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R SUM

Le poly(D,L-lactide) est un polymtre biocompatible et biod@gradable ayant des applica-
tions dans le domaine biom@dical, notamment dans I'administration contr Ife de m@dica-
ments. Sa synthtse conventionnelle I'aide de I'octanoate stanneux est lente et prend plus
de 4h, voire plus ddpendamment du poids mol@culaire souhaitd. A n de r@duire le temps
de rfaction dans la production du poly(D,L-lactide), nous avons polym@ris@ par ouverture
de cycle le D,L-lactide dans un rfacteur micro-ondes ( des temp@ratures comprises entre
130 C et 170 C), dans deux solvants di @rents, le tolutne et le tgtrahydrofurane, en util-
isant I’octanoate stanneux comme catalyseur et I’alcool benzylique comme initiateur. La
rdaction dans le tolutne a produit du poly(D,L-lactide) d’un poids mol@culaire de 31kDa
aprts 1h avec un indice de dispersion de 1,5. La r@action dans le tgtrahydrofurane a produit
du poly(D,L-lactide) d’un poids mol@culaire de 11kDa aprts 4h 170 C avec un indice de
dispersion de 1,2. Bien que le tgtrahydrofurane int@ragisse mieux avec les micro-ondes que
le tolukne (valeur de perte diflectrique de 0,35 contre 0,1), sa teneur en eau naturelle pose
probltme, car I'eau scinde les cha nes de poly(D,L-lactide), entra nant une diminution du
poids mol@culaire. Aprts la synthtse du poly(D,L-lactide), nous nous sommes focalis@s sur la
production de nanoparticules. Les nanoparticules sont en demande croissante, car de plus en
plus d’@tudes ddmontrent I’e cacitd des systtmes d’administration de m@dicaments de taille
nanom@trique, dont le poly(D,L-lactide) est 'un des principaux composants. Cependant, les
technologies actuelles ne permettent pas de produire ces nanoparticules une @chelle su -
isamment grande pour des essais cliniques ou pour I'industrie. Pour la premikre fois, nous
avons produit dans un r@acteur disque rotor-stator des nanoparticules uniformes de dis-
persion < 0,2, de tailles comprises entre 58 nm et 132nm, des taux plus @levds (jusqu’

864gd ') que ceux de nombreuses autres technologies disponibles. La taille des particules
peut Etre pr@dite selon le modtle de coalescence limitd par la di usion (R? = 0,89) dans le
rdgime de m@lange lent. Celle-ci ftait ind@pendante du d@bit total et du poids mol@culaire du
poly(D,L-lactide). Nous avons @galement appliqu@ un modtle statistique de loi de puissance
(R? = 0,88) qui pradit la taille des particules en fonction des paramttres exp@rimentaux
(concentration de polymtre dans la phase organique, vitesse de rotation, le ratio entre les
ddbits de la phase organique et de la phase aqueuse). La concentration du polymtre dans la
phase organique et la vitesse de rotation du disque sont les facteurs dominants; I'in uence du
ratio de d@bit sur la taille ne repr@sente qu’un tiers de celle des autres facteurs. En n, pour
pousser davantage I'intensi cation du processus continu de nanopr@cipitation, nous avons
simul@ le m@lange et les pro Is de vitesse moyenne dans le r@acteur disque rotor-stator. Ces
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rdsultats permettront d’orienter les d@cisions de conception visant maximiser le potentiel
de ces r@acteurs pour la production de nanoparticules chargf@es en m@dicaments. Des sim-
ulations e ectu@es avec Lethe, un logiciel libre d’accts bas@ sur la simulation des grandes
structures de la turbulence ont permis de saisir les pro Is de vitesses et de m@lange dans un
rdacteur  disque rotor-stator (mod@lisd d’aprts le premier niveau du r@acteur commercial
R2 de FlowID) des vitesses angulaires comprises entre 39rads ! et 157rads ! pour un
dgbit adimensionnel de 29 (C,, = Q rp) et un ratio entre la distance du disque au mur
sup@rieur et le rayon du disque de 0,014 (G = hrp'). Ces chi res correspondent des nom-
bres de Reynolds rotationnels compris entre 4:8  10% to 1:9 10° (Re = 1r3 1). Dans les
simulations, il n’existe aucune transition entre un r@gime d’@coulement radial un r@gime
d’@coulement rotatif  I’'dcoulement est exclusivement r@gi par le r@gime de rotation. Nous
sommes les premiers a rmer que c’est la gdom@trie de I'entre qui d@termine la pr@sence
ou I'absence de cette transition. Dans ce modtle, les uides entrent dans la mEme r@gion et
se heurtent (comme des jets percutants) avant d’Etre expuls@s vers I’ext@rieur. Le long du
disque, le pro | du uide est similaire ceux d@crits dans la littdrature : des @coulements
radiaux sortants dans la couche de Von KErmén et des @coulements radiaux entrants dans
la couche de B dewadt. Nous avons simul@ le macro-m@lange en injectant deux traceurs de
signes opposds et repr@sentant deux @tats de m@lange : 95% et 99 %. Les rayons de m@lange
(rayons og les uides sont consid@r@s comme m@lang@s) diminuent avec I’augmentation des
vitesses angulaires : les rayons sont de 25mm (m@lange 99%) et de 19mm (m@lange
95%) 39rads !, et passent 17mm (99 %) et 10mm (95%) 157rads 1.
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ABSTRACT

