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1 Introduction

1.1 Challenges in Drug Delivery

Early chemotherapy which can be practically viewed as dye therapy, since the first
promising chemotherapeutical experiments used dyes like methylene blue and trypan red aid
the foundational groundwork for Paul Ehrlich's theory.!:2 This theory posited that the biological
efficacy of chemical compounds is intrinsically linked to their molecular structure and the
histological and cell structures, hence a specific biological targets they interact with.!-> In the
second stage of his research, Ehrlich conceptualized about the existence of receptors that are
associated with the cells or distributed more abundantly in the blood stream and are responsible
for the interaction with antigens or toxins.* Later, his immunological theory was further shifted
from interactions with antigens to binding to drugs that will differ in structures and legends.>
Eventually and in 1910, the magic bullet concept was born. The theory of drugs that go straight
to their intended cell-structural targets efficaciously attacking pathogens but remaining
harmless to healthy tissues which will reduce the possibility of side-effects in patients. His
scientific revolution was based on the postulate “we have to learn how to aim chemically”.
Ehrlich hypothesized that the essence of synthetic chemistry lay in the modification of a primary
substance through diverse chemical processes, followed by an evaluation of the resultant
compounds for their therapeutic efficacy.”

It has been more than a century since Paul Ehrlich conceptualized the "Magic Bullet"’
and still the primary obstacles in pharmacological delivery have persisted, specifically: (i)
regulating the elimination of drugs from the bloodstream, (ii) enhancing the solubility of
compounds with limited water solubility, and (iii) achieving precise targeting of specific
biological tissues. Although numerous artificial delivery mechanisms have successfully
addressed the first two challenges and have been integrated into clinical settings, a synthetic
drug delivery system (DDS) that address all three challenges has yet to be commercialized.
1.1.1 The Challenge of Drug Solubilization: Classic polymer solubilizers

Other than targetability, the solubilization of poorly water-soluble drugs remains a
paramount challenge, dictating the success of therapeutic efficacy and patient compliance. The
advent of polymer solubilizers such as Cremophor-EL, Tween-80 and Tween-20 (Structures in
Figure 1) has been pivotal in revolutionizing DDSs.!% !! These agents, through their unique
physicochemical properties, have significantly enhanced the solubility, stability, and
bioavailability of a broad spectrum of pharmacological compounds. Cremophor-EL, a non-
ionic surfactant derived from castor oil, is renowned for its efficacy in solubilizing hydrophobic

drugs, especially in oncological therapies.!> '3 Similarly, Tween-80 and Tween-20, members of



the polysorbate family, have garnered widespread use due to their safety, biocompatibility, and
versatility in various formulations, ranging from oral to parenteral administration. These
surfactants, by reducing surface tension, facilitate the formation of micelles, encapsulating the
hydrophobic drug molecules and enhancing their aqueous solubility.!*!® Despite these
advantages, the use of these solubilizers is not without limitations. Cremophor-EL has been
associated with hypersensitivity reactions and alterations in drug pharmacokinetics.'? 13 Tween-
80 and Tween-20, while generally considered safe, are susceptible to oxidative degradation and
may interact with certain proteins, potentially affecting the stability and activity of biologic
drugs. '*16 Given that biocompatibility is a critical determinant of the success or failure of these

systems in vivo, it is imperative to thoroughly examine the factors that confer biocompatibility.
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Figure 1. The classic polymer solubilizers: Cremophor-EL, Tween 20, and Tween 8§0.

1.2 Biophysicochemical Interactions at Nano-Bio-Interfaces

To achieve a compatible design of biomaterials with biological systems the understanding
of the biophysicochemical interactions at the interface between the biomaterials and the
biological entities at the nano-level is crucial. This will demand the identifications of the main
forces that governs the interactions at the interface to further identify the factors that makes a
biomaterial compatible in vivo.
1.2.1 The interfacial interactions between nanomaterials and biological systems

The forces that embody the interactions of nanoparticles and cells are mainly: Van der

Waals (VDW), electrostatic, solvation, solvophobic and depletion (Figure 2, Table 1).!7-2° The
2



VDW force of interaction is highly dependent on the positioning of the surface atoms and their
standard bulk permittivity functions for which its complexity increases on the interface between
nanomaterials and biological systems.!” Another consideration is the ionic strength that is often
about 150 mM in biological fluids. This will result in the screening of electrostatic interactions
within few nanometers of the surface. The elevated ionic strength effectively diminishes the
contribution of VDW forces at zero frequency, while the dispersion interactions at higher
frequencies continue to be influential. Additionally, the process of solvation emerges as a
critical factor, particularly for inorganic and other hydrophilic nanoparticles, water molecules,
are capable of adhering to particle surfaces, possessing adequate energy, thereby forming steric
barrier layers. These layers act as physical impediments, obstructing proximity and interaction
between adjacent particles and thereby hindering their contact or adhesion. Therefore, particle
stability is augmented by solvation forces through mechanisms termed 'hydration pressure' or
'hydrophilic repulsion'. In instances where the relative affinity of two interacting surfaces for
water molecules is significantly lower compared to the affinity amongst the water molecules
themselves, rapid dehydration and aggregation ensue. This phenomenon is known as

'hydrophobic attraction' or the 'hydrophobic effect'.!”
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Figure 2. A) Traditional forces for colloidal fabrication (electrostatic and VDW) and other important
interactions (solvation, solvophobic, biomolecular and depletion) that occur when particles are
suspended in biological media or encounter cells. B) VDW and depletion forces are attractive whereas
the electrostatic forces are repulsive over a typical length scale. The DLVO theory*'* defines the
stabilization mechanism of colloidal dispersions through the interplay between van der Waals and
electrostatic forces, in contrast to the steric repulsions induced by polymeric solubilizers. This theory,
formulated in the 1940s by Derjaguin and Landau®, as well as by Verwey and Overbeek?, highlights
the crucial role of two interactions in determining the stability of colloidal systems: attractive van der
Waals forces between colloidal particles and repulsive electrostatic Coulomb interactions. The DLVO

theory in colloid science considers the sum of these forces. @, interaction potential; k, Boltzmann



constant; T, absolute temperature; k, inverse Debye length and 8, separation distance. Reproduced with

permission from ref. .

Although the mentioned forces are still valid when particle approaches a surface
membrane, other differences can rise.?’ This is due to the nature of the cell membrane that is
non-rigid and can deform because of its fluidity and thermodynamics bringing new layers of
complexity. Second complexity is the patchiness of the cell surface, charges can be non-uniform
and will alter the energy of interparticle interactions. A third layer of complexity emerges from
the active nature of cells. Through ion transport or secretion of proteins and other biomolecules,
cells alter the surface properties of particles, thereby transforming them into entities vastly
different from their original form in the system. This process introduces the notion of a time-
dependent, dynamic interface.?% 2" Additionally, the potential for endocytosis - the process by
which surface-bound nanoparticles are internalized by cellular membrane invagination - adds
further intricacy to these interactions, complicating their theoretical prediction. For the process
of particle phagocytosis, wherein professional phagocytes like macrophages and dendritic cells

actively engulf particulates®® 2°

, models have been developed considering receptor-ligand
interactions, electrostatic forces, steric repulsion, and VDW attractions between the particle
surface and the phagocyte membrane.*° These models acknowledge that interaction dynamics
are influenced by variables such as cell type, differentiation stage, culture medium composition,
and cellular processing pathways. Furthermore, envision a theoretically infinite array of
nanoparticles characterized by: (i) a diversity of external morphologies, including spherical,
cubic, triangular, tubular, hyperbranched, and needle-like shapes; (ii) internal crystallinity
designed to yield pronounced photonic, electronic, semiconducting, transport, sorption, and

catalytic properties; and (iii) surface chemistries conducive to selective binding, temperature or

pH-dependent amphoteric or amphiphilic behavior, and antimicrobial functionality.?

Table 1. Main Forces Governing the Interfacial Interactions Between Nanomaterials and Biological

Systems. Adapted with Permission from ref.*’

Force origin and nature range (nm)  Possible impact on the interface

Hydrodynamic Convective drag, shear, lift, and Brownian diffusion  10% to 10° Increase the frequency of collisions between

interactions are often hindered or enhanced at nanoscale nanoparticles and other surfaces responsible
separations between interacting interfaces for transport

Electrodynamic VDW interactions arising from each of the 1to 100 Universally attractive in aqueous media;

interactions interacting materials and the intervening media substantially smaller for biological media and

cells owing to high water content

Electrostatic Charged interfaces attract counter-ions and repel 1 to 100 Overlapping double layers are generally
interactions co-ions through Coulombic forces, giving rise to the repulsive as most materials acquire negative
formation of an electrostatic double layer charge in aqueous media, but can be attractive

for oppositely charged materials




Solvent Lyophilic materials interact favorably with solvent 1 to 10 Lyophilic materials are thermodynamically
interactions molecules stable in the solvent and do not aggregate
Lyophobic materials are spontaneously
expelled from the bulk of the solvent and
forced to aggregate or accumulate at an

Lyophobic materials interact unfavorably with
solvent molecules

interface
Steric interactions ~ Polymeric species adsorbed to inorganic particles or 1 to 100° Generally, increase stability of individual
biopolymers expressed at the surfaces of cells give particles but can interfere in cellular uptake,
rise to spring-like repulsive interactions with other especially when surface polymers are highly
interfaces water-soluble
Polymer bridging Polymeric species adsorbed to inorganic particles or 1 to 100 Generally, promote  aggregation  or
. . biopolymers expressed at the surfaces of cells deposition,  particularly when charge
Interactions containing charged functional groups can be functionality is carboxylic acid and dispersed
attracted by oppositely charged moieties on a in aqueous media containing calcium ions

substrate surface

aDepending on the length of adsorbed or expressed polymeric species.

1.2.2  Determination of in vivo biocompatibility

In vivo nanoparticle biocompatibility

*+)

o5 Cytotoxicity
(Surface reactivity)

Zeta potential

) , RES
i recoghnition

Renal clearance <8 nm

Hydrophobicity
' Rigid core size (dispersibility)
, 200 nm High

Biliary clearance

Figure 3. The three-dimensional phase diagram illustrates key biocompatibility trends identified from
in vivo testing of approximately 130 nanoparticles designed for therapeutic purposes.’' This diagram
highlights how in vivo biocompatibility (indicated by a color spectrum) depends on factors like particle
size, surface charge (zeta potential), and dispersibility, notably influenced by hydrophobicity. The color
spectrum represents biocompatibility levels: red for probable toxicity, blue for likely safety, and a
gradient of blue-green-yellow for varying safety levels. Particles with positive charge or high surface
reactivity tend to be toxic (shown in red), in contrast to larger, hydrophobic, or less dispersed particles
which are quickly and safely (indicated in blue) cleared by the reticuloendothelial system (RES).
Particles facilitating enhanced EPR effects, ideal for delivering chemotherapy drugs to cancers, are
usually medium-sized and have relatively neutral surface charges. The figure is credited to Scott McNeil.

Reproduced with permission from ref. %,

The complexity of the interactions between biomaterials and biological systems makes it hard to assess

the biophysiochemical characteristics that determines the in vivo biocompatibility of nanoparticles. The

5



Nanotechnology Characterization Laboratory (NCL) at the National Cancer Institute in Maryland
looked at 130 different nanoparticle types, including fullerenes, metal oxides, polymers, liposomes,
dendrimers, quantum dots and gold colloids and deducted that hydrophobicity, size and surface charge
are the main parameters influencing nanoparticle biocompatibility.* Hydrophobic nanoparticles
typically exhibit brief in vivo half-lives, ranging from seconds to minutes, primarily due to their rapid
clearance from circulation by the reticuloendothelial system's cellular components, especially within the
liver and spleen. The significance of nanoparticle size is further evidenced by studies showing that the
lungs, gastrointestinal tract, and skin act as robust barriers against nanoparticle uptake and
dissemination. Conversely, when directly injected into the bloodstream, the size of nanoparticles
critically influences their clearance rates and pathways from the body. Particles under 8 nm, for example,
can be excreted by the kidneys, whereas particles over 200 nm are typically trapped by the liver and
spleen; the liver can clear particles larger than approximately 200 nm, but clearance does not always
equate to excretion given the bile duct's mere ~30 nm diameter. Kupffer cells retain these particles until
they are degraded by the liver. Nanoparticles ranging from 30—40 nm to several hundred nanometers
can passively accumulate at tumor sites via the enhanced permeation and retention (EPR) effect (see
Section 1.3.1), attributed to the increased permeability of tumor vasculature and reduced lymphatic
drainage. The impact of particle charge is also highlighted by the NCL studies examining the safety of
nanomaterials in vivo and in vitro, using nanoparticles of relatively consistent size but varying zeta
potentials.’! Cationic particles have shown higher cytotoxicity and a greater propensity to induce
hemolysis and platelet aggregation compared to neutral or anionic particles’, a trend corroborated by
studies on cationic polystyrene beads, which have been found to induce cytotoxicity, vascular leakage,
and inflammatory infiltrates in the lungs of exposed rats and mice.> This toxicity mechanism might also
elucidate the occurrence of acute pulmonary edema and bronchiolitis obliterans observed in humans
exposed to cationic spray paint particles. These findings are summarized in a three-dimensional phase
diagram that illustrates the qualitative biocompatibility trends (Figure 3). The biocompatibility scale is
represented through a color gradient, where red signifies potential toxicity, blue indicates likely safety,
and the blue-green-yellow transition reflects varying intermediate safety levels. Cationic particles or
those with high surface reactivity tend to exhibit more toxic (red-toned) characteristics compared to
larger, relatively hydrophobic, or poorly dispersed particles. The latter are quickly and safely (blue-
toned) cleared by the RES. Particles facilitating the EPR effect, which is advantageous for
chemotherapeutic drug delivery to cancerous tissues, typically possess mid-range sizes and relatively

neutral surface charges.



1.3 Targeted Drug Delivery

DDS Targeting ligand-DDS

blood
vessel

endothelial cells

drug

*y—

targeting ligand —’

extracellular Receptor-mediated

. rele.ase and “.._ endocytosis of DDS
*... diffusion of drug .~ .

PASSIVE TUMOR TARGETING ACTIVE TUMOR TARGETING

Figure 4. From passive to active targeting of drug delivery systems (DDS).

1.3.1 Passive targeting

Loaded drug delivery systems (DDSs) of nanometric scale can traverse the bloodstream
and preferentially accumulate at tumor sites, leveraging the EPR effect.’3¢ This passive
targeting approach benefits from extended circulation time in the bloodstream and the distinct
physiological differences between tumor and healthy tissues, such as more developed
vasculature and larger endothelial gap junctions in tumors (up to 1 um). Notably, very small
carriers are swiftly eliminated by the kidneys (e.g., renal clearance threshold for nano-objects
with a hydrodynamic diameter of 6 nm)*7-*, while larger ones predominantly accumulate in the
liver and spleen (sizes exceeding a few hundred nanometers).*’ In contrast, nanocarriers with
diameters ranging from 20 to 200 nm can effectively erupt into tumor tissues.*! Given the
essential role of carrier size in facilitating low accumulation in healthy tissues and high
accumulation in tumor tissues via the EPR effect, this parameter was considered critical in the
design of polymer-based drug delivery systems (Figure 4).42

Even though the EPR effect was noted as a huge breakthrough when it was discovered by
Maeda in the late 80s, nowadays, the approach is regarded as a too simplistic as it cannot be the
only fit for all existing tumor microenvironments. The new approach is to move towards

methods that can be more individualized and result in an improved nanomedicine treatment.
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Parameters to be taken into consideration are the nature, the complexity and the heterogeneity
of the EPR effect and to come up with systems and strategies to be able to image and visualize
the EPR-based tumor targeting.* In a recent publication, Sindhwani et al. reported new findings
that the transport of nanoparticles into solid tumors, contrary to prior assumptions, is not
primarily facilitated by inter-endothelial gaps. Their research indicates that up to 97% of
nanoparticles enter tumors through an active process involving endothelial cells.** This
conclusion is derived from comprehensive analyses involving four distinct mouse models, three
types of human tumors, mathematical simulations, and modeling, as well as two different
imaging techniques.** These findings challenge the existing foundation of cancer nanomedicine
development, suggesting that a deeper understanding of these active pathways may be crucial
in enhancing tumor accumulation of nanoparticles.**
1.3.2  Active targeting

The aim of active targeting is to increase the cellular uptake of DDSs for the effective
transport of the cargo to a specific cell or site of action. In practice, active targeting is the
insertion of a targeting moiety or a legend that is covalently bonded to the surface of the DDS
or nanoparticle (Figure 4). These targeting legends engage in specific interactions with
receptors found on cancerous or angiogenic endothelial cells, thereby augmenting the binding

and internalization of the DDS. Numerous targeting agents have been explored, encompassing

45-47 48-50

a range of aptamers, which can be peptides or oligonucleotides**->, as well as folic acid>":
52 (Figure 5).** The Haag group has been exploring targeting moieties that are based on

polyanions, precisely sulfate groups that will be discussed in detail in Section 1.6.6.
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Figure 5. Targeting ligands to enhance recognition and cell uptake in cancer cells.



