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CHAPTER 1: INTRODUCTION

Despite tremendous advances in medicine, the effective delivery of therapeutic agents to specific disease sites remains a
major challenge. Traditional drug administration (such as oral or systemic injection) often leads to mnon-specific
distribution of drugs throughout the body, causing damage to healthy tissues and severe side effects[1]. For example,
conventional chemotherapy drugs circulate broadly and attack both cancerous and normal cells, resulting in dose-limiting
toxicities and suboptimal therapeutic indices[1]. In addition, many potent drugs (including newer biological therapeutics
like proteins and nucleic acids) face problems such as poor water solubility, rapid degradation in the bloodstream, and
inability to cross biological barriers[2]. These factors contribute to low bioavailability at the target site and frequent
treatment failures. Moreover, cancer cells can develop multidrug resistance (MDR) mechanisms that further diminish
the efficacy of chemotherapeutics, as pumps and enzymes in resistant tumor cells expel or neutralize the drugs before
they can exert their action[3]. Overall, the limitations of conventional drug delivery — non-specific biodistribution,
systemic toxicity, low solubility of many drug molecules, and biological instability of therapeutics — underscore the need
for more sophisticated delivery strategies to achieve targeted, effective, and safe therapy.

Nanocarriers for Targeted Therapeutic Delivery

The integration of nanotechnology with medicine has yielded novel nanocarrier-based drug delivery systems designed
to overcome the shortcomings of traditional approaches. By packaging drugs into nanoscale carriers (10—200 nm in size),
it is possible to improve the pharmacokinetics and biodistribution of therapeutics[4]. Nanoparticles can enhance the
solubility of poorly water-soluble drugs and protect sensitive biomolecules (like DNA, RNA, or proteins) from enzymatic
degradation in the bloodstream[4]. Furthermore, nanocarriers exhibit prolonged circulation times and reduced uptake by
the mononuclear phagocyte system, allowing more of the drug payload to remain in circulation and reach the target
tissue[5]. An especially important advantage of nanosized carriers is their ability to exploit the tumour’s leaky vasculature
via the enhanced permeability and retention (EPR) effect, leading to passive accumulation of drugs in tumor tissue[6].
By decorating the surface of nanocarriers with specific ligands (antibodies, peptides, etc.), active targeting can be
achieved, whereby the carrier binds selectively to receptors on target cells, further concentrating the drug at the desired
site[6]. These strategies significantly increase the drug concentration in diseased tissue relative to healthy tissue, thereby
enhancing therapeutic efficacy while minimizing adverse effects[5][7]. Numerous nanocarrier platforms have been
developed, including liposomes, polymeric nanoparticles, dendrimers, exosomes, and inorganic nanoparticles[7]. For
instance, liposome-based drug carriers have achieved clinical success (with some liposomal formulations of anticancer
drugs already approved) due to their biocompatibility and ability to ferry drugs across biological barriers[8]. Polymeric
nanocarriers, in particular, have emerged as a versatile and promising class for drug delivery. Among these, polymeric
micelles formed by amphiphilic block copolymers have gained wide attention for cancer therapy and other targeted
therapies due to their unique structural and functional advantages[9][10].