Poly(D,L-lactide) is a biocompatible and biodegradable polymer with applications in the
biomedical eld, notably drug delivery. Conventional synthesis with stannous octoate is slow
and takes upwards of 4h and more depending on the desired molecular weight. In order to
reduce the reaction time, we ring-open polymerized D,L-lactide to form poly(D,L-lactide) in a
microwave reactor (between 130 C to 170 C) in toluene and tetrahydrofuran with stannous
octoate as the catalyst and benzyl alcohol as the initiator. The reaction in toluene pro-
duced poly(D,L-lactide) with a molecular weight of 31 kDa after 1 h with a dispersity index
of 1.5. The reaction in tetrahydrofuran produced poly(D,L-lactide) with a molecular weight
of 11 kDa after 4h at 170 C with a dispersity index of 1.2. Despite tetrahydrofuran’s ability
to interact with microwaves more readily than toluene (dielectric loss value of 0.35 vs. 0.1),
its innate water content is problematic. Water cleaves poly(D,L-lactide)’s chains resulting in
a lower molecular weight. After synthesis of poly(D,L-lactide), the focus shifts towards pro-
ducing nanoparticles. Demand for them is increasing as more and more studies showcase the
e cacy of nano-sized drug delivery systems, of which poly(D,L-lactide) is a principal com-
ponent. However, current technologies are unable to produce these nanoparticles on a scale
su ciently large for clinical trials or industry. For the rst time, in a spinning-disk reactor,
we have produced uniform (dispersity < 0.2) nanoparticles (58 nm to 132 nm) at higher rates
(up to 864gd ') than many other available technologies. The particle size can be predicted
according to the di usion limited coalescence model (R? = 0.89) in the slow mixing regime.
Particle size was independent of total owrate and poly(D,L-lactide) molecular weight. We
also t a statistical power-law model (R? = 0.88) that predicts particle size in relation to the
experimental parameters (concentration of polymer in the organic phase, rotational speed,

owrate ratio between the organic and aqueous phase). The concentration and rotation of
the disk are the dominating factors; the owrate ratio’s in uence on the size is 1/3 of that of
the others. Finally, to push the intensi cation of the continuous nanoprecipitation process
even further, we simulated mixing and the time-averaged velocity ow pro les in the rotor-
stator spinning disk reactor. These results provide a basis for informing design decisions to
maximize the potential of these reactors for producing drug-loaded nanoparticles. Large eddy
simulations with Lethe, an open-source computational uid dynamics software, captured the

ow and bulk mixing pro les in a rotor-stator spinning disk reactor (modeled after the rst
level of FlowID’s commercial R2 reactor) at rotational speeds of 38rads ! to 157rads ! at
a dimensionless owrate of 29 (C, = Q 'rp) and a gap ratio of 0.014 (G = hr*). These
correspond to rotational Reynolds numbers of 4:8 10% to 1:9 10° (Re = 'r3 1). There
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is no point along the disk radius at which the ow transitions from through ow-governed to
rotation-governed it is exclusively rotation-governed. We are the rst to put forth that it
is the geometry of the inlet that determines the presence/absence of this transition. In this
model, the uids enter into the same region and collide (like impinging jets) before being
expelled outwards. Further along the disk, the uid pro le is reminiscent of the literature;
radial out ows in the Von KErmén layer and radial in ows in the B dewadt layer. Macro-
mixing was simulated by injecting two tracers of opposite signs and denoting two mixing
states: 99% and 95%. The critical mixing radius, i.e., the radius at which the uids are
considered mixed, decreased with increasing rotational speeds from 25mm and 19 mm at
39rads ! to 17mm and 10mm at 157 rads * for 99 % and 95 % mixing states, respectively.
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CHAPTER 1 INTRODUCTION

1.1 Background and problem identi cation

Supply and personnel shortages in the medical eld is not a new problem. Documented
cases date as far back as the early 1900s for bedpans, medical o cers (1906), helium (1927),
species for dissection, dietary calcium (1938), and hospital beds [1, 2, 3]. Reports of medicinal
shortages appeared in both world wars and as of 1990, the shortage counts began to increase
with a spike in 2004 caused by insu cient in uenza vaccines. As of 2022, there were 140x
more publications with the term shortage(s) in their title compared to 1990 [1]. In fact,
in 2020, the United States alone was low on over 100 medications with anti-cancer drugs
topping the list [4]. The big picture is that drug shortage occurs when supply lags demand,
however, this paints too broad a stroke [5]. Issues can occur all along the development path of
a medication  lack of raw materials, technical di culties during manufacturing, regulatory
hurdles, recalls, production halts for nancial reasons, mergers/acquisitions, diverted supply
(e.g., to war zones), and politics [1]. However, the Food and Drug Administration (FDA)
and the Government Accountability O ce of the United States estimate that at least 70 %
of recorded drug shortages are caused by production problems [6, 7, 8]. Another issue is the
amount of drug required to treat a disease. Often, treatments require frequent drug dosing
in excess amounts. The body’s immune system eliminates drugs and only a fraction of it
reaches the targeted area. These large doses lead to drug concentration spikes and trigger
adverse side-e ects and a ect a patient’s quality of life (QoL) [9].

Sustained and targeted drug delivery are a promising avenue in this regard. For example,
sustained release can reduce the frequency of dosing, the amount of drug required, drug
concentration uctuations and thus side-e ects; patient QoL improves as a result. Targeted
systems carry similar boons but are able to reduce the quantity of drug needed overall by
concentrating it in the desired area [9]. These systems are generally nano-sized and polymer-
based, a popular one being polylactic acid (PLA) due to its biodegradable and biocompatible
properties. However, conventional PLA synthesis requires heating lactic acid or lactide above
100 C for 4h to 16 h + [10]. This lengthy process reduces its scale-up potential and makes it
more di cult to test PLA-based drug carriers in clinical settings. Furthermore, the current
techniques for synthesizing these carriers are unable to produce at rates suitable for large-scale
clinical trials and industry (100gd * and 1kgd !, respectively [11]). As a result, any drug
carrier systems developed will be in short supply, once again, due to production limitations.

This thesis addresses these issues by applying the principles of process intensi cation (PI) to



the production of PLA and nano-sized drug carriers. The rst Pl technology, microwaves,
targets PLA synthesis, while the second, rotor-stator spinning disk reactors (rs-SDR), targets
drug carrier synthesis.