1.4 Drug Release through Biological Stimuli
1.4.1 Systemic release

In conjunction with the imperative properties of drug solubilization, biocompatibility, and
targeting efficacy inherent to a DDS, the release mechanism of the therapeutic agent at a
targeted site should be responsive to specific stimuli characteristic of that target. This stimulus-
responsive release is a critical factor in ensuring the precise and controlled delivery of the drug
to the intended biological environment. These systems are designed to undergo physical or
chemical alterations in response to external (exogenous) stimuli: light, ultrasound, magnetic
fields, and temperature, or internal (endogenous) stimuli: pH gradients, redox potential,
overexpression of enzymes and marker molecules, and variations in ionic strength.>® 3% This
responsiveness facilitates controlled spatio-temporal drug release, modulates tissue

accessibility, and promotes cellular uptake (Figure 6).%% ¢

A. pH-responsive

o
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Figure 6. A) pH, B) enzyme and C) redox-responsive bonds used in DDS for biological degradation.

The degradation of the DDS can be realized through the employment of biodegradable
polymer systems, as detailed later in section 1.6.4, or by utilizing crosslinks that are sensitive
to external or internal stimuli. With research increasingly targeting these triggers, strategies
have been developed that involve the integration of labile bonds into the polymer network or
the drug linker, thereby instilling responsive characteristics in the DDS (Figure 7).>? The human
body typically maintains a neutral pH, with certain exceptions in specific organs that perform

distinct functions. For example, the stomach requires an acidic pH to digest food, while the
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intestine, particularly the colon, maintains a more alkaline pH, reaching up to 8. However, in
pathological conditions, a decrease in pH is often observed due to abnormal metabolic
processes. This results in inflamed and tumoral tissues typically exhibiting an acidic
extracellular environment. Additionally, a pH gradient is observed within cellular
compartments; early endosomes have a near-neutral pH (6-7), but a significant drop to 4-5 is
noted in late endosomes and lysosomes.>” Since basic pH conditions are rare in disease states,
carriers responsive to stimuli are predominantly designed to react to acidic environments. To
achieve pH responsiveness, hydrolytically cleavable moieties are utilized. When it comes to
enzymatic degradation, the overexpression of certain enzymes in cancerous tissues can be
utilized as trigger for carrier degradation or drug release notable among these are proteases,
glucuronidases, and carboxylesterases, which are recognized for their elevated presence in
cancerous cells.>® As for the redox potential, numerous redox couples exist within the human
body, among which the glutathione (GSH)/glutathione disulfide (GSSG) couple stands out as
particularly significant, serving as one of the primary redox buffers.’® Elevated concentrations
of glutathione are typically found in the cytoplasm and within cancer cells; the concentration
of intracellular GSH is around 2—-10 mM, which is about 1000 folds higher than that in
extracellular environment (2-10 puM).®® This heightened presence has been extensively

explored as a trigger for the cleavage of disulfide bonds in therapeutic applications.®!- ¢

A) Degradation of linker

B
DO P

B) Degradation of carrier

C) Polarity change or shrinkage of carrier

Figure 7. Release of cargo from the drug delivery system through A) degradation of the linker, B)

degradation of the carrier, and C) release of the cargo upon change in carrier polarity.
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1.4.2  Overcoming the skin barrier

The skin, as the body's largest and most accessible organ, covers a surface area of
approximately 2 square meters and constitutes about 15% of the total body weight. It functions
as a crucial physical barrier, safeguarding the body against external environmental factors and
playing a vital role in maintaining homeostasis.®* * Additionally, about one-third of the body's
blood circulation takes place through the skin. The human skin comprises three distinct layers:
the epidermis, dermis, and hypodermis. The epidermis itself is further divided into two main
layers: the nonviable epidermis (stratum corneum) and the viable epidermis, which includes the
stratum lucidum, stratum granulosum, stratum spinosum, and stratum basale.®> The stratum
corneum, also referred to as the nonviable epidermis, forms a significant barrier to the
transdermal penetration of most drugs and foreign substances. This barrier efficacy is due to a
specialized arrangement of hydrophilic keratin proteins tightly interlaced with hydrophobic
lamellar lipids.®® The epidermal layer's thickness varies from 0.5 to 1.0 mm across different
body regions®’, with its hydrophobic nature being primarily attributed to components like
ceramides (50%), cholesterol (25%), and fatty acids. This layer also contains densely packed,
dead corneocytes filled with keratin.%® Due to the characteristics of the stratum corneum (SC),
it poses a significant obstacle to the permeation of substances through the skin.%® Nonetheless,
specific mechanisms exist that enable active compounds to traverse these barriers. These
include transcellular (intracellular) permeation through the corneocytes of the SC, intercellular
penetration through the spaces in the SC, follicular penetration through hair follicles, and
passage through sebaceous or sweat glands (Figure 8).”% 7! Furthermore, certain transporter
proteins, such as efflux transporters, facilitate the absorption of large molecules like P-
glycoprotein.®* The second physical barrier in skin permeation is the viable epidermis,
characterized by adhesive membrane proteins forming tight junctions within this layer.® The
transdermal drug delivery system (TDDS) is a method of administering drugs through the skin
directly into systemic circulation, offering a non-invasive and painless approach to systemic
drug delivery. This system distinguishes itself from topical drug delivery by its ability to
transport drugs through the skin at a controlled and predetermined rate, directly into the
systemic circulation.”? TDDS presents a viable alternative to oral and parenteral routes,
effectively circumventing their drawbacks. Oral and parenteral methods are often plagued by
the 'peak and valley' phenomenon, resulting in fluctuating plasma drug levels that can lead to
unpredictable and erratic therapeutic responses.” In contrast, TDDS provides sustained drug
release, maintaining drug concentrations above the minimum therapeutic level and thereby

reducing the risk of side effects. As a controlled delivery system, TDDS offers significant
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convenience for patients. It also allows for straightforward discontinuation in cases of necessity,

such as systemic toxicity, while minimizing sensations of pain.”*

Epidermis

1. Intracellular/ transcellular

5 y 2. Intercellular/ paracellular
Pathways of skin permeation
3. Transappendageal:

Follicular

Adipose tissue

The skin

4. Transappendageal:
sebaceous gland

5. Transappendageal:
Sweat gland

Stratum Corneum

Stratum Lucidum
Sebaceous gland
Stratum Granulosum

2‘: 73 LS Matrix
Stratum Spinosum AR
TRZel e Le e e
Stratum Basale S 2BEG0S ) )
8_‘ Hair folicle
Medulla

Dermal papilla of
e hair folicle

Dermis —|

Detailed Skin Anatomy
and Structure

Sweat gland

Subcutaneous Tissue —

Figure 8. Anatomy of skin along with skin permeation pathways including transcellular, paracellular

and transappendageal. Reprinted with permission from ref.”".

1.5 Design of Polymer-based Drug Delivery Systems

The focus of drug delivery research that has been carried out since the early 1950’s is to
improve the therapeutic effect and the drug bioavailability at the specific organ of action.”””’
Polymer-based DDSs are three-dimensional, possessing surface and bulk properties. Through
the design of these properties drug loading, release, and pharmacokinetic properties is
formulated.”® The first example of employing a synthetic copolymer for drug delivery was
reported by Horst Jatzkewitz in 1954 observing the prolonged residence time of mescaline by
conjugating it to N-vinylpyrrolidone and acrylic acid via a dipeptidic linker.” In the late 90s, a
new method of entrapment of small drug molecule into a polymeric system was reported by
Meijer et al.%” 3! In this model, the interactions depended on the molecular size of the guest
molecule and the physical size of the dendrimer cavities. The “dendritic box” is a modified G5-
PPI with Boc-protected phenylalanine which were able to encapsulate guest molecules of
different sizes. In this model, the interactions depended on the molecular size of the guest

molecule and the size of the cavities of the dendrimer.?% 8! This section will discuss first
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polymer-drug conjugates and the emergent of supramolecular DDSs that are polymeric based,
focusing in detail on the unimolecular systems.
1.5.1.1 Polymer-drug conjugates

Polymeric drug conjugates (PDCs), also known as polymeric prodrugs, represent a
fundamental DDS in the field of nanomedicine. These systems involve the covalent attachment
of one or more therapeutic agents to a polymer carrier. The conjugation of drugs to polymers
offers numerous benefits, such as prolonged circulation time in the bloodstream, regulated drug
release, and enhanced pharmacokinetic profiles. Additionally, this approach significantly
improves water solubility, minimizes toxicity, and facilitates intracellular delivery of the drugs.
Primarily, this strategy of conjugation has been extensively utilized for potent anti-cancer
agents characterized by high cytotoxicity and limited solubility. In 1975, Ringsdorf introduced
a theoretical model delineating the ideal characteristics of a PDC. According to this framework,
an optimal PDC is characterized by the attachment of an active pharmaceutical ingredient (API)
to a biocompatible polymer, as depicted in Figure 9. Within this model, the polymeric backbone
may also be modified with additional targeting elements and water-solubilizing groups to
enhance the therapeutic efficacy of the conjugate.®? The polymeric backbone can have linear or
dendritic architectures. This section will cover dendritic architectures as part of the scope of

this work.

polymer backbone

cleavable

linker solubilizing

group

£

stimulus

targeting moiety

drug
Figure 9. Conceptual scheme of the Ringsdorf model.

Dendrimer-drug conjugates

Dendrimers, distinct from linear polymers, are a class of macromolecules noted for their
highly branched and precisely defined structures. The key components of a dendrimer include
(1) an initiating core, (ii) successive generations of repeating units branching out from this core,

and (iii) terminal functional groups located on the outermost generation.®> 34 Their suitability
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for DDSs is attributed to their spherical conformation, high functional capacity, and uniform
size range. Additionally, dendrimers are advantageous due to their efficient cellular uptake,
ability to traverse endothelial linings and capillary walls, permeation through biological
barriers, targetability, and their capacity to enhance the solubility of hydrophobic drugs.® 3¢
Currently, the dendritic structures that have successfully progressed through clinical trials and
entered the market are poly-L-lysine (PLL) dendrimers and their derivatives

(www.starpharma.com, refer to Table 2). However, the polyamidoamine (PAMAM) dendrimer

also exhibits significant potential for use in dendrimer-drug conjugate systems. It is important
to note, though, that the stability of PAMAM dendrimers can be compromised, as they are prone
to retro-Michael reactions (B-eliminations) under conditions of elevated temperatures or pH,

which might be necessary during their synthesis process.?’

Table 2. Overview of Dendrimer-drug Conjugates

Trade Name API Dendritic structure Indication Trial Phase
Vivagel® - PEGylated PLL Antiviral activity Marketed
DEP® docetaxel Docetaxel PEGylated PLL Lung, prostate cancer I
DEP“CABAZITAXEL Cabazitaxel PEGylated PLL Prostate, ovarian cancer /11
DEP“IRINOTECAN Irinotecan PEGylated PLL Colorectal, pancreatic cancer /11
AZD0466 AZD4320 PEGylated PLL Dual Bcl2/xL inhibitor I
DEP“GEMCITABINE Gemcitabine PEGylated PLL Pancreatic, lung cancer Preclinical

DEP® docetaxel, a dendrimer-drug conjugate, has advanced the furthest in clinical trials,
presently in phase II (EudraCT number: 2016-000877-19). Clinical trials have indicated that
DEP® docetaxel causes less neutropenia and exhibits lower toxicity related to excipients
compared to Taxotere®.%® Starpharma's first commercial dendrimer, SPL7013 (Vivagel®), is
designed for the prevention of HIV and herpes simplex virus (HSV) infections. SPL7013 is a
fourth-generation poly-L-lysine dendrimer featuring a divalent benzhydrylamine (BHA) core
and 32 surface naphthalene disulfonic acid groups, with a molecular weight of 16.581 kDa.*-
%0 The terminal groups confer a high anionic charge and increase hydrophobicity on the
dendrimer surface.”’ SPL7013 has demonstrated in-vitro effectiveness against various HIV-1
clades and HIV-2, inhibiting viral attachment and entry, while also showing low toxicity in
cervical and colorectal epithelial cell lines and not disrupting the intercellular tight junctions in

polarized epithelial cells.”> 3

Patterson et al. developed a dendrimer-drug conjugate in which
AZDA4320 was chemically attached to the free lysines of a PEGylated fifth-generation poly-L-

lysine dendrimer using glutarate, thiol diglycolate, and diglycolate as linkers, as shown in
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Figure 10. The molecular weight of this dendrimer is approximately 105 kDa, with a loading
capacity of 24-30 wt.% (equivalent to 25-42 AZD4320 molecules). Its solubility in aqueous
buffer exceeds 100 mg/ml, and it has a hydrodynamic diameter of about 10 nm (PDI <0.2).%*
The conjugation with AZD4320 significantly enhances the drug's solubility, facilitating
intravenous administration. AZD4320, a potent inhibitor of both Bcl-2 and Bcl-xL, has shown
promising efficacy. However, its cardiovascular toxicity hindered its standalone clinical
development. The dendrimer-drug conjugate, displaying efficacy and cardiovascular

tolerability in preclinical models, is poised for clinical advancement.**

| | ""wn“

HN NH HN

X: CH,, O, S, NMe

Figure 10. Chemical structure of AZD0466 and dendrimer-AZD4320 conjugates showing the
dendrimer structure of PEGylated PLL, and the linkers used. Adapted from ref. **.

1.5.1.2 Supramolecular drug delivery systems

The aim of a DDSs is to improve the protection, transport and eventually release of its
sensitive cargo. This will require and depending on the application the modification and tuning
of surface area, physio-chemical and mechanical properties. Consequently, a diverse range of
DDSs that are not only limited to conjugation of the API to the polymer has emerged and vary
in complexity including: unimolecular and polymeric micelles, liposomes and polymersomes,
nanocapsules and nanogels (Figure 11).”° This work covers the design of supramolecular DDSs
on both ends of these systems’ spectrum based on size and complexity. The following two

sections will describe unimolecular micelles and hydrogels.
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Figure 11. Architectures and categories of supramolecular drug delivery systems.

Unimolecular micelles — beyond covalent bonding

Unimolecular systems, characterized as singular-molecule micelles, exhibit distinct
compartments - a core and a shell - that are covalently interconnected.’® Their structural design
encompasses an array of architectures including dendrimers, dendrimer-like star polymers,
hyperbranched polymers, and dendronized polymers (Section 1.4.1.2). These unimolecular
systems have garnered significant attention in targeted drug delivery research due to their
exceptional stability and responsiveness to microenvironmental variations, such as changes in
temperature, pH, and ionic strength. Unlike typical amphiphilic micelles, unimolecular carriers
are stable upon dilution since their assembly does not depend on a critical micellar
concentration (CMC) for when it is not achieved the system can disassemble (Figure 12).°” The
dendritic architectures of unimolecular micelles, characterized by their internal voids and
surface functional groups, render them suitable for drug delivery applications. Depending on
their structural attributes, active pharmaceutical agents can be non-covalently encapsulated
within these systems. This encapsulation can occur either within the internal cavities of the
dendritic core, functioning as endoreceptors®’, or at the multivalent surfaces of the system,

serving as exoreceptors’®.

£X
unimolecular multimolecular
micelle DILUTION ! rlnicelle
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Figure 12. The different physical behavior of unimolecular and multimolecular micelles upon dilution.
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The loading of guest molecules in the dendrimer core can be facilitated through
hydrophobic, electrostatic, or hydrogen-hydrogen interactions. Fréchet and colleagues
developed a unimolecular micelle composed of a dendritic polyaryl ether network with
carboxylate surface groups. This system demonstrated the ability to solubilize pyrene, a
hydrophobic molecule, in aqueous environments.” In this example, the ratio of dendrimers to
solubilized pyrene was directly proportional, with the host-guest interactions mediated by n—n
interactions between the electron-rich aryl ether and the aromatic guest molecule.!” The
Diederich group introduced a dendrimer variant, named "dendrophane," designed to
encapsulate hydrophobic guests within its core. These dendrophanes, soluble in water, possess
a cyclophane interior capable of binding aromatic compounds via m—m interactions,
demonstrating efficacy in steroid encapsulation.!®!> 192 Mitchell and colleagues pioneered a
methodology for encapsulating acidic aromatic antibacterial agents, responsive to lower pH
levels. These dendrimers, derived from PAMAM, were modified at the surface with a glycerol
derivative to yield a water-soluble compound. It is postulated that the host-guest complex forms
through acid-base interactions and hydrogen bonding between the internal tertiary amine core

and the acidic agent.!®

1.6 Hyperbranched Polyglycerols — Biodegradability through Copolymerization

This section will detail the emergence of hyperbranched polyglycerols (hPGs) as
responsive DDSs, emphasizing their biodegradability achieved through copolymerization. This
approach not only enhances their responsiveness but also mitigates in vivo accumulation. The
narrative will commence with an overview of dendritic polymers, with a special emphasis on
hyperbranched variants, then transition to exploring polyglycerols, copolymerization methods,
and structural identification. The culmination of this discussion will be an explanation of how
biodegradability is incorporated into the hPGs' structural backbone.
1.6.1 Dendritic polymers

“Life is branched”!* was the motto of Macromolecular Chemistry and Physics in their
special issue in 2007 on Branched Polymers. The purpose was to emphasize the profound
influence of branching in synthetic macromolecules and to explore how researchers have
adopted these naturally occurring characteristics to design branched polymers.'% The dendritic
family of polymers include different architectures: dendrimers, hyperbranched polymers,
dendrigrafts and dendronized polymers (Figure 13).1% 197 The structure of dendritic polymers
differs from the classic cross-linked polymer network, branched and linear polymeric

architectures that are shown in Figure 14.
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Figure 13. Schematic overview of the subclasses of dendritic polymer architectures: (a) dendrimer, (b)
dendritic-linear hybrid, (c) dendrigraft/dendrigrafted polymer, (d) hyperbranched polymer, (e) star-
shaped-linear hybrid, (f) hypergraft/hypergrafted polymer. Branching (red) and terminal groups (green)

are indicated.

