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Abstract

Nanoparticles (NPs) offer unique possibilities for medical applications, including the
controlled release of cancer drugs, the use as imaging contrast during imaging procedures
or the hyperthermic treatment of cancer cells. Flash Nanoprecipitation (FNP) produces NPs
to combine these applications in a fast, cheap, and scalable coating process. Until now, FNP
was successfully used to encapsulate hydrophobic, organic anti-cancer drugs with block-
copolymers [1, 2]. The combination of hydrophobic oleic acid iron oxide NPs (IONPs) with
amphiphilic block-copolymers offers promising theranostic abilities when modified with
targeting ligands [3]. The use of FNP with a Multi Inlet Vortex Mixer (MIVM) is a promising
method to easily coat IONPs with block-copolymers. The FNP coating process needs yet to
be tested and understood for various biocompatible block-copolymers (Figure 1).

Amphiphilic block-copolymers based on hydrophilic polyethylene glycol (PEG) and
hydrophobic poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) or poly(caprolactone)
(PCL) were successfully synthesized. The organic catalyst 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU) was used to increase biocompatibility of the resulting polymers PEG-PLA, PEG-PLGA
and PEG-PCL. The synthesis of hydroxyl terminated poly(acrylic acid) (PAA-OH) followed by
the polymerization with PLGA was attempted.

The amphiphilic block-copolymers were used in combination with the stabilizer polysorbate
80 (Tween80) in FNP to form bare polymeric NPs using a MIVM as the reactor. DLS and STEM
confirmed particle sizes between 50-100 nm. The addition of 13+2nm hydrophobic oleic acid
coated IONPs yielded an increase in particle size as well as increase in particle stability over
time. STEM images showed attachment of single IONPs to the outside of the polymeric NPs.
Hydrophobic interactions between the polymer and oleic acid coated IONPs are possible.

To achieve encapsulation of the IONPs, adjustments to the process parameters of FNP
should be considered in future research. Additional experiments are required to explore
possible drug addition, release mechanisms and hyperthermia behavior of the polymer
coated IONPs particles.
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Figure 1: Graphical Abstract: Synthesis of biocompatible block-copolymers followed by the
fabrication of polymeric nanoparticles and addition of hydrophobic oleic acid through FNP.
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1. Introduction

When the size of a material is decreased from the macroscale to the nanoscale, the relative
surface area of the material increases. This is one important factor that leads to changes in
the magnetic, optical, electrical, and thermal properties of the material. One example of such
unique properties is the localized surface plasmon of noble metal nanoparticles (NPs), which
is used in biomedical sensing applications. Addition of metal NPs can increase the thermal
conductivity of certain fluids, while addition of extremely hard NPs to lubricants can lower
the friction between gears [4]. The fabrication of NPs with a size of <100 nm is important for
a wide range of commercial applications. Some of the most prominent include the metal-
based nanoparticles made of titanium dioxide, zinc oxide and silver. The application of these
particles include antibacterial coating, food additives and UV protection in cosmetic products
[5]. Besides these inorganic NPs, other classes include organic NPs (polymeric NPs) and
biology-based NPs. To utilize the full potential of different material classes, hybrid
nanoparticles can be produced which can combine organic and inorganic materials. A
combination of properties in such hybrid NPs can have synergetic effects and allow one
particle to act in a variety of different applications. [6, 7]

The combination of two materials metal-based core and polymeric shell can yield promising
hybrid NPs for biomedical application. Iron oxide NPs (IONPs) can be used to induce
hyperthermia, release drugs at target specific tissue and/or act as contrast agent [8]. The
polymer shell acts as transport agent reduces toxicity of the iron core, increases the
bioavailability, and enables prolonged stability in vivo. The shell can be modified to suppress
certain interaction, while facilitating other processes and interactions with cells. Highly
optimized hybrid metal - polymer systems could be used for treatments of various diseases,
including cancer. [9]

Synthesis of these NPs systems can be a challenge, because of cost intensive and complex
fabrication pathways. Flash nanoprecipitation (FNP) is a one-step process yielding
monodisperse polymeric NPs in an aqueous solution by rapid mixing in confined
impingement jet (CJI) or multi-inlet vortex mixer (MIVM) reactors. The mixing of a water-
soluble organic phase and an aqueous water phase results in fast diffusion of the organic
phase into the aqueous phase during FNP. Low water components present in the organic
phase experience high supersaturation (S) followed by rapid nucleation and growth.
Amphiphilic block-copolymer and/or stabilizers hinder the particle growth and prevent
aggregation. By varying type and amount of polymers, the NPs can be modified to address
different applications and improve stabilizing abilities of hydrophobic components. [10, 11]

In the following work, the synthesis routes of different amphiphilic block-copolymers using
ring-opening polymerization (ROP) with the low toxicity organic based catalyst 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) are employed. Furthermore, free radical
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polymerization of acrylic acid-based polymers is described and discussed to form pH-
responsive polymeric NPs through FNP. The polymers are extensively characterized with
respect to their structural by nuclear magnetic resonance (NMR) and thermal properties by
thermogravimetric analysis (TGA). The polymers are used to form bare polymeric
nanoparticles using the MIVM FNP setup. Novel experiments combining the amphiphilic
block-copolymers with oleic acid-coated IONPs are presented to understand the mechanism
and interaction between the two material groups during NPs synthesis in the MIVM FNP
setup.



2. Background and literature review
2.1 Polymers in NPs for drug delivery

About 70-90% of newly developed drugs have a low water solubility and cannot be
administered into the human body directly [12]. The addition of hydrophilic polymers to the
drugs can increase solubility and help to reduce immunogenicity and toxicity of the particle.
A hydrophilic polymeric coat might also allow for an increase in the bioavailability of these
drugs and enable oral or intravenous uptake [13]. Furthermore, the coating allows for side
specific drug release through targeting ligands added to the polymeric shell. The drug of
interest can be either covalently linked to the polymer by grafting the polymer onto the
drug’s surface, or it can be encapsulated inside a liposome or polymersome or associated
within a polymer matrix (bicontinuous nanospheres or hydrogel). The formation of a specific
size and type of these self-assembled NPs is highly dependent on the process parameters
and the type of polymer used [14, 15]. Since the polymers function as drug delivery vehicles,
only polymers can be used that are approved by the regulatory authorities such as the Food
and Drug Administration (FDA) or the European Medicines Agency (EMA). The polymer
should be readily biodegradable and should not leave any toxic residues in the body behind.
[13, 16]

2.1.1 Types of polymers for NPs synthesis

For the synthesis of NPs all types of polymers can be used. Linear polymers are
macromolecules, that have one continuous backbone with each repeating unit only
connected to two other units. The simplest linear polymer is a homopolymer made up of
only one type of monomer. Complex homopolymers like poly(2-(2-ethoxyethoxy)ethyl
acrylate) (PEEA) with a repeating unit that consists of a hydrophilic and hydrophobic part can
self-assemble and form stable NPs [17]. Linear polymers with more than on type of repeating
monomer unit are copolymers. The three different types of copolymers are alternating-,
random- and block-copolymers (Figure 2). In drug delivery applications the main type of
polymer used is a block-copolymer made up of two or more uninterrupted blocks of
repeating units. Dependent on the number of blocks, a diblock, triblock or multiblock block-
copolymer can be synthesized. Compared to the alternating- and random-copolymer, the
domains of the block-copolymer chain can have different physico-chemical properties.
Variations in the solubility of the blocks (e.g., one being hydrophilic, the other more
hydrophobic) lead to higher affinity of certain domains and the possibility to self-assembly
into NPs [13]. Poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) (PEG-PLGA) is a common
example for such amphiphilic diblock block-copolymer [18]. Another type of polymer are
branched copolymers. Instead of a single continuous backbone, they consist of branches to
form comb-, star- or hyperbranched-polymers. Different repeating units can enable the
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formation of branches to ultimately form large polymer structures. In drug delivery
applications branched polymer structures show high drug loading and controllable drug
release mechanism by changing structural properties [19]. An overview of the different
polymer types is presented below (Figure 2). [20]

Common characterization methods to identify the polymer structure include NMR, Fourier-
transform infrared spectroscopy (FTIR) and gel permeation chromatography (GPC). Thermal
properties can be determined by TGA and differential scanning calorimetry (DSC). Molecular
weight determination and calculation of degree of polymerization (DP) helps to define the
polymer’s structure. The dispersity (Pm) is calculated by the ratio of weight average molecular
weight (Mw) over the number average molecular weight (M») and measures the width of the
chain lengths distribution that are present in a sample (Equation (1)).

Dy =2 (1)

In polymer synthesis a low Pm<1.2 indicates a controlled polymerization with similar chain
length distribution. For commercial polymers the Dm of the reaction ranges from 1.5 to 2.5,
followed by separation into different molecular masses by GPC. The nomenclature of a block
copolymer consisting of PEG (M»=5000g/mol) and PLGA (lactic acid (LA) Mn»=7500g/mol;
glycolic acid (GA) Mn=2500g/mol) is written as PEGsk-PL7.5kG2.s¢A. [20]

2.1.2 Types of self-assembled polymeric NPs

The previously introduced polymers can be used to form different types of polymeric
nanoparticles (Figure 2). Copolymers can self-assemble in aqueous solution into core-shell
polymeric micelles by the interactions of the hydrophobic core. The hydrophilic domains
shield the core from unfavorable interactions with water. Using a homopolymer in
combination with a stabilizer similar NPs can be formed through methods like (flash)
nanoprecipitation. Hydrophobic drugs can be present in the hydrophobic domain increasing
the solubility and bioavailability [21]. Polymersomes are polymeric NPs like liposomes with a
hydrophobic circular domain, shielded from both sites with hydrophilic polymers. Commonly
diblock- and triblock-copolymers are used for the formation of the polymersomes. When
compared to polymer micelles additional hydrophilic drugs can be loaded into the
hydrophilic core of the polymersomes [22]. Solvent emulsification or solvent displacement
methods, like (flash) nanoprecipitation are used for the fabrication of polymersomes [15].
Bicontinuous nanospheres are polymeric nanoparticles with an outer hydrophilic domain
and a core with a mixture of hydrophilic and hydrophobic domains. This allows for versatile
drug loading of hydrophilic and/or hydrophobic molecules. Similar to polymersomes tuning
the process parameters of the solvent emulsification or solvent displacement methods
results in bicontinuous nanospheres [23]. Other possible types of self-assembled NPs are



dendron micelles, consisting of linear-dendron block-copolymers, or janus dendrimers with
hydrophilic and hydrophobic domains. Both structures are made from dendritic molecules
providing superior shielding of hydrophobic domains compared to linear copolymers.
Hydrophobic drug loading has also been proven successful [24]. By changing types of
polymers and optimizing process parameters polymeric NPs can be designed to hold
hydrophilic or hydrophobic drugs and allow for increased bioavailability. [13, 25]
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Figure 2: Types of different copolymers and formation of (self-assembled) polymeric Nanoparticles.

2.1.3 Approved (co)polymers in biomedical application

Until now three groups of polymers have been approved for drug delivery applications the
FDA. One application being the encapsulation of drugs by liposomes with low molecular
weight PEG as hydrophilic domain mainly serve to increase the bioavailability of certain
cancer drugs and decrease their toxicity. In another drug delivery systems, the drugs are
embedded in PEG-PLGA matrixes for prolonged drug circulation times. Most commonly
pegylated proteins are used for overall improved protein stability in various drug
applications. Consequently, PEGylation increases the half-life of the proteins and thereby
helps to reduce significantly the amount of drug to be administered. PEGylation of liposomes
was also used to increase the stability of the mRNA vaccines produced by Moderna or
BioNTech/Pfizer during the COVID-19 pandemic. [26, 27]

Since more than 70% of newly developed drugs show low (aqueous) solubility and require
modifications to increase bioavailability, further investigation in the formation of polymeric
NPs is required [12]. The need for high volume fabrication of NPs is increasing and cheap
and scalable methods like FNP will gain in importance.