1.2 Thesis Highlights

1.2.1 Objectives

The main objective of this work is to intensify PLA processes from synthesis to production
as a drug-loaded polymeric nanoparticle in an e ort to address one aspect of the drug-shortage
issue.

Sub-objective 1: is to identify the optimal conditions to ring-open polymerize D,L-lactide
to PLA via microwaves. The ndings of this objective have been submitted to the Journal
of Advanced Manufacturing and Processing.

Measure the dielectric properties of D,L-lactide.
Polymerize D,L-lactide in tetrahydrofuran (THF) and toluene.

Develop a statistical model to predict molecular weight (MW) as a function of reaction
time and temperature.

This sub-objective demonstrated that microwaves as an energy source reduce polymerization
times. In addition, many microwave-e cient solvents are unsuitable for this reaction as their
OH groups interfere with PLA’s chain growth. Finally, it is possible to predict the MW as a
function of reaction time and temperature to produce PLA’s with desired weights.

Sub-objective 2: is to develop a continuous nanoprecipitation process in a rs-SDR that
produces PLA-based drug-loaded nanoparticles at rates above 100gd . The results from
this are currently being considered for intellectual property protection and will eventually be
published.

Calculate theoretical micromixing times with the engulfment model for a rs-SDR op-
erating between 157rads ® to 523rads 1.

Produce PLA nanoparticles in a rs-SDR at >100gd !.

Load ibuprofen into PLA and poly(D,L-lactide)-poly(ethylene glycol) (PLA-PEG).



This sub-objective presents, for the rst time, rs-SDRs as a viable alternative to producing
drug-loaded nanoparticles on a scale suitable for large-scale clinical trials, and potentially,
industry. The nanoparticles themselves were monodisperse (dispersity index < 0.2) and a
size suitable for drug delivery (50 nm to 200nm). In addition, the results t the di usion
limited coalescence theoretical framework that predicts nanoparticle size (R? = 0.89).

Sub-objective 3: is to predict bulk mixing and ow behaviours in the rs-SDR with a Large
Eddy Simulation (LES) model. The results from this are also currently being considered for
intellectual property protection and will eventually be published.

Create a structured mesh based on the geometry of the rs-SDR in Pointwise (the
standard mesh creation software).

Simulate the uid dynamics at rotational speeds of 39rads ! to 157rads ! and a
owrate of 30 mL min ! in two inlets.

Simulate the input of two tracers to determine a critical mixing distance at which point
the uids are fully mixed.

For the rst time, we have discovered that the geometry of the inlet determines whether
or not there will be through ow-governed time-averaged velocity pro les or if they will be
exclusively rotation-governed. Furthermore, bulk mixing never requires travelling the entire
distance of the disk’s radius. If we consider two states, 99 % and 95 % mixed, as fully mixed
then the uids need to travel 49% and 29 % of the disk’s radius, respectively, to be blended.
These two facts are indispensable for designing a unique reactor for nanoprecipitation.

1.2.2 Summary of Contributions

The following is a collection of my achievements during my doctorate excluding Chapters 4
and 5:

Submissions:

Patience NA, Jensen HM, Banquy X, Bo to DC. 2025. Microwave-assisted poly(D,L-
lactide) synthesis in toluene and tetrahydrofuran. Journal of Advanced Man-
ufacturing and Processing. (Wrote the majority of the text, conducted the majority of
the experiments, proofread the manuscript.)

Publications:



Rivera-Quintero P, Patience GS, Patience NA, Bo to DC, Banquy X, Schieppati D.
2024. Experimental methods in chemical engineering: Karl-Fischer titration.
The Canadian Journal of Chemical Engineering. (Conducted part of the experiments,
assisted with the creation of gures, proofread the manuscript.)

Schieppati D, Patience NA, Galli F, Dal P, Seck I, Patience GS, Fuoco D, Banquy
X, Bo to DC. 2023. Chemical and Biological Deligni cation of Biomass: A
Review. Industrial and Engineering Chemistry Research. (Wrote part of the review,
assisted with the creation of the gures, proofread the manuscript.)

Patience NA, Schieppati D, Bo to DC. 2021. Continuous and Pulsed Ultrasound
Pectin Extraction from Navel Orange Peels. Ultrasonics Sonochemistry. (Wrote
the majority of the text, conducted all the experiments, proofread the manuscript)

Schieppati D, Patience NA, Campisi S, Patience GS. 2021. Experimental methods

in chemical engineering: High Performance Liquid Chromatography HPLC.
The Canadian Journal of Chemical Engineering. (Conducted part of the experiments,

wrote part of the case study, proofread the manuscript.)

Scholarships:

Canadian Graduate Scholarship for the Ph.D. from NSERC (PGS D)
MITACS Scholarship to work at Dymedso Inc.

Canadian Graduate Scholarship for the M.Sc. from NSERC (CGS M)
Mentoring:

Mentored 2 undergradate students (Canada, France) full-time for 4 months in research
over 2 summers

Teaching Assistant:

Teaching assistant for CALCULS DES R ACTEURS CHIMIQUES (GCH3110) at
Polytechnique Montr@al



1.2.3 Thesis Structure

Chapter 2 introduces the relevant literature. It touches upon some foundational elements
with regards to PLA, microwaves, the production of nanoparticles, and experimental plus
theoretical aspects of rs-SDRs. Chapter 3, 4, 5 are tied to sub-objectives 1, 2, and 3, respec-
tively. Chapter 7 summarizes the work presented in this thesis in addition to its limitations,
aspects we found surprising, and recommendations for future research. There are no appen-
dices.



