxy resin. Notable features include the very smooth surface of
the microspheres, with no detectable porosity. The sectioned images confirm that the
inner structure is compact, without significant porosity. SEM analysis also identifies
a few microspheres with internal spherical cavities (several micrometers in diameter),
likely formed from bubbles during DCM evaporation at the end of the synthesis (Figure
4.14).

Microsphere radiation hardness

PLLA crystallinity is a key factor that affects not only biodegradability [117, 131] but also
the radiation resistance of the material, as demonstrated in bulk in the low-dose X-ray
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Figure 4.12: (a) 2D plots of microsphere mean size and (b) microsphere PDI index, based on
optical microscopy analysis, alongside (c) mean microsphere crystallinity determined by the
spectral narrowing of the 410 cm−1 Raman mode as shown in Figure 4.11. Black points and
numbers represent experimental values. Dashed lines highlight the sections corresponding to
samples with results detailed in Figures 4.3 – 4.11. In (a) and (b), contour lines serve as visual
guides, distinguishing regions of high and low experimental values relative to the reference val-
ues marked in white (45 μm for average dimensions, 0.1 for PDI). In (c), no contour lines are
displayed; instead, regions predominantly amorphous or crystalline, as inferred from Raman
analysis, are arbitrarily indicated.
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Figure 4.13: (a) SEM image of a microsphere ensemble produced via emulsification at 80◦C. (b)
Higher magnification image revealing the smooth surface morphology of microspheres from
the same batch. (c) SEM image of a microsphere cross-section from the same batch, prepared
by embedding the microspheres in epoxy resin, polishing the surface, and applying a thin gold
metallization layer (visible straight lines are polishing marks). (d) Higher magnification image
of the microsphere cross-section.

Figure 4.14: (a) SEM image of a microsphere cross-section synthesized at 80◦C, showing internal
hollow cavities formed by evaporated DCM. (b) Magnified view of a cavity, revealing details of
the internal structure.
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range in [214]. Given the importance of PLLA’s radiation resistance in various appli-
cations involving PLLA microspheres, this study represents the first investigation into
the effects of ionizing radiation on PLLA microspheres in the low X-ray dose range.
Figure 4.15 shows the infrared spectra of irradiated (100 Gy) and unirradiated micro-
spheres, alongside spectra from reference samples of bulk as-extruded PLLA and PLLA
film obtained by solvent evaporation of the same material (dotted spectra). The spec-
tral regions around 1600 and 3000 cm−1 are expected to provide evidence of potential
radiation-induced modifications to the molecular structure. Specifically, C=C modes
around 1650 cm−1, -CH2 alkane modes around 2900 cm−1, and intrachain OH stretch-
ing modes near 3200 and 3400 cm−1 were identified as the primary radiation-induced
changes in bulk PLA [214] and in the reference samples shown in Figure 4.15 (labeled
as ”Bulk PLA” and ”Film”). The absence of these modes in the spectra of irradiated
microspheres indicates a higher radiation resistance in the microspheres compared to
the semicrystalline bulk. This result can be partially explained by the presence of a large
amorphous fraction in PLLA microspheres (Figure 4.7), as weaker effects, if any, are ex-
pected in amorphous bulk samples [214]. However, it is noteworthy that no radiation-
induced effects were observed in the irradiated microspheres, even though a non-negligible
crystalline fraction was present, as evidenced by PXRD analysis. This suggests a rela-
tionship between the differing responses to ionizing radiation and the varying degrees
of crystallinity in the two systems—specifically, the crystalline fraction in microspheres
is higher than in the bulk material. No significant shifts typically associated with de-
fects or disorder (such as in the α’ phase) were detected [236]. Slightly different polymer
chain packings in the crystalline fraction of bulk and microspheres might influence the
likelihood of intrachain hydrogen bond formation due to irradiation. In other words,
interchain interactions in the bulk and microspheres may be sufficiently distinct to ei-
ther inhibit or promote modifications to the molecular structure.
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Figure 4.15: ATR-FTIR spectra of microsphere samples measured (a, c) before and (b, d) af-
ter exposure to 100 Gy X-ray irradiation in the ranges 1400–1800 cm−1 and 2800–3700 cm−1.
Samples were produced via emulsification at Temu ranging from 20 to 80◦C, with either slow
cooling or quenching (labeled Q). Comparisons are made with bulk as-extruded PLLA (labeled
”Bulk PLA”) and a PLLA film prepared by solvent evaporation (”Film”) using the same raw ma-
terial. Dashed lines highlight vibrational modes associated with X-ray-induced modifications in
the PLLA molecular unit of α-phase bulk PLLA.
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4.4 Conclusions

A new framework has emerged for understanding the factors that govern the crystallinity
of PLLA microspheres produced via emulsification. A comparison of PXRD analy-
sis, DSC curves, and single-particle Raman scattering spectra reveals that microsphere
batches produced at various temperatures (ranging from 20 to 80◦C) and subsequently
cooled either slowly or through rapid quenching exhibit different degrees of crystallinity,
ranging from less than 20% to over 50%. Notably, the variation in crystallinity with
emulsification temperature and cooling process reflects the internal structure of indi-
vidual microspheres, specifically the relative crystalline and amorphous fractions within
each particle. The nonmonotonic temperature dependence of crystallinity and the size
distribution across a broad temperature range, including the glass transition region, un-
derscores the need to consider both interparticle and intraparticle mechanisms. These
include emulsion destabilization, particle coalescence, polymer chain mobility, crystal
domain nucleation, and the stabilization of metastable structures. Moreover, FTIR
analysis of X-ray-irradiated microspheres reveals aspects of radiation resistance that are
potentially relevant for specific applications. The crystalline fraction within the micro-
spheres contributes to a high degree of crystallinity, which exceeds that of the parent
bulk material, thereby enhancing the structural stability of the material. In conclusion,
the findings presented in this study provide a refined understanding that can guide the
design of new synthesis strategies for PLLA microspheres with tailored structural and
physical properties. Specifically, the results demonstrate that emulsification tempera-
ture can control the arrangement of crystalline and amorphous PLLA chains within
the microspheres, thus paving the way for further fundamental studies of the internal
microstructure in polymeric colloidal systems under novel conditions.
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5.1 Introduction

Polymers encapsulating lanthanide compounds are widely studied for their potential
in diverse applications, from optoelectronics to medical therapies. These polymers are
integral in devices including LED displays [237, 238], transparent films for lumines-
cent solar concentrators [239], light-conversion coatings in solar cells [240], polymeric
optical sensors for thermochemical parameters [241, 242], and polymer microspheres
containing radioisotopes for internal radiotherapy [152–154]. The local environment of
functional ions – serving as light emitters or activatable radioisotopes depending on the
application – is significantly influenced by the choice of lanthanide compound used in
the polymer functionalization process. Lanthanide compounds can, in turn, affect the
crystallinity, density, and porosity of the polymer matrix, impacting both the system’s
functionality and the chemical and structural stability of the material. These interac-
tions may lead to critical consequences, such as reduced light emission yields in lumines-
cent systems, the release of radioactive lanthanides from microcarriers during medical
protocols, and changes in the mechanical properties and stability of the polymer matrix
in macro or micro-devices. Recent studies have explored the stability of functional and
structural properties in lanthanide-containing polymers derived from various synthesis
strategies and precursor compounds [241].

In the context of polymer microspheres for internal radiotherapy, research has pri-
marily focused on medically significant factors, such as the retention of radioactive
species, as well as the biocompatibility and biodegradability of the microsystems [154].
Poly(lactic acid) (PLA) has emerged as a preferred matrix material due to its excellent
biocompatibility. In such systems, one of the key challenges in designing PLA-based
microspheres for radiotherapy is achieving an effective balance between biodegradabil-
ity and radiation hardness—two properties that are often competitive. Biodegradability
ensures that the microspheres are safely eliminated from the body once they have served
their therapeutic purpose. In contrast, radiation hardness is essential to prevent the pre-
mature release of radioisotopes before they have decayed sufficiently. This delicate bal-
ance has been the subject of several studies investigating the morphological evolution of
microspheres over time and the release of encapsulated species under irradiation or in
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buffer solutions [209, 212]. Developing effective medical protocols using polymer-based
microcarriers requires a thorough understanding of the role played by polymer struc-
ture in initiating radiation-induced damage and how this damage can be minimized
or controlled. A few studies have explored the effects of different synthesis conditions
and varying irradiation doses on PLA microspheres, even in the early stages (Chapter
3) [168, 214]. Furthermore, research on PLA microspheres has also addressed how fac-
tors such as crystallinity and the ratio of mobile to rigid amorphous fractions depend
on emulsification processes, including the proportions of the compounds involved and
the synthesis temperature, as already presented in Chapter 4 [226, 243].

In lanthanide-doped polymer systems, most investigations have focused on the light
emission properties of polymer or blend films prepared with rare-earth ions, and the
radiation hardness and retention of lanthanide ions in microspheres designed for ra-
diotherapy. Typically, lanthanides are incorporated into these systems using organic
molecules like acetylacetonate or other chelating agents, which facilitate their stable in-
corporation into the polymer matrix [241, 244]. However, the focus has been chiefly on
optimizing the luminescent properties for applications in optoelectronics and sensors,
with less attention given to the potential impact of lanthanide doping on the mechani-
cal, chemical, and stability characteristics of polymeric materials used for radiotherapy.