A dendrimer is distinguished by its monodispersity and a "tree-like" configuration,
exhibiting a branching symmetry across three dimensions, which leads to a globular

108

architectural structure.'”® Although dendrimers are ideal for various applications including

targeted drug delivery, catalysis, sensors, surface engineering, and biomimetic materials,'®’
only a limited number of structurally uniform dendrimers have reached the market. The
production of these dendritic materials is often labor-intensive and time-consuming,
necessitating complex work-up procedures for precise structural definition, which hampers

their scalability for large-scale use.!”

S =

(a) cross-linked

polymer network (b) branched polymer (c) linear polymer

Figure 14. Schematic representation of classical polymer structures with (a) cross-linked polymer
network, (b) branched polymer, and (c) linear polymer structures. Net points (red) and terminal groups

(green) are indicated.
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As an alternative to dendrimers, hyperbranched polymers have been developed. These
polymers, in addition to dendritic and terminal units, incorporate linear segments. Their
branched structure, which is less uniform compared to dendrimers, results from a typical one-
pot synthesis approach that does not require the protection/deprotection steps that are vital in
dendrimer synthesis.!®> This one-pot method limits control over molecular weight and
branching precision, leading to hyperbranched polymers having polydisperse molecular
weights and a degree of branching (DB) less than 1.!% Despite this, these polymers retain
dendritic characteristics such as high branching, numerous terminal functional groups, globular
structure, and narrow molecular weight distribution. They exhibit lower solution and melt
viscosities due to reduced entanglement and have enhanced solubility compared to linear
analogs, attributable to the numerous terminal groups.'”” The degree of branching in
hyperbranched polymers is a critical factor that influences their properties, with higher DB
values resulting in behavior more akin to dendrimers.!'® Common synthesis methods for
hyperbranched polymers involve the use of ABx type monomers (as per Flory’s approach!!!)
with prevalent polymerization techniques including condensation, cationic, anionic, and ring-
opening polymerizations.!?’

1.6.2  Polyglycerol — a multifunctional platform

The structure of polyglycerols (PGs) consists of ether linkages, which support a high
density of peripheral hydroxyl groups. Their appeal is attributed to a variety of properties such
as chemical stability, outstanding biocompatibility, minimal toxicity, adjustable blood
circulation time, low intrinsic viscosity, compact structure, multi-functionality, and
straightforward synthesis processes.!%® 112113 PG can be synthesized into various structures
(linear, hyperbranched, dendronized brush-type and dendrimers) using cationic, anionic, or
coordination-based ring-opening polymerization techniques with glycidol as the monomer. This
polymer is characterized by its high solubility in water and biocompatibility. Additionally, the
presence of hydroxy groups on each repeating unit of PG allows for a wide range of subsequent

chemical modifications.!'* The excellent biological and chemical properties of PGs put them in

115 116-118

the front line for applications such as carriers of APIs''>, protein conjugation , Or as

platform for virus inhibition, % 120

1.6.2.1 Linear polyglycerol

Linear polyglycerol (LPG) consists of a polyether backbone with methyl hydroxy groups
as side chains. The synthesis of LPG involves a three-step procedure: (1) protecting the glycidol
monomer, (2) conducting anionic ring-opening polymerization (AROP), and (3) implementing

acid deprotection (Figure 15).!2! The monomer hydroxyl groups are protected prior to
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polymerization to prevent any intramolecular proton exchange during the propagation phase
and branching.!?! This approach offers a versatile toolkit for creating diverse compositions and
structures using various protected glycidol monomers.!''* 122123 The multifunctional backbone
of LPG enables a broad spectrum of substitution reactions, facilitating high levels of
functionalization.'?> Commercially available monomers like tert-butyl glycidyl ether (tBGE)
and allyl glycidyl ether (AGE) are used, but ethoxyethyl glycidyl ether (EEGE) is the most
employed protected glycidol in LPG synthesis. This preference is due to its straightforward
synthesis and the ease of acidic deprotection of its acetal protecting groups.!'!* 12> EEGE was
initially synthesized by Fitton et al., in 1987'24, prepared through the reaction of ethyl vinyl
ether with glycidol, catalyzed by p-toluenesulfonic acid.!?> 126 In 1994, Taton et al. were the
first to report successful polymerization of EEGE using cesium hydroxide as an initiator in bulk
polymerization, producing poly(ethoxyethyl glycidyl ether) (PEEGE) with molecular weights
around 30 kDa and a relatively broad polydispersity index (P=1.5).1?> Modifying the initiator
to potassium or cesium alkoxide led to the synthesis of polymers with narrower molecular
weight distributions.!?’” Various initiators have been effectively used for controlled

polymerization of EEGE, including potassium tert-butoxide (t-BuOK)!2%: 129

, potassium 3-
phenyl propanolate (PPOK)!3% 13! alkoxy ethanolates!*2, potassium methoxide (MeOK)!, and
BuLi/phosphazene base (Li*/t-BuP4).!3% 3% However, alkali metal-based initiators in EEGE
polymerization typically yield molecular weights capped at around 3 kDa or a degree of
polymerization (DP») of approximately 300.!26: 135 Moller et al. attributed this limitation to
chain transfer reactions occurring either from the active chain-end or the oxyanion initiator.'?’
Similar chain transfer reactions have been reported in the polymerization of other
monosubstituted epoxides like propylene oxide (PO) or phenyl glycidyl ether.!*® The process
involves proton substitution from the group adjacent to the epoxide ring, leading to the

formation of an unsaturated allyl alkoxide.'*
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Figure 15. A) Protection of glycidol, and B) polymerization of EEGE, and acidic deprotection of acetal

groups.
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1.6.2.2 Hyperbranched polyglycerol

In comparison to LPG, hPG possesses a more compact and globular branched structure.
These polymers comprise three distinct units: linear, dendritic, and terminal. They typically
exhibit a degree of branching that ranges from 0.5 to 0.6.!37 Moreover, they possess a high
degree of hydrophilicity, with water solubility exceeding 400 mg/mL. Their molecular weight
varies, spanning from a few hundred Daltons to approximately one million Daltons, and they
are characterized by a low polydispersity index, ranging from 1.05 to 1.5.1%%

The first polymerization of glycidol was documented in 1966 when Sandler and Berg
polymerized the AB; type monomer (as theoretically conceptualized by Flory'!') at ambient
temperature using a variety of catalysts. Following this, Dworak ef al. introduced the concept
of glycidol's ring-opening polymerization through a cationic pathway.!*® They outlined two
potential mechanisms: the active chain (AC) and activated monomer (AM). Common initiators
for this process included Lewis acids (BF3OEt; or SnCls) and Brensted acids (CF;COOH or
CF3SOsH).!3% 139 A significant challenge in this method was managing reaction kinetics, as
numerous side reactions could impede propagation, often resulting in hyperbranched
polyglycerols (hPGs) with low molecular weights (below 10 kDa) and wide dispersity.'*
Despite these limitations, the simplicity of this approach continues to attract research into novel
hPG architectures using cationic ring-opening polymerization. Mohammadifar et a/. introduced
a green synthesis pathway for hPG, utilizing citric acid as an initiator.'** They demonstrated
that citric acid not only initiates the polymer chain but also integrates into the polymeric
structure, acting as a proton donor.!*® The proposed mechanism involved AM cationic ring-
opening polymerization.'*® Incorporating citric acid in the backbone rendered the hPG
degradable under neutral and acidic conditions.!* While the polymerization process did not
yield molecular weights exceeding 1.5 kDa, the environmentally friendly synthesis and purity
of the resulting polymers positioned it as a viable option for biomedical applications.!** More
recently, Kim et al. developed a recyclable, metal-free catalytic system for the cationic ring-
opening  polymerization  of  glycidol  under  ambient  conditions, using
tris(pentafluorophenyl)borane as a catalyst.!*! This method enabled the formation and
precipitation of higher molecular weight hPG (1-4 kDa) in nonpolar solvents, facilitating the
recycling of both the catalyst and solvent through a straightforward decantation process of the
hPG.'!

The limitations of the cationic ring-opening polymerization of glycidol are overcome by
employing a combination of an anionic ring-opening multibranching polymerization (ROMBP)

and a slow monomer addition.*” %2 The process used a partially deprotonated 111-
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tris(hydroxymethyl)propane (TMP) as the initiator and was conducted at temperatures between
90-100 °C. The slow addition of glycidol facilitated controlled polymer chain growth and
prevented the formation of low molecular weight polymers by limiting oligomer
intracyclization. This methodology yielded a medium-sized hyperbranched polyglycerol (hPG)
with relatively narrow dispersity (D < 1.5).!3” However, the technique introduced by Sunder et
al.'¥’, while enabling controlled polymer growth and a defined end product, still encounters
challenges in achieving molecular weights exceeding 6.5 kDa. This is attributed to the solvent-
free nature of the process, where increasing viscosity eventually leads to suboptimal mixing.!%:
137 Thus, synthesizing high molecular weight polyglycerol becomes crucial, especially for drug
delivery applications, as higher molecular weights provide larger hydrodynamic sizes,
improved vascular retention, and a greater number of functional groups.!®® Schmitt et al.
highlighted the correlation between the molecular weight of hPGs and the blood circulation
time of the DDS.!'* They evaluated various molecular weights of hPG carriers (ranging from
25-500 kDa) conjugated to the chelator desferrioxamine (DFO) and labeled with the gamma
emitter 4’Ga.!* Through qSPECT/CT imaging in Rag2m mice, they demonstrated that the
blood circulation half-lives of the ¢’Ga-labeled hPGs extended from 9.9 to 47.8 hours as the
molecular weight increased.!*? Various methodologies for synthesizing high molecular weight
hPGs have been proposed. An initial method, reported by Frey and colleagues, involved
modifying stirring intensity, stirrer geometry, monomer addition rate, and incorporating an inert
emulsifying agent (Figure 16A). These adjustments led to the production of hPG with a
molecular weight up to 20 kDa.!'** More recently, Haag’s group introduced an automated
solvent-free polymerization technique for hPGs, ensuring high reproducibility and traceability
due to automation.'* They established a linear relationship between torque and polymerization
degree, which can be used to monitor molecular weight during polymerization.!'#

The second strategy is the macroinitiator method, wherein the reaction propagates by
gradually introducing glycidol to a low molecular weight hPG that has been partially
deprotonated, serving as a macroinitiator. Wilms et al. used hPG macroinitiators of 0.5 and 1

146 while Moore et al.

kDa to synthesize hPGs with molecular weights reaching up to 24 kDa
began with a larger hPG macroinitiator (2 kDa), leading to the formation of high molecular
weight hPGs of up to 100 kDa (Figure 16B).!*” The third method incorporates a solvent acting
as an emulsifying agent, adding another variable to the reaction process. Various solvents were
tested, including dioxane!*®, 1,4-dioxane, tetrahydropyran, ethylene glycol diethyl ether, and
decane (Figure 16C).'* It was found that the choice of solvent neither compromised the

properties nor the degree of branching in the resulting hPG.!*® Furthermore, the type of solvent
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influences the exchange of counter ions with the propagating species, which in turn can impact
the final molecular weight.!* Most recently, Kizhakkedathu's group reported a large-scale
synthesis of mega hyperbranched polyglycerols (mega hPGs) with molecular weights in the
range of millions of Daltons, reaching up to 9.3 MDa, and a polydispersity index as narrow as
1.2.1%% The group combined the macroinitiator and solvent-based methods in their ROMBP
reaction. The macroinitiator, a 10% deprotonated 840 kDa hPG using KH in DMF, was utilized,
and a slow addition of glycidol was followed to produce the mega HPGs. This macroinitiator
was initially synthesized using partially deprotonated TMP in dioxane at 90 °C with a gradual
introduction of glycidol.'*° The resulting mega hPGs maintained their characteristics of high

water solubility, low intrinsic viscosity, and globular structure.!>
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Figure 16. Synthesis of hPG through ROMBP reaction mechanism using TMP as an initiator. A higher
molecular weight can be obtained by A) adjusting the reaction parameter, B) using a macroinitiator and

C) the addition of a solvent emulsifying agent.

1.6.3 Copolymerization — methods and structures
Copolymerization of two different monomers M; and M; consists of incorporating both
monomers in the final product covalently in opposition to dealing with the mixture of the two

homopolymers. The synthesis of copolymers allows for the modification of homopolymer
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characteristics by incorporating a suitably selected second monomer unit. As the homopolymers
are integrated within the same molecular structure, the resulting copolymer exhibits attributes
of both individual homopolymers. This approach enables the alteration of properties like
crystallinity, flexibility, as well as melting temperature (Tm) and glass transition temperatures
(Tg), through the formation of copolymers.!>! The process of copolymerization offers a
significant benefit in that it allows for the strategic incorporation of the characteristics of
different homopolymers. Consider the case of polystyrene: inherently brittle, hard, and with
only modest solvent resistance. By introducing different comonomers into its structure, the
utility spectrum of styrene-based polymers can be significantly broadened. Copolymers
incorporating styrene as a comonomer can form either thermoplasts [e.g., poly(styrene-co-
acrylonitrile), SAN] or elastomers [e.g., poly(styrene-co-butadiene), SBR, and poly(styrene-
block-butadiene-block-styrene), SBS. For instance, integrating acrylonitrile into the polymer
enhances the strength and ductility of SAN-polymers and improves their resistance to aliphatic
hydrocarbons and mineral oils compared to polystyrene alone. Upon copolymerization, the
combination of the two building blocks, the two different monomers, can end up in a virtually
infinite number of different products. However, the kinetics of reaction between the
homopolymerization and the copolymerization of the monomers (relative reactivity ratios) can
result in a defined structure of the end-copolymer. These structures can be a random, alternating,

block or two separated homopolymers (Figure 17A).

A Possibilities’ of copolymer structure B
————— 00000 )
Block copolymer * 11 *
Py ~~M1+ M| —— ~~M1M
0000 00000 ez
- ~ ~ * —_— *
+ :/ \ _— > Homopolymers M2 + M2 K WMZMZ
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M. M. * *
oo -0-0-0-0- 0000 Mt Mz ——— ~ MM
Random copolymer k21

~~M2+ My —— ~~M:2M7’
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_C,/ NUAWANANVAN AR/

Alternating copolymer

Figure 17. A) The possibilities of copolymer structure of the copolymerization of monomer M; and
monomer My; the obtained copolymer is either a block, random alternating copolymer or two distinct
homopolymers. B) The four different reactions that might occur when copolymerizing M; and M; and

the four kinetic constants that can be derived from the reactions.

Mayo-Lewis developed an equation to determine the relative reactivity ratios of
comonomers, based on their consumption rates in relation to the ongoing polymerization

reactions. A chain growth reaction can propagate through a radical, an anion, a cation or
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catalyst-driven. In this context, four distinct reactions are possible (Figure 17B). The formulated
equations that describe the consumption rates of the monomers are presented in Equations 1

and 2.