2.2 Flash nanoprecipitation for polymeric NP formation

Various methods have been established for the fabrication of polymeric nanoparticles. There
are two distinct pathways for the formation of polymeric nanoparticles. Direct methods
include polymerization to form NPs through anionic emulsion polymerization or the
synthesis of large dendritic structures. Indirect methods use diffusion of dissolved
preformed polymers into an antisolvent to form NPs. Examples are the self-assembly of
amphiphilic block-copolymers into micelles or polymersomes. Other methods include the
emulsification-diffusion method (formation of NPs from an emulsion) and the solvent
displacement method (nanoprecipitation and flash nanoprecipitation). The solvent
displacement methods, especially the FNP, allow for fast one step homogeneous NPs
synthesis. Furthermore, the process allows ease of drug addition compared to indirect
methods. [24, 25, 28]

2.2.1 Concept of Flash Nanoprecipitation

The solvent displacement method is a simple one step manufacturing process of NPs. A
water miscible organic solvent is used as the polymer solvent. Common organic solvents are
dimethylsulfoxide (DMSO), tetrahydrofuran (THF), methanol or acetone. The organic solvent
containing the polymer is injected into the antisolvent (Water), where the polymer
precipitates. The conventional method of solvent displacement includes the method of
nanoprecipitation, where droplets of the organic solvent is injected into a vial containing the
stirring antisolvent in bulk. The setup does not require any specific reactor and formations
of a wide range of polymeric nanoparticles can be performed. A significant drawback of the
traditional nanoprecipitation method is the lack of control during mixing (use of a stirring
bar for mixing) as well as the resulting wide particle size distribution. [21, 29, 30]

Flash nanoprecipitation (FNP) first developed by Brian K. Johnson and Robert K.
Prud'homme addresses these issue by the addition of a mixing chamber for the polymer-
containing solvent and the anti-solvent [11]. The core mechanism that is used is the injection
of the solvent and anti-solvent through two or more-inlets into a special reactor at high
speeds and a short mixing interval of milliseconds. Syringe pumps are used to move the two
streams at desired rates towards the reactor. The two types of reactors currently in use are
the multi-inlet vortex mixer (MIVM) [31] and the confined impinging jet (ClJ) [11] (Figure 3)
[11, 31, 32]. The major difference between the two geometry types is the possible ratio
between the two mixing solutions. The ClJ is limited to two inlets with equal flow rates. The
MIVM is well scalable and can surpass the pump limitations by adding inlets to the design as
well as by varying the solvent/anti-solvent ratio. Inside the reactor rapid turbulent mixing
occurs resulting in local supersaturation and the formation of polymer nanoparticles. The
formation is kinetically controlled and parameters like flow rates and solvent/anti-solvent



ratios directly influence the resulting NPs sizes. For biomedical applications additional
components, such as anti-cancer drugs and fluorescent polymers, can be added to the
solvent or anti-solvent. These components can be added to the coating or encapsulated
inside to form multifunctional polymer NPs. The product is removed from the reactor by one
outlet. This process can also be easily scaled up to industrial size for synthesis of large
quantities of Nanoparticles. [21, 32]
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Figure 3: Flash nanoprecipitation setup and common reactor types (confined impingement jet (ClJ)
and multi inlet vortex mixer (MIVM).

2.2.2 Nucleation and growth theory of particle formation in FNP

Supersaturation (S) is described by the solute concentration (C) divided by the equilibrium
solubility concentration (C*) (Equation (2)). A solute concentration above the nucleation
concentration (Cmin) results in the self-assembly and formation of new nuclei. The formation
of nuclei leads to a decrease in the solute concentration and the growth mechanism by
diffusion to already formed particles is facilitated. Below Cmin the solution does not form new
particles and growth and aggregation of already formed particles is the primary mechanism.
When the solute concentration equals the equilibrium solubility concentration, growth of the
particle by solute addition is stopped. The formed NPs can be stabilized in solution by
addition of stabilizing agents. [33]

C

§=—
C*

(2)

In the flash nanoprecipitation process the formation of the polymeric NPs can be explained
by the La Mer mechanism. The organic solvent containing the polymer solute meets an anti-
solvent at very high speeds in a confined reactor (Stage I) (Figure 4) [10, 21, 34]. Both streams
mix turbulently in a short period of few milliseconds. The polymer and hydrophobic solutes
from the organic phase directly enter a supersaturated concentration in the antisolvent close



to the critical limiting supersaturation (Cmax) (Stage I1). High number of monodisperse nuclei
are formed, and solute concentration decreases rapidly. The particles grow by the
interaction of the remaining hydrophobic solutes with the nearby formed nuclei (Stage Ill).
To achieve monodisperse particles, the induction time for the nucleation and growth (taucgro)
needs to be longer than the mixing time of the two miscible solvents (tmix). This allows
nucleation to dominate the process. In this case the diffusion-limited growth does not define
the particle size. Similarly, the induction time for the diffusion-limited aggregation of the
particles need to be longer (tagg) than the mixing time to avoid a significant particle size
increase and particle polydispersity. Size, number-density, and polymer-polymer interaction
define the actual aggregation behavior. Cluster-cluster aggregation can be controlled by
stabilizing the formed NPs. After this point, the equilibrium solubility of the solvent/anti-
solvent mix is reached and the particle size stays constant as long as the nanoparticles are
stabilized by an amphiphilic layer from a surfactant or block copolymer. [10, 21, 34]

To understand further the nucleation during FNP, the nucleation rate (/) can be used
(Equation (3)). In FNP, a high rate of nucleation is preferred to yield a monodisperse
distribution of NPs. The nucleation rate is directly dependent on the temperature (T), surface
tension (y), molar volume (v), Boltzmann constant (k) and supersaturation (S). When
increasing the supersaturation, the rate of nucleation increases facilitating the formation of
higher number of monodisperse nuclei. Change in mixing time and solute concentration
have significant effect on the resulting polymer NPs properties. [10, 21, 33]
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Figure 4: La Mer Diagram: formation of NPs through Supersaturation (S) in FNP reactor.



2.2.3 Polymer particle stabilization

In FNP the formation of polymeric NPs is kinetically controlled. Hydrophobic interaction
between the NPs occur and the stability of the formed NPs are low. The stabilization and
prevention of aggregation can be achieved by two different methods.

The hydrophilic part (e.g., PEG) of the amphiphilic block-copolymer can associate with the
water molecule and lead to stable core-shell structures. In this case the PEG stabilizes and
shields the hydrophobic core from unfavorable interaction with water and prevents growth.
[18, 35]

Additional stabilizing agents in form of amphiphilic structures can be added to the anti-
solvent to prevent the hydrophobic polymer and drug structure to aggregate and precipitate.
During the formation of the particles in FNP, the hydrophobic part of the stabilizer of the
amphiphilic stabilizer associates with the hydrophobic polymeric NPs structure and shields
it from unfavorable interaction with the water molecules. At the same time this mechanism
also impedes any further growth of the particles. Common NPs stabilizers for FNP are PVP
or polysorbates. Added stabilizers should be approved biocompatible molecules. [32]

2.2.4 Parameters influencing the FNP process

The size and size distribution of the resulting polymeric NPs can be controlled by varying
either the kinetic parameters of the particle formation or the rate of nucleation
(Equation (3)). Traditional growth and nucleation mechanisms by dissolved polymer addition
do not play a significant role in the formation of the NPs through FNP [21]. Kinetic parameters
do have a more important role.

Polymer Concentration:

The polymer concentration in the solvent significantly influences the size of the resulting
polymeric NPs. With a higher polymer concentration, the supersaturation is increased and
nucleation rate increases (Equation (3)). The number of nuclei in the sample is increased,
leading to more interaction between the polymers. This results in particle size enlargement
[21]. ENP systems with purely hydrophobic polymers or drugs require amphiphilic polymers
or stabilizing agents to halt the aggregation of these components. Increasing the
concentration of the stabilizing agent prevents further growth by aggregation and reduces
the particle size. [32]

Molecular weight:

The molecular weight of an amphiphilic block-copolymer does not significantly affect the size
of the formed polymer NPs [2]. However, by adding hydrophobic molecules with higher
molecular weight an increase in the size of resulting particles is observed. Changes in the



supersaturation, the number of nuclei formed as well as in the interaction between the
polymers contribute to the increase [32, 34].

Flow Rate/Solvent to Antisolvent Ratio:

The influence of the flow rate on the size of the resulting nanoparticles are directly related
to the Reynolds number (Re). An approximate definition of Re for the MIVM is given below
(Equation (4)). For each inlet (i) the Re is calculated by the volumetric flow rate (Vi) multiplied
by the diameter of the reactor (L) and divided by the kinematic viscosity (vi) of the
corresponding stream. Kinematic stream viscosity is defined by the viscosity (n:) of the liquid
divided by the density (p). [36]

R Z Vi*L uli
e = v, = —
Vi "o (4)

i=1/N

An increase in Re leads to higher flow rates and turbulences inside the reactor creating
higher local supersaturation. The particle size decreases. At a Re above >2000 the
turbulences inside the reactor are maximized. Further increase in supersaturation is not
possible, limiting the minimum particle size for this geometry. Decreasing the ratio of solvent
to anti-solvent at the same Re induces higher supersaturation and reduces the particle size.
[36]

Type of Polymer:

In flash nanoprecipitation the type of polymer directly influences the supersaturation in the
reactor. Polymers can have different solubility dependent on their chemical structure. The
solubility can be expressed by molecular models like the Hildebrand solubility parameter
(6Hisp), Hansen solubility parameter (HSP) [37] or Hoy solubility parameter (6roy) [38]. The
latter two use three different parameters for dispersion (6p), polar (6r) and hydrogen (6n)
interactions to accurately define the overall solubility of a polymer (Equation (5)). [2, 35]

51—11‘51)2 = 5D2 + 5P2 + 5H2 (5)

Decreasing the overall solubility of the polymer in the antisolvent increases the
supersaturation and reduces the particle size. In the case of block-copolymers, the solubility
of each polymer block needs to be considered separately. Similar solubility parameters
cause the hydrophilic domain to be entrapped in the core reducing the shielding of
hydrophobic core and decreasing the stability of the nanoparticle. Ostwald ripening caused
by diffusion of entrapped hydrophilic domains to the surface of the particles, leads to
dissolution and addition of polymer to form larger particles. Thermal properties of the
polymer can also affect the ability to form stable particles. Low melting (Tm) and/or glass
transition temperature (Ty) can lead to high polymer mobility in the core of the NPs and
aggregation of particles. [2, 35]
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Solvent

By using different solvents the solubility of the polymer changes, affecting the
supersaturation conditions in the reactor. Some solvents show higher diffusion compared
to others. Increase in Ostwald ripening can be observed reducing the stability of the NPs.
Possible removal of the organic solvent is vacuum evaporation or dialysis. [10, 35]

For characterization of the resulting NPs size measurements are performed by dynamic light
scattering (DLS) and (scanning) transmission electron microscopy (STEM). Using special gold
electrodes, DLS also enables the measurement of the Zeta potential giving information on
the stabilization of the NPs.

11



2.3 Amphiphilic Polymer synthesis

Copolymerization is necessary to form amphiphilic polymers that can be used for the
stabilization and formation of NPs in FNP. A-B block copolymers (Figure 2) are the most
prevalent types of polymers used for these applications. These are synthesized by sequential
polymerization of the two blocks through chain-growth polymerization. To yield a diblock
copolymer, monofunctional initiators are used for the reaction. Both free radical and ionic
polymerization are common methods for the synthesis of block copolymers. In the
application of FNP polymers like poly(ethylene glycol)-b-poly(lactic acid) (PEG-PLA), PEG-PLGA
[2] and poly(acrylic acid)-b-poly(styrene) (PAA-PS) [39] have been demonstrated to yield
polymeric NPs (Table 1). Discussed below is the anionic ring-opening polymerization (ROP)
of hydrophobic cyclic esters from a hydroxyl functionalized hydrophilic macroinitiator. [20,
40, 41]

2.3.1 mPEG-OH synthesis

ROP macroinitiator methoxy poly(ethylene glycol) (mPEG) to form the hydrophilic block of
the copolymer is commonly used for the synthesis of amphiphilic copolymers. Depending
on the functionalization of the PEG diblock (mPEG) or triblock copolymers (PEG) can be
polymerized. PEG, is biodegradable, biocompatible as well as approved by the FDA for drug
formulations [42]. Besides multiple approved PEG-containing macromolecular drugs, two
FDA and EMA commercially approved NPs pegylated liposomes containing doxorubicin
(Caelyx®) [43] and irinotecan hydrochloride trihydrate (Onivyde®) [44] show the possibility
of NPs in cancer treatment. Another possible future application includes poly(ethylene
glycol)-b-poly(caprolactone) (PCL-PEG) for controlled insulin delivery [45]. PEG stabilizes the
nanoparticle surface and allows it to prevail longer in the human body by preventing
adsorption to proteins [16, 42]. Monofunctional mPEG is synthesized commercially by
anionic polymerization with methanol as the initiator and ethylene glycol or ethylene oxide
as the monomers. Molecular weights of 500 g/mol up to 20000 g/mol for pharmaceutical
applications are widely available. [46, 47]

2.3.2 PAA-OH synthesis

Another macroinitiator for the ROP of cyclic esters is hydroxyl-terminated poly(acrylic acid)
(PAA-OH). The carboxyl group enables the polymer to be pH-responsive by enabling ionic
interactions with surrounding molecules. PAA is nontoxic and biocompatible. The free radical
polymerization of PAA-OH is done in an organic solvent (THF) together with the initiator
azobis(isobutyronitril) (AIBN) at 65°C under argon gas (Figure 5) [48]. The functionalization
of hydroxyl group is achieved by the addition of 2-mercaptoethanol (ME) through
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telomerization with the acrylic acid. The ME acts as a chain transfer agent and regulator for
the molecular weight during the reaction. Successful synthesis of PAA-OH was reported for
1200 g/mol and 7300 g/mol PAA-OH. [20, 48-50]

HQ (CH2 i
/ Initiator AIBN H OH
%C/H + HS/\/OH ' S/\/
@) 24h, 65°C, THF, N,
Acrylic Acid  2-Mercaptoethanol HO O],

Hydroxyl-terminated PAA

Figure 5: Free radical polymerization of hydroxyl terminated PAA.