CHAPTER 2 LITERATURE REVIEW

2.1 Polylactic Acid

Lactic acid (LA) is the building block of PLA it is a common ingredient in the food indus-
try and functions as an acidic avouring bu er and a bacterial inhibitor in processed foods.
Bacterial fermentation with lactic acid bacteria (LAB) accounts for 90 % of all LA production
[12]. This process consumes little energy, operates at low temperatures, selectively produces
D-lactic acid or L-lactic acid, and consumes renewable carbohydrate biomass. Food waste,
lignocellulosic biomass, microalgae, dairy and industrial waste are all potential feedstocks for
LA fermentation. Chemical synthesis of LA, on the other hand, exclusively produces D,L-
lactic acid [12]. Polymerization with D-lactic acid, L-lactic acid, and DL-lactic acid produce
poly-D-lactide (amorphous), poly-L-lactide (semi-crystalline), and poly(D,L-lactide), respec-
tively [13]. From this point on, PLA refers to poly(D,L-lactide), unless otherwise speci ed.

PLA is an aliphatic polyester synthesized from -hydroxy acids (Figure 2.1) with a glass tran-
sition temperature of 55 C and degradation temperature of 200 C [12]. This biocompatible
and biodegradable polymer degrades through the hydrolysis of its ester bonds. The body
processes and excretes the degradation products without causing physiological stress [13].
The FDA approved its use in the 1970s as a promising alternative to petroleum-based plas-
tics in food packaging combined with its potential in the medical eld (suturing, sca olding,
drug delivery).
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Figure (2.1) Poly(D,L-lactide).

For drug delivery, PLA is typically required to have a MW less than 50 kDa as anything
larger will take too long to dissolve and is reserved for sutures and sca olds [14]. In addition,
PLA homopolymers are poor nano-carriers due to their low degradation rate, poor cell ad-
hesion, lack of sites for cell recognition, which limits tissue compatibility and drug targeting
[15, 16, 17]. The functional groups are unreactive [18], which restricts PLA for drug delivery.



As a result, lactide (the cyclic ester intermediate formed after multiple esteri cations between
two or more molecules of LA) is polymerized with other monomers like -caprolactone, ethy-
lene glycol, and glycolic acid to produce copolymers with enhanced properties. Polyethylene
glycol (PEG) is hydrophilic and can avoid phagocytosis from macrophages (i.e., better capa-
bility to evade the immune system) [19, 20]. These traits enhance PLA’s ability to function
as a drug delivery agent. A PLA-PEG copolymer has superior drug loading capacity to
either PLA or PEG homopolymers; the copolymer bears a hydrophilic exterior (PEG) and
a hydrophobic core (PLA) to load hydrophobic drugs and degrades faster at the target site
[21, 22]. Moreover, the kidney readily eliminates the degradation products of PLA-PEG [23].
Another versatile PLA copolymer is the FDA-approved poly(lactic-co-glycolic acid) (PLGA)
whose surface can harbour various peptides, antibodies, cytokines, and such for targeted
delivery [24, 25]. In one example, PLGA nanoparticles (NPs), conjugated with transferrin
(an iron-binding protein in the blood), selectively delivered medication to breast cancer cells
overexpressing receptors for transferrin [26]. Much like its counterpart PLA and PLA-PEG,
PLGA decomposes into harmless by-products, H,O, CO,, and LA [25]. PLA can be com-
bined and its properties tailored to maximize therapeutic bene ts increasing or decreasing
its molecular weight also a ects degradation and drug release [27].

2.1.1 Synthesis

The most common route for synthesizing PLA is ring-opening polymerization (ROP) from
lactide, which follows a coordination-insertion mechanism. A common catalyst for the ROP
is tin(11) 2-ethylhexanoate (Sn(Oct),), also known as stannous octoate. It is soluble in molten
lactide, has low toxicity, and enables the formation of PLAs with MWs above 100 kDa [12].
The FDA has approved it as a food stabilizer and its introduction into the environment is
a non-issue as it oxidizes to SnO,, a harmless tin salt (cassiterite) [28]. However, Sn(Oct),
must be transformed by an OH group typically from an alcohol to tin(Il) alkoxide
(Sn(OR),), which is the true initiator of the polymerization. In addition, Sn(Oct), will also
react with water and any other OH-bearing species in the reaction mixture to form tin(ll)
alkoxide [29]. Once the initiator is formed, lactide inserts itself into the Sn-OR bond and
polymerization continues with the following steps (Figure 2.2) [30]:

1. A The alcohol reacts with Sn(Oct), to form an alkoxide species (1) and 2-ethylhexanoic
acid (3).

2. B A second alcohol reacts with the alkoxide species (1) to yield tin(l1) alkoxide (2) and
another 2-ethylhexanoic acid (3).



3. C OH-bearing species may also deactivate Sn(Oct), to form a stannous alcohol deriva-
tive (4).

4. D The lactide monomer inserts itself into tin(l1) alkoxide (2) to create the rst propa-
gating chain (5).

5. E The propagating chain (5) will propagate or succumb to an intermolecular exchange
with another hydroxyl group from the initiator or impurity or a hydroxy end chain; an
equilibrium is established between activated and deactivated chain ends (R represents
unreacted alcohol initiator molecules, impurities, or hydroxy chain ends). Impurities
are any source of uncontrolled OH-bearing species (e.g., excess moisture).

6. The chains continue to propagate via acyl oxygen cleavage of the lactide.
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Figure (2.2) ROP of lactide with SnOct, and an initiating alcohol following a coordination-
insertion mechanism. Reproduced from [30].

ROP of lactide is, kinetically, rst order and the polymerization rate peaks when the ratio
between Sn(Oct), and the alcohol is 0.5 [30]. This is the ideal ratio to shift the equilibrium
of step A (Figure 2.2) towards the right so that all the R-OH is consumed to form tin(Il)
alkoxide [29]. Otherwise, the MW of the resulting PLA depends on the ratio between lactide
and the initiating species.