- % = kqg [~M1][M;] + kyq [~M3][M;] (M
S M + kL) @

Assuming a steady-state condition regarding the number of activated monomers,

Equations 1 and 2 can be reformulated as follows:

Kip[~M7][M;] = kpi [~M3][M, ] (3)
%] _ Kp1[~M3][M;]
[~M] = —k12[M2] t 4)

Dividing Equation 1 by Equation 2, Equation 5 can be obtained:

d[M, ] _ [M,] .k11[~Mﬂ + kyq [~M3] 5
d[M,] ~ My] Kpp[<M5] + Kyp[<M]] ©)

The formulation presented in this equation characterizes the chemical composition of the
copolymers generated at any given time point.!>? By incorporating Equation 4 into Equation 5

and subsequently simplifying the resultant expression, Equation 6 is derived:

kll
diM,]  [M,] Ty, Mil+[Me] .
M)~ M) Kz (©)

“[M,] + [My]

21

r; and r, are defined as the copolymerization parameters, representing the relative

reactivity ratios of the comonomers. These are calculated as follows:

kiq
- 7
ry Kiy (7
k,,
—_22 8
ry Kpr ®

The final Mayo-Lewis copolymerization equation is obtained as Equation 9:

d[M, ] _mg [M,] I [M,] + [M,] )
d[M,] B m; - [Mz] rz[M;] + [My]

In this context, m; and m; denote the concentrations of monomers M; and M,,
respectively, within the newly synthesized polymer, while [M;] and [M,] denote the initial
concentrations of M; and M, in the reaction mixture. The terms r; and r, refer to the
copolymerization parameters. It should be noted that the assumption of constant relative
monomer concentrations is valid only at very low conversion rates (below 10%). Therefore,
this assumption allows for only an approximate first estimation of the copolymer's composition.
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Based on the values of the relative reactivity ratios, r; and r,, the type of polymerization can be
determined. These values and their corresponding polymerization types are summarized in

Table 3.1

Table 3. Copolymerization Parameters and the Corresponding Molecular Structure

Copolymerization parameter values Molecular structure

ri>1 and r>1 Block copolymer

n=n=0 Alternating copolymer
n=n=l Statistical/random copolymer
r>1,n<landr r=1 Ideal random copolymer
ri>>1 and r>>1 Homopolymers

Mayo-Lewis approach.'>? In the Mayo-Lewis approach, experimental determination of
copolymerization parameters can be achieved by modifying the Mayo-Lewis equation into a

function where r;, is expressed as a function of ry. This is achieved by altering the initial

[My]
[M;]

monomer ratio and measuring the resulting mz/m; ratio at a conversion rate below 10%.

rearranging Equation 9 to express r, as a function of r; (r,=f(r;)) results in the following

formulation:
[M;]* m, M;] m, [M,]

- ._Z. P e 10
SRR T ] my M) (1o
. M, ] (11)

M;]
p=T2 (12)

my

Resulting in the Equation 13:

r,=a’-b'r;+a'b—a (13)

Given that [M;] and [M,] are the initial concentrations of the monomers and m; and m»
are the concentrations of the remaining monomers at a specific conversion rate (less than 10%),
these values can be empirically determined (for instance, using 1H NMR). r,=f(r;) can be
graphically represented as a linear equation (Equation 13), where the slope is given by a? b
and the intercept by a - b — a. Altering the initial monomer concentrations results in varying
linear equations; the point where these linear equations from different experiments intersect

provides the values for r; and r2. Conducting a greater number of experiments leads to a more
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accurate estimation of the copolymerization parameters. Figure 18B illustrates the method of

determining the reactivity ratios through the Mayo-Lewis approach.

A Mayo-Lewis approach B Fineman-Ross approach (o3 Kelen-Tiidés Approach
A A A

Experiment 1 Experiment 2

Experiment 1 Experiment 1
Experiment 3

Experiment 2 Experiment 2

YH

S ri+r2H

Experiment 4 Experiment 3 Experiment 3

Experiment 4 Experiment 4

m / x / XH

-ro/H

v

v

v

Figure 18. Experimental reactivity ratios’ calculations based on the Mayo-Lewis equation,

using the three different approaches: A) Mayo-Lewis, B) Fineman-Ross, and C) Kelen Tiidds.

Fineman-Ross Approach.'>? Fineman and Ross adapted the Mayo-Lewis method to
account for potential deviations from the point of intersection. In their approach, r; is
represented as the gradient of the linear function, while —r, is denoted as the y-intercept, as

described in the following Equation:
Yy=I;X—T, (14)

In relation to the Mayo-Lewis equation, the variables y and x can be redefined as follows:

=g )
)Y my (16)
= (i)

In a series of experiments, where the initial concentrations of monomers vary, a set of y
and x values are generated. From these values, a linear fit can be constructed. The slope of this

linear fit represents ry, and the y-intercept corresponds to —r, (Figure 18B).

152

Kelen-Tiidos Approach. In this third approach, Kelen and Tiid6és developed a

mathematical equation incorporating a scaling factor H, as shown in Equation 17:

1::min (17)

Fmax

H=

In this equation, F,and F,, signify the minimum and maximum monomer ratios,

respectively, within the Fineman-Ross method, aimed at augmenting the reliability of the
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copolymerization parameters derived. Thus, by dividing Equation 6 by H + x, the formulation

for the Kelen-Tiid6és approach is derived, as presented in Equation 20 and Figure 18C:

y _nX—n

= 1
H+x H+x (18)
y __bk Ty _X
Htx H+(r1+H) H+x (19)
__ AN
Yy = H+(r1+H) Xy (20)

1.6.4 Synthetic biodegradable polymers

Biodegradable polymers are gaining increasing focus in contemporary medical
applications. They are primarily utilized in surgical sutures, implants, and DDSs. Key
characteristics to consider for these polymers include their non-inflammatory nature, a
degradation timeline aligned with their intended function, suitable mechanical properties, and
the generation of non-toxic by-products upon degradation. Table 4 presents a comprehensive
overview of various biodegradable polymeric families, outlining their specific applications,

benefits, drawbacks, and molecular structures.!>* 153

Table 4. Biodegradable Polymers and their Applications, Advantages, Disadvantages and Structures

Polymer Applications Advantages Disadvantages Structure
Polyanhydrides Drug delivery + Significant - Low molecular [0 o
Tissue engineering monomer flexibility weights ) JLH,U\O
+ Controllable - Week mechanical "
degradation rates properties - n
Polyacetals Drug delivery + Mild pH - Low molecular [
degradation weights 4+~
products - Complex synthesis
+ pH sensitive "
degradation
Polycaprolactone  Drug delivery + Highly processable - Limited degradation [o]
Tissue engineering + Many commercial .Jj\/\/\/0
vendors available n
Polylactide Drug delivery + Highly processable - Limited degradation o
Tissue engineering + Many commercial - Highly acidic
vendors available degradation products o
Polyamides Drug delivery + Conjugatable side - very limited
group degradation N
+ Highly - Charge-induced "5
biocompatible toxicity n
degradation
products

The polyesters, polyglycolide (PGA), polylactide (PLA), and polycaprolactone (PCL) are
all approved by the FDA and are among the most extensively documented biodegradable
polymers for biomedical use.!>!58 These polymers can be synthesized via ring-opening
polymerizations of their respective monomers: glycolide for PGA, lactide for PLA, and e-

caprolactone for PCL. Polyanhydrides represent another category of FDA-approved,
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biodegradable polymers. They degrade gradually into their respective diacids. Although they
can be synthesized cost-effectively with customizable properties, their quick degradation rate

necessitates storage at low temperatures. !>’

1.6.5 Biodegradable dendritic polyglycerols

While high molecular weight hPGs display beneficial properties, previous studies have
highlighted a significant limitation in their in vivo application: the potential for bioaccumulation
in the liver due to a lack of biodegradability.!® As a result, creating biocompatible and
physiologically degradable polymers remains a challenge in this field. For hPGs, various
strategies have been employed to introduce degradable elements into the polymer's backbone
or initiator. One approach is the copolymerization of cyclic esters with glycidol using a catalytic
process and a coordination-insertion ring-opening polymerization mechanism, or an anionic
pathway for ring opening. The degradable groups incorporated include acetals!é!- 162 or ketals!4*:
163 which enable pH-responsive degradation of hPG. Ester linkages, capable of degrading under
physiological enzymatic conditions, are another type of degradable bond.!®* 19> Additionally,
the differential reduction potential of biological systems, characterized by higher GSH
concentrations in the cytosol (2-10 mM) compared to extracellular fluids (<10 uM),'%6-168 can
be leveraged. One approach is to develop redox-sensitive hPGs by incorporating disulfide
bonds in the backbone, allowing degradation in the reductive environment of the cytosol.
However, the synthesis of disulfide-bond-containing polymers typically involves condensation

169

polymerization of monomers pre-loaded with disulfide bonds,'®” copolymerization of dihalide-

containing monomers with sodium disulfide,'”

or the oxidative coupling of sulthydryl
monomers,'’! making the process somewhat limited due to the sensitivity of disulfide bonds to
many polymerization conditions. Son et al. was the first to overcome this limitation by
developing a novel hPG architecture with disulfide bonds, synthesized via ring-opening
polymerization of an epoxide monomer like glycidol but containing a disulfide bond. These
disulfides can be reduced to thiols in a GSH-rich environment.!”? Concurrently, Kizhakkedathu
et al. developed high molecular weight bioreducible hPGs by copolymerizing glycidol with the
same monomer used by Son ef al., employing 1,4-dioxane as a solvent.!”® Figure 19 shows the

copolymerization of glycidol with different comonomers containing a degradable moiety and

the degradation of the polymer upon the interaction with a stimuli.
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Figure 19. The polymerization of glycidol with another cyclic monomer containing a degradable moiety

(acetal, ketal, ester, or disulfide) will result in a degradable copolymer where these moieties can be

cleaved when subjected to a degradation stimuli (pH, enzyme or redox).

1.6.6  Dendritic polyglycerols sulfates — as active targeting groups

Leukocyte

—— P-selectin ligand

—— L-selectin

o TN

P-selectin
/ L-selectin ligand

Endothelium

Inflammation

2
(o) =)

Figure 20. dPGS weakens the inflammatory response by reducing leukocyte extravasation. dPGS

inhibits leukocyte extravasation by adhering to the P and L-selectins.

The motivation behind employing sulfates as active targeting groups was inspired by the

discovery of their treatment against inflammatory diseases. An uncontrolled immune response,

caused by chronic inflammation could lead to substantial flux of leukocytes that can further
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damage healthy tissues. Hence, to prevent this event from occurring, anti-inflammatory therapy
relies on targeting leukocyte trafficking. Dernedde et al. reported a dendritic polyglycerol
sulfate (dPGS) system as macromolecular inhibitors that can bind multivalently and mimic
occurring ligands on leukocytes (L-selectin) and endothelial cells (P-selectin) and offer possible
treatment for inflammatory responses (Figure 20).!7* Later, Weinhart et al. explored the role of
dimension in multivalent binding of dPGS to L-selectin with respect to size (by varying the
molecular weight) and surface charge density (by varying the degree of sulfation). They
measured the efficacy of L-selectin inhibition via SPR-based in vitro assay and cell-based flow
chamber assay for dPGS ranging from 3 to 800 kDa, while fixing the charge density and then
fixing the molecular weight while varying the charge density by varying the degree of
sulfation.!” The half maximal inhibitory concentration (ICso) values, resulting from the SPR
measurements, were lower for higher molecular weight dPGS and higher charge density,
meaning higher affinity to L-selectin (Figure 21A).!7> The structure-affinity relationship
observed in dPGS indicates that its substantial inhibitory capability is attributable not only to
the strong electrostatic interactions with cationic surface potentials on L-selectin but also to the
steric hindrance of the carbohydrate binding site caused by the large, flexible particles of
dPGS.!7> Weinhart et al. also explored different polyanions based on dendritic polyglycerol to
conclude that sulfate groups demonstrated outstanding performance, evidenced by the
exceptionally low ICso obtained from the L-selectin inhibition assays.!”® The anionic functional
groups tested were carboxylates, phosphates, phosphonates, sulfonates, and bisphosphonates
and sulfates with a degree of functionalization higher than 80% (Figure 21B).!7® The
biodegradable derivates of hPG with caprolactones incorporated in the polymeric backbone
were also sulfated with a variety of degree of functionalization and confirmed to have low ICso

for high molecular weight of the polymer and high degree of sulfation.!”’
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Figure 21. A) L-selectin inhibition of dPGS. Inhibition is enhanced for a bigger core size with similar
degree of functionalization (left) and for a higher degree of functionalization for the same core size
(right). B) dPG-based anions and their affinity towards L-selectin. The degree of functionalization was
set to 81%, however the L-selectin biding could not be directly correlated to the surface charge

represented by the {-potential measurements (shown in brackets).

The overexpression of cell-adhesion molecules (CAMs) for the mediation of leukocyte recruitment
and extravasation, including selectins are known to contribute to cancer metastasis through co-option of
inflammatory pathways.!” Thus, scientists started exploring conjugates of natural structures with high
anti-inflammatory activity such as heparin, a highly sulfated glycosaminoglycan for tumor targeting.
Chung et al. reported an enhanced tumor targeting nanoparticles based on heparin coated with PLGA
and proved its interaction with surface receptors of the cells.'” This ultimately led to the employment
of dPGS in drug delivery systems for site-specific tumor targeting. The sheddable dendritic polyglycerol
sulfate redox-responsive micelles loaded with doxorubicin (DOX) reported by Zhong et al

demonstrated high abilities in tumor cell-targeting when tested in vivo.'*
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2 Scientific Goals

The three main challenges that researchers are tackling when addressing new drug delivery
systems are (i) the solubilization of hydrophobic drugs to ameliorate their transport, (ii) the
prevention of the accumulation of the material in the human body and (iii) the specific targeting

and delivery of the API.

Ideal Copolymerization of Bi Redox- (] Delivery of Cy ic Anti Drugs

AP

Redox-Responsive
Hydrogels Loaded with
an Antibacterial Peptide -
as Controlled Drug .
Delivery for Infectious
Wound Healing

Figure 22. Schematic representation of the four projects covered in this thesis.

These challenges are addressed in this thesis by designing a system that is based on
polyglycerol as a highly soluble and biocompatible polymer with a globular architecture.
Glycidol, the monomer that forms polyglycerol, is randomly copolymerized with cyclic 7-
membered ring lactones that contain moieties that are degradable under biological stimuli.
Another comonomer that can be integrated in the polyglycerol backbone is a linear diacid
containing a disulfide (Project 4). The advantage of integrating these biodegradable moieties
addresses two points: (i) the avoidance of the accumulation of the polymeric material by
ensuring that the system will breakdown in size and is eliminated from the body and (ii) through
the degradation of the system the encapsulated cargo will be released. The targeting
characteristic of the system is achieved by sulfating the hydroxyl end-groups of the
biodegradable polyglycerol that has been previously studied intensively and shown to
specifically act against inflammation. Another important scientific focus of this thesis, in
addition to the parameters mentioned previously is to design a system that is relatively simple,
following a straightforward synthesis that is reproducible and scalable. As well as, reducing the
use of organic solvents during synthesis, purification as well as for the drug encapsulation. The
loading of the drug in the DDS was a complete water-based protocol, where the API is

physically encapsulated in the system instead of covalently bonded.

33



In the first two projects, glycidol was copolymerized with e-caprolactone and then
sulfated. The system was fully characterized in terms of molecular weight, size, zeta-potential,
and TEM images before and after the encapsulation of API. For first project (Figure 22.1),
sunitinib, an anti-cancer medication and a protein kinase inhibitor was encapsulated in the
system. The performance of the system was tested through in vitro release studies, cytotoxicity,
cellular uptake, and in vivo accumulation and effect on tumor reduction. The application of the
second project was oriented towards inflammatory skin diseases (Figure 22.2). The
encapsulated API was tofacitinib a JAK inhibitor. The objective was to improve the delivery
and penetration of tofacitinib through the transport carrier and thus increasing its efficacy. The
system’s penetration was tested on ex-vivo human skin model, and for its effect on IL-6 and IL-
8 release and STAT3 and STATG6 activation. Since the biodegradable sulfated polyglycerol with
caprolactone incorporated in the backbone (dPGS-PCL) contains only an ester as a degradable
moiety that can undergo degradation under an enzymatic stimulus, the aim was to develop
another system that works on another stimulus that is more effective. GSH is a reducing agent
that is overly express in tumor cells, so the third project aimed to use a 7-membered ring lactone
that is an analogue to caprolactone but contains an additional disulfide bond within the ring
(Figure 22.3). Since the comonomers quite similar, the project was dedicated to deducting the
effects of the disulfide bond on the copolymerization especially regarding the end-structure of
the copolymer formed. Through the synthesis of different polymers with different disulfide
ratios following two copolymerization mechanisms, the project also focused on the effect of the
disulfide ratio on the final characteristic of the polymer. At the end, the degradation of the
copolymer was studied in addition to the biocompatibility by performing in vitro cytotoxicity
and hemolysis assays. The fourth project integrated the disulfide bond into the system by using
a diacid that contains a disulfide bond as a proton donor, hence an initiator for the
polymerization (Figure 22.4). The resulting polymer was then integrated into a hydrogel that
was then loaded with antibacterial peptide for a controlled drug delivery to infectious wound
healing, the loaded hydrogel was tested through several antibacterial assays as well as in vivo.
In conclusion, the thesis focused on the diversity of synthesizing biodegradable systems not
only in the mechanism of synthesis, their formation in different architectures but also the

diversity of their applications.
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Abstract: Infectious wounds occur when harmful microorganisms such as bacteria or viruses
invade a wound site. Its problems associated include delayed healing, increased pain, swelling,
and the potential for systemic infections. Therefore, developing new wound dressing materials
with antibacterial effects is crucial for improving the healing process. Here we developed a
redox-degradable hydrogel loaded with an antibacterial peptide (vancomycin) in a
straightforward gram-scale synthesis. The hydrogel structure consists of a disulfide bond-
containing hyperbranched polyglycerol (SS-hPG) which is cross-linked by 4-arm polyethylene
glycol-thiol (4-arm PEG-SH). The polymerization mechanism and full characterization of SS-
hPG are described as we report this synthesis for the first time. The controlled release of
antibacterial peptide follows, as the hydrogel degrades in a reductive environment triggered by
glutathione. We used rheology to ascertain the hydrogel’s mechanical characteristics, such as
stiffness, and self-healing, determining these properties for different ratios and concentrations

of both blocks. Fluorescein isothiocyanate-albumin (FITC-albumin) and vancomycin were both
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loaded into the gel, and the guest release kinetics were assessed for both slow and on-demand
releases. Finally, our in-vitro and in-vivo experiments proved that the vancomycin-loaded
hydrogel acts as an antibacterial barrier for wound dressing and accelerates the healing of

infectious wounds in a mouse model.