This chapter aims to advance the understanding and control of the mechanisms
driving the incorporation of a chosen rare-earth ion, e.g., europium, into PLA micro-
spheres. Specifically, it investigates the effects of incorporating europium(III) acetylace-
tonate dihydrate (Eu(acac)3(H2O)2) into PLA during a temperature-controlled emul-
sification process. The focus is on determining whether and how the inclusion of eu-
ropium alters PLA properties such as crystallinity, degradability, and radiation hard-
ness. The investigation employs diffractometric, calorimetric, and spectroscopic tech-
niques to provide insights into the coordination environment of europium ions and
their influence on the polymer structure. Initially, the structural and morphological
characteristics of the synthesized material are presented, including microsphere size,
PLA crystallinity, biodegradability, and radiation hardness, with attention to the effects
of europium incorporation at various emulsification temperatures. Complementary re-
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sults from photoluminescence and IR spectroscopy, as well as variable-temperature X-
ray diffraction, are then discussed to elucidate how Eu3+ ions integrate into PLA and
modify its structure and stability. These findings establish a new foundation for design-
ing tailored synthesis methods for specific applications, providing critical insights into
how rare-earth ion doping can be leveraged to enhance the functionality of PLA-based
microspheres in radiotherapy and other biomedical applications.

5.2 Materials and methods

Eu-loaded PLLA microspheres were synthesized using an oil-in-water emulsification
technique followed by solvent evaporation, based on previously reported protocols [140,
245]. The organic phase consisted of PLLA (Mw ∼ 84 kDa) prepared via hot extrusion
(180◦C) from bio-produced L-isomer (200 mg) and europium acetylacetonate dihy-
drate (Eu(acac)3(H2O)2) (200 mg). These were dissolved in 10 mL of dichloromethane
(DCM, 99%) under stirring at 20◦C for 10 minutes until complete dissolution. The
aqueous phase was prepared by dissolving 750 mg of polyvinyl alcohol (PVA, Mw ∼ 31
kDa, hydrolysis degree = 88%) in 75 mL of water under continuous stirring at 40◦C.
After dissolving the PVA, the organic phase was added to the aqueous phase under me-
chanical stirring at 500 rpm for two hours, allowing DCM evaporation. The temper-
ature of the aqueous phase (Temu) varied between 20 and 80◦C. For Temu ≥ 50◦C,
the organic phase was carefully introduced to minimize foaming, given DCM’s boiling
point (40◦C). After synthesis, the microspheres were allowed to cool to room tem-
perature, washed with water to remove excess PVA, and drop-cast onto 1x1 cm silicon
wafers. These were left for at least 8 hours to ensure complete solvent evaporation.

For degradation kinetics and Eu release studies, microspheres prepared at different
Temu values were immersed in PBS (pH 7.4, with 0.05% TWEEN®20) at 25◦C for 30
days, to simulate the exact environment inside the human body. Aliquots were period-
ically extracted, with t = 0 corresponding to the moment the microspheres were added
to the PBS solution. Batches of Eu-PLLA microspheres were exposed to 100 Gy X-
ray irradiation using a W-target X-ray tube (20 kV, 20 mA) to investigate the eventual
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radiation-induced molecular modifications.

Optical microscopy was employed for size distribution analyses, while scanning
electron microscopy (SEM) was used to investigate the microsphere surface and inter-
nal structure. Microsphere cross-sections were prepared by embedding them in epoxy
resin and cutting them with a lapping machine. Samples were mounted on aluminum
stubs with double-sided adhesive carbon tape and vacuum-coated with a thin (few nm)
gold layer. Further internal structure information come from micro-computed tomog-
raphy (micro-CT) analysis operating in microfocus mode. Microspheres embedded in
epoxy resin were sealed in a polyimide tube (Ø=1.8 mm) for a 360◦ scanning.

Europium content within the microspheres was assessed with X-ray fluorescence
(XRF) by calculating the integral of the characteristic fluorescence peak at Lα1 energy
(5.85 keV). To make the spectra comparable, they were normalized to Rayleigh scat-
tering (17.4 keV, corresponding to the Kα emission of Mo). Grazing incidence X-ray
diffraction (GIXD) measurements were carried out at the SAXS beamline of the Elettra
synchrotron in Trieste (λ = 1.54 Å). Profiles were recorded in a q range of 2 to 30 nm−1

with a grazing incidence angle of ω=0.5◦. Data processing and transformation into re-
ciprocal space were performed with GIDVis software [246]. The crystalline fraction of
PLLA was calculated as the ratio of integrated narrow reflections to the total integrated
pattern, which included the amorphous halo. In-situ crystallization was studied with
powder X-ray diffraction (PXRD), collecting data over a 2θ range of 5.0-30.0◦ of sam-
ples mounted on a heating stage under inert nitrogen conditions. Thermal characteri-
zation was carried out through differential scanning calorimetry (DSC) measurements.

The structures of individual microspheres were examined using Raman spectroscopy
with a 633 nm (HeNe laser) excitation source. The same instrumental setup was used
for photoluminescence (PL) analysis of Eu3+ emission spectra utilizing a 488 nm (Ar+

ion) laser. Effects of degradation and irradiation were verified by Fourier transform IR
spectroscopy (FTIR) in transmission configuration. The Eu3+ first coordination shell
was examined through XAS analyses performed at the Italian CRG beamline LISA-
BM08 of ESRF, Grenoble, examining the EXAFS signal on the L3 edge.

The structure of Eu(acac)3 was confirmed using the CCDC database (deposition
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number 1836424, [247]), which identifies it as having a P21/n space group with unit
cell parameters a = 8.348 Å, b = 21.881 Å, and c = 11.232 Å, and angles α = γ = 90◦ and
β = 100.409◦.

5.3 Results and discussion

Impact of synthesis and treatment on microsphere morphology and
europium retention

Figures 5.1a-e display representative SEM images of the synthesized Eu-doped PLLA
microspheres prepared via emulsification at varying temperatures, confirming the for-
mation of spherical microparticles with sizes in the range of a few tens of micrometers.
A more detailed and statistically robust analysis of the size distribution, based on opti-
cal microscopy of wider field-of-view images, is shown in Figures 5.1f-j. These measure-
ments indicate that the average microsphere sizes range from approximately 50 to 70
μm.

Interestingly, the observed size distribution reveals values larger than those typi-
cally reported for pure PLLA microspheres synthesized under similar conditions (30-60
μm range) [243]. This suggests that europium incorporation enhances polymer chain
aggregation during microsphere formation. Additionally, the mean size of the micro-
spheres appears to be influenced by the emulsification temperature. A gradual increase
in mean size is noted as the emulsification temperature (Temu) rises from room tem-
perature to 50 ◦C, then to the glass transition temperature (around 60 ◦C), and fur-
ther up to 80 ◦C. Higher-resolution SEM images provide further insight into surface
morphology. Microspheres prepared at temperatures below the glass transition temper-
ature exhibit compact, smooth surfaces with minimal porosity or surface corrugation
(Figure 5.2a). In contrast, those synthesized at or above 60 ◦Cdisplay an increased num-
ber of pores and surface irregularities (Figure 5.2b, Figure 5.3). Despite these variations
in smoothness and porosity, the microspheres demonstrate significant morphological
stability, with no notable changes observed after the degradation treatments (Figures
5.2c,d).
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Figure 5.1: (a-e) Representative SEM images of microspheres produced by emulsification at 20,
50, 60, 70, and 80◦C, respectively. (f-j) Histograms showing the size distribution of the mi-
crosphere batches depicted in (a-e), derived from extensive statistical sampling via optical mi-
croscopy.
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Figure 5.2: (a, b) SEM images of a PLLA microsphere prepared at 20◦C and one prepared at
80◦C, respectively. (c, d) SEM images of two PLLA microspheres from the batches in (a) and
(b), respectively, after 720 hours of treatment in buffer solution.

Figure 5.3: SEM images of three representative surface types in microsphere batches synthesized
at different temperatures: (a) smooth surface for Temu below Tg , (b) slightly porous surface for
Temu above Tg , and (c) corrugated surface for the sample prepared at Temu = 70◦C.
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The incorporation of europium was quantitatively assessed via X-ray fluorescence
(XRF) analysis, which confirms a high yield of Eu integration into the microspheres.
Figure 5.4 compares the XRF spectra of Eu-modified PLLA microspheres and a refer-
ence sample of Eu(acac)3, normalized to the Rayleigh scattering peak. The characteris-
tic Eu emission lines in the microspheres are slightly weaker (approximately 20% lower
intensity) than in the Eu(acac)3 reference, indicating similar Eu concentrations in both
systems (34% w/w for Eu(acac)3). Importantly, XRF analysis shows no detectable evi-
dence of Eu release during degradation treatments in buffer solutions up to 4800 hours
(Figure 5.5). Furthermore, no Eu was detected in the dried residues of the buffer solu-
tions, confirming the stability of Eu incorporation.

Effects of europium on polymer structure

Figure 5.6a shows a representative XRD pattern of Eu-doped PLLA microspheres (curve
2) compared to a reference Eu-free sample (curve 1) synthesized under identical con-
ditions. The Eu-containing material exhibits a significantly reduced intensity in the
broad, unstructured halo at a q vector between 7 and 18 nm−1, indicating a notable re-
duction in the amorphous fraction, likely due to europium incorporation. This trend
is consistent across all Eu-modified microsphere samples compared to pure PLLA mi-
crospheres.

Figure 5.7 presents the crystalline fraction calculated from the XRD patterns for
the complete set of Eu-doped samples synthesized at varying emulsification tempera-
tures (Temu). Interestingly, the lower limit of the crystalline fraction observed in the
Eu-doped samples (data for Temu=60◦C) aligns closely with the upper limit for pure
PLLA microspheres under similar synthesis conditions (see Chapter 4). Analysis of the
peak widths using the Scherrer equation estimates the crystalline domain size to be ap-
proximately 30 nm.