The second route to produce PLA is direct polycondensation of LA. However, this method
produces low MW PLAs relative to ROP [31]. Its mechanism is reversible step-growth
polymerization; LA molecules form dimers, trimers, oligomers, and nally polymer chains.
The reversibility and production of water limits the nal MW  this water is di cult to
remove and its presence hydrolyzes the polymer chains [31].

2.2 Microwaves

2.2.1 Theory

Microwaves are part of the electromagnetic spectrum with wavelengths between 1 mm and
1 m and frequencies between 300 MHz and 300 GHz. This spectrum is also home to wireless
networks, cellphones, radars, and satellite communications. Thus, the United States Federal
Communications Commission has designated 0:9 GHz and 2:45GHz as the two frequencies
for microwave heating for industrial, scienti ¢, and medical purposes [32].

Microwave irradiation is an unconventional energy source for chemical reactions and quali es
as a PI technology [33]. It heats reactor contents volumetrically and in a uniform manner
thereby increasing reaction rates [34]. Dipole polarization and ionic conduction are the two
mechanisms by which microwaves heat molecules [35, 36]. In the former, molecule dipoles
rotate in response to the generated electromagnetic eld causing internal resistance to the
rotation producing heat [37, 38]. More speci cally, it is the local charge in a material that
moves in response to the electric eld. There is a lag time between the polarization of
this charge and the applied electric eld, known as the relaxation time, in which energy is
dissipating as heat [32]. This relaxation time is what allows materials/solvents to heat via
microwaves. In ionic conduction, charged particles oscillate and collide [37, 39]. Overall, the
microwaves need to penetrate and transmit their energy to solvents for these to generate
heat. The loss tangent (tan ), the dielectric constant ( ), and the dielectric loss ( ¥) are the
parameters that govern a given solvent’s ability incorporate microwaves (Equation 2.1) [40].

00
tan = — (2.1)

tan , ¥ and represent thee ciency with which a solvent transforms microwave energy into
heat, the conductance of said solvent, and the ease with which said solvent becomes polarized
in an electric eld, respectively [41]. Aside from dipole polarization and ionic conduction,
there is also electronic polarization, atomic polarization, and Maxwell-Wagner polarization
mechanisms that factor into a given solvent’s dielectric response [32]. However, at the given
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frequencies that microwave reactors operate, dipole polarization is the most important mech-
anism that generates heat at the molecular level [42, 43]. In conclusion, it takes less energy
to heat and maintain solvents at a desired temperature if they have high dielectric property
values assuming other properties are equal. For example, the power required to heat toluene
(® = 0:1) to 170 C peaked at 420 W whereas the peak for dimethylformamide ( ¥ = 6:1)
was 320 W.

Penetration Depth

Solvents with OH groups have ¥ that can go as high as 50 (e.g., ethylene glycol). However,
these kinds of solvents can potentially inhibit uniform heating as they have low penetration
depths. The penetration depth, d (Equation 2.2), is the distance at which the microwave
power has lost 63 % of its initial value [44]. In other words, the distance from the surface of
the material where microwave absorption is 1/e of absorption at said surface.

Co

d= 25 (2.2)

Where, ¢ is the dielectric constant of free space, T is the frequency, and c is the speed of
light [32]. To ensure uniform heating, a solvent must have a penetration depth equal or
greater than the size of the reactor in which it is being heated. For example, toluene has
a penetration depth in m range [45], and thus will uniformly heat in lab-scale microwave
reactors as the radius of their reaction vessels are generally in the cm range. Penetration
depth decreases with increasing dielectric properties. In other words, if the penetration depth
is substantially smaller than the thickness of the material to be heated, then only the surface
will heat via microwaves while the interior will heat via conduction [32]. For example, water,
with a dielectric loss value of 10 has a penetration depth of 50 mm at 90 C [46]. Thus, solvent
selection is an important metric to maximize e cient and uniform heating. Overall, from
a polymer synthesis standpoint, microwave heating has already shown to increase reaction
rates for step-growth and ring-opening polymerizations compared to conduction heating [47].

2.2.2 Ring-Opening Polymerization of Lactide with Microwaves

The following search strategy generated less than 100 results from Web of Science (WOoS):
(microwave or micro-wave) AND (poly-lactic acid* OR PLA OR polylactic* acid* OR poly-
lactid*) AND (polymerization OR ring-opening poly*). Approximately 40 were relevant.
The literature search focused on ROP as it is a more performant method for producing PLA.
In addition, domestic microwaves are less than ideal for synthesis as pressure and temper-
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ature are more di cult to monitor and control compared to dedicated microwave reactors.
Moreover, certain articles have attributed the behaviour of their data to non-thermal e ects
as a result of microwaves when in reality said behaviour can most likely be attributed to
unreliable temperature measurements [48].