1. Introduction

The most important function of the skin, as the first line of defense, is to protect
the body against microbial invasions. However, as the outermost organ, it is always vulnerable
to damage caused by wounds. Injured skin offers a suitable site for the accumulation and
proliferation of bacteria, leading to infection and delaying wound healing.!'l The optimal
process of wound healing can be divided into four phases, which occur interdependently and
simultaneously: (i) vasoconstriction and coagulation, collectively leading to hemostasis, (ii)
acute inflammation, (iii) cellular proliferation and (iv) wound remodeling.!?! In proliferation,
new extra cellular matrix (ECM), collagen and fibronectin by fibroblasts, their differentiated
counterparts, and the myofibroblasts are deposited.3] Acute inflammatory response is a crucial
stage in the course of wound healing, providing early protection against bacteria by first
recruiting pathogen-destroying phagocytic neutrophils and later recruiting macrophages.!>!
Since long-term inflammatory responses are correlated to chronic wounds, bacterial infection
is one of the most serious complications affecting wound healing and tissue regeneration. The
treatment of these infections usually consists of the continuous administration of oral or
intravenous antibiotics over a period of weeks or months. This can lead to inefficient antibiotic
delivery to the target site, which in in turn can cause, in severe cases, sepsis — an infection
throughout the entire body.*] Furthermore, applying antibiotics to the body as a whole, and not
only the target area, also causes collateral damage by killing the natural microbiota of the host.
This effect can lead to further weakening of the immune system, allowing pathogenic or
antibiotic-resistant bacteria to dominate the colonization of the host.’] These challenges
highlight the need for topical delivery systems that can increase antibiotic effectiveness by
releasing it locally to the targeted wound site, while reducing side effects by decreasing the
dosage. To accelerate the healing process, especially for extensively damaged chronic wounds
of the types caused by injury or specific diseases, wounds should be covered by an effective
dressing material, with features such as high biocompatibility, ability to retrain moisture, and
mechanical properties well-suited to injured tissue and antibacterial action.!’! Conventional
wound dressings, such as gauze, must be changed frequently, and the risks of infection,

secondary damage during removal, and their lack of biological properties for wound healing
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hampers their usage.l”l Hydrogels have gained high interest for wound dressing and healing
applications due to several outstanding properties, such as wound adhesion, moisture retention,
skin like softness, resemblance to biological tissues, and biocompatibility, all of which provide
favorable conditions for wound healing. Additionally, the three-dimensional porous structure
of hydrogels provides a suitable scaffold for loading antibacterial drugs, which can then be
released and delivered in a controlled process. The drug release is achieved through either
diffusion or the passive degradation of hydrogel.’®! Eventually, such degradation enables the
dressing material to be removed from the wound without secondary damage. Degradable
hydrogels are typically prepared by introducing a stimuli-responsive moiety into the backbone
of a gel macromonomer, allowing degradation in response to stimuli such as pH, temperature,
enzyme, redox state, etc.’) This stimuli-responsive hydrogel degradation serves in turn as a
stimulus to release therapeutic agents in a controlled manner, or to ensure the hydrogel’s
ultimate removal in cases when it is used as a bandage for infected wounds. Among different
approaches for “on-demand” degradable hydrogels, the redox-responsive approach has directed
much interest toward polymer-based hydrogels, which are typically synthesized by introducing
a disulfide bond in a polymer backbone. Disulfide bonds can be cleaved to two thiol groups in
response to variation in environmental redox state. In particular, redox-responsive hydrogels
show enhanced degradation in response to the overexpression of glutathione (GSH) or reactive
oxygen species (ROS) in tumor tissues, wounds, or bacterial infection sites.l'! The redox
imbalance that prevails in the infected wound environment can stimulate either therapeutic
agent release or hydrogel degradation. Recently, multiple redox-responsive hydrogels have
been reported for improving wound healing, with applications including the release of
therapeutic agents, mainly proteins.[''] GSH is a tripeptide (y-Glu-Cys-Gly), sulfhydryl-
containing compound that is abundant in different types of organisms; in fact, it is the most
dominant intracellular thiol-containing tripeptide.'?! It is a biochemical workhorse: it
participates in the regulation of gene expression, cell proliferation and apoptosis, signal
transduction, enzyme and protein functions, and oxidative stress in biological systems.[!2¢ 13]
Szabd et al. showed clear differences between molecular patterns of wound fluids in acute and
chronic wounds through redox profiling.['¥ The study has shown that, similarly to radical
scavenging activity, GSH levels were elevated in chronic wound fluids in comparison to acute

wounds.!"* In another study, Shukla and Rasik showed that in the analysis of 7 day wound
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tissue, higher levels of GSH were shown in athymic mice in comparison to the wound tissue of
normal mice.[!]

In this work, we present a one-step straightforward synthesis of a disulfide bond-
containing hyperbranched polyglycerol macromonomer (SS-hPG). The synthesis is catalyst-
free and solvent-free, and we carried it out on a 30 g scale. The synthesized SS-hPG is employed
as a building block of a redox-responsive hydrogel that is chemically crosslinked to 4-arm-
PEG-SH via thiol-Michael addition click reaction. An antibacterial peptide, vancomycin, was
loaded in the redox-responsive hydrogel to be released either gradually or on demand. Crucially,
the viscoelastic properties, mechanical strength, and degradation of SS-hPG, and the release
time of the loaded antibiotic, can be tuned by varying the concentration of the polymeric

components in the hydrogel.
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2. Results & Discussion

2.1. Synthesis of redox-responsive hyperbranched polyglycerol
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Figure 27. Overall scheme representing the synthesis of the hPG building block in addition to
its acrylation and the hydrogel formulation. "H NMR verifies the formation of the hydrogel
through the disappearance of the acrylate correspondent peaks, confirming the thiol-ene click
reaction. The hydrogels were then loaded with vancomycin and applied over wounds in mice,

destroying the existing bacteria and facilitating wound healing.
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As one of the hydrogel components, the redox-responsive hyperbranched polyglycerol
was achieved on a 30 g scale through the cationic polymerization of glycidol using 3,3’-
dithiodipropanoic acid (DTDPA) as a monomer activator in a solvent-free reaction under mild
conditions. (Figure S1A). DTDPA, with its two carboxylic acids (pKa 3.9), can activate the
epoxide ring of glycidol toward cationic polymerization. Since DTDPA has two carboxylic acid
groups on each end, the polyglycerol backbone could propagate telechelically, ending up with
one molecule of DTDPA in the center of the hyperbranched polyglycerol backbone. The
suggested mechanism was an activated-monomer (AM) cationic ring opening polymerization
(Scheme S1), starting with proton transfer from the DTDPA’s carboxylic acid groups to the
epoxide ring, resulting in an activated glycidol. The deprotonated carboxylates of DTDPA
could further open the activated epoxide rings, resulting in its incorporation in the polymer
backbone. The reaction mechanism of carboxylic acid-containing molecules and glycidol has
been fully investigated in our group’s previously reported work, in which we copolymerized
citric acid and glycidol.['! We should mention that the hydroxyl group of glycidol could also
initiate the ring opening, as hydroxyl groups are more reactive in nucleophilic attack than
carboxylate,l!”] but due to the high concentration of DTDPA and the high reactivity of
protonated glycidol, carboxylate groups can also initiate the polymerization.

To study the effect of DTDPA on the polymer structure, experiments with different
molar ratios of glycidol to DTDPA [Gly]:[DTDPA]; 5, 10 and 20 were carried out at 70 °C.
The respective products of these experiments are called hPGs-DTDPA, hPGio-DTDPA, and
hPG20-DTDPA. The polymers were fully characterized using various spectroscopic and
analytical methods to verify the incorporation of DTDPA in the polymeric backbone, quantify
the disulfide content, and identify the degree of branching of the hyperbranched polyglycerol.
The proton signals at 2.6-3.0 ppm are assigned to the methylene groups adjacent to the disulfide
and ester-carbonyl in "H NMR and can be used as a first proof of the integration of DTDPA in
the polymer structure. The decrease in the intensity of the ester-carbonyl stretches when
decreasing the amount of initiator in the feed enforces the participation of DTDPA in the
polymerization (Figure S1B). In FTIR, the absorbance of the ester-carbonyl stretch was present
at 1729.6 cm™! (Figure S1C). By comparison, the value for the carboxylic acid-carbonyl stretch
of DTDPA was 1630.2 cm™! (Figure S2). Figure S1D also shows the inverse-gated *C NMR

spectrum of the resulting polymer. We identified the different structural units and calculated
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their relative abundance as well as the degree of branching of AB» type monomers (Table S1),
as reported by Holter and Frey.['8]

The molecular weight of the resulting polymers is also reported in Table 1, as calculated
from 'H NMR (Equation S1). For chain growth polymerizations, including cationic
polymerization, the degree of polymerization can be related to the kinetic chain length, which
is the result of the number of consumed monomers per initiated chain.['”) Therefore, increasing
the initiator concentration will lead to a decrease in the degree of polymerization, and hence a
decrease of the average molecular weight of the polymer. hPGs-DTDPA, with its 5:1 ratio of
monomer to initiator, has a lower molecular weight than hPG2o-DTDPA with its 20:1 ratio. On
the other hand, the degree of branching is inversely proportional to the ratio of DTDPA present
in the feed. This may be related to the availability of many glycidol monomers that can be
activated in the presence of a larger amount of DTDPA — and therefore the increased possibility
of reaction between the secondary hydroxyl groups and other monomers.

We observed from the inverse gated '3C NMR spectrum (Figure S1D) that the relative
abundance of the L1 4 structural units was high compared to the obtained L4 structural units
when glycidol was polymerized in an anionic fashion. The excessive presence of Li 4 structural
units also indicates that the mechanism of polymerization was through the activated monomer
(AM) mechanism, where the glycidol monomers were first activated by carboxylic acid groups
before undergoing the ring opening polymerization. We also demonstrated that DTDPA was
incorporated in the dendritic polyglycerol core through two-dimensional heteronuclear multi-
bond connectivity (HMBC) NMR (Figure S1E). The correlation between the proton signals of
polyglycerol backbone at 3.5 and 4.2 ppm and the ester-carbonyl signal at 180 ppm was an
indication for the existence of DTDPA in the polymeric core. To prove that the DTDPA has a
major role in the polymerization of glycidol, we performed a control reaction under the same
reaction conditions (catalyst free, solvent free and at 70 °C), but without DTDPA. After
performing dialysis with a membrane of a molecular weight cutoff (MWCO) of 1 kDa, the
reaction yield was negligible (less than 5%). Hence, we could conclude that DTDPA was
essential in initiating the reaction.

We aimed to prove that the hyperbranched polyglycerol with DTDPA can undergo
degradation under reductive conditions before incorporating it as a building block in a hydrogel.
We wanted to present a proof of concept that the disulfide bond can be reduced in the presence
of a reducing agent, while also identifying the resulting degradation products. hPG1o-DTDPA,
referred to as SS-hPG throughout the remainder of this manuscript, was incubated in an aqueous

solution containing 10 mM of 3,3',3"-phosphanetriyltripropanoic acid (TCEP) as reducing
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agent to cleave the disulfide bonds. After 3 days, 'H NMR was used to identify the resulting
degradation products (Figure S3). In the 'H NMR of degradation products, the peak at 3.0 ppm,
assigned to the methylene protons adjacent to the disulfide bond, disappeared, while a new peak
appeared at 2.9 ppm, which is assigned to the methylene protons adjacent to thiol groups.
Hence, our degradation products are a polyglycerol chain with a free thiol group, a polyglycerol
chain completely detached from DTDPA due to the ester cleavage, and 3-mercaptopropanoic

acid resulting from the cleavage of both ester and disulfide groups.

2.2. Formation and characterization of the hydrogel
To achieve a cross-linkable SS-hPG, 7% of the hydroxyl groups were converted into acrylate
groups by esterification with acryloyl chloride to obtain SS-hPG-Acry. The hydrogel was
subsequently formed by mixing the PBS solution of SS-hPG-Acry and 4-arm-PEG-SH with a
determined concentration after overnight incubation at room temperature. The hydrogels were
prepared at different weight percent concentrations to investigate the effect of gel concentration
on the stiffness and mechanical properties of the hydrogels. The hydrogels were prepared by
chemical cross-linking of the thiol groups of the 4-arm-PEG-SH and the acrylates of the SS-
hPG-Acry via a thiol-Michael addition click reaction (Figure S7A). After gelation, the 'TH NMR
spectrum showed 90% reduction in the peaks associated with the protons of the alkene group
of the acrylate in the region between 6.0 and 6.6 ppm (Figure S7B) after 1 hour. When observing
the corresponding FTIR spectra of the compounds, an alkene band appeared after acrylation at
800 cm! and disappeared in result of gelation. The thiol stretching absorbance band at 2700 cm-

! disappeared as well in the hydrogel spectra, indicating the thiol-ene click reaction.
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Figure 2. (A) Elastic and viscous modulus values (G and G"") of different concentrations of
reducible hPG block and 4-arm-PEG-SH crosslinker for a 1:1 ratio. (B) G” and G""of hydrogels
for different reducible hPG block and 4-arm-PEG-SH crosslinker ratios at a concentration of
17.5%. (C) Mesh size of hydrogels with different components’ concentrations at 1:1 ratio
according to the Canal-Peppas equation. (D) SEM images of freeze-dried hydrogels with
different concentrations of the building components. (E) Swelling ratio of 17.5% hydrogel. (E)
G’ and G"'of 17.5% hydrogel measured in cycles of 1% and 600% strain. (F) Photos taken at
different time points of 17.5% and 8% hydrogel, one half without dye and second half with blue
dye, combined together to prove the self-healing properties of the hydrogel.

Redox-responsive hydrogels were prepared by mixing SS-hPG-Acry and 4-arm-PEG-
SH in a 1:1 molar ratio at varying weight concentrations (%W/V) of (6%, 8%, 10%, 12.5% and
17.5%). The rheological properties of the hydrogels were compared through the elastic and
viscous modulus values G" and G”’, respectively. G" and G""provide insights into how materials
respond to deformation under oscillatory shear. G' indicates the solid-like behavior (elasticity),
while G" indicates the liquid-like behavior (viscosity). G" and G'" are calculated from the

frequency sweep test, where the shear strain is fixed at 1% and the G" and G"” values are set
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according to the linear region when varying the frequency. The gel with lower concentrations
of polymeric content exhibited lower G and G"'and behaved as a soft gel. At increased
concentrations a noticeable increase in G” and G’ 'was observed, along with increased gel
stiffness (Figure 2A). The mesh size of the hydrogels was calculated according to the Canal-
Peppas equation, with G” as the varying parameter. Figure 2C, showing the results of the
calculations, expresses a trend of decreasing mesh size with increased polymeric content
concentration; in other words, the mesh size was inversely proportional to G’. Recorded SEM
images of freeze-dried hydrogels showed smaller hydrogel mesh size for hydrogels with higher
concentrations of SS-hPG-Acry and 4-arm-PEG-SH (Figure 3D). The elastic and viscous
moduli were also tested when fixing the concentration at 17.5% and varying the SS-hPG-
Acry:4-arm-PEG-SH ratio. Gels did not form for a 3:1 ratio. The values of G” and G""increased
drastically for a ratio of 1:1 and almost plateaued when further increasing the 4-arm-PEG-SH
to SS-hPG ratio (Figure 2B). Moreover, the 17.5% gel was able to swell from its dried state,
showing an almost eightfold weight increase over two hours (Figure 2D). The gels exhibited
self-healing properties due to the dynamic nature of the disulfide bonds. To investigate these
self-healing properties, extreme strain (600%) and mild strain (1%) were applied to the 17.5%
hydrogel in alternating cycles (Figure 2E). Under 600% strain the gel was totally deformed: G’
dropped around 10 folds and became even lower than G™'. G’, as a representative of the
crosslinked network density, get lower because the network collapses, losing the storage energy
which is normally stored via the crosslinked network while G"* get higher due to the applied
energy that dissipates due to the lower network density which collapses when applying high
shear strain force. However, when strain was reduced back to 1%, the gel showed instant
recovery, with G” and G’ 'returning to their original values. Thus, the hydrogels were able to
conserve their viscoelastic properties and mechanical strength after their rupture if they remain
partly intact. The self-healing property can also be tested visually by staining one hydrogel with
a blue dye and leaving the other one uncolored. Both hydrogels were cut in half and brought in
contact, then observed at different time points (Figure 2F). The test was performed on both 8%
and 17.5% hydrogels, confirming that the gels were able to merge again, and that the 8% gel

was able to heal faster.