Beyond the reduction of the amorphous halo, two additional key differences dis-
tinguish the XRD patterns of Eu-modified PLLA microspheres. First, a distinct shift
is observed in the primary reflections of the PLLA α-phase at approximately 10, 12, and
13 nm−1, moving towards lower q values by about 0.13 nm−1 (inset of Figure 5.6). Sec-
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Figure 5.4: XRF spectra highlighting the Eu transitions in a PLLA microsphere sample (curve
1), and in the reference Eu(acac)3 (curve 2), both normalized to the Lα1 peak of curve 2.

Figure 5.5: Integrated intensity of the Lα1 XRF peak in PLLA microsphere aliquots measured at
various durations in a buffer solution. Red dashed lines indicate the average integrated intensity
over time.
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ond, all Eu-doped samples exhibit an additional reflection at small q values (5 nm−1),
highlighted in Figure 5.6a.

The shift in PLLA reflections suggests that Eu3+ ions are incorporated into the
crystalline domains of PLLA, modifying the unit cell and slightly expanding the lat-
tice parameters. The low-q reflection, which is absent in the diffraction pattern of pure
PLLA, appears unique to the Eu-doped system. Although the origin of this feature
remains uncertain, it aligns with similar observations reported in other Eu-doped poly-
mers [237, 240, 248].

The high scattering factor and intensity of the 5 nm−1 reflection, comparable to
the matrix pattern, imply that it arises from ordered arrangements of Eu ions, which
possess high electron density. The low q value corresponds to a large spacing (1.2 nm),
likely influenced by steric effects from the chelating organic groups in the Eu coordi-
nation shell, as seen in other polymer matrices [237]. Notably, a diffraction peak at a
similar position is also present in Eu(acac)3, where acetylacetone molecules are part of
the coordination shell (bottom panel of Figure 5.6b). However, in Eu(acac)3, the low-q
peak is accompanied by additional reflections not observed in Eu-modified PLLA.

This discrepancy suggests that while the 5 nm−1 reflection in Eu-modified PLLA
supports the presence of Eu ions, the absence of other Eu(acac)3 diffraction peaks points
to a distinct structural organization in the polymer microspheres. Complementary
spectroscopic data, discussed in subsequent sections, provide further insights into the
local environment of Eu3+ ions and their integration into the microsphere structure.

Regardless of the specific mechanism of incorporation, the results in Figure 4b —
highlighting significant increases in crystallinity under fixed synthesis conditions — un-
derscore the potential role of europium in shaping the final PLLA structure within the
microspheres. Further data presented in the next section delve deeper into this aspect,
offering additional evidence and interpretation.

Europium-induced crystallinity and crystallization tendency

The DSC curves shown in Figure 5.8a reveal significant differences between Eu-doped
and pure PLLA microspheres. In the Eu-doped batches, cold crystallization is nearly
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Figure 5.6: (a) XRD patterns of PLLA (curve 1) and Eu-modified PLLA microsphere samples
(curve 2) prepared at 20◦C. The asterisk marks an additional feature in the Eu-PLLA sample.
Inset: magnified view with dashed lines showing the shift in the main reflections. (b) XRD
pattern of Eu(acac)3 as a reference.

Figure 5.7: Crystalline fraction – from the area of the amorphous halo and the integrated pattern
– in samples obtained at different temperatures for Eu-modified microspheres (red curve) and
Eu-free microspheres (blue curve).
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absent, with only the sample synthesized at 60◦C — characterized by the most intense
amorphous halo in the diffraction pattern — exhibiting a higher enthalpy compared to
the reference Eu-free batch (Figure 5.8b). Moreover, in Eu-modified samples, the cold
crystallization temperature (Tcc), when present, is shifted to higher values compared to
pure PLLA microspheres. Simultaneously, the Eu-doped batches’ melting temperature
(Tm) decreases from 175◦C to approximately 165◦C. Importantly, no evidence of melt-
ing for segregated Eu(acac)3, which would occur around 130◦C (curve 3 in Figure 5), is
observed in any Eu-modified batch.

These findings strongly suggest that europium is integrated into the polymer struc-
ture of the microspheres, contributing to increased PLLA crystallinity (as corroborated
by the XRD analysis in Figure 5.6). This hypothesis is further supported by the absence
of any cold crystallization peak, even after cooling from the melt and during subse-
quent reheating (Figure 5.8a). Unlike the Eu-free microspheres, the Eu-doped polymer
demonstrates a pronounced tendency to crystallize directly from the melt.

An alternative interpretation of the absence of exothermic peaks during the cool-
ing ramp—suggesting the formation of a completely rigid amorphous structure after
melting—is ruled out by temperature-resolved XRD measurements. Figure 5.9 display
XRD patterns of a representative Eu-doped microsphere sample during heating from
room temperature to 180 ◦C (above Tm) in 10 ◦C increments (Figure 5.9a) and subse-
quent cooling back to 20 ◦C (Figure 5.9b).

Three key observations emerge from these data:

1. The primary PLLA diffraction peaks, which disappear above 180◦C as expected,
reappear immediately upon cooling below Tm. This confirms that the enhanced
crystallization propensity from the melt is responsible for the absence of cold
crystallization peaks during cooling and reheating in the DSC curves of Figure
5.8.

2. The additional diffraction peak at low q values (∼5 nm−1, corresponding to 7.2◦

in the 2θ XRD patterns in Figure 5.9) remains unchanged at intermediate tem-
peratures, including 130 ◦C, the Tm of Eu(acac)3. This peak also persists after
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Figure 5.8: (a) DSC curves during the heating ramp from 20 to 220◦C, followed by cooling to
0◦C and a subsequent heating cycle to 220◦C, are shown for Eu-free (curve 1) and Eu-modified
(curve 2) PLLA microspheres prepared at 20◦C, alongside Eu(acac)3 (curve 3). In Eu(acac)3, an
additional endothermic peak appears around 102◦C (labelled as Tm,1), likely due to bound water
within the molecule, in addition to the melting peak at 130◦C (Tm,2). (b) DSC curves during the
first heating cycle for Eu-modified microspheres prepared at various Temu. The shaded regions
represent the enthalpy of cold crystallization.

heating to 180 ◦C and reappears during cooling, alongside the recrystallization
of PLLA from the melt.

3. The stability of this additional diffraction peak suggests that it originates from
ordered domains distinct from Eu(acac)3. These domains are thermally more
stable than both Eu(acac)3 and Eu-free PLLA, surviving even at elevated tem-
peratures.

These results indicate that the ordered domains associated with europium incorpo-
ration act as nucleation sites, promoting crystallization from the amorphous melt at 180
◦C. This behavior explains the absence of cold crystallization peaks in the DSC curves of
Eu-doped PLLA microspheres, contrasting sharply with the results for Eu-free PLLA
microspheres.
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Figure 5.9: XRD patterns of Eu-modified PLLA microspheres prepared at 20◦C, recorded at
various temperatures: (a) during heating from room temperature to 180◦C and (b) during cool-
ing from 180◦C in 10◦C increments.
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Distribution of europium-modified domains

The XRD detection of an Eu-modified structure persisting even after the melting of
PLLA suggests the formation of Eu-rich regions within the microspheres, surrounded
by an Eu-poor PLLA matrix. Supporting evidence for this phenomenon is provided
by SEM analysis of microsphere cross-sections (Figure 5.10a, b) and micro-CT imaging
of diluted microsphere dispersions (Figure 5.10c, d). These analyses offer valuable in-
sights into the micromorphology of europium distribution. Both SEM and micro-CT
data reveal the presence of localized bright zones, which result from enhanced electron
or X-ray scattering, and they are not present in Eu-free microsphere samples (Figure
5.10a, c). These zones correspond to regions of significantly higher density within the
otherwise compact polymer matrix, attributable to areas of Eu incorporation. Impor-
tantly, these high-density regions are consistently observed to be distributed within the
microspheres rather than on their surfaces or at their inner cores. The 360° micro-CT
scans confirm that these dense regions are situated just beneath the microsphere surfaces
across the analyzed ensemble. This raises a critical question: how is europium incor-
porated into these regions? The subsequent sections delve into this question through
photoluminescence spectroscopy of the embedded Eu3+ ions and phonon spectrum
analysis of the Eu-modified microspheres. These investigations aim to shed light on the
structures and local environments created by the presence of Eu ions.

Spectroscopic insights into europium incorporation in microspheres

The photoluminescence (PL) spectrum of the f -f transitions of Eu3+ ions serves as
a probe of their immediate environment, providing insights into the first coordina-
tion shell and highlighting any deviations from the parent molecular cage in Eu(acac)3.
Figure 8 illustrates the PL spectrum for the first three transitions, 5D0 → 7FJ (with
J = 0,1,2), excited at 488 nm, in a representative sample of Eu-modified PLLA micro-
spheres (Figure 5.11a) and in Eu(acac)3 under identical conditions (Figure 5.11b). The
comparison reveals notable differences in the emissions’ relative intensities and shapes,
indicating significant changes in the symmetry and strength of the electrostatic field
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Figure 5.10: SEM and micro-CT images of representative sections of Eu-free PLLA micro-
spheres (a, c) and Eu-modified microspheres (b, d). The bright areas correspond to the presence
of europium.

produced by the ligands in the first coordination shell of the Eu3+ ions. A complete
overview of the europium luminescence spectrum is presented in Appendix B.

The emission band at ∼ 595 nm, arising from the magnetic dipole transition 5D0 →
7F1, serves as an intensity reference because its integrated intensity is mainly unaffected
by the surrounding electrostatic field [249, 250]. In contrast, the narrow peak at ∼ 580
nm, corresponding to the non-degenerate 5D0 → 7F0 transition, is forbidden under
high-symmetry conditions and only becomes detectable under low-symmetry environ-
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ments due to J -mixing within the 4f 6 configuration [250]. Its detection here, with an
intensity comparable to or exceeding that of the 5D0 → 7F1 transition, suggests that
the Eu3+ ions experience a low-symmetry environment in the microspheres.