Ring-Opening Polymerization with Sn(Oct),

A domestic microwave oven polymerized L-lactide via ROP in the presence of Sn(Oct),
at 180 W and 360W for 5min to 30 min at di erent monomer-to-initiator ratios (1040:1,
2534:1, 5069:1) [49]. As the monomer:initiator (M:I) ratio increases so does the MW of the
resulting PLA. There are fewer initiator molecules for a given number of monomers, which
results in the formation of fewer but longer chains. However, this article mistakenly identi es
Sn(Oct), as the initiator. It is more likely that residual water in the reactor is activating the
catalyst. As irradiation time increased from 10min to 20 min, the MW went from 4:2kDa
to 10kDa. As the power doubled from 180 W to 360 W, the MW at 5min and 10 min were
7:6 kDa and 9:4 kDa, respectively. However, passed 10 min the PLA degrades and the MW
decreases. There was no measure of temperature throughout the reactions. The optimal
conditions were at a M:I ratio of 2534:1, an irradiation time of 20 min, at 180 W for a MW
of 77 kDa and a dispersity (—) of 2 [49]. — is the ratio between the weight average molecular
weight and the number average molecular weight (Mn). In a similar experiment, microwaves
synthesized PLA via ROP of L-lactide at a constant power of 180 W, a constant M:I ratio
of 5069:1, with Sn(Oct), (no initiator) and varying temperatures (130 C, 150 C, 180 C)
and times (10min, 15min, 20 min, 30min). The largest MW was 11kDa after 20 min at
180 C; further irradiation reduced the MW of PLA [50]. In addition, Singla et al. compared
a second catalyst, dibutyltin dimethoxide (DBTM), to Sn(Oct), at 150 C with ratios of
1040:1, 2534:1, 5069:1, 10 069:1. Sn(Oct), outperformed DBTM producing a molecular
weight 3x higher (0:1Da vs. 0:03Da) with similar — (1.65) after 20 min [51]. A microwave
reactor under vacuum with nitrogen sparging assisted the ROP of D-lactide in the presence
of Sn(Oct),, benzyl alcohol (BnOH), and toluenesulfonic acid (TSA). Sn(Oct), paired with
BnOH at an unspeci ed ratio was added at 0:03 % by weight of lactide and TSA at 0:4% by
weight of lactide. The highest MW was 20 kDa after 25 min at 280 W and 215 C [52].

Microwave irradiation ROPed D,L-lactide in the presence of Sn(Oct), with chitosan and
hydroxyethyl chitosan as initiators. PLA grafted onto hydroxyethyl chitosan over 100 %
more e ectively than to neat chitosan (318 % versus 209%). The side chains were also 3x
as large (3:5kDa versus 1:2kDa). The optimal reaction conditions were 130 C for 15min
with a catalyst concentration of 0:05 % mol relative to lactide. Hydroxyethylation of chitosan
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increased its reactivity by weakening its hydrogen bonds [53].

In another instance, L-lactide polymerized and grafted onto polyhedral oligomeric silsesquiox-
anes (POSS) in the presence of Sn(Oct), and in the absence of any solvent. A microwave
power of 45W, at 120 C for 45min and a catalyst concentration of 1.5 wt % with respect to
lactide and a molar ratio of L-lactide:POSS-(OH)3, of 600 synthesized PLA tails with a Mn
of 50:5kDa. The Young’s modulus and tensile strength of POSS-PLLA increased by 57 %
and 27 %, respectively, compared to neat PLLA. In addition, the structure was a nano brous
sca old that promoted cell adhesion (mouse pre-osteoblastic cell line) and spreading [54].

Castor oil can also initiate the polymerization of L-lactide in a microwave reactor at 150 W
and lactide:castor oil ratios ranging from 113 to 533. The optimal conditions were a ratio
of 533:1 and a reaction time of 50 min, which produced a Mn of 22kDa and a — of 1.2.
Castor oil has three OH groups, which lead to a star-shaped PLLA [55]. Thauvin et al.
compared the e ectiveness of Sn(Oct), to 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) for the
synthesis of PEG-PLA diblock copolymers; the monomers were mPEG2000 and D,L-lactide.
Conversion with DBU in chloroform after 5 min was 100 %, 94 %, and 40% at 100 C, 170 C,
and 60 C, respectively. Conversion with Sn(Oct), at 170 C was 95 %, however, the other
temperatures were too low for Sn(Oct), to be active (60 C to 100 C) [56]. In addition, 5min
is not su cient for Sn(Oct), to activate with residual water and not a dedicated initiator.

Polyhydroxyalkanoates (PHAs)  thermoplastic polyesters produced from bacterial microor-
ganisms under stress (reduced access to nutrients)  can also initiate the ROP of lactide.
Microwave irradiated a mixture of D,L-lactide, PHA, toluene and Sn(Oct), at 115 C for
5min. A lactide:PHA ratio of 250:1 produced a Mn of 45kDa with a — of 1.8 and a conver-
sion, determined by gravimetry, of 85% [57].

Clay is also able to initiate ROP of lactide and create PLA-clay nanocomposites. Two com-
mercially available clays (Cloisite 30B and 15A) initiated the ROP of lactide in a microwave
reactor at 150 C with a M:1 ratio of 2500:1 and Sn(Oct),. Polymer yield decreased with
increasing Cloisite 15A loading from 72% and 0:5% to 4% and 5%, respectively. On the
other hand, Cloisite 30B’s polymer yield uctuated from 88% to 58 % and back to 79 % at
clay loadings of 0%, 2:0%, and 5:0 %, respectively [68]. Cloisite 30B contains two OH groups
whereas Cloisite 15A does not, which explains the di erence in polymer yields [10].

Surface ROP is another possibility to create multi-functional materials. D,L-lactide ROPed
onto the surface of magnetite particles in the presence of Sn(Oct), under microwave irradi-
ation at 100 C for 11 min [58]. The authors made no comments with regards to the MW of
the PLA. A microwave reactor outperformed other PLA synthesis methods (vacuum-sealed
vessel with conventional heating and a high-pressure reactor) in terms of MW and reaction
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time. Conventional heating in a vacuum sealed vessel led to PLA of 250 kDa and a — of 3
after 150 h at 150 C. The high-pressure reactor led to a PLA of 190 kDa and a — of 2.4 after
6h at 120 C and 138kPa. In contrast, microwave irradiation led to a PLA of 300 kDa and
a— of 1.7 at 100 C for 30 min [59]. All M:I were 5000:1.

A microwave-assisted ROP method synthesized PLA-PEG copolymers after 5min in chloro-
form at 125 C; the catalysts were Sn(Oct), and DBU. D,L-lactide was the starting reagent,
D,L-lactic acid and mPEG2000 were the initiators. A M:I ratio of 278:1 resulted in PLA-
PEG polymers with a MW of 40 kDa and conversions of up to 35% or 83 % with Sn(Oct), or
DBU, respectively [60]. A solvent evaporation method produced NPs of the polymers loaded
with resiqguimod  immune cells actively ingested the NPs with no signs of toxicity; the NPs
successfully released the drug [60].