Amphiphilic Polymers and Self-Assembling Micelles

Amphiphilic polymers are macromolecules containing both hydrophilic (water-loving) and hydrophobic (water-fearing)
segments. When amphiphilic block copolymers are placed in aqueous solution above a certain concentration (the critical
micelle concentration, CMC), they spontaneously self-assemble into nano-sized micellar structures through the
segregation of hydrophobic segments away from water (driven by hydrophobic interactions) and the exposure of
hydrophilic segments to the surrounding water[11][12]. The resulting polymeric micelles have a characteristic core—
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shell architecture: a hydrophobic core formed by the clustered hydrophobic polymer blocks, and a hydrophilic shell
(corona) composed of the hydrophilic blocks extending into the water[13][12]. This core—shell structure is illustrated
schematically in Figure 1 (with the hydrophobic core sequestering drug molecules and the hydrophilic corona stabilizing
the micelle in the aqueous environment). Polymeric micelles are typically in the range of 10—100 nm in diameter, making
them small enough to circulate through capillaries and penetrate into tumor tissues via the EPR effect[12]. Importantly,
they are thermodynamically stable colloids; the high stability (even upon dilution) is conferred by the extremely low
CMC of many amphiphilic copolymers, meaning the micelles stay intact in blood at concentrations above CMC[14][12].
Polymeric micelles offer several key advantages as drug delivery vehicles. First, the hydrophobic micelle core can serve
as a nano-reservoir for poorly water-soluble (hydrophobic) drugs, encapsulating them either by physical entrapment or
chemical conjugation[11][12]. Encapsulation in the core significantly improves the apparent solubility of hydrophobic
drugs and protects them from premature degradation or interaction with off-target tissues[12][15]. For example, many
anticancer drugs (e.g., paclitaxel, doxorubicin) which are hydrophobic can be effectively loaded into polymeric micelles,
enhancing their dispersibility in blood and reducing the need for harmful solubilizing excipients[16][15]. Second, the
hydrophilic shell (often composed of poly(ethylene glycol) or other biocompatible polymers) stabilizes the micelle in
the biological environment and prevents aggregation or opsonization. The hydrophilic corona creates a steric barrier that
reduces protein adsorption and recognition by the immune system, thereby prolonging circulation time of the micelles
in vivo[15][17]. This “stealth” behavior means the micellar nanoparticles can evade rapid clearance by the liver and
spleen, allowing more time for accumulation at the target site. Third, polymeric micelles are generally small enough to
avoid filtration by the kidneys (they typically exceed the renal clearance cutoff of ~5—6 nm) and yet large enough to
extravasate preferentially into tumors (which have leaky vasculature), assisting in passive targeting to disease sites[17].
Another major benefit of amphiphilic polymer carriers is the ease of surface functionalization. The outer shell of
polymeric micelles can be readily modified with targeting ligands (such as antibodies, peptides, or small molecules) that
bind to specific receptors on target cells[17]. By introducing targeting moieties on the micelle surface, it is possible to
achieve active targeting — for instance, directing the micelles to cancer cells overexpressing certain antigens or to inflamed
tissues with unique markers. This results in higher uptake of the drug-loaded micelles by target cells and tissues, sparing
normal cells and further reducing side effects. In summary, amphiphilic block copolymer micelles combine high drug-
loading capacity, improved drug solubility, nanoscale size, colloidal stability, and targetability, making them
powerful vehicles in drug delivery research[12][17]. Indeed, polymeric micelles have been widely explored in preclinical
studies as carriers for anti-cancer drugs, antiviral agents, gene therapy vectors, and other therapeutics, showing enhanced
pharmacokinetics and therapeutic indices compared to free drugs[18][19].

Figure 1. Schematic representation of a polymeric micelle self-assembled from amphiphilic block copolymers (core—shell
structure). The hydrophobic core (red) serves as a reservoir for hydrophobic drug molecules, while the hydrophilic
corona (blue) forms a steric stabilizing layer interfacing with the aqueous environment.[12][15]

Stimuli-Responsive (“Smart”) Drug Delivery Systems

While polymeric micelles and other nanocarriers improve the delivery profile of drugs, a “smart” drug delivery system
goes a step further by incorporating responsiveness to specific stimuli. The goal of stimuli-responsive drug delivery is to
achieve on-demand or site-specific drug release — in other words, the nanocarrier remains stable during circulation and
releases its payload only when it encounters a trigger associated with the target tissue (such as a particular biological
environment or an externally applied signal)[20][21]. This spatiotemporal control of drug release can dramatically
increase treatment precision, maximizing drug action at the disease site while minimizing systemic exposure and side
effects[21][22].