Additionally, the splitting observed in the 5D0 → 7F0 peak, such as in the spec-
trum of Eu(acac)3, does not originate from degenerate energy levels but rather indi-
cates the presence of multiple coordination sites in the system. The band at ∼ 615 nm,
corresponding to the 5D0 → 7F2 transition, is the most intense and its shape and in-
tensity are particularly sensitive to changes in symmetry and ligand field strength [249].
A comparison of the PL spectra of Eu3+ in PLLA microspheres with those in Eu(acac)3
(Figure 5.11) reveals significant deviations in emission intensities and band shapes. This
suggests that the coordination environment of Eu3+ in PLLA is distinct, likely differ-
ing in local symmetry, coordination number, and ligand distances. Variability in the
PL spectra among different microspheres (inset of Figure 5.11a) is minor compared to
the differences observed between Eu-modified PLLA and Eu(acac)3, where site-to-site
variations are also evident (inset of Figure 5.11b).

Figure 5.12 presents a quantitative analysis of the key spectral features, comparing
the normalized integrated intensities of the 5D0 → 7F0 and 5D0 → 7F2 transitions
relative to the 5D0 → 7F1 reference transition. This comparison highlights significant
differences between Eu sites in PLLA microspheres and those in Eu(acac)3, with the
variations among microspheres being relatively small, as shown by the error bars in Fig-
ure 5.12.

These findings suggest that the local ligand field in PLLA microspheres is less effec-
tive at inducing J -mixing, as indicated by the smaller relative intensities of both 5D0 →
7F0 and 5D0 → 7F2 transitions compared to Eu(acac)3 (Figure 5.12). This implies that
Eu3+ sites in PLLA are characterized by higher symmetry and/or weaker ligand field
strength. The latter may result from an increased mean Eu-O distance or a reduction
in the number of coordinating ligands.

One key source of asymmetry in the ligand field of Eu(acac)3 is the presence of
two water molecules in its eight-fold coordination shell [247]. Replacing these water
molecules with carboxyl groups from PLLA chains could increase local symmetry, re-
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Figure 5.11: (a) PL spectrum of Eu3+ ions excited at 488 nm in a representative PLLA micro-
sphere prepared at 20◦C, recorded in the 555–630 nm range. Inset: spectral envelope obtained
from multiple microspheres within the same batch under similar conditions. (b) PL spectrum
as in (a), but for a powdered sample of Eu(acac)3. Inset: spectra recorded at different points of
the sample. The corresponding Eu3+ transitions are labeled.

ducing J -mixing as indicated by the data in Figure 5.12. Additionally, the weaker ligand
field in PLLA may stem from a larger mean Eu-O distance, as the average spacing be-
tween carboxyl groups in PLLA chains (∼ 0.293 nm) is slightly greater than that in
Eu(acac)3 (∼ 0.278 nm) [85, 247].

The following section explores Raman and IR spectroscopy, offering further in-
sights into the coordination environment of Eu3+ ions in PLLA microspheres. These
results reveal molecular structures that are similar to but distinct from Eu(acac)3, re-
flecting the incorporation of Eu into the polymer matrix.
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Figure 5.12: Integrated intensities of the PL 5D0 → 7F0 and 5D0 → 7F2 transitions (left and
right axes, respectively) relative to the 5D0 → 7F1 transition for Eu3+ ions in PLLA micro-
spheres prepared at 20°C (filled bars) and Eu(acac)3 (empty bars). Error bars are the standard
deviation from repeated measurements on the same sample.

Europium-induced perturbations in the PLLA phonon spectrum

The Raman spectrum of Eu-modified PLLA microspheres exhibits distinct anomalies
compared to pure PLLA, providing insight into how Eu is structurally incorporated
within the microspheres. Curve 1 in Figure 5.13 presents the Raman spectrum of a pure
PLLA microsphere, serving as a reference, in the spectral range of 200-1800 cm−1. All
detected modes correspond to those expected for PLLA [109]. Curves 2 and 3 in the
same figure show single-particle Raman spectra of two Eu-modified microspheres, rep-
resenting two limiting cases: one with minimal spectral alterations (curve 2) and an-
other with more pronounced changes (curve 3) relative to pure PLLA. The most no-
table differences involve additional phonon modes absent from the vibrational spec-
trum of PLLA, which align, to some extent, with modes observed in the Raman spec-
trum of Eu(acac)3 (curve 4 in Figure 5.13).
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A weak, structured feature is also visible in the range of 1500-1600 cm−1, attributed
to weak photoluminescence from the 7F4 → 5D0 transition of Eu3+, excited by the Ra-
man spectrometer’s 633 nm laser. This weak emission arises with very low efficiency on
the tail of the 5D0 → 7F2 transition. The attribution is confirmed by similar emissions
observed (Figure 5.14) when the same microspheres (curves 2 and 3 in Figure 5.13) are
excited at 488 nm, with only the laser source changed. Notably, the additional phonon
modes in the Raman spectra – not part of the Eu-free PLLA phonon spectrum – are
more intense in microspheres where the Eu3+ emission at 1500-1600 cm−1 is stronger.
This observation, corroborated by analyzing numerous microspheres across different
batches, suggests that these modes arise from molecular groups closely associated with
Eu3+ incorporation into the microspheres.

A comparison with the Raman spectrum of Eu(acac)3 indicates that the additional
modes in Eu-modified PLLA microspheres likely originate from three main types of
molecular groups, as inferred from similar spectral features in Eu(acac)3 [251, 252]. The
first group includes Eu-O units and chelating C=O groups, with stretching modes po-
tentially contributing to the spectral features at 411 and 946 cm−1. The second group
comprises CH3 groups, whose in-plane and out-of-plane deformation modes may cor-
respond to peaks at 570, 1273, and 1369 cm−1. Finally, Eu-(O=C)2 coordination rings,
analogous to those in Eu(acac)3, likely contribute to the deformation mode near 668
cm−1, possibly with additional contributions from C-CH3 stretching.

Notably, while many of these modes align with those in Eu(acac)3, some exhibit
measurable shifts (e.g., the modes at 668 and 1273 cm−1, each shifted by approximately
8 cm−1) or are entirely absent (e.g., Eu(acac)3 modes at 1020 and 1193 cm−1). These dis-
crepancies suggest that Eu incorporation in the microspheres does not occur through
the simple embedding of Eu(acac)3 molecular units or larger segregated Eu(acac)3 do-
mains. Instead, the coordination of Eu3+ ions undergoes modifications, as also indi-
cated by the photoluminescence spectroscopy results (Figures 5.11 and 5.12). The inter-
action with, or involvement of, PLLA chains appears to play a role in the incorporation
process.

This conclusion is supported by the near-complete disappearance of vibrational fin-
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Figure 5.13: Raman spectra of Eu-free PLLA microspheres (curve 1) and Eu-modified PLLA
microspheres with low and high Eu content (curves 2 and 3, respectively), qualitatively moni-
tored by the intensity of the Eu3+ 5D0 → 7F4 transition excited at 633 nm, appearing near an
apparent Raman shift of ∼1600 cm−1. Dashed vertical lines indicate the positions of the main
phonon modes in the spectrum of Eu(acac)3 (curve 4). Phonon mode assignments for molec-
ular groups in PLLA and Eu(acac)3 are annotated with curves 1 and 4, respectively.
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gerprints associated with alkene CH groups (olefinic CH), a hallmark of the Eu(acac)3
molecule but absent in PLLA. One such fingerprint is the narrow peak at 1193 cm−1 in
the Raman spectrum of Eu(acac)3 (curve 4 in Figure 5.13), which arises from an olefinic
CH bending mode [251, 253]. The absence of this feature in the Raman spectra of Eu-
modified PLLA microspheres supports the hypothesis that alkene CH groups are elim-
inated during Eu incorporation.

Further evidence comes from the FTIR spectra of Eu-containing PLLA micro-
spheres (curve 1 in Figure 5.15), which lack the olefinic CH stretching mode at 3075
cm−1 observed in Eu(acac)3 (curve 2 in Figure 11) [251, 253]. Additionally, the spectral
region around 2900-3000 cm−1, corresponding to ethyl and methyl stretching modes,
differs significantly from that of Eu(acac)3, notably lacking the CH3 stretching mode
at 2925 cm−1. These findings collectively suggest that Eu incorporation into PLLA
microspheres does not involve direct embedding of Eu(acac)3 but results in structural
modifications to Eu coordination within the polymeric matrix.

The influence of PLLA chains on the Eu3+ coordination shell

All spectroscopic results—PL, Raman, and FTIR spectra—point to a common con-
clusion: Eu3+ ions enter PLLA microspheres, forming a coordination environment dis-
tinct from that in the precursor compound, Eu(acac)3. Specifically, PL spectra reveal
that the coordination shell of Eu3+ in PLLA exhibits lower asymmetry and/or a weaker
ligand field than Eu(acac)3. Moreover, FTIR spectroscopy shows the absence of key vi-
brational features of the Eu(acac)3 molecule, ruling out the direct embedding of intact
precursor molecules or forming large segregated domains of the precursor.

However, additional molecular groups accompany the incorporation of Eu3+ ions
into PLLA, as indicated by the appearance of extra vibrational modes in the Raman
spectrum. These modes are similar to those associated with Eu coordination in Eu(acac)3.
Notably, the molecular groups responsible for these modes are compatible with both
modified (acac) fragments and components of PLLA chains. Both systems can poten-
tially form bonds with Eu3+ through C=O chelating groups [174], resulting in rings
connected to a backbone containing CH3 groups, as shown in Figure 5.16. In this case,
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Figure 5.14: Comparison of single-particle PL spectra (λexc = 488 nm) in the 640–720 nm range
for (1) Eu-modified microspheres, illustrating two extreme cases with faint (red curve) and pro-
nounced (blue curve) 5D0 → 7F3 and 5D0 → 7F4 transitions, and (2) Eu(acac)3.