Dextran activated Sn(Oct), to initiate the ROP of L-lactide under microwave irradiation to
produce a dextran-grafted-PLA. Optimal conditions of a M:I ratio of 4:1, a catalyst wt %
of 3 with respect to lactide, 135 C, and 15min of reaction time led to lactide conversion of
46 % and a graft rate of 142 % [61]. Graft rate and conversion were de ned as: (W1-W2)/W?2
and (W1-W2)/W3; W1, W2, and W3 represent the weight of dextran-graft-PLA, weight of
dextran before grafting, and weight of lactide before grafting, respectively.

A pullulan, glycolide, D,L-lactide copolymer can load 11% curcumin and exhibit thermo-
responsive properties in a drug release setting against tumors. 39 C triggered the loaded
NP copolymer to release curcumin. The ratio of lactide/glycolide/pullulan controls the
hydrophobic-hydrophilic balance, solvation, and degradation rate. The microwave-assisted
method operated under a nitrogen atmosphere at 80 C for 5min in dimethyl sulfoxide
(DMSO) with Sn(Oct), at a D,L-lactide:glycolide molar ratio of 8:1 and a D,L-lactide:pullulan
molar ratio of 45:32 [62].

Starch can also initiate Sn(Oct), for the ROP of L-lactide thanks to its OH groups  PLA
grafts itself onto the starch. A lactide:starch ratio of 5:1, 450 W of power at 100 C for 6 min
grafted the most PLA (in % mol) at 62 % [63]. The authors made no comments with regards
to the MW or the —.

Halloysite nanotubes (HNTSs) also initiate the ROP of L-lactide by interfacing with Sn(Oct),

the result is poly(L-lactide) (PLLA) grafted onto HNTs, which increases the mechanical
properties of HNT-PLLA nanocomposites compared to a physically blended HNT-PLLA
with poor interfacial adhesion [64]. A microwave carried out the ROP of L-lactide with
Sn(Oct), at L-lactide:HNT mass ratios of 5:1, 10:1, 20:1, and 40:1. At 30W, 130 C, and a
40:1 mass ratio, grafting percentage increased from 8 % to 23 % as the reaction time increased
from 15 min to 30 min; reaction times passed 30 min reduced grafting %. Otherwise, grafting
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increased with increasing microwave power (from 20W to 30W) at 130 C, but began to
decrease past 30 W. Finally, temperature a ected the grafting in a similar fashion  from
110 C to 130 C grafting increased from 9% to 42% and at 140 C it decreased to 13%.
The optimal conditions were a reaction time of 30min at 30W and 130 C. The tensile
strength and modulus of HNT-graft-PLLA at a HNT wt % of 10 and neat PLLA were
32 MPa, 1:1 GPa and 26 MPa, 0:9 GPa, respectively. In addition, the HNT-graft-PLLA was
compatible with broblasts and promoted adhesion and proliferation despite the HNT ller
biocompatibility at the surface was su cient [64].

A microwave-assisted method ROPed PLA from D,L-lactide with an imidazoline-functionalized
polystyrene-based macroinitiator and Sn(Oct), in anisole. Competition between the pendant
imidazoline rings and the OH groups potentially inhibited the polymerization as they both
compete for Sn(Oct),. After polymerization, a methanol/sodium hydroxide aqueous solu-
tion selectively degraded PLA to leave an imidazoline- functionalized porous polystyrene
framework [65].

Ring-Opening Polymerization with Alternative Catalysts

Titanium-based catalysts are also viable for ROP of lactide. A microwave polymerized lac-
tide at 130 C for 3h in a solvent-free environment with a calix[4]arene-based titanium (1V)
catalyst at di erent ratios. Conversion decreased from 96 % to 67 % and MW increased from
18kDa to 43kDa as the monomer:catalyst ratio increased from 200 to 1994 [66]. The —
was 1.2 in all cases. Similarly, bis(phenyl-beta-diketonato)titanium(1V) ethoxide complexes
ROPed L-lactide under microwave irradiation. Titanium complexes are cheap, customizable,
highly active, and prevent parasitic reactions (transesteri cations), which allows control over
lactide polymerization and yields low —. Conditions of 180 C, 400 W, and a reaction time of
45 min produced PLLA with a MW of 43kDa and a — of 2.4 [67]. Overall, the results were
erratic and there were issues with reproducibility most likely from an inability to eliminate
residual water from the reactor; this also explains the high —.

Zinc, zinc oxide (Zn0O), and zinc lactate demonstrate favourable activity for ROP of lactide
between 100 C and 180 C with conversions above 80%. Mono-modal and multi-modal
microwave reactors conducted the ROP of D,L-lactide (1g) in the presence of ZnO (8.5 wt
% with respect to lactide) and toluene. The reaction conditions were 130 C, 600 RPM
of stirring and times between 20 min and 180 min. At 180min, conversion reached 98 %
with a Mn of 2:2kDa with the multi-modal microwave reactor. The mono-modal reactor
achieved 95 % conversion and a Mn of 1:2 kDa at the same conditions. In addition, the multi-
modal reactor’s grafting degree was higher than the mono-modal reactor (18 % vs. 8%). In
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summary, ZnO NPs are able initiators for ROP of D,L-lactide and result in PLA-graft-ZnO
particles [68].