There are two broad categories of stimuli that “smart” amphiphilic polymer systems can respond to: internal
(endogenous) triggers and external (exogenous) triggers[23][20]. Internal stimuli take advantage of the pathological
differences between diseased and normal tissues. For example, tumor tissues and inflammatory sites often exhibit a
slightly acidic pH (pH ~6.5 in tumor microenvironment and even ~5.0 in endosomes/lysosomes of tumor cells) compared
to normal blood and tissues (pH ~7.4)[24][25]. A pH-responsive polymeric micelle can be designed with acid-labile bonds
or pH-sensitive polymer segments that destabilize or solubilize in acidic conditions, causing the micelle to swell or
disassemble and rapidly release the drug in the acidic tumor tissue or intracellular vesicles[26][27]. Another key internal
trigger is the reducing environment in cells: the concentration of glutathione (GSH) in the cytosol is markedly higher
than in the bloodstream. Redox-responsive micelles containing disulfide bonds in their structure will remain intact in the
oxidizing extracellular milieu but break apart in the reducing cytosolic environment (GSH cleaving disulfide linkages),
thereby releasing the drug once the carrier is taken up into target cells[28][20]. Enzyme-responsive systems are also
prominent: certain enzymes (e.g., matrix metalloproteinases, esterases, or specific proteases) are overexpressed in disease
sites and can be used as triggers. Amphiphilic polymers with enzyme-cleavable linkers or segments can undergo a
structural change or degradation in the presence of these enzymes, effecting drug release selectively in tissues where those
enzymes are active[28]. These internal triggers leverage the distinct pathophysiological environment of the target tissue
(often referred to as the tumor microenvironment in the context of cancer) to activate drug release at the right place and
time[29][30].

External stimuli, on the other hand, involve applying a trigger from outside the body to activate drug release from the
carrier. Examples include temperature, light, ultrasound, and magnetic fields. In thermoresponsive polymer micelles,
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for instance, a slight fever-range hyperthermia (~40—42°C) or an externally applied heat can cause a polymer with a lower
critical solution temperature (LCST) to become hydrophilic-to-hydrophobic (or vice versa), leading to micelle
disassembly and drug release at the heated tumor site[31][32]. Light-triggered systems use photosensitive groups in the
polymer; upon irradiation with a specific wavelength (e.g., near-infrared light which can penetrate tissue), the photoswitch
or photolabile bond in the polymer triggers a structural change or cleavage, resulting in rapid payload release[32][33].
Ultrasound can induce mechanical vibrations and localized heating, which can be harnessed to disrupt micelles or cavitate
bubble-containing nanoparticles to dump drug at a focused site. Magnetic-field responsive carriers (often containing
magnetic nanoparticles or thermosensitive components) can be navigated or heated by an external magnetic field to
achieve targeted deposition and release. These physically triggered delivery strategies offer the advantage that the
clinician can control the timing and location of the trigger with some precision (for example, by focusing a laser or
ultrasound on the tumor), adding an extra layer of control over when and where the drug is released.

Stimuli-responsive amphiphilic polymer systems are thus often called “smart” drug delivery systems because of their
ability to sense a specific signal and react in a functional way (by releasing the drug or exposing a targeting ligand,
etc.). Under the appropriate stimulus, the polymeric micelles may undergo changes such as swelling, core
destabilization, shell shedding, or complete disassembly, all of which can lead to a burst or accelerated release of the
encapsulated drug at the target site[20][21]. For example, a pH-sensitive micelle might remain intact at pH 7.4
(bloodstream) with negligible drug leakage, but once it encounters pH 6.5 or lower, the protonation of acid-labile groups
causes the micelle to fall apart, dumping >70% of its drug payload in a matter of hours[34][27]. Similarly, a redox-
sensitive micelle could circulate stably, then respond to high intracellular GSH by releasing the drug inside cancer
cells[28]. Dual- or multi-stimuli-responsive systems have also been developed to improve robustness and specificity,
where two triggers must co-occur (e.g., a micelle that needs both acidic pH and a reducing environment, or a combination
of light exposure and the presence of a certain enzyme) before it releases the drug[35][36]. This can provide an even
tighter control, reducing the chance of premature release. Overall, the incorporation of stimuli-responsiveness transforms
passive carriers into active, smart systems that deliver drugs in a controlled, site-specific fashion, improving therapeutic
outcomes and reducing systemic toxicity[21][22]. Indeed, stimuli-responsive polymeric micelles have shown enhanced
anti-tumor efficacy in many studies by ensuring that a high concentration of the drug is released inside the tumor or cancer
cells rather than in circulation[22]. This “triggered release” approach is a cornerstone of current research into smart
nanomedicine and targeted therapeutics.