Eu(acac)3 can act as a ”crosslinker” between the polymer chains.
While the direct embedding of unmodified Eu(acac)3 molecules can be excluded,

the spectroscopic data support the formation of Eu3+ coordination environments that
involve interactions with modified (acac) groups and/or chelating groups along the PLLA
chains. This type of coordination, formed through interactions between ion complexes
and molecular chains, has been observed in other systems, including those involving
polymers prepared with Eu(acac)3 [237–241, 254, 255].

In this case, the interaction between Eu3+ and PLLA chains likely arises from two
main factors. First, PLLA itself has chelating properties through its carboxyl groups,
even though PLA is not typically used as a chelating agent due to the superior chelation
capabilities of other molecules. Nevertheless, PLA’s chelating ability is utilized in some
applications, such as in food and agriculture, where PLA can act as a natural chelating
agent for metal elements in mineral components [256]. The second factor is the differ-
ence in the acid dissociation constants (pKa values) between acetylacetone (pKa ∼ 9)
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Figure 5.15: Infrared absorption spectra in the region of C–H and O–H stretching modes for
Eu-modified PLLA microspheres (curve 1) and Eu(acac)3 (curve 2). Dashed lines at 2925 and
3075 cm−1 indicate the modes associated with specific groups in the Eu(acac)3 molecular struc-
ture (highlighted in the inset schematic).

Figure 5.16: Possible mechanism reaction between Eu(acac)3 and PLLA during the formation of
microspheres, with the interaction of polymer carbonyl group with one of the carbonyl groups
of (acac).
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[257] and poly(lactic acid) (pKa ∼ 4) [258]. This difference makes it likely that Eu3+

ions form coordination bonds with PLLA chains during the emulsification process,
where PLLA chains and Eu(acac)3 molecules are fully dissolved in the organic solution
and ready to interact in the water phase. During emulsification, the (acac) groups can
be partially displaced by Eu3+ ions in favor of new bonds with the carboxyl groups of
PLLA.

On the other hand, XAS measurements in the EXAFS region, comparing a rep-
resentative sample of Eu-containing microspheres with Eu(acac)3, confirm that their
structures are nearly identical, indicating a similar environment with the number and
nature of neighbors (Figure 5.17a, b). From the intensity and frequencies of the os-
cillations calculated in the k-range 3–10, with a k-weight of 2, a first-shell neighbor is
observed, with a peak at 1.93 Å for Eu(acac)3 and 1.97 Å for Eu3+ in microspheres, likely
corresponding to oxygen. No additional shells are detected, possibly due to increased
structural disorder. The fit of the first shell, performed using the Artemis package [259],
confirmed that, while the number of neighbors is comparable to the reference, the bond
length is longer, likely due to steric hindrance caused by the substitution of a single oxy-
gen atom with an (acac) ligand. However, the discrepancy between the obtained values
is minimal, making it challenging to confirm an increase in bond length definitively.
Analyzing the second coordination shell would be necessary to validate this hypothesis,
but the presence of polymer chains complicates obtaining reliable results.

Impact of Eu-PLLA coordination on polymer structure and structural
stability

Based on the spectroscopic results and XRD data discussed above, it can be concluded
that Eu3+ ions in PLLA form coordination environments that involve not only (acac)
molecules but also carboxyl groups along the PLLA chains. Consequently, the Eu3+

ions can act as bridges between two or more PLLA chains, creating stable structures
where sequences of heavy ions are periodically spaced, with the periodicity governed by
the arrangement of carboxyl groups along the PLLA chain. This behavior resemples
structures observed in other rare-earth-containing polymers [237, 238, 241]. This hy-
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Figure 5.17: (a) EXAFS region of Eu(acac)3 (blue curve) and a representative sample of Eu-
containing microspheres (red curve). (b) Fourier Transform of the spectra reported in (a) as
a function of the distance. Inset: first derivative of the FT-spectra, where the peak value is indi-
cated.

pothesis is supported by the XRD patterns shown in Figure 5.6a. Specifically, the iso-
lated diffraction peak at approximately 5 nm−1 and the shift of the main PLLA diffrac-
tion peaks at about 12 and 14 nm−1 towards smaller values are consistent with interca-
lated Eu3+ bridges between chains, which slightly expand the unit cell, particularly in
the (100) direction.

Importantly, the dissolution of Eu(acac)3 and the formation of O-Eu-O bridges,
which replace the interchain hydrogen bonds, can also explain other distinctive fea-
tures of Eu-modified PLLA microspheres observed in temperature-dependent XRD
and DSC measurements. For instance, as shown in Figure 5.9, the single small-angle
XRD reflection at around 5 nm−1 indicates the presence of low-dimensional, chain-
like periodic domains that exhibit enhanced thermal stability compared to pure PLLA.
This result is consistent with the formation of structures where a few PLLA chains
are held together by O-Eu-O bridges from Eu coordination shells, substituting the less
thermally stable interchain hydrogen bonds in pure PLLA. Additionally, the presence
of aligned PLLA chains stabilized by Eu coordination shells could also act as crystal-
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lization agents, promoting higher crystallinity within the microspheres, both during
emulsification and melt crystallization, as confirmed by the experimental data in Fig-
ures 5.6b and 5.9. Furthermore, as observed from thermogravimetric analysis (TGA) of
Eu-modified microspheres in Figure 5.18, the degradation temperature (approximately
250◦C) is significantly lower than that of Eu-free microspheres (approximately 350◦C),
indicating thermal stability lower than that of nondoped polymeric samples. This vari-
ation is most likely attributable to the presence of europium within the structure, as
confirmed by the comparison with Eu(acac)3 taken as a reference, which shows a simi-
lar weight loss around 250◦C. Moreover, the TGA data of the Eu-PLLA complex show
the absence of the loss mass event in the range 90-130◦C, present in Eu(acac)3, sug-
gesting that the interaction between Eu3+ and the polymer occurs via replacement of
the water molecules in the coordination compound [260]. The structural stability of
Eu-modified PLLA microspheres contributes to the observations in Figure 5.2 and Fig-
ure 5.5b, where both the morphological stability of the microspheres and the effective
retention of lanthanide ions in buffer solution over extended periods are demonstrated.

This stability can be further analyzed through spectroscopic monitoring of changes
in the Eu3+ photoluminescence (PL) properties over time in the buffer solution. The
results, shown in Figure 5.19, also compare data from microsphere batches prepared
at different emulsification temperatures. Most variations observed in degradation time
are within the statistical uncertainty, as indicated by the dispersion of values within each
sample. This applies to both the relative integrated intensity and the broadening of the
Eu3+ emission bands. However, in some cases, changes in the relative integrated inten-
sity of the 5D0 → 7F2 and 5D0 → 7F0 transitions are noticeable in the early stages
of treatment in the buffer solution, with no further significant effects after prolonged
exposure. Interestingly, the microsphere batches that show this initial decrease in inten-
sity are those prepared at temperatures comparable to or higher than the glass transition
temperature (Temu ranging from 60 to 80◦C). However, this effect does not coincide
with significant changes in the bandwidth of the 5D0 → 7F2 emission (Figure 5.19).

The initial change in relative emission intensity suggests a shift in the branching ra-
tio between the different radiative decay channels of the Eu3+ ions. This implies changes
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Figure 5.18: Comparison of TGA curves from 25 to 600◦C of: Eu-modified PLLA sample (red
curve), Eu-free sample (blue curve), and Eu(acac)3 as a reference. The shaded region corre-
sponds to the temperature range at which the main decomposition of Eu(acac)3 occurs. The
residual weights of Eu2O3 at the end of the measurement for Eu(acac)3 and Eu-modified sam-
ples are 53% and 8%, respectively.

in the symmetry and/or polarizability of the Eu3+ ion environment, possibly due to
structural modifications arising from water molecule adsorption during the buffer so-
lution treatment. Water adsorption could alter the emission bands’ relative intensities
and, to some extent, the overall emitted intensity by activating non-radiative decay path-
ways. Despite its hydrophobic nature, PLLA can adsorb and diffuse water molecules,
which are influenced by surface morphology and porosity. This is supported by SEM
images (Figure 5.3), which show slightly higher surface porosity in microspheres pre-
pared at higher temperatures.