2.3. Degradation and release properties of the hydrogel
The hydrogel degradation was tested by incubating different hydrogels, each
corresponding to a point in time, in 1 mL PBS pH=7.4 (control) and in the presence of a
reducing agent (10 mM GSH or 10 mM dithiothreitol, DTT). For each time point, 0.5 mL of

the media was withdrawn and lyophilized to calculate the weight loss of the hydrogel upon
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degradation, and the storage and loss moduli of the hydrogel were measured by applying the
time sweep test (Figure 3A). The hydrogel was completely deformed when incubated in a
reducing environment: the values of G* and G"’decreased tremendously. The degradation in
DTT was twice as fast as the degradation in GSH, and the hydrogel was able to conserve its
mechanical properties in the control medium (Figure 3B and 3C). The degradation was also
proven by measuring the weight loss of the hydrogel over time. When the disulfide bonds were
reduced, the hydrogel gradually lost the crosslinked network configuration, which allowed for
the degraded segments to become soluble in the reducing media. Once the solution was
lyophilized, the weight of those segments was calculated and the degradation profile of the
hydrogels versus time was plotted (Figure 3D). The SEM images of freeze-dried hydrogels
(10% and 17.5% concentrations) recorded before and after incubation with 10 mM DTT show
a deformation in the hydrogel network where the pore’s configuration was disrupted; hence, we

were able to visualize the consequential degradation of the hydrogel’s network (Figure 3E).
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Figure 3. (A) Scheme representing the degradation experiment. Several 17.5% hydrogels were
incubated in 1 mL of media (PBS, 10 mM GSH and 10 mM DTT). At each time point, G" and
G"'were measured, and 500 pL of the solution media was lyophilized and weighed to identify

the loss in the hydrogel weight. (B), (C) and (D) Degradation of the 17.5% hydrogels identified
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by recording G’, G""and the hydrogel weight loss respectively, at different time points, in GSH
or DTT media. (F) SEM images of freeze-dried 10% and 17.5% hydrogels recorded before and
after incubation with 10 mM DTT for 24 h.

Following the degradation of the hydrogels in a reductive environment, a model protein,
albumin—fluorescein isothiocyanate conjugate (FITC-BSA) was encapsulated in the hydrogel’s
network to evaluate the triggered protein release, either spontaneously or on-demand, by adding
high concentrations of the reducing agent at a certain time point. The encapsulation of FITC-
BSA was performed during the formation of the hydrogel by adding a solution of 2 % wt. FITC-
BSA during the mixing of the hydrogel’s components, as shown in Figure 4A. As for the release
profiles, the hydrogel could successfully release the FITC-BSA in a reductive environment with
the presence of either 10 mM GSH or DTT in a controlled fashion. The hydrogel barely leached
any FTIC-BSA in PBS (<20%), which indicates that the release was due to degradation of the
hydrogel backbone, not physical diffusion (Figure 4B). In another experiment, the hydrogels
were only incubated in PBS solution, and after 3 h, a high concentration of GSH or DTT was
added to the media to observe the sudden release of FTIC-BSA from the hydrogels. This proved
that the release from the hydrogel can also occur on demand (Figure 4C). In Figure 4D, we took
photos under UV illumination (A= 665 nm) of FTIC-BSA-loaded hydrogels in PBS and 10 mM
DTT solutions over the course of 4 hours. The hydrogel incubated in PBS remained intact.
However, the hydrogel in the reducing environment completely dissolved and the entire media
became fluorescent, indicating the release of the FITC-albumin from the hydrogel after

complete network degradation.
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Figure 4. (A) Scheme representing the encapsulation of active pharmaceutical ingredient
(FITC-BSA or vancomycin) in the hydrogel. (B) and (C) slow and on-demand release profiles,
respectively, of FITC-BSA-loaded 17.5% hydrogel incubated in PBS, 10 mM GSH and DTT
for on-demand release. The hydrogel was incubated in PBS and a high concentration of GSH
or DTT was added after 3 h. (D) photos of FITC-BSA-loaded 17.5% hydrogel incubated in PBS
and 10 mM DTT, captured at different time points.

2.4. Cell viability and in-vitro antibacterial activity

The biocompatibility of the hydrogels with different concentrations (17.5%, 12.5% and
8%) was tested on L.929 mouse fibroblast cells using PrestoBlue™ cell viability assay. The
experiment was set up to mimic a real-life skin model by inserting a Transwell™ cell culture

insert on top of the cell media to act as a porous barrier between the cells and the hydrogel
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(Figure 5A). In addition, a solution of 5 mM GSH was added to the hydrogels to trigger
degradation and to allow investigation of the degradation products’ cytotoxicity. Figure 5B
shows a live/dead assay result in the form of a microscopic fluorescent image recorded for the
cells incubated with 17.5% hydrogel after 24 h. Incubated cells were stained with a mixture of
calcein-AM and propidium iodide dyes, which differentiated their live or dead state through
green and red fluorescence, respectively. The remarkably dominant green color showed that an
great majority of the cells remained alive. As for the PrestoBlue™ assay tested on the variable
concentrations and degradation products of the hydrogels, cells showed excellent viability after

24 h as well as 96 h, which demonstrated the high biocompatibility of the systems.
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Figure 5. (A) Scheme of the cytotoxicity assay setup, where a Transwell™ insert containing
different hydrogel concentrations was inserted on top of the plate’s well, with and without the
addition of 5 mM GSH. (B) Fluorescence microscopy images of the live/dead cell viability
assay upon treatment with the 17.5% hydrogel after 24 h. (C) and (D) Cell viability assays of
cells treated with different hydrogels, with and without the addition of GSH, after 24 h and 96

h respectively.

We envision these hydrogels serving as a delivery platform to ensure the controlled
topical transport of active pharmaceutical ingredients. We therefore encapsulated vancomycin
in the hydrogel network during hydrogel preparation. Vancomycin is a glycopeptide antibiotic

medication used to treat bacterial infections. It is applied intravenously as a treatment for
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complicated skin infections, bloodstream infections, endocarditis, and bone and joint infections.
To treat infected skin tissues, vancomycin is administrated intravenously in high doses to
achieve effective results.?”) The high doses often lead to challenges such as kidney failure, local
pain, thrombophlebitis, and even anaphylaxis or erythema; all the while potentially contributing
to resistance development.!?!! Therefore, delivering vancomycin topically can be an alternative
option to overcome those challenges. The release profiles of vancomycin-loaded hydrogels
were plotted for the different reductive media and the control medium and were observed to
show a controlled trend (Figure 6A). The spontaneous release for different gel concentrations
(i.e. different mesh sizes) was also tested and found negligible between a concentration of 8%
and 17.5%. (Figure 6B).

Next, we evaluated the hydrogels’ antibacterial efficacy by exposing their surfaces to
bacterial suspension. 100 uL of gels at different concentrations (8%, 12.5% and 17.5%), without
and with loaded vancomycin, were prepared in the wells of a 96-well plate and then challenged
with bacteria (5 pL K-12 E. coli culture, 100 pL LB, starting OD600 was 0.01). Hydrogels
loaded with vancomycin showed an effective antibacterial activity against E. coli after 6 h.
Hydrogels acting as a topical cover over an infected wound should also prevent the penetration
of further bacteria and act as a block to any bacterial propagation. Hence, a hydrogel-coated
Transwell™ model with a pore size of 3 um (large enough for E. coli to pass through) was
placed on top of the wells of a 24-well plate, and the bacterial solution was then placed on top
of the hydrogels. We tested hydrogels with concentrations of 8 and 17.5%, both empty and
loaded with vancomycin. We then grew CFUs from the media from the bottom of the well and
calculated CFUs/mL. We observed that bacterial penetration was blocked regardless of the
component’s concentration or the presence of vancomycin (Figure 6D). Finally, the long-lasting
effect of the hydrogel loaded with vancomycin was tested, compared to vancomycin and E-coli
as controls. The optical density at 600 nm was measured every 15 min for 20 h (Figure 6E).
The vancomycin-loaded hydrogels showed a long-lasting antibacterial activity, and the
hydrogel with the lowest concentration was the most effective. The empty hydrogels showed
bacterial growth even above the E. coli control, with the lowest-concentration hydrogel having

the highest bacterial growth.
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Figure 6. (A) and (B) Release profiles of vancomycin (VAN)-loaded hydrogels in different
media for the same 17.5% concentration and in PBS for the 17.5% and 8% hydrogels in PBS

only. (C) Antibacterial assays, , measurement of CFU after 20hr incubation with bacteria. (D)

Bacterial blockage. (E) ) Bacterial growth curve showing long-lasting antibacterial activity.
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2.5. In vivo wound healing and toxicity studies
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Figure 7. In-vivo wound healing model: (A) Photographs of wound cuts for control, Tegaderm,

8% hydrogel and 8% hydrogel+VAN groups at day 0, 3, 5 and 12. (B) Wound concentration in
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percentage determined by Imagel] for the groups after 3, 5 and 12 days. (C) hematoxylin-eosin

staining (H&E) of rat’s wound tissues at day 5 and 12 for the same test groups.

As shown in the photographs of the wounds (Figure 7A) and the percentage of wound
contraction as determined by Imagel software (Figure 7B), the Tegaderm and wound groups
displayed slow healing during the 12-day period. In fact, the results demonstrate that the healing
progress speed was much higher in the 8% hydrogel and 8% hydrogel+VAN groups: 3 days
after surgery, the percentage of wound contraction is 46.12+15% for 8% hydrogel and
58.65£15.1 for 8% hydrogel+VAN, respectively. By contrast, these values were 37.2+16.2%
and 36.3 £18% for the Tegaderm and control groups, respectively. Moreover, Figure 7C
demonstrates the results of hematoxylin-eosin staining (H&E) staining of rats’ wound tissues at
day 5 and day 12 post-surgery. The results at day 5 displayed many inflammatory cells and
disorganized micro-architectures in control groups compared to other groups. At day 12, the
collagen fibers in 8% hydrogel and 8% hydrogel+VAN groups were more organized. In 8%
hydrogel+VAN groups, a new layer of epidermis is observable. The histopathology results of
H&E staining of the rat’s main organs, including kidney, liver, and spleen (Figure 7D), did not
show histopathological alterations such as dead tissue or alterations in the structure of cells. In
addition, there was no signs of inflammation in 8% hydrogel, 8% hydrogel+VAN and Tegaderm
groups compared to control group.

Figure S8 demonstrates the results of blood hematological and biochemical factors.
As shown in the graphs, biochemical factors, including total protein (TP), albumin (ALB),
calcium (Ca), blood urea nitrogen (BUN), creatinine (CREA) are not significantly different in
8% Hydrogel and 8% Hydrogel+VAN. Moreover, white blood cells (WBCs), red blood cells
(RBCs), hemoglobin (HGB), hematocrit (HCT) and platelets (PLT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin

concentration (MCHC) are not significantly different among different groups.

3. Conclusion

In this work, an antibacterial hydrogel was prepared on a multigram scale using a
straightforward process. The hydrogel was loaded with an antibacterial peptide for topical
delivery to infectious wound sites and to prevent bacterial contamination. Due to the
incorporated disulfide bonds, the hydrogel backbone can be degraded in the reductive
environment of infectious wounds, releasing its cargo of the antibacterial peptide; the hydrogel
will eventually be removed after degradation, without causing any secondary damage to the

wound. The in-vitro results show that the hydrogel and its degradation products are non-toxic
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to cells, and the hydrogel loaded with vancomycin acts as a barrier against bacteria, with a
significant antibacterial effect against E. coli. The hydrogels loaded with vancomycin exhibited
improved healing of infected wounds in an in-vivo dermatological mouse model. The high
biocompatibility, degradability and antibacterial properties of this disulfide-based hydrogel

qualify it as a promising wound dressing for topical drug delivery to infected wounds.

4. Experimental Section

Materials: glycidol (96.0%) from Sigma-Aldrich (distilled) and 3,3’-dithiodipropionic
Acid (>99.0%) from Tokyo Chemical Industry (TCI) were used for the polymer synthesis.
Acryloyl chloride (96.0% stabilized with phenothiazine) purchased from ABCR and Sodium
hydride (60.0% dispersion in mineral oil in soluble bags), from ACROS Organics were used
for the acrylation. Albumin-fluorescein isothiocyanate conjugate and vancomycin
hydrochloride purchased from Sigma-Aldrich were encapsulated in the hydrogels. For the
release studies, Glutathione (GSH, 98.0%) and DL-1,4-Dithiotreitol (DTT, 98.0%) from
Thermo Scientific were the reducing agents employed. The PBS solution was prepared with 1x
PBS tablets for 1000 mL from ChemSolute, Th. Geyer. Methanol (MeOH, >99.9%) and
anhydrous dimethyl ether (DMF) were purchased from Acros Organics. Cellulose ester dialysis
membrane (MWCO = 1.0 kDa) was purchased from Carl Roth GmbH + Co.

Instrumentation: '"H NMR and C NMR spectra were recorded either on a Bruker
AVANCE III 500 (Bruker Corporation), or a Jeol ECP 600 (JEOL GmbH). Chemical shifts are
reported in 6 (ppm) and referenced to the respective solvent. Deuterated water (D2O) was used
for the characterization of the final polymeric products. Infrared spectroscopy measurements of
the compounds were conducted using a JASCO FT/IR-6700 FT-IR Spectrometer. For the
encapsulation and release experiments, UV/vis measurements were conducted on an Agilent
Cary 8454 UV/visible spectrophotometer, using semi-micro reusable cuvettes. The rheological
trends of the hydrogels were evaluated by using a Malvern Kinexus rheometer. A plate upper
geometry (8 mm diameter) and a cone upper geometry (1:20 mm diameter) were used as test
geometries depending on the viscosity of the hydrogels. Time and frequency sweep tests were
conducted before the measurements and fixed at 1 Hz and 1% strain. A closed system was used
to avoid evaporation of water from the hydrogels during measurements. The surface
morphologies of lyophilized hydrogel samples were analyzed using a Scanning Electron
Microscope (SEM), with an SU8030 Hitachi instrument, operating at an accelerating voltage
of 15 kV.

Synthesis of reducible hyperbranched polyglycerol (hPG-DTDPA): to a 100-mL 3-neck
Schlenk flask equipped with a mechanical stirrer 4.62 g (0.022 mol) 3,3’-dithiodipropanoic acid
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(DTDPA) was added, dried under high vacuum for 1 hour and flushed with Argon. 5, 10 or 20
equivalent amounts of glycidol was then added and the reaction was left to stir at 100 rpm at
70 °C for 3 days. Afterwards, the reaction was quenched with water/methanol (1:1 v/v) and
dialyzed against the same solution for the first day, changing the medium 3 times per day and
eventually against only water for 2 days using a membrane with a MWCO of 1 kDa. The
purified product was concentrated under reduced pressure and lyophilized to obtain the final
product.

For the Acrylation, 2.54 g of SS-hPG was dried in a 50-mL Schlenk flask under high
vacuum at 40 °C overnight. Next day, the polymer was flushed with Argon and left to cool off
before dissolving it in 10 mL of anhydrous DMF. 205 mg (0.15 eq / OH groups) Sodium hydride
was then added to the flask at 0 °C. The reaction was left to stir for an hour to enable the
deprotonation of the hydroxyl groups. Subsequently, 0.46 g (0.15 eq / OH groups) of acryloyl
chloride was added dropwise and the reaction was left to stir at room temperature overnight.
Afterwards, the reaction was dialyzed against water for 2 days using a 1 kDa MWCO
membrane. The final product was concentrated and lyophilized and then redissolved in
phosphate buffered saline solution (PBS) for a 100 mg /100 puL concentration stock solution
and stored at -4 °C. The degree of acrylation was calculated according to the 'H NMR spectrum
and is found to be 6.5% (Equation S2).

Synthesis of 4-arm-PEG-thiol: 4-arm-PEG-thiol was synthesized in accordance to what
is previously published in literature.[??! 4-arm-PEG was functionalized with thiol group by using
thiourea. First a mesyl group was introduced then the thiolation and hydrolysis were carried out
at 80°C. After purification, a pale yellowish precipitate was obtained in a high yield. The final
product was characterized by 'H NMR and the functionalized thiol groups were quantified by
Ellman’s assay, which showed approximately 3.7 groups per molecule (Page S4-S6).