2.3.3 Sn(Oct), catalyzed synthesis of PLGA

Stannous octoate (Sn(Oct),) represents the most common catalyst for the bulk synthesis of
PLA, PLGA and PCL for industrial and research application. This catalyst is also used for the
polymerization of the commercially available PLGA, with exception of some low molecular
weight PLGA produced by direct polycondensations (Evonik) [51]. The two main
disadvantages of this catalyst are the high temperature of 120°C-180°C needed to
polymerize an equal ratio of PLGA with a low polydispersity and the increased toxicology of
the product introduced by the tin. This limits the usage of the catalyst in biomedical
application. [52]

The catalyst is using hydroxyl groups as macro initiators, while carboxylic groups do not
initiate the reaction. Water should be removed from the reaction, because a protic agent can
act as co-initiator or promote chain transfer [53]. The amount of initiator determines the
molecular weight of the resulting polymer. Sn(Oct), reacts with the hydroxyl group of the
macroinitiator to form a tin alkoxide complex. The polymerization proceeds by the
coordination-insertion mechanism of the monomer units glycolide or lactide for PLGA.
Random copolymerization of lactide and glycolide has been a challenge, because of the
difference in reactivity ratio of 14:1 favoring glycolide. Throughout the polymerization the
amount of lactide in the chain increases with lower concentration of free glycolide
monomers in the bulk. [50, 52, 54, 55]

PAA-OH [48, 50] as well as mPEG-OH [56] are successfully polymerized with glycolide and
lactide for the formation of amphiphilic block-copolymers PAA-PLGA and PEG-PLGA. The
molecular weight of the polymers can be larger than 200,000 g/mol [57].

13



2.3.4 DBU catalyzed synthesis of PLGA

Metal free catalysts offer another relatively new reaction pathway for the synthesis of PLGA
and other cyclic esters. Compared to the previously described tin containing metal
complexes, organocatalytic reactions inherently show a lower toxicity. The separation of the
catalyst from the polymer is efficient [58].

The organic catalyst DBU is used for the fabrication of cyclic esters (PLA/PLGA/PCL) from a
halide solution at room temperature. The amidine group functions as a strong base and
initiates the ROP. Similar to the Sn(Oct), catalyst, DBU starts the polymerization by reacting
with an macroinitiator composed of an hydroxyl group. The initiator mPEG is synthesized
with D,L-lactide and glycolide forming the amphiphilic block-copolymer mPEG-PLGA
(Figure 6). In batch polymerization the higher reactivity rate of glycolide results in the
formation of a gradient copolymer. As large blocks of glycolide show low solubility in most
organic solvents, a semi batch polymerization has been proposed by Qian et al. [59].
glycolide is added continuously to the solution containing the macroinitiator, LA and DBU
resulting in a nearly random copolymer of PLGA. [40, 59, 60]

3HC \H . O CatalystDBU \HL OJ&
\/@ cho||de added

> continously
mPEG D,L—Lactide :(* MPEG-PLGA block copolymer
2000 g/mol s050 O 4>:o
5000 g/mol o
10000 g/mol

Figure 6: Semi-batch DBU-catalyzed ring opening polymerization of PLGA by the macroinitiator
mPEG.

The polymerization can be initiated by two different mechanisms, the activated alcohol
pathway (AAP) or the nucleophilic attack pathway (NAP) (Figure 7). In the presence of an
excess of hydroxyl groups, the polymerization proceeds by the AAP reaction. The DBU amide
group attacks the proton from the hydroxyl group forming a hydrogen bond complex
between the mPEG and DBU. The ROP is initiated by the negative charge on the oxygen
attacking the polarized carbonyl group of the cyclic ester LA or GA. The polymer chain is
propagating by “quasi” anionic cyclic ester addition behaving as a living polymerization. In
absence of the hydroxyl bonds, the polymerization proceeds as NAP. The amide group of the
DPU directly attacks the polarized carbonyl group of the cyclic ester LA or GA. The monomer
is covalently bound to the initiating DBU, while another DBU molecule proceeds with the
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Figure 7: Different activation reaction pathways for DBU-initiated ROP polymerization.

propagation of the chain from the hydroxyl group. The polymerization proceeds with a
“quasi” anionic cyclic ester addition. [40, 60]

The reaction kinetics for a low temperature ring opening polymerization catalyzed by DBU
for LA and GA are explained through following equations (Equation: (6)) [59, 61]. The reaction
rate constant (k) depends on the three concentrations of monomer LA/GA, catalyst DBU and
propagating mPEG as macroinitiator. These concentrations describe the concentration
change of monomer LA/GA over time. The first order rate constant difference between GA
and LA is reported as 10°. GA lacks the methyl group compared to LA resulting in a higher
area of attack and lower steric hindrance for the catalyst DBU. [59]

d[monomer]

T = —k * [catalyst] * [propagating chain] * [monomer] (6)
Lohmeijer et. al. proposed that the reaction kinetics for the ROP follows a first-rate reaction
order as described here (Equation (7)). The apparent rate constant (kapp) follows a linear
slope for a fixed amount of catalyst and macroinitiator. This case assumes that changing the
amount of DBU to propagating mPEG follows the same reaction pathway of only AAP and/or

NAP at all times. [59, 61]
kapp = —k * [catalyst] * [propagating chain] 7)

Sherck et al. presented that the apparent rate constant in a DBU, mPEG and LA system is
only constant for low conversion and/or low molar ratio of catalyst to mPEG (< 1:1) [40]. In
excess of catalyst the reaction follows the NAP pathway, forming ketene aminal groups.
Besides the NAP and AAP pathway the reaction also shows the acylation pathway (Figure 8),
increasing the dispersity of the polymers Pm by recombination of propagating chains. At this
point the reaction does not show a living behavior. The reaction rate is not constant,
following extensive kinetic systems. [40, 60]
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Figure 8: Deactivation of DBU through addition of carboxylic groups; Acylation process in access
DBU following the NAP pathway.

The ROP is terminated by the addition of a carboxylic group in form of an acid (Figure 8).
Commonly benzoic acid or acrylic acid is used. The amide group of the DBU is protonated
through a nucleophilic attack towards the carboxyl acid group. This causes the formation of
a carboxylic acid DBU-complex. In presence of further unprotonated DBU-amide groups, the
methylene group is deprotonated and the complex between the initial DBU and the acid
group is dissolved. This reaction proceeds until every catalyst molecule is deactivated. [40,
60]

To further understand the structure of the polymers during and after the ROP, the sequence
length of the glycolyl (Ls,) and lactyl (L, ,) repeating units can be determined by C13 NMR.
The block length of GA and LA directly influence resulting properties like solubility.
Depending on the carbon of the next repeating unit (methine for lactide, methylene for
glycolide) different resonance shifts of the carbonyl carbons can be observed. By comparing
the integrals of the two carbons the average sequence length of the lactide and glycolide
blocks can be determined with following equations (Equation (8)(9)). [59, 62, 63]

N |
sequence length L, = L1 (8)
Iig
1
sequence length L;, = IG—G +1 9
GL

The sequence length of GA is of special importance as an average L;, of 4 or higher results
in insolubility of the polymer in solvents like THF and dichloromethane (DCM). Previous
experiments from the specialization project have shown that a semi-batch polymerization
with LA:GA ratio of 50:50 did result in early precipitation and insolubility of the polymer PEG-
PLGA. [59, 64]
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2.3.5 DBU catalyzed synthesis of PCL

g-caprolactone (CL) has been extensively studied to polymerize through anionic ROP to PCL
with Sn(Oct), as a catalyst. The toxicity of Sn(Oct), and residual tin limits the use in biomedical
applications and requires extensive cleaning procedures [65]. Lohmeijer et. al. has
demonstrated the use of organocatalysts for the synthesis of PCL at room temperature. A
combination of DBU and a co-catalyst containing a thiourea group results in high conversion
of CL. Without a co-catalyst containing a thiourea group polymerization is not possible at
room temperature (RT), because of low reaction rates. [61]

The cocatalyst containing thiourea groups are not easily available. Polymerization at elevated
temperatures of 80-100°C and increased pressure enables the direct polymerization of CL
to PCL with only DBU as a catalyst (Figure 9). The reaction requires total absence of oxygen
to inhibit early degradation and DBU deactivation by oxidization. Copolymerization of CL
with mPEG.k at a temperature of 90 °C yields a conversion of over 90 % as presented by Chen
et al. [41]. The molecular weight corresponds to the expected value and an excellent Dm of
1.15 was achieved for PEGa-PCLssk. At 90 °C the reaction rate for the polymerization was fast
enough to yield good conversion, while the degradation rate of the DBU was still low. Using
only DBU as an catalyst for PEG-PCL polymerization is a promising alternative to the
established Sn(Oct), method. [41, 66]

e A

mPEG e-Caprolacton mPEG-PCL block copolymer
2000 g/mol

Figure 9: Synthesis of PEG-PCL block-copolymer using DBU as catalyst at elevated
temperatures 80-100°C.
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2.4 Block-copolymer systems in FNP

Previously, many block-copolymers have been tested in the flash nanoprecipitation process.
The most used biocompatible compounds are based on the hydrophilic part PEG and
hydrophobic PLGA. Zhu et. al. [2] and Pustulka et. al. [35] have tested different amphiphilic
block-copolymers in regards of their particle size formation and stability of the NPs for the
model drug f-carotene in the FNP system using a MIVM (Table 1). The researchers revealed
that the stability of the particles directly relate to material properties of the hydrophobic and
hydrophilic part. The solubility difference of the two domains should be high enough, the
glass transition temperature should be above 37°C and the Re should be above 3000 to
guarantee stable monodisperse NPs through the MIVM process. The research also revealed
that incorporation of hydrophobic drugs is only possible for a certain hydrophilicity range.
Highly hydrophobic particles result in instability of the NPs and fast Ostwald ripening. [2, 35]

Markwalter et. al. [39] used PAA-PS block-copolymers to form stable NPs around the drug
dextran through the low volume pMIVM. In this case chloroform (CHCls;) was used as an
antisolvent compared to water in traditional cases. The researchers showed that stable NPs
could be formed in this way. [39]

Table 1: Common block copolymers for FNP NPs formation with sizes and drugs used.

Polymer Nal:lopa rticle Solvent Drug Reactor Ref.
size (nm) Type

PEG-PLA 20-41 THF:H,0 p-carotene MIVM [2, 35]
PEG-PLGA 34-69 THF:H0 p-carotene MIVM [2, 35]
PEG-PCL 42-147 THF:H.O p-carotene MIVM [2, 35]
PEG-PS 25-36 THF:H.O p-carotene MIVM [2, 35]
PAA-PS 75-80 H,O:CHCl3 dextran HMIVM [39]
PEG-PSS ~50 THF:H,0 OA IONPs al [67]
PEG-PLA 115 THF:H,0 OA IONPs al [1]

The encapsulation of hydrophobic oleic acid (OA) coated IONPs has been successfully
studied by Modak et. al. [67] using the poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-
PSS) and Fuller et. al. [1] using PEGa.s-PLAs amphiphilic block-copolymers. For both coating
processes of OA IONPs the ClJ reactor geometry was used. Both researchers were able to
embed multiple OA IONPs into a single polymeric NPs (Table 1). Sizes of under 150 nm were
achieved, but samples showed high degree of polydispersity. [1, 67]

In this work the polymerization of different block-copolymers is combined with the addition
of the hydrophobic OA coated IONPs in the MIVM geometry during FNP. Compared to the
literature presented above, the MIVM should allow for better control of the process
parameters and therefore result in lower polydispersity of the polymer OA IONPs system.
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3. Materials and methods

3.1 Materials and general procedures

A List of all Chemicals used for the polymer synthesis and nanoparticle formation is listed

below (Table 2). If not otherwise specified, the chemicals were used as they are.

Table 2: List of Chemicals used in Experiments.