Further evidence of hydration is found in the FTIR spectra. Curves 1 and 2 in Fig-
ure 5.20a display the infrared spectra of a sample prepared at Temu of 60◦C, both before
and after treatment in the buffer solution, focusing on the stretching modes of water
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Figure 5.19: Normalized integrated intensity of the 5D0 → 7F0 and 5D0 → 7F2 transitions
relative to the 5D0 → 7F1 transition of Eu3+ ions in PLLA microspheres, prepared at varying
emulsification temperatures and degradation times in buffer solution. Error bars are the stan-
dard deviation of the values in the data population.
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molecules around 3300 cm−1. A broadband corresponding to water molecules at 3300
cm−1 is more prominent after treatment, suggesting the incorporation of H2O into the
microspheres and potential changes to the Eu3+ ion environment. Surprisingly, these
changes do not significantly affect the broadening of the 5D0 → 7F2 emission (Figure
5.19). However, some effects are apparent when examining the shape of the emission
band. The inset of Figure 5.20a shows two PL spectra collected before and after 1 hour
of buffer solution treatment, revealing a detectable redistribution of emission inten-
sity. Notably, such effects are significant only in samples prepared at 60, 70, and 80◦C,
where the PL spectra show an intensity reduction and a shape change of the 5D0 → 7F2
transition at high degradation times (Figure 5.21). These results indicate that more pro-
nounced changes occur in the ligand field when the sample experiences a slight but
measurable decrease in PL intensity after buffer solution treatment, even though the
band broadening remains largely unaffected. Additionally, the compact morphology
of the microspheres, evident in the SEM images (Figure 5.10a, b), likely prevents exten-
sive water molecule embedding, contributing to the stability of the microsphere struc-
ture against hydration. Moreover, no evidence of Eu3+ photoluminescence (PL) was
observed in the buffer solution after treatment. In particular, no PL signals were de-
tected from water-coordinated Eu3+ ions, which are typically characterized by a very
weak 5D0 →7 F0 peak and a notably lower intensity of the 5D0 →7 F2 band compared
to the 5D0 →7 F1 band [261, 262]. +Figure 5.20b also presents the FTIR spectrum of
the same batch (prepared at 60◦C) after exposure to an X-ray irradiation test dose of 100
Gy (curve 1), which was used to assess potential radiation-induced molecular damage in
the PLLA microsphere structure. No significant molecular modifications are observed
in the spectrum. Specifically, no evidence is found of phonon modes (such as those
at 2850 and 2925 cm−1, which indicate the transformation of methyl groups to CH2
groups, or at 3180 and 3390 cm−1, which are associated with hydroxylation of carbonyl
groups) that typically arise from the early stages of radiation damage to PLLA at similar
X-ray doses (curve 2).
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Figure 5.20: (a) Infrared absorption spectra in the C-H and O-H stretching regions for Eu-
modified PLLA microspheres prepared at 60◦C, shown before (curve 1) and after (curve 2) 720
hours of degradation in buffer solution. Shaded regions indicate the water O-H stretching band.
Inset: Photoluminescence (PL) spectra captured before and after 1 hour of degradation in buffer
solution. (b) Infrared spectrum of PLLA microspheres prepared at 60◦C following exposure
to an X-ray dose of 100 Gy (curve 1), compared to the spectrum of a bulk PLLA sample exposed
to the same dose (curve 2), highlighting radiation-induced degradation effects (labels on curve
2).
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Figure 5.21: Changes in the shape and intensity of the 5D0 → 7F2 transition with degradation
time for Eu-PLLA microsphere batches prepared at differentTemu. All spectra were normalized
to the integral of the 5D0 → 7F1 transition for comparability. The black arrows indicate the
progression of the degradation.

5.4 Conclusions

Incorporating a rare-earth ion such as europium into PLLA microspheres has proven
to be a transformative approach for enhancing their structural, thermal, and morpho-
logical properties. The collected data — derived from complementary techniques in-
cluding microscopy, diffractometry, calorimetry, and spectroscopy — offered valuable
insights into the mechanisms underlying europium incorporation into microspheres
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via emulsification.
The integration of Eu3+ ions into the polymer matrix forms a coordination shell

distinct from that of the precursor compound (supported by PL data), interacting with
polymer chains and coordinating with PLLA carboxyl groups, evidenced by spectro-
scopic analyses. This coordination enables Eu3+ ions to act as bridges between PLLA
chains, enhancing the polymeric matrix’s crystallinity and stability (confirmed by XRD
and DSC) and resulting in a compact micro-morphology. The data also demonstrate
that the interaction between lanthanide ions and the polymer can be tuned by adjusting
the emulsification temperature, allowing control over the matrix’s resistance to rapid
degradation, structural damage, and ion release.

Furthermore, this research has shown that europium incorporation significantly
alters the thermal behavior of PLA microspheres. Suppressed cold crystallization and
improved crystallization from the melt highlight the dynamic role of europium in en-
hancing the material’s thermal resilience. This modification not only improves the me-
chanical stability of the microspheres but also contributes to their resistance to envi-
ronmental factors such as radiation and prolonged exposure to aqueous media, such as
a buffer solution. Notably, the absence of significant europium leaching underlines the
system’s reliability for applications where the retention of functional species is critical.

These findings underscore the potential of europium-modified PLA microspheres
in applications that demand high structural stability, such as medical devices and bio-
compatible luminescent systems. Thus, they establish a reliable foundation for design-
ing systems tailored to specific applications.



CHAPTER
SIX

GENERAL CONCLUSIONS

The research presented in this thesis explores innovative ways to synthesize and charac-
terize poly(lactic acid) (PLA) microspheres as carriers for targeted internal radiotherapy.
It addresses critical challenges in current cancer treatments, including limited therapeu-
tic specificity, harmful side effects, accumulation in healthy tissues, and the need for
environmental sustainability, thus highlighting the potential of PLA microspheres as
versatile carriers for radioisotopes and imaging markers.

In the context of selective internal radiation therapy, this work provides a strong
foundation for using PLA microspheres as effective and sustainable carriers of radioiso-
topes. Compared to traditional materials like glass or resin microspheres, PLA offers
several advantages: it is lightweight, biodegradable, and has a density close to human
plasma, which helps ensure smooth injection and even distribution in blood vessels.
These properties, combined with the ability to encapsulate radioactive isotopes in the
matrix securely, make PLA an ideal candidate for targeted therapies that minimize side
effects while focusing on tumor detection.

The research emphasizes the importance of controlling PLA’s structural and physic-
ochemical properties to improve its performance in biomedical applications. The work
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highlights how the conformation of the polymer, so if it is crystalline or amorphous,
can affect its radiation hardness, a crucial aspect for specific applications like radioem-
bolization.

One of the main breakthroughs in this thesis is the demonstration that small changes
in the microsphere preparation — like emulsification temperature — directly influ-
ence the polymer’s morphology and functional efficiency. Understanding and control-
ling crystallinity is essential because it directly affects the mechanical stability, degrada-
tion rate, and drug or isotope encapsulation capacity of the microspheres. Radiation-
induced modifications in PLA further highlight the polymer’s ability to maintain struc-
tural integrity while exhibiting predictable degradation pathways. These findings are
critical for ensuring the controlled release of encapsulated radioisotopes over the de-
sired treatment period, optimizing therapeutic outcomes.

The thesis also identifies areas where the manufacturing techniques can improve,
achieving greater consistency in size, encapsulation efficiency, and functionalization.
For example, further refinement of the solvent evaporation and emulsification methods
could address current limitations related to batch-to-batch variability and scaling up
production. Refining these processes will help make PLA microspheres more accessible
for clinical use.

A key innovation in this study is the incorporation of europium as Eu3+ into PLA
microspheres to mimic the presence of a rare-earth ion used for its diagnostic poten-
tial. Incorporating europium into the PLA matrix enhances the material’s structural
and thermal stability. The europium-doped microspheres exhibit unique spectroscopic
behaviors that reveal insights into europium-polymer interactions. The ability to con-
trol its crystallinity, molecular structure, and degradation behavior allows for the pre-
cise customization of microspheres to meet the exact requirements of specific therapies,
such as selective internal radiation therapy (SIRT).

Overall, this work lays the foundation for future advancements in PLA-based bio-
materials, particularly for applications that require precise control over material proper-
ties and functionality. PLA-based systems offer a promising alternative to non-biodegra-
dable materials, particularly in applications where the long-term presence of micro-
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spheres in the body is undesirable. The focus on PLA microspheres aligns with a broader
shift toward green fabrication processes, where renewable materials and energy-efficient
synthesis methods contribute to developing environmentally responsible medical de-
vices. Moreover, integrating europium as a constituent component of the microspheres
opens new possibilities for combining therapeutic and diagnostic capabilities within a
single platform. By enabling targeted radiation delivery and real-time monitoring, these
PLA microspheres have the potential to revolutionize personalized medicine, address-
ing current limitations in cancer therapy while improving patient safety and treatment
efficacy.

In summary, this thesis demonstrates that poly(lactic acid) microspheres represent
a versatile, sustainable, and highly functional material system for modern medicine.
Through careful synthesis, characterization, and functionalization, PLA microspheres
can be tailored to meet the specific requirements of targeted therapies and diagnostics.
The findings presented here contribute to the development of innovative materials for
selective internal radiation therapy, and a shift toward safer, more effective, and environ-
mentally responsible healthcare solutions. As research advances, PLA microspheres are
poised to play a crucial role in shaping the future of personalized medicine and cancer
treatments.





APPENDIX
A

CHARACTERIZATION TECHNIQUES

Thermogravimetrical analyses (TGA)

TGA analyses were conducted with a Mettler Toledo TGA/DSC1HT STARe System
at a constant gas flow (50 ml min−1). The thermal profile was the following: first cycle
from 25 to 600◦Cwith a heating rate of 10◦C min−1 under nitrogen, second cycle from
600 to 700◦C in air flow with a rate 10◦C min−1.

Elemental analysis

Elemental analysis of CHNS was conducted using an Elementar VarioMicro-Cube an-
alyzer on both a PLA pellet and a 100 Gy irradiated pellet (approximately 1–2 mg each).
The samples were combusted at 1150◦C and reduced at 850◦Cwithin a measuring cham-
ber. Pure helium gas served as the reference and carrier gas during the analysis. A ther-
mal conductivity detector (TCD) recorded changes in the thermal conductivity of the
helium as combustion gases (N2, CO2, H2O, and SO2) entered the chamber.
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Differential Scanning Calorimetry (DSC)

DSC was employed to determine the thermal properties using a DSC-1 system (Met-
tler Toledo STARe) equipped with a liquid nitrogen low-temperature apparatus. Heat
flow was recorded during heating and cooling ramps between 0◦C and 220◦C at a rate
of 10◦C min−1 under a nitrogen atmosphere. Calibration of temperature and heat flow
was achieved using indium as the standard. The glass transition temperature (Tg) was
determined as the midpoint of the step transition in the calorimetric curve.
To verify the absence of PVA residue in the microspheres, the chosen DSC cycle in-
cludes two heating cycles from 0 to 300◦C interspersed with cooling to 0◦C (since the
melting temperature of PVA is about 250◦C).