Hydrogel chemical crosslinking: hydrogels were prepared for different building block
and crosslinker concentrations (8%, 10%, 12.5% and 17.5%) and ratios (3:1, 2:1, 1:1, 1:2 and
3:1) to define their viscoelastic properties through rheology measurements. The hydrogel is
formed via the thiol-ene click reaction between the acrylate groups of the hPG and the thiol
groups of the PEG in PBS solution at a pH of 7.4. The general procedure consisted of preparing
two solutions of SS-hPG-Acry and 4-arm-PEG-thiol in PBS solution. 100 pL of 4-arm-PEG-
thiol was first added to a 2-mL Eppendorf cap, followed by 100 pL SS-hPG-Acry solution and
mixed with the help of an Eppendorf pipette. The cap was then sealed with the inversed
Eppendorf and the hydrogels were left to shake at 100 rpm overnight.
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Hydrogel swelling: freshly prepared hydrogel samples (200 mg) were freeze-dried and
immersed in deionized water (5 mL) at room temperature. At periodic time intervals, the weight
of the hydrogels was recorded after removing the surface water. The swelling percentage was
calculated as the percentage of weight increase of the swollen state at an interval t (W-Wy) with
respect to the initial weight of the dry hydrogel (Wo) (Equation 1). Swelling experiments were
repeated for three different samples (n=3) and plotted as Mean+SD.

We =Wo o 100 (1)
W,

0

Y%swelling =

Hydrogel self-healing test: the 8% and 17.5% (w/v) hydrogels (with and without a blue
food dye) were prepared in the Eppendorf cap as mentioned previously. After their formation,
the gels were cut in half using a blade. One of each halves were then pressed into each other in
the same orientation as the cut. The combined hydrogels were observed at t=0, 3, 6 and 24 h to
visualize the self-healing properties.

For rheological assessment of self-healing, the 17.5% hydrogel subjected to high
(600%) and low (1%) strains in cycles for a total of 3 cycles. G and G"'were recorded and
plotted with respect to time to assess the conservation of hydrogel properties throughout the
cycles.

Hydrogel mesh size calculation: the mesh size of the hydrogels with different
concentrations was calculated using the Canal-Peppas equation based on the elastic modulus of

the gel®®) according to Equation 2.

1
3

¢= (G}?;A) )

Where R is the gas constant in J-mol'K™!, T is the temperature in K, G’ is the elastic
modulus N-m2, and Na is Avogadro’s constant.

Hydrogel redox-responsive degradation: rheological experiments were carried out to
demonstrate the disassociation of the gel matrix in the presence of a reducing agent. 17.5%
hydrogels were incubated in 1 mL of PBS, 10 mM GSH, and 10 mM DTT media for different
time points. At each time point the degradation of the gel was investigated using time sweep
tests on a rheometer recording G” and G”’. Simultaneously, 0.5 mL of each media at a certain
time point was removed and lyophilized and the degradation was assessed based on the weight
loss of the initial hydrogel. For visual assessment of degradation, two fluorescein

isothiocyanate-labeled bovine serum albumin (FITC-BSA) loaded hydrogels were incubated in
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PBS and 10 mM DTT solutions respectively. Photographs of vials were taken under UV
illumination (365 nm) to indicate the gel degradation.

Active pharmaceutical ingredient loading and release studies: FITC-BSA and
vancomycin were used as a model protein and antimicrobial glycopeptide as active
pharmaceutical ingredient (API) respectively. The APIs were encapsulated into hydrogels
during gelation. In short, a concentration of 1 mg/50 puL of API, 17.5 mg/50 puL of 4-arm-PEG-
thiol and 17.5/100 uL of hPG-DTDPA were prepared in PBS solution. In an Eppendorf’s cap
the 4-arm-PEG, API and hPG-DTDPA were added sequentially. The gel was mixed, sealed,
and left to shake overnight. After gelation, hydrogels were placed into 5 mL of PBS, 10 mM
GSH and 10 mM DTT containing vials. At different time point, 2 mL samples were taken out
and the amount of API released in the supernatant was determined using a UV—vis
spectrophotometer at 495 nm and 280 nm for FITC-BSA and vancomycin respectively. For the
on-demand release study, hydrogels were treated with 100 mM GSH and 100 mM DTT after 3
h of passive release. The release experiment was repeated 3 times for each set of hydrogels.

In vitro cytotoxicity assays: Cytotoxicity of the hydrogels with different concentrations
with and without addition of GSH was investigated via a PrestoBlue™ viability assay on L929
mouse fibroblast cells. Cells (69,000 cells/well) were seeded on a 12-well plate with 2 mL of
the culture medium and incubated at 37 °C overnight to grow and adhere. Transwell™ with a
pore size of 0.45 um were inserted on top of the plate’s well. 200 mg hydrogels (17.5%, 12.5%
and 8%) with and without the addition of 5 mM GSH were placed on inside the Transwell™.
The hydrogels were incubated in the cells for 24 and 96 h. After the incubation time, 100 pL.
was taken of each well in three replicates and treated with 10% of PrestoBlue™ solution for 3
h, and the absorbance values at 570 nm were measured using a microplate reader. Non-treated
cells were used as a positive control, and cells treated with 5 mM GSH were used as a control
for the degradation experiment.

Live/Dead cell viability assay: the L929 mouse fibroblast cells adhered on the previous
12-well plate were rinsed twice with PBS and the cells were stained according to the protocol
of the live/dead assay kit (Sigma, 04511-1KT-F). The cells were stained with PBS solution
containing 10 pL of calcein-AM and then with 5 pL of propidium iodide (PI) for 30 min at
37 °C. After removing the solution and washing with PBS, the cells were imaged using a

fluorescence microscope (Zeiss Observer Al equipped with AxioCam MRc5) and AxioVision
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software. The live and dead cells exhibited green and red fluorescence respectively due to
calcein-AM and PI.

|In vitro antibacterial activity and growth curves: In this study the K-12 E. coli DH5a
was streaked out on LB agar from frozen stock. Liquid culture was created from a single colony
isolated from the LB plates and allowed to grow for 6 hours at 37°C in 5 mL of LB media. 100
pL of LB media was added on top of 100 uL of solidified hydrogel of varying concentrations
with the presence or absence of vancomycin in a 96-well plate (round bottom, Sarstedt),
followed by 5 puL of bacterial culture. The lid of the 96-well plate was coated in anti-fog solution
(0.05% TritonX-100, 20% Ethanol in water!>*! and allowed to completely dry under the clean
bench hood. The closed with lid 96-well plate was placed in the Agilent BioTek Epoch 2
Microplate Spectrophotometer and allowed to grow for 20 hours at 37°C with continuous
shaking (double orbital) measuring at ODgoo in 15 min intervals.

Colony forming units (CFUs) were then preformed after the 20-hour growth curve using
the resultant culture as described in Maan et al.!*>! Briefly, the culture was transferred to a 96-
well plate and a serial dilution from 10° to 107 was performed in DPBS. 20 pL of varying
dilutions were spotted onto LB agar plates and allowed to dry completely in clean bench hood.
Plates were incubated overnight at 37°C and CFUs were then counted.

Bacterial-blockage activity: hydrogels of concentrations 17.5% and 8% with the
presence and absence of vancomycin were formed in parafilm wrapped Transwell™ (pore size
3 um) and hardened overnight. Parafilm was carefully removed from Transwell™ in clean
bench hood and Transwell™ were placed in 24-well plate that contained 100 uL of L B media
(The Transwell™ was partially bathing in the 100pL of the LB). 100 pL of LB media was then
added to the top of each Transwell™ followed by 5 puL of E. coli culture (prepared in the same
way as described above). Plates were covered and incubated overnight at 37 °C in static
conditions. The following day, Transwells™ were carefully removed and culture from 100 pL
of LB was transferred to a 96-well plate and CFUs were performed as described above.

In vivo wound healing and toxicity studies: In all in vivo studies, the rats were
kept in their houses for one week to acclimate them to the new conditions. During the studies,
the cycle of 12 hours of light and 12 hours of darkness was maintained in the house, as well as
the ambient temperature of 21-23 °C and relative humidity of 50-60%. All principles of working
with laboratory rats and methods were in accordance with the ethical standards and instructions
of the Committee for Working with Laboratory Animals of Lorestan University of Medical
Sciences (Ethical code: IR.LUMS.REC.1402.213). S. aureus-infected full thickness skin was

employed to investigate the wound healing potential of hydrogels in a rat model. For this
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purpose, rats (male Sprague-Dawley rats, 180-220 g) were randomly divided into 4 groups (n
=6) including wound alone without any treatment (Wound), the commercially-available
dressing as a positive control (Tegaderm), Hydrogel (Gel) and drug loaded hydrogel (Gel-D).
Before the wound creation, the rats were anesthetized with a mixture of ketamine and xylazine.
Then, two wounds were created on the back side of animals with a diameter of 10 mm after
shaving them. Afterward, 20 pl of a 0.5 MaFarland S. aureus suspensions was employed for
each wound to infect it. After 15 min, the related treatments were employed in each group. The
wounds in each group were monitored and photographed at days 0, 3, 5, and 12. The images
were analyzed by Image] software. on the 5 and 12th day, the wound and the surrounding
repaired tissue were harvested and fixed in 4% paraformaldehyde. After dehydration with
respectively: alcohol 70 %, 80%, 90%, absolute 1 and absolute 2, the samples were embedded
in paraffin, section with 5-7 pm thickness were obtained by a microtome, finally, the samples
were stained by H&E to investigate the wound repair and inflammation.

To investigate the animal toxicity of hydrogel, in addition to measuring the toxic effect
of hydrogel and drug-containing hydrogel on important organs such as kidney, liver and spleen,
the function of these organs is also evaluated. For this purpose, at day 12, 2 ml of blood was
taken to check hematological parameters including White blood cells (WBCs), Red blood cells
(RBCs), hemoglobin (HGB), Hematocrit (HCT) and Platelets (PLT), Mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), and biochemical factors including total protein (TP), albumin (ALB), calcium (Ca),
phosphorus (ph), blood urea nitrogen (BUN), creatinine (CREA). Moreover, to evaluate the
morphological changes in main organ of animals including kidney, liver and spleen, the tissue
of these organ was harvested and first fixed in 4% paraformaldehyde, dehydrated, embedded in
melted paraffin, cut into thin slices with a microtome, and stained with H&E and was observed
under an optical microscope.

Statistical analysis: the experiments were performed with at least three biological
repeats with three technical repeats within each biological repeat. Error bars represent £SD.
Statistical analysis was executed using the GraphPad Prism software (GraphPad Software, Inc.,

San Diego, CA).

Supporting Information

Supporting Information is available from the author.
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Figure S28. (A) Synthesis’s scheme of the solvent-free, catalyst-free activated monomer
cationic ring opening polymerization of glycidol using DTDPA, (B) and (C) '"H NMR and FTIR
spectra of hPG-DTDPA for different molar ratios [Gly]:[DTDPA] respectively, and (D) and
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(E) inverse-gated *C NMR and HMBC spectra of hPGio-DTDPA in D>O in 500 or 600 Hz

magnetic field.

Table S5. Characterization of reducible hPGs synthesized by different feed molar ratios
of [Gly]:[DTDPA]

hPGs-DTDPA hPG1-DTDPA  hPG20-DTDPA

Molar ratio of [Gly]:[DTDPA] 5:1 10:1 20:1

Degree of branching® 0.33 0.35 0.18

Terminal units? (%) 27 43 61

Dendritic units® (%) 14 12

Linear 1,3 units® (%) 11 7

Linear 1,4 units® (%) 47 43 61

M:®) (g/mol) 1600 2000 2400

Disulfide content® (%) 12.5 10.0 4.76

Disulfide content® (%) 14.16 11.08 4.76
Yield (%) 30 62 71

dnverse-gated *C NMR in D0, ®'H NMR in D>0 and ®elemental analysis.

3500 3000 2500 2000 1500 1000 500
Wavelength (cm-1)

Figure S2. FTIR spectra of DTDPA showing the carbonyl stretch of the carboxylic acid at 1630

cml.

'H NMR molecular weight calculation
The molecular weight of the polymer is calculated by fixing the protons corresponding to

DTDPA to 8.00, since there is only one molecule of DTDPA incorporated in the polymer. The
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protons belonging to the polyglycidol backbone (3.4 — 4.4 ppm) were divided by 5 (number of
protons in a repeating unit of glycidol) to calculate the number of glycidol repeating unit. The
number of glycidol repeating units was then multiplied by the molecular weight of one repeating
unit (74.08 g/mol) and added to the molecular weight of DTDPA (395.35 g/mol) to have the
total molecular weight of the polymer (Equation S1).

[3.4—4.4ppm
M, (g/mol) = c X Mgy + Mprppa S1

Degradation of SS-hPG with TCEP
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Figure S3. 'H NMR in D,O and structure corresponding to hPG1o-DTDPA (a), hPG1o-DTDPA
+ 10 mM TCEP (b), methyl 3-mercaptopropanoate (c) and 3-mercaptopropanoic acid (d). The

objective was to identify the degradation products of hPGio-DTDPA after its incubation with
10 mM TCEP.

To identify the correspondent of this peak, methyl 3-mercaptopropanoate and 3-
mercaptopropionic acid 'H NMR were recorded in D>O. The reason is the presence of a
methylene group adjacent to a thiol in both molecules and a methylene group adjacent to an
ester and to a carboxylic acid in methyl 3-mercaptopropanoate and 3-mercaptopropionic
respectively. Observing the spectra, the peaks of the protons of the methylene group adjacent

to the thiol in both molecules overlap with the peaks in the degradation spectra. In addition, the
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peaks of the protons of the methylene groups adjacent to an ester and carboxylic acid overlap
as well. An acidic medium will partially hydrolyze the ester bonds, and knowing that TCEP will
make the medium acidic, we except it to also hydrolyze the ester bonds partially in addition to
cleaving the disulfide bond. Having the peaks overlap between the degradation spectra and the
methyl 3-mercaptopropaoate and the 3-mercaptopropanoic acid spectra, can indicate that the

presence of thiols, esters, and carboxylic acids in the degradation products.

Degree of acrylation calculation (dAcrylate %)

The degree of acrylation was calculated by fixing the integral of the protons corresponding to
the glycidol (3.4-4.4 ppm) to 5.0 (number of protons in one glycidol repeating unit) to obtain
the integral of the protons between 6.0 and 6.6. these protons belong to the alkene of the

acrylate. This integral was then divided by 3 (number of protons in one alkene unit).

[6.0— 6.6 ppm
dAcrylate (%) = 3 x 100 S2
4-arm-PEG-thiol synthesis & characterization
ﬁs?
OH 0" II"CH SH
1. Thiourea, 1-propanol, n
o ‘ o 80°C, 1d o
MsCl, TEA, DCM o o 2. KOH, H,0 80 °C, 1 d
—_————— . 2 i L
Hovt\o/nﬁ//g\O/ﬁ"\/OH 0Crt1d HBC\S/OV{\O/@@\O%O\S/CW 3. TCEP 1-1270 r.2h Hsvf\o/"ﬁ//é\o/i\/SH
o ° o ° )
o
OH It
HsCu i,o SH
4-arm PEG thiol

4-arm PEG 4-arm PEG Mesylate

Scheme S2. Synthesis scheme of 4-arm-PEG-thiol.

Materials and Methods: Chemicals and solvents were purchased from Merck KGaA,
Darmstadt, Germany and used directly without any purification unless stated otherwise. Diethyl
ether (100%) was purchased from VWR chemicals. Potassium hydroxide (99.5%), and
dichloromethane (DCM, 99%) were purchased from Fischer Scientific. 4-arm PEG 10 kDa was
purchased from JenKem Technology USA Inc. Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) was purchased from TCI Deutschland GmbH. All NMR spectra (1H and 13C) were
recorded at 300 K by a Jeol Eclipse 500 MHz (Tokyo, Japan) or a Bruker AVANCE III 700
MHz spectrometer (Billerica, MA, USA). Chemical shifts & were reported in ppm and the

deuterated solvent peak was used as a standard. The determination of thiol group was performed
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by an Agilent Cary 8454 UV/visible spectrophotometer using disposable semi-micro-UV
cuvette.

Synthesis of 4-arm PEG mesylate: 10 kDa dried 4-arm PEG OH (Figure S1, 7 g, 0.7 mmol, 1
eq.) was dissolved in anhydrous dichloromethane (DCM, 50 mL) and TEA (0.97 mL, 7 mmol,
10 eq.) was added to the reaction flask. The mixture was cooled in an ice bath and methane
sulfonyl chloride (0.43 mL, 5.6 mmol, 8 eq.) was added dropwise. The reaction was left to stir
for 24 h. Afterwards, the crude product was washed three time with brine, dried with Na>SOy,
and concentrated under high vacuum. The crude mixture was precipitated in cooled diethyl
ether, collected, and dried overnight under high vacuum. The precipitate product was obtained

as a white powder with an 85% isolated yield (Figure S2).
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Figure S4. 'H NMR of 4-arm PEG in CDCls.
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Figure S5. '"H NMR of 4-arm PEG mesylate in CDCls.