CAS

Product

Molar mass M

Chemical number number (g/mol) Remarks
2-propanol 67-63-0 20922 60.2 technical
Acetone 67-64-1 20063 58.08 technical
AIBN 78-67-1 714887 164.21 0.2M solution Toluene
Benzoic acid 65-85-0 8.22257 122.12 -
Chloroform 67-66-3 1.02445 119.38 analytical; water<0.01%
Chloroform-d 865-49-6 151823 120.38 NMR solvent
DBU 6674-22-2  8.03282 152.24 -
DCM 75-09-2 494453 84.93 anhydrous; water <0.002 %
DMSO-d6 2206-27-1 1.03424 84.17 NMR solvent
Diethyl ether 60-29-7 296082 74.12 anhydrous
e-Caprolactone 502-44-3 17344250 114.14 -
Ethanol 64-17-5 83804 46.07 technical
Glycolide 502-97-6 G1796 116.07 hydrolysis ready, freezer
Magnesium SO,  7487-88-9 208094 120.37 anhydrous, reagent
ME 60-24-2 M6250 78.13
MQ-water - - 18.02 MQ-water dispenser
MPEG2« 9004-74-4 202509 2000** -
MPEGsk 9004-74-4 81323 5000** -
MPEG1 ok 9004-74-4 732621 10000** -
PLGA RG503H®  26780-50-7 719870 22471 %** -
rac-Lactide 95-96-5 303143 144.12 hydrolysis ready, fridge
Sn(Oct), 301-10-0 S3252 405.122 -
109-99-9 1.08101 72.11 .
THF analytical; water<0.02 %
109-99-9 401757 72.11
Tween80® 9005-65-6 P1754 1310 -

*All SDS and Specification Sheets can be found here
**Confirmed by NMR Analysis (6.3 NMR spectra of PEG-PL(G)A samples)
***\[, Calculated by GPC
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The following general procedures apply for all experiments and lab activities.

Weighting and pipetting:

Solids were weighed on an analytical balance ([d]=0.01 mg) with single-use spatulas onto a
weighting boat. Volumes of liquids were measured by the corresponding sized pipette
(Eppendorf®).

Glassware:

All glassware (incl. septum, stirring bars, caps) used for the synthesis of polymers and storage
of solvents was cleaned with acetone twice. Moisture film was removed by drying the utensils
foratleast 12h at 110°Cin an oven, which were only removed directly before the experiment
(caps on). Water can interfere with the polymerization reaction, as it acts as secondary
initiator besides mMPEG-OH and leads to formation of homopolymers.

Solvent:

In all instances DCM and THF were transferred into a smaller cleaned screw capped vial to
reduce risk of contamination of the main bottle and reduce the danger while handling large
volumes of solvent.

glycolide and rac-lactide:

Both chemicals are highly susceptible to hydrolysis and excess of moisture entering the
bottle should be avoided. glycolide and rac-lactide are removed from the fridge/ freezer 1h
prior to handling to avoid water condensing on the cold surface, when opened. Both
chemicals were exposed to the ambient air for as short as possible (~205s).

MPEG:

Prior to using mPEG (2,000g/mol, 5,000g/mol, 10,000g/mol), the required amount was
dissolved in anhydrous DCM (3 mL) over 5mg magnesium sulfate in 5mL centrifuge tubes.
This allowed the removal of residual water from the mPEG.

Polymer/NPs samples:
To increase the stability of NPs solutions and prevent polymer degradation all samples were
stored in a closed vial in the fridge at 4°C whenever possible.
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3.2 Radical polymerization of hydroxylated Poly(acrylic acid)

The procedure of the radical polymerization of hydroxylated poly(acrylic acid) was adapted
from Xue et al. [50] and Ahmadi et al. [48]. A 100 mL 2-neck round bottom flask with a stirring
bar (@=30mm) was fixed to a stand above a stirring plate. Subsequently 25mL THF, 7mL
acrylic acid (AAc), 260 pL ME and 2.5 mL Azobis(isobutyronitril) (0.2 M AIBN in toluene) were
added to the flask. A condenser was added to the middle neck (cooled to 8 °C). The flask was
closed with a septum and stirred at 400rpm. The solution was bubbled with nitrogen for
30min by adding a long needle to the bottom of the flask (short neck) and short needle on
the top for pressure release (Figure 10: left). The free radical polymerization was initiated by
submerging the round bottom flask into a 65 °C oil bath at low nitrogen flow, 400 rpm stirring
for 22 hours. The reaction was quenched by submerging the flask in a cold-water bath.

The solution was transferred to a storage vial and some of the THF was left to evaporate in
the fume hood. Before solidifying 4 mL (2-3 g PAA) of viscous solution was pipetted dropwise
into 40mL cold (-20°C) diethyl ether in a centrifuge tube. Shaking for 3min yielded a white
precipitate. By centrifuging for 5 min with 3,500 rpm the polymer was mostly separated from
the diethyl ether. After decantation the polymer was first dried in a glass petri dish at room
temperature in the fume hood for 12 h followed by drying in a vacuum oven (105 °C) for 24 h,
which then resulted in a white powder.

3.3 Sn(Oct). catalyzed ring-opening polymerization of PAA-PLGA

The procedure of the ROP of hydroxylated poly(acrylic acid) with PLGA was adapted from
Xue et al. [50] and Ahmadi et al. [48]. A round bottom flask (50 mL) was prepared with 1g of
PAA-OH, 1g of LA, 0.5g of GA and a stirring bar (@=15mm). The flask was closed with a
septum and purged for 10 min with nitrogen (Figure 10: left). The flask was submerged into
a 130°C oil bath under continuous stirring (400 rpm) and purging for 20 minutes to allow the
solids to melt. 50mg Sn(Oct), in 100 pL toluene was prepared in a small glass vial. The ROP
reaction was performed for 12h after the injection of Sn(Oct).. The polymerization was
quenched by submerging the flask in a cold-water bath. The viscous product was transferred
from the round bottom flask to a storage vial by dissolution in THF.
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Figure 10: Nitrogen purging setup for PAA-OH/ PAA-PLGA and PEG-PCL (left); semi-batch addition of
glycolide in THF to lactide, PEG and DBU dissolved in DCM.

3.4 DBU-catalyzed ring-opening polymerization of mPEG-PL(G)A

PEG-PLA:

The general procedure of the ring-opening polymerization of PEG-PLA was performed
following the protocol of Qian et al. [5]. An oven-dried vial (50 mL) was clamped to a stand
above a stirring plate. A stirring bar (@=13mm) was added. After adding the corresponding
amount of dry mPEG-OH and rac-lactide (Table 3) into 22 mL DCM, the vial was closed with a
septum. Monomer and macroinitiator were dissolved by stirring (1,000rpm) for 5min.
37.2puL DBU (2.5x mol% compared to -OH) were added to 2mL of DCM in a small glass vial.
It was drawn up into a 3mL polypropylene syringe and injected through the septum into the
reaction vessel. Instantly the reaction was performed at a stirring rate of 1,500rpm and was
terminated after 90 min with 150 mg benzoic acid. After termination the solution was stirred
for 5min at 1,000 rpm.

The polymer solution was left to partially dry in the fume hood for ~48 h (NMR sample taken
for conversion determination). The polymer was redissolved in 1 mL of DCM and precipitated
by dropwise addition to 40mL cold 2-propanol in a centrifuge tube. After shaking for 3min
the precipitate was filtered through a Buchner funnel (Whatman Grade 42) for 5,000g/mol
and 10,000 g/mol PEG or separated by centrifuging and decantation for 2,000 g/mol PEG. The
polymer was left to dry at RT in a fume hood for 24 h followed by drying in a vacuum oven at
50°C for 24 h. The resulting white polymer powder was weighted, and the yield calculated.
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PEG-PLGA:

The general procedure of the ring-opening polymerization of PEG-PLGA was performed
following the protocol of Qian et al. [5] and Alanko [34]. The procedure was like the previously
described PEG-PLA synthesis. An oven-dried glass vial (50mL) with a small stirring bar
(@=13mm) was clamped to a stand above a stirring plate and sealed with a septum,
whenever possible. Three solutions were prepared directly prior to the synthesis (Figure 11
and Figure 10: right).

Solution 1:

Prepared inside the 50mL glass vial. 22 mL DCM was added with a pipette to the reaction
vessel. Then the calculated amount of rac-lactide and mPEG-OH was added from a weighing
boat (Table 1). The solution was stirred for 5min at 1,000rpm to dissolve monomer and
macroinitiator.

Solution 2:
Prepared inside a 6 mL capped glass vial. 37.2uL DBU (2.5x mol% compared to -OH) DBU
was added to 2mL DCM (mechanical pipette) and taken into a 3mL polypropylene syringe.

Solution 3:

Prepared inside a screw-capped vial. The calculated amount of glycolide was dissolved in
6 mL of THF by 5min of stirring with a stirring bar (@ =13 mm). The solution was taken into a
20mL syringe. The syringe was added to the syringe pump (syringe calibration performed:
FNP protocol) and the bended needle was introduced through the septum into the reaction
vial.

The solution in the reaction vial was stirred rapidly (1,500 rpm) followed by the injection of
solution 2 through the septum with a needle. Immediately after the syringe pump with the
THF-glycolide was started at a rate of 0.6 mL*min™. glycolide was added dropwise over the
course of 10min. After a total reaction time of 90 min the stirring was reduced to 1,000 rpm,
the septum was opened, and 150mg benzoic acid was added to arrest the reaction. The
solution was stirred for 5min. The polymer was precipitated in 2-propanol similar to the
procedure described for PEG-PLA.

Kinetic experiment for the synthesis of PEG-PL(G)A:

To understand the conversion of PLA and PLGA over the reaction time, the kinetic of the ROP
was observed by taking ~300 pL of solution with a syringe in time intervals of few minutes
(Table 3). The aliquots were directly transferred to a small 1 mL glass vial with 3-5mg of
benzoic acid in 300 yL DCM to terminate the reaction. The samples were analyzed in proton
NMR (H1) and the ratio of free rac-lactide monomer to PLA polymer was determined against
the reaction time (Figure 11).
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Solution 1:
mPEG + rac-lactide in

DCM \ Step 1: Step 2: Step 4:
l RT 23°C T3
\ Y
23 1500 rpm \
~ 60 min -]
Solutlon 3: t n: Termination: Precipitation: Filtration:
Glycolide Solution 2: on of Addition of Addition into Blchner
in THF DBU in DCM benzoic acid 2-propanol funnel
Figure 11: Synthesis of PEG-PLGA by a semi-batch process.
Table 3: Monomer ratios used for synthesis of PEG-PLGA polymers.
Polymer PEG rac-LA GA DBU DCM (THF)
(mg) (mg) (mg) (uL) (mL)
Kin. 1 PEGsk-PLA7 5« 400 600 - 29,8 24 (-)
Kin. 2 PEGsk-PL7.5kG2.5kA 400 600 200 29,8 24 (6)
PEGak-PLA1ok 200 1000 - 37,2 26 (-)
PEGsk-PLAj ok 500 1000 - 37,2 26 (-)
PEG1ok-PLA 0k 1000 1000 - 37,2 26 (-)
PEGak-PL7.5kG25kA 200 750 250 37,2 26 (6)
PEGsk-PL7.5kG25kA 500 750 250 37,2 26 (6)
PEG10k-PL75kG2.5¢kA 1000 750 250 37,2 26 (6)
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3.5 DBU-catalyzed ring-opening polymerization of mPEG-PCL

The DBU-catalyzed ROP of PCL was performed following the methods presented in literature
[41, 66]. A round bottom flask (50 mL) was prepared with 1.5g of dried PEGx, 1.5g of CL and
a stirring bar (@=15mm). 114 pL of DBU (1x mol% compared to -OH) was added to the
reaction vessel. The round bottom flask was closed with a septum and bubbled with nitrogen
for 10min by adding a long needle to the bottom of the flask and short needle on the top for
pressure release (Figure 10: left). While bubbling the flask was submerged into an oil bath
heated to 85°C. The stirring was set to 400rpm and the reaction continued for 24h. One
hour into the reaction the needles were removed, and bubbling stopped. The reaction was
terminated by the addition of 100 mg of benzoic acid and stirred until dissolved. The polymer
was removed from the flask by dissolving in 3mL of DCM and precipitated by dropwise
addition to 40 mL cold diethyl ether into a centrifuge tube.
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3.6 Polymer particle formation by FNP

For the particle formation with FNP, the established procedure from previous research was
used [64]. As a reactor for FNP, the MIVM with two inlets was used (Figure 12: left). The FNP
setup consisted of two syringe pumps, one for the aqueous anti-solvent and one for the
organic solvent. Pre-calibrated pumps were placed above the reactor to enable a continuous
flow (Figure 12: right).

Solution 1 (antisolvent):

A 1000 mL solution was prepared in a beaker by dissolving 0.1 v/v% Tween80© in MQ water.
The solution was stirred at 400rpm for 10 min until Tween80© was completely dissolved.
120 mL was drawn up into a corresponding syringe and placed in the FNP set-up.

Solution 2 (solvent):

Twt% of polymer and 5mg of oleic acid-coated IONPs in THF (@=13mm; thermal
decomposition provided by PEC Group) was dissolved in a total of 12mL of THF by vortexing
for 2min followed by 5min of sonification. Shortly before the reaction, the solution was
drawn up into a 20mL syringe and placed in the FNP set-up.