Biodegradability and Bio-Based Polymeric Carriers

An often overlooked but crucial aspect of drug delivery systems is their biodegradability and biocompatibility. After
fulfilling their role of carrying and releasing a drug, the ideal behavior of a carrier is to safely degrade into nontoxic by-
products that can be excreted from the body. Non-degradable carriers (for instance, certain early-generation synthetic
polymers or inorganic nanoparticles) may persist in tissues or organs, raising concerns about long-term accumulation and
chronic toxicity. Biodegradable polymers are therefore highly desirable for drug delivery, as they break down into
smaller molecules (often via hydrolysis or enzymatic degradation) that the body can naturally eliminate[37]. The use of
biodegradable carriers helps prevent the accumulation of foreign materials in the body and reduces the risk of long-
term side effects or organ toxicity[37]. For example, aliphatic polyesters like poly(lactic-co-glycolic acid) (PLGA),
poly(lactic acid) (PLA), and poly(g-caprolactone) (PCL) are well-known biodegradable polymers that have been widely
used in FDA-approved implants and nanoparticles. These polymers gradually hydrolyze into biologically tolerable
molecules (lactic acid, glycolic acid, etc.), meaning that a nanoparticle or micelle made from PLGA will naturally degrade
after delivering the drug, leaving no permanent residue in the patient[38][37]. The degradation rate can often be tuned
by polymer composition or molecular weight, allowing designers to control how long the carrier remains intact (and thus
how sustained the drug release is)[38]. Biodegradable polymeric micelles thus offer a double advantage: they provide
controlled drug release during their lifetime and then disappear by degradation, minimizing potential long-term toxicity
or inflammatory reactions.

“Bio-based” amphiphilic polymers usually refer to polymers derived from natural sources or designed to mimic natural
building blocks, which often confers inherent biocompatibility and degradability. Many natural polymers (or their
derivatives) are intrinsically biodegradable because biological systems have enzymes or pathways to break them down.
For instance, polysaccharides like dextran, chitosan, or pullulan and proteins like gelatin or albumin are readily
metabolized or cleared in vivo. Using such natural or nature-inspired polymers as the basis for amphiphilic carriers
can improve the safety profile of the delivery system. A prominent example is polypeptides or peptide-based polymers:
peptide molecules have high biocompatibility, good biodegradability, and easy functionalization potential[39].
Amphiphilic peptides or peptide—polymer conjugates can self-assemble into nanoscale fibers, micelles, or vesicles,
carrying drugs while eventually being enzymatically degraded into amino acids which the body can reuse or excrete[39].
This makes peptide-based carriers attractive for in vivo use since they are non-toxic and bioresorbable by design.
Additionally, many bio-based polymers are bio-renewable (sourced from renewable biomass) and thus contribute to
sustainability in the production of medical materials[40].