Powder X-ray Diffraction (PXRD)

PXRD analyses were performed using a Rigaku powder diffractometer equipped with a
Cu-Kα source (40kV, 30mA). PXRD profiles were collected over a 2θ range of 5.0◦–40.0◦,
with a step size of 0.02◦ and a scan speed of 2.0◦min−1. In-situ crystallization studies
were conducted using a PANalytical Empyrean diffractometer with a Cu-Kα source
(40kV, 40mA). Data were collected over a 2θ range of 5.0–30.0◦ at a scan speed of
2.0◦min−1. Diffraction was detected with a 0.1 mm anti-scatter slit/0.02 rad Soller slit
configuration and a PANalytical PIXcel detector. The diffractometer comprises a DHS
900 heating stage (Anton Paar) under inert nitrogen conditions.
The mean size of the crystallite domains (D) was calculated using the Scherrer equation
D = Kλ/βcos(θ), where K is the shape factor (typically 0.9), λ is the X-ray wavelength, β
is the line broadening at the FWHM, and θ is the Bragg angle.

Grazing Incidence X-ray Diffraction (GIXD)

GIXD measurements were carried out at the SAXS beamline of the Elettra synchrotron
in Trieste, employing a 1.54 Å wavelength and silver behenate as a calibrant. Diffraction
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was detected using a Pilatus 2M detector positioned 225 mm from the sample. Profiles
were recorded in a q range of 2 to 30 nm−1 with a grazing incidence angle of ω=0.5◦.
Data processing and transformation into reciprocal space were performed with GIDVis
software [246].

Raman Spectroscopy and Photoluminescence (PL)

Raman and PL measurements were performed using the same instrumental setup on
a Labram Horiba Jobin-Yvon spectrometer equipped with both a 632.8nm HeNe (for
Raman) and a 488 nm Ar+ (for PL) laser sources. The scattered light was collected using
10x and 20x objectives mounted on an Olympus BX40 microscope head, and the signal
was detected with a CCD-Sincerity system (Jobin-Yvon) with a spectral resolution of 1
cm−1.

Fourier Transform IR spectroscopy (FT-IR)

FTIR characterization was performed using a Thermo Fisher Nicolet iN10 infrared
microscope (675–4000 cm−1) in transmission and attenuated total reflectance (ATR)
configurations. The detection setup consists of a double detector, DTGS (deuterated
L-alanine doped triglycine sulphate) and MCT (Mercury Cadmium Telluride), cooled
with liquid nitrogen. ATR-FTIR spectra were collected on a gold substrate with a sin-
gle crystal Ge tip (350 μm diameter). Transmission FTIR spectra were obtained with
LED illumination on a 0.5x0.5 cm2 CVD-deposited diamond substrate.

Nuclear Magnetic Resonance (NMR)
1H NMR spectra were recorded using a Bruker Avance NEO spectrometer operating at
400.13MHz for 1H with a 5mm broadband probe. The NMR tube was prepared with
20 mg of sample dissolved in 5 μL of deuterated chloroform (CDCl3) as a solvent. The
obtained spectra were analyzed using the software TopSpin.
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Gel Permeation Chromatography (GPC)

Molecular weight distributions were determined by GPC using a Waters 1515 isocratic
HPLC pump equipped with a refractive index detector and four Styragel columns.
10 mg of the sample was dissolved in 2 mL of THF, adding 7 μL of toluene, and the
chromatograms were recorded with a flow of 1.0 ml min−1 at 35◦C. Calibration with a
polystyrene standard was used to calculate molecular weights.

Optical Microscope

Optical microscope images were acquired using a Leica DM LM microscope equipped
with a Leica DFC280 digital color camera and a 10× objective lens. Digital images were
analyzed using the program ImageJ to estimate the statistical distribution of micro-
sphere sizes.

Scanning Electron Microscopy (SEM)

SEM images on materials were obtained by using a Thermo Fisher Phenom G6 SEM
equipped with a backscattered electrons detector (BSD) operating at 10 kV. Samples
were mounted on aluminum stubs with double-sided adhesive carbon tape and coated
with a thin Au layer for imaging.

Micro-computed Tomography (micro-CT)

Micro-CT analysis was conducted using a UniTOM HR (Tescan, Czech Republic) op-
erating in microfocus mode. The instrument was set to 50 kV accelerating voltage with
1.3 W target power. Tilt series were acquired at 0.9 μm voxel size over 2286 projections
within a 360◦ range, with each projection using a 1350 ms exposure and four averages.
Reconstruction was performed using TESCAN Panthera software, and the data were
visualized using ORS Dragonfly software.
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X-ray Flourescence (XRF)

X-ray fluorescence (XRF) spectra were obtained with an ARTAX 200 (Bruker) instru-
ment equipped with a molybdenum-anode X-ray tube operating at 40 kV, 600 μA,
for a measurement time of 120 sec. Evaluation of europium content in the samples
was assessed by calculating the integral of the characteristic fluorescence peak at Lα1 en-
ergy (5.85 keV). To make the spectra comparable, they were normalized with respect to
Rayleigh scattering (17.4 keV, corresponding to the Kα emission of Mo).

X-ray Absorption Spectroscopy (XAS)

XAS analyses have been performed at the Italian CRG beamline LISA-BM08 of ESRF
[263], Grenoble. The beamline is downstream a bending magnet, whose beam is paral-
lelized with a mirror over the monochromator. For this experiment, the energy of the
radiation is chosen with a Si(111) N2-cooled double crystal monochromator (DCM);
the harmonics are then rejected with a second silicon mirror placed after the detector.
The beam and transmitted intensities are then measured using two ionization cham-
bers filled with 1 atm of N2, placed respectively before and after the sample. Europium
acetylacetonate and Eu-PLLA MS samples have been pelletized in a 1.5 mm die using
25 mg of sample mixed with 15 mg of cellulose. The samples were then measured in
transmission at a temperature of 70K to enhance the EXAFS signal. The XAS spectra
collected on the L3 edge have been recorded from 6777 to 6957 eV with a step of 5eV,
from 6957 to 7007 with a step of 0.4 eV and until 7834eV with a k-step of 0.05 Å.





APPENDIX

B

PHOTOLUMINESCENCE PROPERTIES OF
EU3+

The trivalent europium ion (Eu3+) displays intense red photoluminescence when ex-
posed to UV radiation. This characteristic photoluminescence is observed not only
in Eu3+ ions doped into crystalline host matrices or glasses but also in europium(III)
complexes with organic ligands. These ligands function as antennas, absorbing excita-
tion light and transferring the energy to the higher energy levels of the Eu3+ ion, subse-
quently populating the emitting excited states [249].

In addition to its red luminescence, Eu3+ is notable for its narrow transitions in ab-
sorption and luminescence spectra—distinctive features recognized since the discovery
of the chemical element europium. These transitions’ fine structure and relative inten-
sities serve as probes of the local environment surrounding the Eu3+ ion. Spectroscopic
data can reveal the point group symmetry of the Eu3+ site and, in some cases, provide
insights into its coordination geometry.
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Figure B.1: Energy-level diagram of Eu3+ ion with 5D0 → 7FJ transitions and respective emis-
sion wavelength.

Selection rules and Judd-Ofelt theory

The luminescence spectra of europium(III) compounds provide more detailed infor-
mation than their absorption spectra. Many europium(III) compounds exhibit intense
photoluminescence, primarily due to the 5D0 → 7FJ transitions (J = 0–6) from the
5D0 excited state to the 7F levels of the ground state. Transitions to the 7F5 and 7F6 lev-
els are often not observed, as they typically fall outside the detection range of standard
spectrofluorimeter detectors. Emission from higher excited states such as 5D1 and 5D2
is typically suppressed by non-radiative decay pathways, especially at room temperature
[264]. However, these emissions can become observable at cryogenic temperatures or
in specific host matrices where phonon interactions are minimized. Such observations
provide additional information about the dynamics of excited-state relaxation and en-
ergy transfer mechanisms. The main Eu3+ transitions from the ground state 5D0 are
reported in Fig. B.1.

Most transitions visible in the luminescence spectrum are induced electric dipole
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(ED) transitions. These transitions result from the interaction between the lanthanide
ion and the electric field vector via an electric dipole involving a linear charge move-
ment. The transitions observed in Eu(III) luminescence are significantly weaker than
ordinary electric dipole transitions. They are thus called ”induced” or ”forced” electric
dipole transitions rather than conventional ones. The intensities of these ED transi-
tions can be quantitatively described using the Judd–Ofelt theory [265, 266]. In free
ions, these transitions are parity-forbidden; however, in a solid matrix, the crystal field
effects partially lift this restriction. The crystal field induces a mixing of electronic states,
enabling transitions that are otherwise forbidden in isolated ions.

The theory quantitatively models this mixing using three phenomenological pa-
rameters, denoted as Ωλ (where λ = 2,4,6). These parameters reflect the asymmetric
nature of the crystal field and are essential for calculating transition probabilities, oscil-
lator strengths, and radiative lifetimes of excited states. These insights are critical for de-
signing and developing photonic devices such as lasers and optical amplifiers. Accord-
ing to Judd-Ofelt theory, electric dipole transitions are parity-forbidden in centrosym-
metric environments but become partially allowed when symmetry is broken. This re-
sults in deviations from strict selection rules, as crystal-field effects and charge-transfer
interactions mix states of different parity. Magnetic dipole transitions, which are less
sensitive to symmetry changes, remain allowed in centrosymmetric environments.