For the start of the experiment, both pumps were started at the same time with a flow ratio
of 10:1 (anti-solvent: solvent), while the anti-solvent pump was set to the maximum flow
rate of 100 mL*min"'. After establishing a flow equilibrium throughout the first 30s of the
reaction, three samples of 5mL nanoparticle containing product were transferred into small
vials at an interval of 5s. Afterwards the pumps were stopped, and the reactor was cleaned
by flushing with 10 mL THF. After each experimental batch the reactor was opened, and the
inside was thoroughly cleaned. Different tubes were used for experiments with IONPs and

bare polymeric NPs to avoid any cross contamination.

q

Figure 12: Inside view of MIVM (right) for FNP; FNP setup (left) with both syringe pumps for aqueous
and organic phase.
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3.7 Methods for the characterization:

For characterization of the polymer samples TGA, NMR, GPC and FTIR were performed. The
analysis of the polymeric NPs produced by FNP was done through DLS and STEM. Procedures
and Parameters used are listed below.

FTIR:

Thermo Scientific Nicolet iS50 FT-IR with a golden gate diamond attenuated total reflectance
(ATR) module was used. 5mg of sample powder was placed on the ATR crystal und screwed
down with a cone geometry until a good signal was received. A method with 2cm™ resolution
and 100scans was used. Afterwards the sample was removed, and the crystal was cleaning
afterwards with ethanol.

TGA:

The TGA for all polymer samples was performed by weighing 5mg of dried sample into the
flame cleaned ceramic crucible. For Analysis in Netzsch TG209F1 the sample was heated at
a rate of 20°C/min from room temperature to 500 °C and afterwards cooled with 40 °C/min
back to room temperature. The crucible was cleaned by holding into the flame of a heat gun
for 1 min.

GPC:

6mg of polymer sample was dissolved in 2mL THF. The sample was syringe-filtered and
transferred into a 1 mL HPLC vial. Agilent 1260 Infinity Il was used with the refractive index
detector. The molecular weight was determined automatically by the Agilent GPC/SEC
software with a polystyrene calibration curve.

NMR:

NMR samples were prepared by dissolving ~40mg of sample in 650uL deuterated
dimethylsulfoxide (d6-DMSQO) in a small glass vial (5mL). Dissolution rate was increased by
heating to ~40°C followed by 1 min vortexing and 1 min sonification. 600 uL were pipetted in
a standard NMR tube and capped. The samples were analyzed in a Bruker Neo 600MHz
instrument with two different methods at 25°C. Proton H1 NMR and Carbon C13 NMR
(512 scans, without decoupling) were used. The NMR tubes were cleaned twice with acetone
afterwards and reused only for similar polymer samples. Acetone is used as it does not
overlap with any sample peak. A list of all identified NMR peaks is given in the appendix
(Table 7).

DLS:

The nanoparticles produced by FNP were directly analyzed in the DLS (Anton Paar Litesizer
500) apparatus. 800pL of FNP NPs suspension were filled into a capped polystyrene
disposable cuvette and the hydrodynamic size measurement was started (25°C, max.
60runs @ 10s, automatic). Zeta potential for the NP solution was measured in an OMEGA®
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cuvette. Afterwards the cuvettes were flushed three times with 10mL MQ water to remove
the previous sample.

S(T)EM:

Grids were prepared by taking a formvar-coated copper grids (carbon site upwards) with a
cleaned forceps and placing it on the bench. 10 uL of the NP suspension were placed on the
carbon grid with a mechanical pipette. The grid was left to dry for 30 min and residual sample
was removed by a wet tissue paper. Next, 6L of 1% phosphotungstic acid (PTA) stain
(pH~7.0) was placed on the grid and left for ~1 min before being removed by a wet tissue.
Grids were then analyzed with a NTNU NanoLabs Hitachi S-5500 instrument at different
magnifications. Energy-dispersive X-ray spectroscopy (EDX) was performed to confirm PTA
and IONPs in the STEM images.

Software:

All graphs and calculations of derivatives, mean values and standard derivations were done
by the software Origin 2023 from OriginLab®. NMR data was analyzed and visualized by the
software MestreNova®. For image processing and particle measurements, the Imagej2
distribution Fiji® was used. General schemes and graphical pictures were prepared with the
help of BioRender®, CorelDraw®, ChemDraw® and Adobe Photoshop®.
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4. Results and discussion
4.1 Synthesis of PEG-PLA block-copolymer

For the preparation of the PEG-PLA block-copolymer, the method used by Quin et al. was
employed [59]. The ratios of the hydrophilic mPEG block and hydrophobic PLA block were
varied using different commercial molecular weight mPEG (M,=2K, 5K and 10Kg/mol) as
macroinitiators. For the DBU-catalyzed ROP of rac-lactide as monomer, a M, of 10,000 g/mol
was targeted. The three weight ratios PEGak-PLA1ok (1:5), PEGsk-PLA1ok (1:2) and PEGok-PLA ok
(1:1) were polymerized. During the polymer precipitation the dropwise addition of the
lowest molecular weight PEGx in cold 2-propanol did not result in a fine suspension. As the
monomer rac-lactide and low My PLA are both soluble in 2-propanol, the low ratio of PEG to
PLA in the block-copolymer could result in partial solubility. The product appeared as a sticky
mass so that it could not be filtered, and the 2-propanol was decanted. After vacuum drying
larger lumps were present in the PEGux-PLAx polymer sample. The yield of the
polymerization for all ratios was 60-70%, with parts of the sample lost in the filter paper.
Pure water-initiated PLA impurities were washed away with 2-propanol (Table 4). PEGu-
PLA:ok polymer sample shows the highest yield as the lack of filtration and formation of a
powder left solvent residue entrapped in the lumps. A conversion of >98% was calculated
by H1 NMR prior to filtration (Table 4). All three samples were soluble in THF. Their chemical
structures and thermal properties were characterized by FTIR, NMR, GPC and TGA.

The three polymer samples PEGa-PLA ok, PEGsk-PLA1ok and PEGiok-PLA ok are compared to
pure PEGsk (Figure 13) using FTIR to confirm changes in chemical composition. At 2885cm™”,
the C-H stretching of the methylene group of PEG was clearly present. With a decreasing
content of PEG, the C-H peak became smaller and overlaps with the C-H stretching of the
methyl group of the PLA (~2920cm™). At 1750cm”, the sharp C=0 stretching peak of the ester
group present, which resulteded from the polymerization with lactic acid, became
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Figure 13: FTIR spectra of synthesized PEG-PLA with different molecular weight ratios between PLA
and PEG.

29



detectable. The peak appearing around 1180cm™ corresponded to the C-O ester stretching
by the polymerized lactic acid. When the PLA content increased the C-O ester stretching also
increased. Around 1086cm™, the C-O PEG ether stretching became visible for all samples.
The sharp peak of the disubstituted carbon around 755 cm, which is characteristic for lactic
acid, confirmed the increase in the PLA content for the three block-copolymers. The
characteristic FTIR peaks described above were also reported in previous publications [68].
In a study by David K. Wang et al., who had synthesized triblock PLA-PEG-PLA copolymers at
different ratios with DBU, characteristic PEG and PLA chemical groups were detected with
ATR-FTIR [69].

The thermal stability of the PEG-PLA copolymers was analyzed by TGA. The weight loss was
observed over the temperature range from 0-500°C for each of the three samples
(Figure 14: left). The polymers were stable up to a temperature of 200°C. Between 200°C
and 350°C the PLA block of the polymer degraded. After a small plateau around 375°C, a
second degradation step between 400°C and 450°C was identified as PEG. These
assignments were supported by running reference samples of pure commercially available
PEG and PLGA standards (Figure 14:right). Through calculation of the minimum rate of
weight loss between the two degradation steps, the approximate weight ratio between the
two blocks was determined. PEGux-PLAok (1:5) showed a PEG content of 19.5%, which
corresponded with the expected value. PEGsk-PLAok (1:2) and PEGiok-PLAok (1:1) both
showed a slightly increased PEG content of 38.4% and 57.2%, respectively. This can be
explained by some polymerization of the PLA homopolymer as well as by unconverted
monomers, that were washed away during the filtration step. When comparing our TGA
results to data on PEG-PLA reported in the literature, a similar two-step degradation behavior
at ~300°C for PLA and ~400°C for PEG was observed for different weight ratios of stannous
octoate-catalyzed PEG-PLA [70].
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Figure 14: TGA analysis of PEG-PLA for different PEG:PLA ratios, calculated PEG weight content
marked with cross (left); comparison of PEG-PLA. PEG-PLGA, pure PEG and pure PLGA (right).
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Proton H1 NMR was used to identify the chemical structure of the three PEG-PLA block-
copolymers in d6-DMSO (2.5 ppm). The different peaks were assigned to the corresponding
protons in the chemical structure of PEGsk-PLA« after washing (Figure 15). The broad
methanetriyl peak (CH) of PLA was visible at 5.20 ppm, while the LA monomer methanetriyl
peak (A1: CH) at 5.45ppm was absent from the spectra (Appendix: 6.2 NMR monomer
reference spectra). DBU-LA complexes were not visible in the range of 3.75ppm - 5.0 ppm.
The washing process with 2-propanol successfully removed the monomer and the catalyst.
At 1.46 ppm, the three-proton methyl group (A2: CH3) of PLA was confirmed by having thrice
the integral value compared to the single proton A1. The methylene group (C: CH2) of PEG
was clearly visible at 3.51 ppm and confirmed by running a reference spectrum of bare PEG
(Appendix: 6.2 NMR monomer reference spectra). Successful block-copolymerization was
verified by the shift to 4.20 ppm (B: CH2) due to the PEG methylene group neighboring the
PLA end group. The linkage (B: CH2) was reported for PEG-PLA diblock and triblock
copolymers synthesized with DBU [59] or stannous octoate [71]. The methanetriyl end group
of PLA at 4.20 ppm (E: CH) was overlapping with peak B. Integration of the two groups (B+E)
gives 6.90 protons per PEG-PLA molecule, when the theoretical end group of mPEG was
assumed. The theoretical expected value was 3 protons per molecule. Differences between
the two values could indicate synthesis of pure PLA besides the block-copolymer. At
3.24 ppm the methyl end group of the PEG (D: CH3) was identified. The peak was overlapping
with the broad water resonance at 3.32 ppm, which was introduced with the washing of the
polymer in technical grade water containing 2-propanol. An additional unknown triplet peak
was overlapping with D. The adjacent peaks alter the integral of D compared to the pure PEG
H1 NMR spectra (Appendix:6.3 NMR spectra of PEG-PL(G)A samples). For the molecular
weight analysis, the PEG (C: CH2) peak was chosen over the methyl end group D.

The molecular weight of the different block ratios was determined with H1 NMR and GPC
(Table 4). From the initial monomer concentration, the theoretical number average
molecular weight Mx theo With the assumption of a maximum conversion and a Dm of 1 was
calculated. For the calculation of the H1 NMR number average molecular weight (Mn 11 nmR)
by end group analysis the methylene group (C: CH2) of the commercial PEG was used. The
total proton count/Mn n1 nur Of PEG was calculated from the methyl end group (D: CH3) of the
bare PEG reference sample mentioned above. The integral of PLA A1 represents the degree
of polymerization (DP) of the monomer LA. Multiplying the DP with the molecular weight of
the monomer and adding the PEG molecular weight results in Mn 11 nur(Appendix: 6.3 NMR
spectra of PEG-PL(G)A samples). Mn n1 nmr is lower than Mhn tmeo for all block-copolymer ratios.
The difference for PEGxk-PLAokand PEGsk-PLA ok can be explained by a conversion of <100 %
and by some impurities, like water-initiated low M, homopolymer PLA. A comparison
between the PEG normalized H1 NMR before and after washing accounts for 5% to 10 % of
PLA being removed with 2-propanol lowering the maximum M» nur (Appendix: 6.3 NMR
spectra of PEG-PL(G)A samples). In case of PEGiok-PLAk, a difference of 4,000 g/mol was
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calculated between Mn theo and Mn nmr. The larger molecular weight of the PEG1 o led to lower
reaction rates compared to the more mobile, low M»and impurity-initiated PLA chains. The
number of monomers taking part in the actual PEG:o-PLA1ok synthesis is smaller than for
lower PEG2« and PEGsk block-copolymerization.

The weight average molecular weight (Mw ¢rc) and polydispersity (Dm) of the different ratios
were analyzed by GPC. The Mwcprcwas for all cases lower than the theoretical value calculated.
The Bm showed a narrow distribution of 1.1 for PEGsk-PLA ok and PEG1ok-PLAok. PEG2k-PLA10k
had a broader range with Pm of 1.4. The low values indicated the presence of a living
polymerization. Mechanism like nucleophilic transesterification and acylation were absentin
these reaction conditions [40, 53]. The expected values for the DBU-catalyzed polymerization
reported in the literature was around 1.1 in the presence of an excess amount of hydroxyl
groups ([-OH]:[DBU]>1.5-2.0) [40, 59]. As for PEG«-PLA1ok presence of impurities promoting
some secondary initiation or nucleophilic transesterification could cause the higher Bn.
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Figure 15: Proton H1 NMR of PEGsk-PLAok in d6-DMSO (2.50ppm); Peak B (PEG-PLA) (4.20ppm)
methanediyl link between PEG-PLA; Integrals are normalized towards the DP of LA.
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Table 4: Comparison of yield, conversion (conv.) and molecular weight of PEG-PL(G)A block-
copolymers prepared by DBU-catalyzed ROP.