Several studies highlight the advantages of biodegradable and bio-based polymeric micelles. Amphiphilic block
copolymers composed of biodegradable segments such as PLA, PCL, or poly(beta-amino esters) have been formulated
into micelles with high drug-loading capacity and controlled release profiles[38]. These micelles can slowly release
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drug as the polymer matrix hydrolyzes, or rapidly release drug in response to a stimulus, depending on their design. The
fact that the micelles themselves eventually degrade is critical to avoid the carrier lingering in tissues after the drug is
released[37]. In one example, researchers developed totally degradable polymeric micelles by combining a hydrophobic
polyester and a hydrophilic polyether; the micelles could encapsulate drugs effectively and then break down at different
rates under different pH conditions, showcasing the ability to fine-tune degradation and drug release kinetics
simultaneously[38]. Moreover, biodegradable polymer micelles can mitigate issues like chronic immunogenicity or organ
accumulation that might be seen with non-degradable carriers. A non-biodegradable nanoparticle might accumulate in
the liver or spleen over repeated doses, whereas a biodegradable one would be expected to clear after releasing its payload,
reducing long-term safety concerns[37]. Thus, biodegradability is a key feature for the next generation of drug delivery
systems, especially for treatments requiring multiple dosing or chronically administered nanomedicines.

Advantages and Recent Advances of Bio-Based Amphiphilic Polymers

Bio-based amphiphilic polymers combine the structural advantages of synthetic carriers (such as well-defined
architecture and tunable chemistry) with the biocompatibility and safety of natural materials. Recent years have seen
growing interest in amphiphilic carriers derived from natural polymers like polysaccharides and proteins, as well as
synthetic polymers carefully designed to be bio-mimetic[19][41]. One major class of bio-based amphiphilic carriers is
hydrophobically-modified polysaccharides. Polysaccharides (e.g., dextran, chitosan, hyaluronic acid, inulin) are water-
soluble biopolymers that are generally non-toxic and often biodegradable by human enzymes or microbiota. By attaching
hydrophobic moieties (such as fatty acids or cholesteryl groups) to a polysaccharide backbone, researchers can create
amphiphilic polysaccharide derivatives that self-assemble into micelles in water[19]. These natural polymer micelles
have been shown to effectively encapsulate hydrophobic anticancer drugs and improve their delivery. For example,
hydrophobically-modified chitosan can form micellar nanoparticles that deliver paclitaxel with reduced systemic toxicity,
and hydrophobized pullulan or inulin have been used to carry chemotherapeutics, capitalizing on the polymers’
biocompatibility. Hydrophobically-modified proteins (such as albumin or gelatin grafted with hydrophobic chains)
represent another approach; they can similarly form self-assembled drug-loaded nanoparticles. Albumin-based carriers
are notable — one formulation (Nab-Paclitaxel, Abraxane) which consists of albumin nanoparticles carrying paclitaxel
has reached clinical use, illustrating the potential of protein-based carriers in drug delivery.