Synthesis of 4-arm PEG thiol: 4-arm PEG mesylate (4.33 g, 0.43 mmol, 1 eq.) and thiourea
(0.66 g, 8.7 mmol, 20 eq.) were added to the reaction flask containing 1-propanol (10 mL). The
reaction stirred for 24 h at 80 °C to obtain the 4-arm PEG isothiouronium intermediate. After
removing 1-propanol, KOH (0.024 g, 0.43 mmol, 4 eq.) and water (40 mL) were added to the
reaction flask and the solution was heated again to 80 °C for 24 h. TCEP (0.5 g, 1.7 mmol, 4
eq.) was added to the crude mixture that was stirred for 2 h. The product was purified by first
saturating the crude mixture with NaCl, second extracting the product with DCM three times,
and drying it with Na>SOs, third concentrating the DCM layer, and finally precipitating it in
cooled diethyl ether. Dried 4-arm PEG thiol was obtained as a pale yellowish powder with a
90% isolated yield (Figure 3). Free thiol content was also characterized by Ellman’s assay
following the protocol of Thermofischer Scientific. The number of thiol groups was quantified
using the standard calibration curve of cysteine which contains 1 thiol group. The result shows

that the number of thiol group on 4-arm PEG thiol is approximately 3.7 groups).
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Figure S6. '"H NMR of 4-arm PEG thiol in CDCls.

Formation of the hydrogel
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Figure S7. (A) Hydrogel’s synthesis scheme by first preforming acrylation of 7% of the
hydroxyl groups of hPG1o-DTDPA and crosslinking it with 4-arm-PEG-SH via a thiol-ene click
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reaction in PBS solution, (B) 'H NMR of hPGo-DTDPA-Acrylate and the formed hydrogel in
deuterated PBS buffer, the disappearance of peaks corresponding to the alkene’s protons prove
the occurrence of the click reaction in deuterated PBS buffer and (C) FTIR spectra of hPGio-
DTDPA, hPGio-DTDPA-acrylate, 4-arm-PEG-SH and the formed hydrogel, the peaks
corresponding the alkene bending and thiol stretching disappears in the formed hydrogel,

proving the reaction.
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4 Conclusion & Summary

This work aims to develop novel systems for the transport of active pharmaceutical
ingredient (API) especially small molecules to specific target in biological entities by tackling
the main three challenges that this domain faces. The challenges of solubilizing hydrophobic
drugs, the elimination of drugs from the blood stream and specific targeting to a defined site.
The system is based on biodegradable polyglycerol copolymers by integrating biodegradable
moieties into the polyglycerol backbone via the copolymerization of the glycidol monomer with
7-membered lactone rings containing an ester functional group or an ester and disulfide bond
functional group, and a linear diacid that contains a disulfide bond. In the first two projects
where the comonomer chosen was caprolactone, two host molecules were encapsulated in the
DDS, sunitinib for cancer therapy and tofacitinib for skin inflammation therapy. The structure
of the project can be divided into the following packages: (i) bulk straightforward-synthesis of
the copolymer, (ii) chemical and physical characterization, (iii) encapsulation and release of
the chosen API (iv) in vitro biological assays, and (v) in vivo or ex vivo tests. In both cases the
system was proven to increase the solubilization of the guest drug significantly and improve its
performance in comparison to the drug alone. The introduction of the sulfate end groups into
the system led to its accumulation into the specific site in vivo.

In the first project, the copolymers were synthesized on a large scale (20 g) through a
simple two-step process. In vivo fluorescence imaging revealed significant accumulation of the
DDS in tumor environments. Sunitinib, an anticancer drug, was loaded into the DDS, and its
toxicity was assessed both in vitro and in vivo. Results showed similar toxicities between the
drug encapsulated in dPGS-PCL and the free drug in A431 and HT-29 cells, with comparable
cellular uptake. In the second project, the chosen API was tofacitinib. Inflammatory skin
disorders, such as psoriasis and alopecia areata, stem from dysregulation in the innate immune
system, triggering the Janus kinase-signal transducer and activator of transcription (JAK-STAT)
inflammatory pathway by cytokines like interleukin 6 (IL-6). JAK inhibitors, notably
tofacitinib, disrupt this pathway by binding to JAK enzymes. However, topical applications of
these inhibitors show limited efficacy, particularly for alopecia areata. This study introduces a
novel carrier, sulfated dendritic polyglycerol with caprolactone segments (dPGS-PCL), to
improve tofacitinib delivery. Testing on ex-vivo human skin models demonstrates enhanced
skin penetration of tofacitinib when loaded into dPGS-PCL compared to free tofacitinib. Anti-
inflammatory efficacy was evaluated through IL-6 and IL-8 release, and STAT3 and STATS
activation assays in inflamed skin models, indicating reduced activation of inflammatory
markers with increased tofacitinib penetration.
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The second system and third project, glycidol was copolymerized with the comonomer
containing an ester and a disulfide bond, were investigated thoroughly in terms of structure and
physical characteristics. The purpose was to understand the effect of the disulfide bond, whether
on the initial stages like synthesis or later stages like the chemical and physical characteristics
of the copolymer. Its copolymerization with glycidol was compared to the copolymerization of
caprolactone with glycidol under the same conditions via two different copolymerization
mechanisms. Interestingly, the structure obtained when using the comonomer containing the
disulfide bond was unique: an ideal random copolymer. This was not the case when the
comonomer used was caprolactone. Moreover, three different copolymers of the same
molecular weight with different disulfide ratios were tested for degradation and behavior in
aqueous solution. The project also focused on the biocompatibility of the copolymer for future
employment in biological entities.

Third system and fourth project, glycidol was copolymerized with a diacid that contains
a disulfide bond in a simple manner, without another catalyst or solvent. The diacid acted as the
proton donor to initiate the polymerization and was integrated in the polyglycerol backbone.
Redox-degradable hydrogels loaded with an antibacterial peptide (vancomycin) were formed
using the reducible polyglycerol as a building block, cross-linked by 4-arm polyethylene glycol-
thiol (4-arm PEG-SH). The hydrogel degrades under reductive conditions triggered by
glutathione, leading to the controlled release of the antibacterial peptide. Rheological analysis
was conducted to assess the mechanical properties, including stiffness, softness, and self-
healing capability, for various ratios and concentrations of both components. Hydrogel
degradation was confirmed through rheological measurements and weight loss analysis. FITC-
albumin and vancomycin were successfully loaded into the hydrogel, and the release kinetics
were evaluated for both sustained and on-demand release profiles. Furthermore, in vitro, and in
vivo experiments demonstrated that the vancomycin-loaded hydrogel acts as an effective
antibacterial barrier for wound dressing and accelerates the healing of infectious wounds in a
mouse model.

In conclusion, the design of straightforward, scalable, and solvent free drug delivery
systems is crucial for an adequate translation of the system from research to application stage.
However, the knowledge around the system should be complete and the performance should be
maximized. Moving forward from the first system into the second, and third the expectation of
the improvement of the system is suggested by introducing a second degradable moiety that
will in retrospect enhance the drug release. Therefore, the future steps should focus on the

encapsulation of a guest molecule and its release and testing the disulfide containing system in
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vivo, to be able to compare the performance to the caprolactone containing system, keeping in
mind that challenges might also arise along the way due to the sensitive nature of the disulfide

bond.
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S Zusammenfassung

Ziel dieser Arbeit ist die Entwicklung neuartiger Systeme fiir den Transport von
Wirkstoff, insbesondere von kleinen Molekiilen, zu spezifischen Zielen in biologischen
Einheiten, indem die drei wichtigsten Herausforderungen in diesem Bereich angegangen
werden. Die Herausforderungen sind die Solubilisierung hydrophober Arzneimittel, die
Beseitigung von Arzneimitteln aus dem Blutkreislauf und die spezifische Ausrichtung auf eine
bestimmte Stelle. Das System basiert auf biologisch abbaubaren Polyglycerin-Copolymeren, in
die biologisch abbaubaren Komponenten durch Copolymerisation des Glycidol-Monomers mit
7-gliedrigen Lactonringen, die eine funktionelle Estergruppe oder eine funktionelle Ester- und
Disulfidbindungsgruppe enthalten, und einer linearen Disdure, die eine Disulfidbindung
enthilt, in das Polyglycerin-Grundgeriist integriert werden. In den ersten beiden Projekten, bei
denen als Comonomer Caprolacton gewéhlt wurde, wurden zwei Wirtsmolekiile in die DDS
eingekapselt, Sunitinib fiir die Krebstherapie und Tofacitinib fiir die Therapie von
Hautentziindungen. Die Struktur des Projekts kann in folgende Pakete unterteilt werden: (i)
einfache Synthese des Copolymers, (ii) chemische und physikalische Charakterisierung, (iii)
Verkapselung und Freisetzung des ausgewihlten Wirkstoffs, (iv) biologische In-vitro-Tests und
(v) In-vivo- oder Ex-vivo-Tests. In beiden Féllen wurde nachgewiesen, dass das System die
Solubilisierung des Gastarzneimittels signifikant erhoht und seine Leistung im Vergleich zum
Arzneimittel allein verbessert. Die Einflihrung der Sulfat-Endgruppen in das System fiihrte zu
seiner Anreicherung an der spezifischen Stelle in vivo.

Im ersten Projekt wurden die Copolymere in groBem MalBstab (20 g) in einem einfachen
zweistufigen Verfahren synthetisiert. in vivo-Fluoreszenzaufnahmen zeigten eine signifikante
Anreicherung der DDS in der Tumorumgebung. Sunitinib, ein Krebsmedikament, wurde in die
DDS eingebracht, und seine Toxizitdt wurde sowohl in vitro als auch in vivo untersucht. Die
Ergebnisse zeigten eine dhnliche Toxizitét des in dPGS-PCL eingekapselten Wirkstoffs und des
freien Wirkstoffs in A431- und HT-29-Zellen bei vergleichbarer zelluldrer Aufnahme. Im
zweiten Projekt wurde der Wirkstoff Tofacitinib ausgewdhlt. Entziindliche Hauterkrankungen
wie Psoriasis und Alopecia areata sind auf eine Fehlregulierung des angeborenen
Immunsystems zuriickzufiihren, die durch Zytokine wie Interleukin 6 (IL-6) den Janus-Kinase-
Signaliibertrager und Aktivator der Transkription (JAK-STAT) Entziindungsweg auslost. JAK-
Inhibitoren, insbesondere Tofacitinib, unterbrechen diesen Signalweg durch Bindung an die
JAK-Enzyme. Die topische Anwendung dieser Inhibitoren ist jedoch nur begrenzt wirksam,
insbesondere bei Alopecia areata. In dieser Studie wird ein neuartiger Tréager, sulfatiertes
dendritisches Polyglycerin mit Caprolacton-Segmenten (dPGS-PCL), vorgestellt, um die
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Abgabe von Tofacitinib zu verbessern. Tests an menschlichen ex-vivo-Hautmodellen zeigen
eine verbesserte Hautpenetration von Tofacitinib, wenn es in dPGS-PCL geladen ist, im
Vergleich zu freiem Tofacitinib. Die entziindungshemmende Wirksamkeit wurde anhand der
Freisetzung von IL-6 und IL-8 sowie der STAT3- und STATS-Aktivierung in entziindeten
Hautmodellen bewertet, was auf eine geringere Aktivierung von Entziindungsmarkern bei
erhohter Tofacitinib-Penetration hindeutet.

Im zweiten System und dritten Projekt wurde Glycidol mit einem Comonomer, dass einen
Ester und eine Disulfidbindung enthélt, copolymerisiert und griindlich auf seine Struktur und
physikalischen FEigenschaften hin untersucht. Ziel war es, die Auswirkungen der
Disulfidbindung zu verstehen, sei es auf die Anfangsphasen wie die Synthese oder auf spétere
Phasen wie die chemischen und physikalischen Eigenschaften des Copolymers. Die
Copolymerisation mit Glycidol wurde mit der Copolymerisation von Caprolacton mit Glycidol
unter den gleichen Bedingungen iiber zwei verschiedene Copolymerisationsmechanismen
verglichen. Interessanterweise war die Struktur, die bei Verwendung des Comonomers mit der
Disulfidbindung erhalten wurde, einzigartig: ein ideales statistisches Copolymer. Dies war nicht
der Fall, wenn das verwendete Comonomer Caprolacton war. Dariiber hinaus wurden drei
verschiedene  Copolymere  desselben = Molekulargewichts mit  unterschiedlichen
Disulfidverhéltnissen auf ihre Abbaubarkeit und ihr Verhalten in wissriger Losung getestet. Das
Projekt konzentrierte sich auch auf die Biokompatibilitit des Copolymers fiir den zukiinftigen
Einsatz in biologischen Einheiten.

Im dritten System und vierten Projekt wurde Glycidol mit einer Disdure, die eine
Disulfidbindung enthilt, auf einfache Weise ohne einen weiteren Katalysator oder ein
Losungsmittel copolymerisiert. Die Disdure diente als Protonendonator zur Initiierung der
Polymerisation und ist in das Polyglycerin-Grundgeriist integriert. Unter Verwendung des
reduzierbaren Polyglycerins als Baustein wurden mit einem antibakteriellen Peptid
(Vancomycin) beladene, redox-abbaubare Hydrogele gebildet, die durch 4-armiges
Polyethylenglykol-Thiol (4-armiges PEG-SH) vernetzt sind. Das Hydrogel wird unter
reduktiven Bedingungen, ausgelost durch Glutathion, abgebaut, was zu einer kontrollierten
Freisetzung des antibakteriellen Peptids fiihrt. Es wurden rheologische Analysen durchgefiihrt,
um die mechanischen Eigenschaften, einschlieBlich  Steifheit, Weichheit und
Selbstheilungsfahigkeit, flir verschiedene Verhédltnisse und Konzentrationen der beiden
Komponenten zu bewerten. Der Abbau des Hydrogels wurde durch rheologische Messungen
und Gewichtsverlustanalysen bestétigt. FITC-Albumin und Vancomycin wurden erfolgreich in

das Hydrogel geladen, und die Freisetzungskinetik wurde sowohl fiir anhaltende als auch fiir
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bedarfsgesteuerte Freisetzungsprofile bewertet. Dariiber hinaus zeigten in vitro- und in vivo-
Experimente, dass das mit Vancomycin beladene Hydrogel als wirksame antibakterielle
Barriere fiir Wundverbdnde fungiert und die Heilung von infektidsen Wunden in einem
Mausmodell beschleunigt.

Zusammenfassend ldsst sich sagen, dass die Entwicklung einfacher, skalierbarer und
16sungsmittelfreier Systeme fiir die Verabreichung von Arzneimitteln von entscheidender
Bedeutung fiir eine angemessene Umsetzung des Systems von der Forschung in die Anwendung
ist. Allerdings sollte das Wissen um das System vollstindig sein und die Leistung sollte
maximiert werden. Wenn man vom ersten System zum zweiten und dritten iibergeht, wird eine
Verbesserung des Systems durch die Einfiihrung einer zweiten abbaubaren Komponente
vorgeschlagen, die im Nachhinein die Freisetzung des Medikaments verbessern wird. Daher
sollten sich kiinftige Schritte auf die Verkapselung eines Gastmolekiils und dessen Freisetzung
konzentrieren und das disulfidhaltige System in vivo testen, um die Leistung mit der des
caprolactonhaltigen Systems vergleichen zu konnen, wobei zu beriicksichtigen ist, dass
aufgrund der empfindlichen Natur der Disulfidbindung auf dem Weg dorthin auch

Herausforderungen auftreten konnen.
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7 Appendix

7.1 List of abbreviations

AC
AGE
AM
API
AROP
CAM
CMC
b

DB
DDS
DFO
DOX
dPG
dPGS
DPy
EEGE
EPR
GSH
GSSG
hPG
ICso
Li*/t-BuP4
LPG
MeOK
NCL
PAMAM
PCL
PDC
PEEGE
PEI
PG
PGA

active chain

allyl glycidyl ether

activated monomer

Active pharmaceutical ingredient
anionic ring opening polymerization
cell-adhesion molecule

critical micelle concentration
polydispersity index

degree of branching

drug delivery system
desferrioxamine

Doxorubicin

dendritic polyglycerol

dendritic polyglycerol sulfate
degree of polymerization
ethoxyethyl glycidyl ether

enhanced permeation and retention
glutathione

glutathione disulfide

hyperbranched polyglycerol

half maximal inhibitory concentration
BuLi/phosphazene base
linear polyglycerol

potassium methoxide

Nanotechnology Characterization Laboratory

poly(amidoamine)
polycaprolactone

polymeric drug conjugate
poly(ethoxyethyl glycidyl ether)
polyethyleneimine

polyglycerol

polyglycolide



VDW

polylactide

poly-L-lysine

propylene oxide

potassium 3-phenyl propanolate
reticuloendothelial system
reticuloendothelial system

anionic ring opening multibranching polymerization
poly(styrene-co-acrylonitrile)
poly(styrene-co-butadiene)
poly(styrene-block-butadiene-block-styrene)
stratum corneum

potassium tert-butoxide

tert-butyl glycidyl ether

transdermal drug delivery system

glass transition temperature

melting temperature
tris(hydroxymethyl)propane

Van der Waals
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