Yield* Conv.LA** M theo My 1 nmr*** Muw cec (Pm)
Polymer (%) (%) (g/mol)  (g/mol) (g/mol)
Kin. 1 PEGs-PLA ¢ i 89 12,500 11,248 11,700 (1.1)
Kin. 2 PEGsk-PLyskGaskA i 90 15,000 13,664 12,000 (1.1)
PEGa-PLAx 80 99 12,000 11,027 6,500 (1.4)
PEGs«-PLA ok 64 99 15,000 14,916 13,400 (1.1)
PEG1ok-PLA 0k 61 97 20,000 16,109 17,000 (1.1)
PEGac-PLy5GasA 81 96 12,000 9,531 N/A
PEGsc-PLy5kGasA 93 98 15,000 14,382 12,000 (1.1)
PEG1ok-PLyskGasA 53 76 20,000 15,491 16,300 (1.1)

*Calculated by mass balance after washing with 2-propanol and drying.
**Calculated by H1 integral ratio of P(LA) methine peak (PLA: 5.20 ppm; LA: 5.45ppm) in d6-DMSO.
***Determined by end-group analysis (PEG 3.57 ppm + methyl group 3.30ppm) in d6-DMSO.

(NMR spectra and calculations: Appendix 6.4 NMR Graphs of PEG-PL(G)A samples)
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4.2 Synthesis of PEG-PLGA block-copolymer

The polymerization of PEG-PLGA followed a similar procedure as described by Qian et. al. for
PEG-PLA [59]. mPEG2, MmPEGsx and mPEG«« were copolymerized with glycolide and rac-
lactide in a semi-batch process catalyzed by DBU. Preliminary experiments suggested that
polymerization of a completely random 50:50wt% rac-lactide to glycolide ratio resulted in
early precipitation during synthesis. The resulting polymer was insoluble in THF due to large
continuous glycolide blocks [64]. Therefore, the targeted PLGA copolymer ratio was reduced
to 75:25 wt% LA to GA. Glycolide dissolved in THF was added in a constant rate over the first
10 min of the reaction. Block-copolymers PEGy-PL7skGzskA, PEGsk-PL7skGaskA and PEGqok-
PL7skG2skA were successfully polymerized by the semi-batch method. The resulting PLGA is
assumed to form a semi-random gradient copolymer with the glycolide content decreasing
throughout the reaction. The higher molecular weight PEG1ok-PL75kG25kA precipitated in the
DCM/THF reaction solution after 20min. The reaction resulted in a low conversion of 76 % LA
and a yield of only 53% (Table 4). The resulting polymer was only partially soluble in THF
demonstrating the limitation to a molecular weight <20,000g/mol for the DBU-catalyzed
ROP. Like PEG-PLA the low molecular weight PEGx-PL;skGa2skA did not precipitate as a
homogenous suspension during the washing step. Decantation instead of filtration was
used. For PEGxk-PL7.5kG2.skA, PEGsk-PL7skG25kA the lower solubility of the product in 2-propanol
resulted in a higher yield compared to PEG-PLA. The conversion was above 95% (Table 4).
Both polymers were soluble in THF.

The chemical structure and properties of the PEG-PLGA block copolymers were
characterized by means of FTIR, H1 NMR, GPC and TGA (Figure 16: C). FTIR analysis confirmed
the additional glycolide methylene group (CH.) by the broadening of the alkane C-H
stretching at 2885cm™. The corresponding methylene bending from GA appeared around
1400cm™. These characteristic glycolide absorbance peaks were previously also seen with
PGA and PEG-PLGA produced from Sn(Oct), [72, 73]. Peaks corresponding to PEG and LA are
identified and correlate to the three block copolymers PEG-PLA spectra reported for the PEG-
PLA synthesis.

TGA graphs were obtained for the three ratios showing a two-step thermal degradation
pattern (Figure 16: B). The random copolymer PLGA degraded between 200°C to 300°C,
while PEG decomposed between 400°C to 450°C. When comparing PEGio-PLA1k With
PEG1ok-PL7skG2skA and commercial 50:50 PLGA (Figure 14: right) an increase in degradation
temperature was observed. With higher glycolide content, the polymer was more densely
packed and the crystalline domains increased. More thermal energy was required to break
down the polymer. An analogous behavior has been reported by others for different ratios
of LA and GA in PLGA random copolymer produced by Sn(Oct), [74]. Both PEGx«-PL75kG2.5¢A
and PEGsk-PL7skGaskA polymer lumps contain 3.5wt% and 2.2wt% residual solvent,
respectively, as a left over from the washing step. Drying in the vacuum oven at 50 °C for 24h
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was not sufficient to remove solvents trapped in the polymer clumps. The weight ratio
between PEG and PLGA was calculated from the minimum rate of weight loss between the
steps. The solvent residues were considered for PEGa«-PL7.5kG2.5kA and PEGsk-PL7.skG2.skA. With
increase in the PEG molecular weight, a loss of PLGA through lower conversion and
polymerization of PLGA homopolymer was observed. With 22.7wt% (1:5), 39.9wt% (1:2) and
57.2wt% (1:1) the content of PEG in the samples was similar to PEG-PLA. The addition of
glycolide did not have an impact on the weight ratio obtained by TGA.

H1 NMR was used to identify the chemical groups of the PEGsk-PL75kG2s«kA block-copolymer
(Figure 15: A) (6.3 NMR spectra of PEG-PL(G)A samples). With the addition of glycolide, the
methylene resonance (B: CH2) around 4.91ppm corresponding to PGA appeared. The
methylene resonance of the glycolide monomer at 5.05ppm (Appendix: 6.2 NMR monomer
reference spectra) was not detectable, indicating a 100% conversion to the polymer. LA and
PLA peaks remain unaltered compared to PEG-PLA discussed above. The proton resonance
of the PEG methylene group (C: 4.21 ppm // 4.12 ppm) linking the PEG to PLGA showed a peak
broadening compared to PEG-PLA. PEG connected to a PGA unit had lower nuclear

MPEGg,-PL; 5¢G, 5 A block-copolymer

A) H1 NMR 72 » |- B)TGA
) HOF QJ\ /H‘EL{ % VEO/\%O\CH?) )
100 S - p 0.0
) 3 X N Ir:/ %

—5.20
—4.91

< ~
5 o
b ¥

Al B CF "
(PLA CH)| | (PGA CH,) (PEG-CH-PLGA)

(PLGA- CHR -OH)

2
3 z
P
|
E

A
CH;) (PEG- CH ;) (PLA ;I

80

T
1
o
i

E
T

2-Propanol —3.77
2-Propanol —1.04

fox}
o
1

-0.8

PEGZK_ PLZSKGZ‘SKA
PEGSK7PL7.5KGZ.5KA
PEG 1 OK_P L7.5KGZ.5KA

I
o
1

Weight m (%)
o

weight loss rate

_— 20
325 T PEG-PL7 5¢Ga s¢A
) I T [ E PEG-PL; 5 Gy A
""" PEG;g-PL7 5¢Ga A
—

ix 0 T T T T T -2.0
E 0 100 200 300 400 500
5

rate of weight loss (%/°C)

T
N
o

" " " " " " " " Temperature T (°C)
5.5 5.0 4.5 4.0 35 3.0 20 1.
Chemical shift (ppm)

IS

|y

IS ——

7

= PEGyPL7 5kGas¢A
C-H
2885 cm™ PEGg-PL; G, 5 A 17
PEG 0k-PLy 5kGa.51A

- T C-0-C
PEGSK 1086 cm

T T T T T T T T T T T T T T T T T T T T
3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
Wavenumber (cm™)

Transmittance
O =

Figure 16: Different PEG-PLGA ratio analysis by A) H1 NMR, B) TGA and C) FTIR.

35



resonance (C: 4.12ppm R=H) compared to PEG connected to PLA (C: 4.21 ppm R=CH3). Both
groups GA and LA were involved in the initiation of the polymerization from the mPEG.

In the feed of the reaction a molar ratio of 29.3:70.7 GA to LA was used. Using H1 NMR, the
GA to LA molar ratio was calculated from the cleaned block copolymer samples (Table 4). For
PEGak-PL75kG2skA and PEGsk-PLyskGaskA the GA content in the polymer increased by ~7%
compared to the molar feed composition. Around 10% percent of unreacted LA monomer
or low M, PLGA was removed in the washing step with 2-propanol. Similar loss of LA content
was confirmed by the direct comparison of the H1 NMR before and after the washing. As for
PEG1ok-PL7skG2skA the calculated ratio between GA and LA was nearly 50:50, which is in
accordance with the observed early precipitation during synthesis and low conversion of LA.

The H1 NMR and GPC was used to calculate the molecular weight of M n1 nmrand Mw cpe. For
both values, the molecular weight was lower than the theoretical value. The Mnn1 nmrand Mw
cpc avalues and Dm results align with the previously obtained PEG-PLA synthesis. Neither the
addition of glycolide nor Pm had an effect on the molecular weight. For Mw ¢rc PEGak-
PL7.5kG2skA the GPC run was not successful as residual solvents led to a broad signal (Table 4).

To understand the randomness between LA and GA blocks in the polymer backbone C13
NMR was used to identify the characteristic carbon resonances. Peaks of PEG1ok-PL75kG25kA
were identified through the C13 NMR in d6-DMSO (Figure 16). The methylene carbon at
71.28ppm (C: CH2) corresponds to the PEG backbone. The PGA methylene carbon (B:
61.19ppm), the PLA methine carbon (A2: 69.16 ppm) and the PLA methyl carbon (A1:
19.94 ppm) were compared to a commercial PLGA sample and cross-checked with previously
published data [59, 63, 75]. Monomer peaks were not visible in the PEG1ok-PL7.5kG2.5kA sample.
The carbonyl groups had resonances between ~167ppm for GA and ~170ppm for LA
backbone carbons. Depending on the adjacent repeating unit, the carbonyl carbons showed
a shift in resonance. GA with adjacent LA (GL: 167.08 ppm) had a lower value compared to
GA with an adjacent GA (GG: 167.18 ppm). A similar shift was observed for LL and LG at
170 ppm, but the peaks were overlapping obstructing precise integration. The use of
hexafluoroisopropanol in d-chloroform has been reported to yield more defined peaks for
the analysis of the LL and LG peak of PLGA produced by DBU and Sn(Oct), compared to dé6-
DMSO used in this research [59, 62, 76]. From the integrals, the average sequence length of
GA (Lg,)and LA (L, 4) were calculated by Equation (8)(9) for all three PEG-PLGA ratios (Table 4).
For a completely random block copolymer with a 50:50 molar ratio of the dimers glycolide
and rac-lactide the average sequence length expected is 4 [59]. An alternating polymer would
have the sequence length of 2 for GA and LA. For PEGk-PL7.5kG25kA and PEGsk-PL7skGzskA the
low Lg, of 3.90 and 3.66 suggests a random copolymerization. The semi-batch process works
well for the solution polymerization of PEG-PLGA with DBU and results are similar to those
reported by Qian et all. (L;,=3.00) [59]. In case of PEGok-PL7skG2skA, the higher sequence
length of 5.08 explains the low solubility and precipitation during the synthesis. Quality of
the polymer in regards of the randomness is on par with the commercial Resomer503H
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(Lga=3.05) [63] and PLGA (L, =2.80) catalyzed by Sn(Oct).. Previous studies found and Lg,
of 3.7 for 41.7wt% GA [62] and 2.60 for 30wt% GA [76] with Sn(Oct), as catalyst. At higher
molar ratios close to 50:50 DBU catalyst tends to form longer L;, compared to Sn(Oct),,
resulting in precipitation and limitation of the copolymerization. To further understand the
reaction pathways and copolymerization behavior the reaction kinetics of DBU are
investigated for the previous polymerizations.
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Table 5: Analysis of PLGA average sequence block length between commercially, DBU and Sn(Oct).
produced polymer.

Feed H1 NMR Sequence Sequence

Polymer Molar ratio  Molar ratio Length Length

GA:LA GA:LA* Lga** Lia**
PEGak-PL7.5kG2.5¢kA 29.3:70.7 37.3:62.7 3.90 5.42
PEGsk-PL7.skG2.skA 29.3:70.7 36.1:63.9 3.66 6.17
PEG1ok-PL75kG25kA 29.3:70.7 46.7:53.3 5.08 5.40
PAAx-PLkG1kA (Sn(Oct),) 39.3:61.7 40.5:59.5 2.80 4.44
PLGA Resomer503H© N/A 50.8:49.2 3.05 2.97

*Calculated by H1 integral ratio of PLA methine peak (PLA: 5.20 ppm) and PGA methylene peak
(PGA: 4.91 ppm) in d6-DMSO.