Micellar nanocarriers made from amphiphilic natural polymers have shown excellent performance in tumor-targeted
drug delivery. Due to their small size and stealth properties, these micelles can accumulate in tumor tissue via passive
targeting (EPR effect) and even penetrate into poorly permeable tumor regions[42]. Passive targeting is thus efficiently
achieved. Additionally, the outer shell of these natural polymer micelles often presents functional groups (e.g., hydroxyls
on polysaccharides) that can be readily conjugated with targeting ligands. This means active targeting can be built in by
attaching antibodies or peptides that direct the micelles to specific cell types[42]. The combination of passive and active
targeting has yielded impressive results in preclinical cancer models — for instance, micelles made from hydrophobized
hyaluronic acid actively target CD44 receptors on cancer cells, while those from folate-modified natural polymers target
folate receptors, each improving uptake by cancerous cells compared to non-targeted counterparts. In a comprehensive
review of amphiphilic polysaccharide and protein micelles, it was highlighted that these systems achieved enhanced anti-
tumor efficacy of the carried drugs and reduced off-target toxicity[41]. The encapsulated drugs maintain their activity
but are delivered more efficiently to tumors, in some cases overcoming drug resistance and achieving higher tumor cell
kill rates than free drugs. Such bio-derived carriers also tend to be less immunogenic and better tolerated in animal
studies, given their origin from biomolecules that the body recognizes (to some extent) as native[43]. These features
underscore the promise of bio-based amphiphilic polymers in designing safer and more effective nanomedicines.
Another exciting area of development is peptide-based amphiphilic polymers and peptide—polymer hybrids. As
mentioned earlier, peptides are appealing due to their biodegradability and ability to be metabolized. Researchers have
developed peptide amphiphiles that can self-assemble into nanofibers or micelles and respond to stimuli such as pH or
enzymes (for example, a peptide designed to form a beta-sheet structure that disassembles in the presence of a specific
enzyme overexpressed in tumors). These systems benefit from the “programmability” of peptides, where specific amino
acid sequences can confer secondary structures and functions. Peptide amphiphiles have been used to create
hydrogelating micelles that release drugs in response to enzyme activity, or cell-penetrating peptide shells that facilitate
uptake of the micelle into cells followed by triggered drug release. The design flexibility and easy functionalization of
peptide-based carriers allows incorporation of targeting sequences or cell-penetration sequences directly into the polymer
structure[39]. Indeed, peptide-based assemblies have been explored not only for drug delivery but also for bioactive
therapeutic functions (e.g., immune modulation) alongside delivery, blurring the line between carrier and co-therapeutic.
In terms of recent advances (2020-2025), there have been significant developments combining all three aspects: self-
assembly, stimuli-responsiveness, and biodegradability. For instance, one study reported smart micelles made from a
fully bio-based amphiphilic polymer (poly(3-hydroxybutyrate)-oligo(2-ethyl-oxazoline) conjugate) that could self-
assemble into nanoparticles and showed pH-triggered drug release behavior[44]. Another recent report detailed stimuli-
responsive polymeric vesicles (polymersomes) using polypeptide block copolymers that were enzymatically
degradable; these vesicles remained stable in circulation but underwent enzyme-catalyzed breakdown at the tumor site,
releasing both hydrophobic and hydrophilic drugs in a controlled manner. Dual-stimuli responsive systems have also
progressed, such as polymeric micelles that respond to both acidic pH and a rise in reactive oxygen species (ROS) —
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conditions commonly found simultaneously in inflamed or cancerous tissue — to trigger drug release. These dual-
responsive micelles showed an ability to release >85% of their drug payload in the presence of both triggers and exhibited
superior anti-tumor activity in vivo compared to single-trigger systems[45][46]. Researchers are also exploring cross-
linked polymeric micelles that are stable during circulation (preventing premature release) but contain cleavable cross-
links that break under tumor-specific conditions, thereby achieving on-site disassembly. Such cross-linked assemblies
improve stability in blood (important for avoiding CMC dilution issues) while still being fully biodegradable and
responsive at the target.

In summary, bio-based amphiphilic polymer systems for drug delivery unify multiple advantageous features:
biocompatibility, biodegradability, self-assembly into nanocarriers, and stimuli-responsive “smart” release
behaviors. These systems are at the forefront of research in targeted therapeutics. By ensuring that drug molecules are
ferried safely and preferentially to their site of action and then released in response to a biological cue, while the carrier
itself harmlessly degrades, such technologies promise to significantly enhance treatment outcomes for diseases like
cancer, infections, and beyond. The subsequent chapters of this thesis will delve deeper into each of these aspects —
reviewing the literature on self-assembling polymeric micelles, examining various stimuli-responsive design strategies,
and discussing the development and characterization of novel bio-based amphiphilic polymers. Through a comprehensive
understanding of these topics, we aim to design smarter, safer, and more effective drug delivery systems that address
current medical needs[47][23]. The ultimate goal is to contribute to targeted therapeutic approaches that maximize
treatment efficacy while minimizing side effects, harnessing the power of bio-based amphiphilic polymers in the era of
smart nanomedicine.
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