Some transitions, such as the 5D0 → 7F1 transition, exhibit magnetic dipole (MD)
character. Magnetic dipole transitions are allowed, but their intensities are weak and
comparable to induced electric dipole transitions. The intensity of a magnetic dipole
transition is largely independent of the surrounding environment and can be consid-
ered constant to a first approximation.

5D0 → 7F0 transition

The 5D0 → 7F0 transition is strictly forbidden according to the standard Judd–Ofelt
theory, as a 0–0 transition is prohibited by the ∆J selection rule. However, the oc-
currence of this transition is a well-known example of the breakdown of the selection
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rules of the Judd–Ofelt theory. A common explanation is that this transition arises due
to J -mixing or the mixing of low-lying charge-transfer states into the wavefunctions
of the 4f 6 configuration [267–269]. J -mixing is caused by the crystal-field perturba-
tion, which leads to the mixing of wavefunctions of terms with different J values. Af-
ter J -mixing, the wavefunction of the 7F0 state also includes contributions from the
J = 2,4,6 states. These two mechanisms are not independent; it has been observed that
there is an inverse relationship between the energy of the transfer state and the crystal-
field strength: lower energies for the charge-transfer states result in stronger crystal-field
effects, which in turn enhance J -mixing.

The 5D0 → 7F0 transition is one of the narrowest 4f–4f transitions ever observed.
Its occurrence indicates that the Eu3+ ion occupies a site with Cnv, Cn, or Cs symmetry.
This can be understood by considering the selection rules. A J = 0 state must transform
as the identity representation of the point symmetry group, meaning some components
of the electric dipole operator must also transform as the identity representation. This
condition is met for point groups where the crystal-field potential containsC1 spherical
harmonics, such as the Cnv, Cn, and Cs symmetry groups.

In most europium(III) spectra, the 5D0 → 7F0 transition is weak, even for com-
plexes with Cnv, Cn, or Cs symmetry. However, this transition is unusually intense in
the β-diketonate complex with the Eu3+ ion at a site with C3 symmetry [270]. In the
luminescence spectrum of this complex, the 5D0 → 7F0 transition has a higher peak
height than the 5D0 → 7F1 transition. However, the latter has the largest integrated
peak area due to the extreme narrowness of the 5D0 → 7F0 transition.

The 5D0 → 7F0 transition is also helpful in detecting the presence of non-equivalent
sites in a host crystal or for determining the number of different europium(III) species
in solution, as only one peak is expected for a single site or species due to the non-
degeneracy of the 7F0 and 5D0 levels. The observation of multiple peaks in the spec-
troscopic region where the 5D0 → 7F0 transition is expected indicates the presence of
more than one site or species, but it does not provide information on the exact number
of sites or species, as sites or species with symmetry other thanCnv,Cn, orCs do not give
an observable 5D0 → 7F0 transition. If the structural differences between two sites are
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small, the energy differences between the peaks in the 5D0 → 7F0 region will also be
small. The presence of more than one site will be revealed by an asymmetric shape or
a shoulder in the 5D0 → 7F0 line. However, the presence of two distinct geometri-
cal isomers in a crystal structure can lead to a significant energy difference between the
transitions in the 5D0 → 7F0 region.

5D0 → 7F1 transition

The 5D0 → 7F1 transition is a magnetic dipole (MD) transition. While the intensity
of a magnetic dipole transition is largely independent of the Eu3+ ion’s environment, it
is important to note that the invariability of the intensity of the 5D0 → 7F1 transition
applies only to the total integrated intensity of this transition, not to the individual in-
tensities of the crystal-field components [271]. The total intensity of the 5D0 → 7F1
transition can be influenced by J -mixing. Nevertheless, this transition is often consid-
ered to have a constant intensity, and it is used to calibrate the intensity of europium(III)
luminescence spectra.

The 5D0 → 7F1 transition directly reflects the crystal-field splitting of the 7F1 level.
The 7F1 level remains unsplit in cubic or icosahedral crystal fields. The 7F1 level splits
into a non-degenerate and a twofold degenerate crystal-field level in hexagonal, tetrag-
onal, and trigonal crystal fields. In orthorhombic or lower symmetries, the complete
removal of crystal-field degeneracies results in three sublevels for 7F1.

The 5D0 → 7F1 transition is the most intense in the spectra of solids with a cen-
trosymmetric crystal structure. The presence of more than three lines for the 5D0 →
7F1 transition suggests the presence of multiple non-equivalent sites for the Eu3+ ion.
This transition can be used to detect multiple sites, particularly if the 5D0 → 7F0 tran-
sition is forbidden. However, caution must be taken to avoid confusing vibronic tran-
sitions with purely electronic transitions.



164 Photoluminescence properties of Eu3+

5D0 → 7F2 transition

The 5D0 → 7F2 transition is referred to as a ”hypersensitive transition,” meaning that
its intensity is significantly more influenced by the local symmetry of the Eu3+ ion and
the nature of the ligands compared to the intensities of other electric dipole (ED) tran-
sitions. Hypersensitive transitions follow the selection rules |∆S| = 0, |∆L| ≤ 2, and
|∆J | ≤ 2. The intensity of the 5D0 → 7F2 transition is often used as an indicator of the
asymmetry of the Eu3+ site [272]. Significant variations are observed in the intensity of
this transition depending on the type of europium(III) compound. Europium(III) β-
diketonate complexes, including both Lewis base adducts of tris complexes and tetrakis
complexes, typically exhibit a very intense hypersensitive 5D0 → 7F2 transition. It is
not uncommon for the 5D0 → 7F2 transition to be up to 10 times more intense than
the 5D0 → 7F1 transition in these types of complexes. The 5D0 → 7F2 transition of-
ten dominates the spectrum. While the high intensity is typically attributed to the low
symmetry of the Eu3+ ion, it is more accurate to consider the high polarizability of the
chelating β-diketonate ligands as the mechanism responsible for the intensity enhance-
ment.

5D0 → 7F3 and 5D0 → 7F4 transitions

The 5D0 → 7F3 transition is generally very weak, as it is forbidden according to the
Judd–Ofelt theory. This transition can only gain intensity through J -mixing. An in-
tense 5D0 → 7F3 transition indicates strong J -mixing and a significant crystal-field
perturbation. As a result, this transition is typically not considered when the Eu3+ ion
is used as a spectroscopic probe.

Care must be taken when interpreting the intensity of the 5D0 → 7F4 electric
dipole (ED) transition. This transition occurs in a spectral region where most pho-
tomultiplier tubes have low sensitivity. To avoid drawing erroneous conclusions, cor-
rection of the luminescence spectra is necessary. Without correction, the intensity of
the 5D0 → 7F4 transition appears too weak relative to other transitions, while over-
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correction can lead to an exaggerated intensity for this transition. The intensity of the
5D0 → 7F4 transition should not be considered in absolute terms but rather compared
to the intensity of the 5D0 → 7F1 magnetic dipole transition. In many europium lumi-
nescence spectra, the 5D0 → 7F4 transition is weaker than the 5D0 → 7F2 transition,
though several exceptions exist. For compounds with D4d symmetry, the 5D0 → 7F4
transition often dominates the luminescence spectrum [273].
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[110] E. Meaurio, E. Zuza, N. López-Rodrı́guez, and J. R. Sarasua. Conformational
behavior of poly(l-lactide) studied by infrared spectroscopy. The Journal of Phys-
ical Chemistry B, 110(11):5790–5800, 2006.

[111] D. Qin and R. T. Kean. Crystallinity determination of polylactide by ft-raman
spectrometry. Applied Spectroscopy, 52(4):488–495, 1998.

[112] J. Zhang, H. Tsuji, I. Noda, and Y. Ozaki. Weak intermolecular inter-
actions during the melt crystallization of poly(l-lactide) investigated by two-
dimensional infrared correlation spectroscopy. The Journal ofPhysicalChemistry
B, 108(31):11514–11520, 2004.

[113] B. G. Frushour and J. L. Koenig. Raman spectra of D and L amino acid
copolymers. PolyDLalanine, polyDLleucine, and polyDLlysine. Biopolymers,
14(2):363–377, 1975.

[114] E. Andreassen. Infrared and Raman spectroscopy of polypropylene. In
Polypropylene. Polymer Science and Technology Series, vol.2, pages 320–328.
Springer, 1999.

[115] F. Alexis. Factors affecting the degradation and drug release mechanism of
poly(lactic acid) and poly[(lactic acid)co(glycolic acid)]. Polymer International,
54(1):36–46, 2004.



BIBLIOGRAPHY 181

[116] H. Tsuji. Hydrolytic degradation. InPoly(lactic acid): Synthesis, Structures, Prop-
erties, Processing, and Applications, pages 345–381. John Wiley and Sons, 2010.

[117] M. F. Gonzalez, R. A. Ruseckaite, and T. R. Cuadrado. Structural changes of
polylactic-acid (PLA) microspheres under hydrolytic degradation. Journal ofAp-
plied Polymer Science, 71(8):1223–1230, 1999.

[118] S.J de Jong, E.R Arias, D.T.S Rijkers, C.F van Nostrum, J.J Kettenes-van den
Bosch, and W.E Hennink. New insights into the hydrolytic degradation of
poly(lactic acid): Participation of the alcohol terminus. Polymer, 42(7):2795–
2802, 2001.

[119] A.M. Reed and D.K. Gilding. Biodegradable polymers for use in surgery —
poly(glycolic)/poly(Iactic acid) homo and copolymers: 2. In vitro degradation.
Polymer, 22(4):494–498, 1981.

[120] H. Tsuji, A. Mizuno, and Y. Ikada. Properties and morphology of poly(L-
lactide). III. Effects of initial crystallinity on long-termin vitro hydrolysis of high
molecular weight poly(L-lactide) film in phosphate-buffered solution. Journal of
Applied Polymer Science, 77(7):1452–1464, 2000.
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