**Calculated by C13 integral ratio of the carbonyl carbon (Equation (8)/(9)).

(NMR spectra and calculations: Appendix: 6.3 NMR spectra of PEG-PL(G)A samples)
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4.3 Kinetic Study on DBU PEG-PL(G)A synthesis

A kinetic study of the copolymerization was used to identify the reaction pathways valid for
the copolymerization of PEG-PL(G)A in this work. The conversion of LA to PLA was observed
for similar reaction conditions as used in block copolymerization discussed before. The
monomer resonance of rac-Lactide (LA: 5.43ppm) was compared to the polymer PLA
resonance (A1: 5.20ppm) at different times throughout the reaction of PEGsk-PL7skG2.skA
(Figure 18). From the figure a clear decrease of LA monomer resonance and increase in PLA
resonance is visible. After 60 min the total conversion reached 90% and the reaction was
arrested (Table 4). The conversion (X) was calculated for each time stamp following the
equation (16). When the logarithm of the conversion was plotted against the time the
reaction order can be determined. In case of a first order reaction a linear slope was
expected. For both experiments Kin. 2 PEGsk-PL7skGz2skA and Kin. 1 PEGsk-PLAok the graph
does not show a linear curve. The adjusted R? were below 75 %. When an exponential growth
fit described the conversion over time, it gave an adjusted R? above 98%. The kinetic
experiment did not show a living polymerization behavior based on the AAP. The excess
amount of catalyst DBU in comparison to the alcohol groups from mPEG (2.5:1) promoted
partial NAP. The NAP reaction pathway was prone to acylation between DBU initiated chains
and free hydroxyl groups. This resulted in the higher reaction rate in the start of the
experiment compared to a lower rate at higher conversion. Results have been published for
a ratio of 2.1:1 between DBU and mPEG showing similar conversion over time behavior for
PEG-PLA synthesis [40]. During the semi-batch process GA was added over the first 10 min
and reacts instantaneously. GA was absent in all aliquots taken from Kin. 2 PEGsk-PL7.5kGzskA.
Since a living polymerization was targeted the amount of catalyst should be reduced and the
reaction time prolonged.
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4.4 Synthesis of PAA-PLGA block-copolymer

The synthesis of the amphiphilic block copolymer PAA-PLGA included a two-step process,
free radical polymerization of PAA-OH followed by the ROP of PLGA with stannous octoate.
The free radical polymerization of hydroxyl terminated PAA-OH.« was successful. After
vacuum drying a white crystalline powder was obtained. The sample did not show any
crosslinking of PAA-OH.« and was soluble in THF and DMSO. The chemical structure and
properties of the polymer were confirmed by NMR, FTIR and TGA (Figure 19).

The polymer was analyzed through TGA and showed a characteristic three step degradation
behavior (Figure 19: B). The first step around 200°C is attributed to the loss of hydrogen-
bounded water from the carboxylic acid. This step also included the removal of entrapped
solvent residues like THF or Toluene. For PEG-OH.« around 10 wt% was residual solvent and
water. The second thermal degradation step 250°C showed the formation of anhydrides
from close packed carboxylic acids. The complete degradation occurred in the range of
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390°C to 450°C. This thermal degradation behavior was widely described in literature by
various sources for low and high molecular weight PAA [77, 78].

The FTIR analysis of the PAA-OH powder revealed the characteristic broad absorbance peaks
of the carboxylic acid around 3000 cm™ (Figure 19: C). The C-H stretching at 2940 cm™ as well
as the C-H bending of the di- and trisubstituted carbon backbone was visible. The C=0
stretching at 1700cm™ confirmed the presence of conjugated carboxylic acid groups. The
peak corresponding to the hydroxyl functionalization was expected to appear around
3600cm™ showing the O-H stretching of a free hydroxyl group. A small peak visible in the
spectrum was nearly out of the resolution range. Since the amount of free hydroxyl groups
was very low these results were expected. The peaks corresponded to the values reported
in literature for a similar PAA-OH synthesis procedure [48, 79].

H1 NMR was used to identify the chemical composition of the PAA-OHx (Figure 19: C). Two
broad resonances associated with PAA were identified. The methanetriyl group (A1:
2.21 ppm) and the methylene group (A2: 1.51 ppm) were characteristic for PAA. Acrylic acid
monomer peaks were absent from the spectra suggesting a high conversion to PAA (6.2 NMR
monomer reference ). PAA was successfully functionalized with ME and the free hydroxyl
group resonance showed at 4.76ppm (B1). The two methylene groups of ME (B2:
3.50ppm/B3: 2.56ppm) showed a small shift compared to the reference spectra. The
absence of the strong thiol (ME-SH: 3.45ppm) resonance confirmed a successful link
between PAA and ME (6.2 NMR monomer reference ). The NMR peaks of the polymerized ME
corresponded to the peaks obtained from a similar telomerization with dimethylaminoethyl
methacrylate and ME in literature [48, 50, 80]. The molecular weight was calculated by end
group analysis through the ME methylene group (B2: 3.50 ppm), because no overlapping
peak was observed. The number average molecular weight Mn n1 nmr Was calculated as
2446 g/mol. This result was close to the expected 2000 g/mol for the synthesis.

After the polymerization the washing step in cold diethyl ether and drying in a vacuum oven
was unsuccessful. The H1 NMR (Figure 19) showed remaining water (3.33ppm), THF
(1.76 ppm//3.60 ppm) and Toluene (2.30 ppm). The drying in the vacuum oven at 105°C for
24 h did not remove the entrapped residual solvents from the polymer. Hydrogen bonding
between water and carboxylic acid required 200 °C to break, which was observed in the TGA
analysis. For future experiments the polymer should be purified through freeze drying
before further use. The initiator AIBN also showed a strong peak (1.43 ppm) that needs to be
removed before further processing of PAA-OH.

PAA-OH« was used as macroinitiator for the ROP in bulk with stannous octoate, GA and LA.
From visual observation and H1 NMR (Figure 20) PAA-OHx did not melt at 130°C in the
reaction vessel. It was assumed that PLGA synthesis was not initiated from the hydroxyl
groups of PAA-OHx« and bare PLGA was formed. Both characteristic PAA resonances for the
methanetriyl group (D: 2.21 ppm) and the methylene group (E: 1.51 ppm) were barely visible.
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Instead, the end groups of the PLGA polymer were visible. The methylene group of GA (C:
4.11 ppm) and methanetriyl group of LA (4.21 ppm) showed a lower nuclei resonance due to
an adjacent hydroxyl group instead of an ester. From the end group integrals, the average
molecular weight of the PLGA was calculated as 2858 g/mol and a conversion of LA of 89%
was found. After the synthesis PAA was not soluble in THF suggesting crosslinking by
uncontrolled free radical polymerization with the remaining AIBN. For a successful synthesis
the macroinitiator PAA-OH should be free of water. Since the monomer acrylic acid was not
completely dehydrated, distillation of the monomer is proposed. Furthermore, freeze drying
of the PAA-OHx is an option that should be used in further experiments. Ahmadi et. al. and
Xue et. al. [48, 50] were able to synthesize PAA-OH without residual water and other solvents
without using rigid cleaning procedures above. Both demonstrated the potential of the
resulting amphiphilic polymer PAA-PL(G)A for drug loading and pH responsive release
mechanism. Using FNP for drug loading and particle formation with PAA-PLGA has yet to be
tested.
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4.5 Synthesis of PEG-PCL block-copolymer

Preliminary experiments of the PEG.-PCL2x ROP synthesis with DBU showed degradation of
the catalyst at a temperature of 90°C. The solution changed dark brown 60 min into the
polymerization and the conversion of CL to PCL was only 2%. Change in temperature to 85°C
results in an increase in conversion to 42 % (Figure 21) over 22 h. The obtained solution was
slightly yellow, suggesting some type of catalyst degradation. The NMR peaks of PEGax-PCLxxk
were assigned to the peaks of PCL and CL (Figure 21) (6.2 NMR monomer reference ) [81].
Depended on the location in polymer structure and adjacent groups the different methylene
groups showed different proton resonances. For the end group analysis PEG (G: 3.52 ppm)
was used. The linkage between PEG and PCL was confirmed by the PEG methylene group
adjacent to PCL (F: 4.12 ppm). The total molecular weight for the polymer Mn 1 nur was found
as 2740g/mol. The conversion of 42% was calculated by the ratio of the two methylene
groups of CL (&: 4.21 ppm) and PCL (E: 3.99 ppm) adjacent to the ester bond. In Literature the
polymerization conversion was reported to reach 95% at 90°C and 99% at 100°C for the
copolymerization with PEGx [41]. Discoloration from oxidized DBU was reported. The total
absence of Oxygen was required to avoid the early oxidization of the tertiary amine and
deactivation of the catalyst [41]. The purging with nitrogen and the drying of PEG in the PEGa«-
PCLk synthesis might not be sufficient to remove all oxygen from the reaction vessel. The
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washing step of the polymer in cold diethyl ether did not result in precipitation and formation
of suspension. A polymer powder could not be obtained. The PEG-PCL was used directly from
the bulk with monomer CL still present.

4.6 Fabrication of NPs through FNP

For the fabrication of biocompatible NPs the previously produced Polymers PEG-PLA, PEG-
PLGA, PEG-PCL, PAA-PLGA as well as commercial PLGA Resomer503H®© were used in FNP.
For the comparison between the different polymer samples the process parameters from
the FNP setup were not varied. The flow rate of the aqueous phase was maximized to
100 mL/min with aqueous to organic ratio of 10 to 1. Supersaturation is maximized, while
the mixing time (tmix) is as short as possible. Tween80 was used with 0.1v/v% in the aqueous
phase to work as an additional stabilizer for the polymeric NPs. Since the critical micelle
concentration (CMC) for Tween80® is 0.014g*L™", micelles with~10 nm diameter are present
in the solution [82]. Directly after the synthesis the particle hydrodynamic diameter was
analyzed through DLS (Table 6). STEM grids were prepared for selected samples.

4.6.1 Bare polymeric NPs

All three ratios (1:5, 1:2, 1:1) of the block-copolymer PEG-PLA were analyzed from solution
after the FNP process. PEGik-PLA1ok showed water solubility and did not form sterically
stable NPs. The high ratio of hydrophilic and water-soluble PEG compared to hydrophobic
PLA resulted in a low or no supersaturation condition during the high-speed mixing. For the
higher ratio PEGa-PLAok and PEGsk-PLAok NPs sized 41.2+0.3nm and 45.9+1.7nm were
present in the MQ water/ THF mixture (Table 6). Similar sizes of NPs were reported with
commercial, DBU and Sn(Oct), based PEG-PLA block copolymers in CJI [35, 83] and MIVM [2]
reactors. The NPs solution showed a zeta potential of -1.7+0.7 mV. Literature suggests that
PEG-PLA NPs are mostly electrostatically stabilized, due to instantaneous precipitation in
saline water [2, 35]. The addition of salts affects the solubility of the PEG chains in water,
resulting in lower solubility and increased aggregation behavior [84]. This was confirmed by
STEM Images for PEGsk-PLAok as particle underwent Ostwald ripening showing wide particle
distribution.

The three ratios of the block copolymer PEG-PL;skG2skA were also used for the NPs
fabrication through FNP. The glycolide added to the block copolymer increased the size of
the resulting NPs to 64.6+3.6 nm for PEG.x-PL7s5kG2.5kA and 56.2+ 3.5 nm for PEGsk-PL7.5kG2.skA.
The high PEG ratio sample PEG1ok-PL75kG25kA with a GA sequence length of 5 did not dissolve
properly in THF and could not be used for particle synthesis. The size increased of PEG-PLGA
compared to PEG-PLA is connected to the increase in hydrophilicity for the Polymer
containing the glycolide. Difference between PEG and PLGA hydrophilicity is smaller
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compared to PEG to PLA. During the FNP mixing process the PEG-PLGA will have more time
to incorporate polymers in the forming micelle before stabilized by a PEG corona. These
assumptions have been applied for the stabilization and size explanation of coated
hydrophobic drugs, but should be applicable for bare polymeric Nanoparticles [2, 35]. The
zeta potential for PEGax-PL7skG2skA was -7.6+0.2mV. The significantly higher zeta potential
compared to PEG-PLA suggests a good PEG corona around the hydrophobic PLGA core
stabilizing the particle. In STEM analysis the NPs were observed only by addition of PTA stain
(Figure 22). Small Tween80 micelles ~10 nm were present on the stain grid as well. Through
control experiments it was concluded that they are not affecting size of particles measured
through DLS and STEM. Because of small size and low concentration of tween80 micelles,
DLS was not able to pick up a signal around 10nm.

The DBU catalyzed polymer PEG.«-PCLxx was also used for the synthesis of NPs by FNP. Since
the conversion was only 42 % the length of the hydrophobic PCL block is short. DLS yielded
a particle size of 18.4+1.6nm, suggesting a fast stabilization of the NPs (Table 6).
Hydrophobic interaction to PEG-PCL molecules near a formed NPs are shielded by the long
hydrophilic PEG changes forming a corona. Literature reports PEG.-PCLsk to form 66+ 15nm
sized NPs when mixed in 10:1 MQ water to THF and twice the polymer concentration in an
MIVM reactor [85]. In this study lower polymer concentration and smaller hydrophobic block
length were used. The resulting reduction in supersaturation and polymer -polymer
interaction shows smaller NPs. This result should be taken with care as the residual
monomer is present in the sample. Interaction between monomer and stabilizer/ polymer
can influencing the NPs formation.

Table 6: Sizes of different Polymeric NPs produced by FNP. Organic phase: 1 wt% Polymer in THF.
Aqueous phase: 0.1v/v% Tween in MQ Water. DLS measurements ~1 hour after fabrication.

Hydrodynamic

Polymer radius (nm) PDI Stability
PEGak-PLA10k 41.2+0.3 18.4+£1.7 <6h
PEGsk-PLA10k 459+1.7 23.4+04 <6h
PEGsk-PLA1ok+ IONPs 71.5+6.6 23.4+1.1 <6h
PEG1ok-PLA10k - - H,O soluble
PEG2k-PL7.5kG2.5kA 64.6+3.6 225111 >72h
PEGsk-PL7.5kG2.5kA 56.2+3.5 245+09 >72h
PEGsk-PL7.5kG25kA + IONPs 70.1+4.3 20.3+0.6 >72h
PEG1ok-PL7.5kG25kA - - THF insoluble
PAAx-PLkG1kA 163.4+8.2 23.4+1.7 >72h
PEGak-PCLax 18.4+1.6 23.3+0.3 N/A
PLGA Resomer503H© 143.0+6.0 21.0£3.5 >30 days
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The copolymerization of hydroxyl terminated PAA with PLGA catalyzed by Sn(Oct), was
unsuccessful. Nevertheless, the obtained homopolymer PLGA was used in FNP for
comparison with commercial Resomer503H PLGA and the previously discussed copolymers.
For the PLGA homopolymers a size of 163.4+8.2nm (PAA-PLGA) and 143.0£6.0nm
(Resomer503H® PLGA) were obtained from the DLS measurements (Table 6). The similar
sizes are achieved by using the same polymer concentration during the FNP run. Molecular
weight 22471 g/mol (Resomer503H) and 1400 g/mol (PAA-PLGA) has an inferior influence on
the resulting size of polymeric NPs. The hydrophobic PLGA grows by polymer-polymer
addition from nearby PLGA molecules until the core is stabilized by the Tween80 block-
copolymer. The sizes for the homopolymers are generally larger compared to the block-
copolymer PEG-PLA and PEG-PLGA. For homopolymer the aggregation time (tag) is larger
than the mixing time (tmix) and an increase in size is obtained.

4.6.2 IONPs coated PEG-PL(G)A

For the FNP experiment 0.05wt% oleic acid coated IONPs (13+2nm) are added with 1wt%
PEGsk-PL7skGaskA or PEGsk-PLAok to the organic THF phase. FNP was performed following
same parameters as for bare polymeric NPs. The average hydrodynamic radius for both
polymers increased by ~20 nm upon addition of IONPs. STEM images showed that between
0-2NPs were attached to the outside of a single stained PEG-PL(G)A particles (Figure 22). This
could suggest that the mixture time (tmix) during the FNP process was too fast. The
hydrophobic IONPs were stabilized by addition of polymers and surfactant before the NPs
can grow by further addition through polymer-polymer interactions. Control experiments
showed that running IONPs in FNP without block-copolymers resulted in large
agglomerations on the STEM grid. The block-copolymers played a crucial role in in the
dispersion and stability of the IONPs during FNP.

30.0kV x70.0k BFSTEM 500nm 30.0kV x130k BFSTEM 400nm

Figure 22: Hydrophilic polymeric Nanoparticles PEGsk-PL7.skG2.skA stained with 1wt% PTA solution;
bare polymeric NPs (left), Oleic acid IONPs + polymeric NPs (right).
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The literature that has been reported on the incorporation of oleic acid coated IONPs into a
polymeric NP uses the CJl reactor geometry [1, 67]. The coating is a result of a longer mixing
time compared to MIVM allowing aggregation around the IONPs through polymer - polymer,
polymer - IONPs and IONPs - IONPs interaction. Fuller et all. was able to coat multiple IONPs
with a layer of PEG-PLA polymer resulting in sizes of 50-70nm [1].

4.6.3 Investigation of PEG-PL(G)A NPs Stability

The stability of PEGsk-PL7.5kG2skA and PEGsk-PLA ok with and without IONPs was observed over
a time span of 72h (Figure 23). For bare PEGsk-PLAox NPs the hydrodynamic size increased
by 150nm in the first 6h after the FNP process. The instantaneous size increase indicates
instability and fast Ostwald ripening of the polymeric NPs. Analog behavior of PEG-PLA block
copolymers have been reported previously with particle stability of few hours [2, 35] The
solubility of the PEG in PLA is extremely high as shown through solubility parameters
presented in Literature [2, 35, 38]. Trapped hydrophilic PEG domains inside the hydrophobic
PLA were present. Diffusion of these PEG domains to the surface destabilized the polymer.
Lowering the molecular weight of the hydrophilic block to PEGx«-PLAok did show similar
instability. The Polydispersity (PDI) measured by DLS increased significantly from 23.4+0.4
to over 30 with the proceeding Ostwald ripening process of the polymeric NPs. When IONPs
were added to the organic phase the size increase of PEGsk-PLAjok NPs was with 75nm
significantly smaller in the same time interval. As observed earlier the IONPs, which attach
to the outside of the NPs could hinder the Ostwald ripening process and contribute to the
particle stability. This theory is supported by the PDI measurement were the IONPs PEGsk-
PLA ok did @ much smaller peak broadening over time.
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Figure 23: Stability of PEG-PLA vs PEG-PLGA NPs over time; Addition of IONPs increase the size and
stability of the polymeric NPs.
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The bare PEGsk-PL7skG2.5kA polymeric NPs showed a more stable behavior over the course of
72 h compared to PEG-PLA (Figure 23). The hydrodynamic size of the particles increased by
10nm with higher standard derivations for older samples. The structural change of the
polymer by addition of the glycolide effected properties like solubility and hydrophilicity. The
PLGA solubility in PEG is much lower compared to the PEG-PLA polymer, when described
through the Hoy solubility parameter [2, 35, 38]. The number of PEG domains inside the
polymer core was reduced, diffusion of PEG and water was avoided, and stability increased.
When using lower molecular weight PEGa« the particles were also stable throughout the first
72h. The PDI of the polymeric NPs stayed constant over the time of 72 h. Ostwald ripening
did not occur. Through the addition of the IONPs the stability of the NPs was preserved.
Particle sizes of 70nm and a PDI between 20-23 is measured for all time points. The particles
PEGsk-PL7skGaskA sizes were measured after 3 weeks of storage in the fridge and no
significant size change is found. Both polymeric NPs PEG-PLGA and PEG-PLA were not stable
when ultrasonication was used. Particles destabilize and form aggregates instantaneously.

PLGA homopolymers showed higher stability and resistance to ultrasonication compared to
the block copolymers polymerized in this work. Experiments show that the sizes of the
homopolymers are stable for more than 30 days. The hydrophobic PLGA core is mainly
stabilized in suspension by a layer of Tween80. The driving force for Tween80 to assemble
on the surface of the hydrophobic domain is high. Hydrophilic PEG domains are not
incorporated in the core and Ostwald ripening is not favored.

From a stability point of view PEG-PLGA shows superior properties compared to PEG-PLA.
PLGA homopolymer rely on the stabilization of the particles by a stabilizing agent, while the
block copolymer of PEG-PLGA is stabilized by the polymer directly.
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5. Conclusion

In this study, biocompatible amphiphilic block-copolymers suitable for biomedical
applications were synthesized. The selection of the organic catalyst DBU for solution-based
ROP was based on its low inherent toxicity. PEG-PLA and PEG-PLGA polymers with varying
ratios of hydrophilic to hydrophobic blocks were successfully polymerized. The chemical
structure of the polymers was characterized using H1 NMR, and the sequence length of
lactide and glycolide blocks was determined through C13 NMR. It was observed that high
glycolide content limited the maximum molecular weight of PEG-PLGA polymer to
approximately 20,000g/mol due to early precipitation. Kinetic experiments revealed the
importance of maintaining a catalyst to macroinitiator ratio of less than 1:1 for achieving
narrow polydispersity and avoiding secondary reaction pathways.

Attempts were made to synthesize two other amphiphilic block-copolymers. However, the
bulk synthesis of PEG-PCL using DBU as a catalyst at elevated temperature resulted in only
42 % conversion. Similarly, the synthesis of PAA-PLGA faced challenges in purifying PAA-OH
due to hydrogen bonding between water and carboxylic acid groups.

These polymers were utilized in the fabrication of bare polymeric NPs through Flash FNP.
The size of the NPs varied depending on the polymer type. Stability tests revealed that PEG-
PLA NPs remained stable for only a few hours before experiencing Ostwald ripening and
aggregation. In contrast, PEGsk-PL7skG2skA NPs exhibited excellent stability over multiple
days.

PEGsk-PLA1ok and PEGsk-PL7skGzskA were also combined with OA IONPs to explore the
possibility of coating hydrophobic IONPs. However, instead of incorporating the IONPs into
the polymeric NP structure, single IONP particles were found to be attached to the exterior
of the polymeric NPs. This observation may be attributed to the short mixing time utilized in
the FNP process, where the rapid nucleation and growth of polymeric NPs hindered the
incorporation of IONPs within the hydrophobic domain. Nevertheless, the attachment of
IONPs to the exterior of the polymeric NPs positively influenced their stability.

In future research, adjustments to the process parameters of FNP should be considered.
These modifications could involve extending the mixing time or exploring the use of different
solvents, which may enable the complete encapsulation of OA IONPs within the polymeric
NPs. Furthermore, the incorporation of additional drugs into the NPs could create a
theranostic carrier system, enhancing their potential biomedical applications.
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6. Appendix

6.1 List of identified NMR peaks

Table 7: List of identified NMR peaks for PEG-PL(G)A in d6-DMSO (Reference Peaks: H1 DMSO
2.50 ppm).// C13 DMSO 40 ppm) [64].

Component H1 Literature H1 c13 Literature C13
2-Propanol 1.04 [75] 25.56 [75]
Acetone 2.02 [75] 31.18 [75]
Chloroform - -
DMSO 2.50 [75] 40.00 [75]
glycolide (CH2) 5.05 [86] 65.78 -
glycolide (CO) - - 165.91 -

PGA (CH2) 4.91 [59, 86] 61.22 [87]

GG (CO) - - 167.18 [59, 63, 76]
GL (CO) - - 167.07 [59, 63, 76]
lactide (CH3) 1.47 [86] 15.59 -
lactide (CH) 5.44 [86] 72.7 -
lactide (CO) - - 169.01 -

PLA (CH3) 1.52 [59] 16.93 [87]
PLA (CH) 5.20 [59] 69.18 [87]

LL (CO) - - 169.67 [59, 63, 76]
LG (CO) - - 169.74 [59, 63, 76]
PEG (CH2) 3.51 [59, 86] 70.29 [87]
PEG-GG (CH2) 412 [59, 86] - -
PEG-LL (CH2) 4.22 [59, 86] - -
mPEG (OCH3) 3.24 [59, 86] - -
Water 3.33 [75] - -
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6.2 NMR monomer reference spectra

glycolide in d6-DMSO (H1/C13): [64]
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6.3 NMR spectra of PEG-PL(G)A samples
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Figure 25: H1 NMR spectra of PEG and PEG-PLA with M, 41 nvr molecular weight determination.
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Figure 26: H1 NMR spectra of PEG-PLGA with M, 11 nur molecular weight determination; C13 NMR
spectra of PEG-PLGA for sequence length determination.
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Figure 27: H1 NMR spectra of PEG-PLA and PEG-PLGA for conversion determination before washing
and drying.
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6.4 Raw Data Links:

Results raw data:

https://studntnu.sharepoint.com/:f:/s/0365_FunNanoResearchGroup-
Fall2020HelenaSpecializationProject/EpMW8NYV6alDivgDx4s40qYBPi3_9uTS162pYK24wNu
MzZQ?e=n3weTv

Presentations:

https://studntnu.sharepoint.com/:f:/s/0365_FunNanoResearchGroup-
Fall2020HelenaSpecializationProject/Emmf3RFT6GdAI4X_hgMapB8By0-VJt_0Q5hoy_-
JjREqOHA?e=BZfdfV

Experimental Procedure:
https://studntnu.sharepoint.com/:f:/s/0365_FunNanoResearchGroup-
Fall2020HelenaSpecializationProject/EndmyboW6TINts6jKGkwSygBbJAnUqIziGRXjngMVp2
96w?e=7WmZfM
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