Colocasia esculenta mucilage  a water-soluble polysaccharide  has OH groups that allow
it to function as an initiator in the ROP of D,L-lactide. The ideal conditions were 60 C,
a lactide:mucilage ratio of 4:1, 0:1g Sn(Oct),, a reaction time of 19min, and stirring at
400 RPM. The resulting grafting percentage was 133% and 33%, respectively. On the
other hand, conventional synthesis resulted in a grafting percentage and e ciency of 166 %
and 41%, but with a longer reaction time (6 h) [69]. Microwave-assisted ROP enabled the
synthesis of PLA with seven di erent initiators  sorbitan esters (Spans™ 60 and 65), their
PEGylated counterparts (Tweens™ 60 and 65), and D,L-lactic acid. DBU (2:5mol % relative
to D,L- lactide) and one of the initiators polymerized D,L-lactide at 75 C for 5min under
a nitrogen atmosphere. The MWs capped at 49 kDa with PLA-Span65 compared to plain
PLA at 31kDa. The authors further tested the entrapment e ciency and discovered that
plain PLA was the most e cient (13% versus 10% for PLA-Span60, the next best)
additional hydrophobic groups did not allow for higher loading [70]. Bakibaev et al. studied
the ROP of L-lactide in a microwave reactor and with conventional heating using Sn(Oct),,
p-toluenesulfonic acid (p-TsOH), and alpha alanine. All polymerizations occurred at 160 C.
Conventional heating produced a MW of 2:2 kDa with a — of 1.4 after 16 h at a M:1 of 1000:3
with Sn(Oct),. Microwave heating produced a MW of 4 kDa with a — of 1.35 after 10 min
at a M:I of 1000:3 with Sn(Oct),. Alpha-alanine and p-TsOH produced a MW of 4 kDa with
— of 1.4 after 10min but with a M:I of 1000:2 [71].

Solid super-acids (SSA) are potential green catalyst alternatives to Sn(Oct),. Microwave-
assisted polycondensation of L-lactic acid synthesized a yellow-tinted PLA with a MW of
20kDa at 260 C for 60 min with 0.4 wt% SSA. A re ux condenser connected to a vacuum
evacuated the produced water during the reaction. The yellowness is indicative of degradation

reducing irradiation time or temperature would have increased the nal MW as PLA
begins to degrade above 200 C. Acetic ester and vacuum drying at 105 C recovered the
Al,03/S0, 2 SSA catalyst; its reactivity showed no decline after 5 cycles of polycondensation
and recovery [72]. Melt polycondensation of L-lactic acid in a microwave reactor produced
PLA with a MW of 4:8kDa in the presence of p-TsOH (0:3mol % with respect to LA), at
180 C, for 60 min. In contrast, ROP of L-lactide at the same conditions led to a MW of
9kDa [73].

This concludes the literature for sub-objective 1 (Chapter 3/Article 1: Microwave-assisted
poly(D,L-lactide) synthesis in toluene and tetrahydrofuran). For a distilled summary of the
literature concerning microwave synthesis of PLA, the reader is referred to Table 3.1. Over-
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all, polymerization times for PLA in microwaves are much lower (minute) compared to con-
ventional heating (h); microwave reactors are well-suited for this reaction. However, the
literature lacks discussion on leveraging the dielectric properties of the reagents and scale-up
of these processes.

2.3 Production of Polymeric Nanoparticles

NPs are promising tools for drug delivery in medicine. They can be precipitated to small
enough sizes (50 nm to 150 nm in diameter) as to avoid defence mechanisms of the immune
system and circulate for long periods of time in the body; NPs with a diameter greater than
200 nm are readily removed from the human body by the immune system [74].

2.3.1 Production Techniques

There are a multitude of techniques to produce NPs: solvent evaporation, emulsion di usion,
salting out, dialysis, and nanoprecipitation [75, 76].

Solvent evaporation: polymers are dissolved in an organic solvent and subsequently
mixed with water. The organic solvent is then evaporated to form the NPs.

Emulsion di usion: an oil/water emulsion is formed beetween a water-miscible solvent,
in which polymer and/or drug is dissolved, and an aqueous solution with or without
a surfactant [77, 78]. This mixture is then diluted with water, which induces solvent
di usion causing colloidal particles to form.

Salting out: polymers are rst dissolved in an organic solvent (acetone and THF being
common ones) that is water soluble. This organic phase is subsequently mixed with an
aqueous phase containing salts (e.g., magnesium chloride hexahydrate) and stirred. The
water-soluble organic solvent begins to associate itself with the aqueous phase. This
movement causes NPs to form. The product is centrifuged to remove the salting-out
reagents and then puri ed [79].

Dialysis: this technique relies on a semi-permeable membrane that functions as a barrier
for the polymers. As with the other techniques, polymer with or without drug is
dissolved in an organic solvent and then placed in a dialysis membrane and dialyzed
with a non-solvent (e.g., water). The organic solvent’s dissolving power decreases over
time as it associates with the non-solvent. In addition, an increase in interfacial tension
induces polymer aggregation. The nal product is a colloidal suspension of NPs with
a narrow size distribution [80].
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Nanoprecipitation is the most common method for precipitating NPs smaller than 200 nm
with narrow size distributions [81]  emulsi cation solvent evaporation techniques struggle
in this regard [82]. Thus, it is the method of choice for the research found in this thesis and
micro uidics, a staple NP-producing technology.

2.3.2 Nanoprecipitation

Nanoprecipitation, also known as the solvent displacement method, involves two phases. One
phase is the polymer and drug (if drug loading) dissolved in a water-soluble organic solvent
(e.g., acetone, acetonitrile) that can be easily evaporated [83, 84]. The second phase is an
agueous one with or without surfactants. Nanoprecipitation relies on interfacial polymer
deposition after the organic solvent migrates into the aqueous phase [85]. The organic phase
is mixed with the aqueous phase  dropwise or in another controlled manner (e.g., syringe
pumps). As the phases mix, NPs instantly form to avoid and minimize contact with water.
The organic phase can be added to the aqueous phase and vice versa with no e ect on NP
formation [86].

2.3.3 Micro uidics

Micro uidics is one of the dominant technologies for producing NPs via nanoprecipitation.
They are able to consistently produce particles loaded with drugs in the ideal size range
with narrow particle size distributions and batch-to-batch reproducibility, which is crucial
for medical applications. The controllable factors in a micro uidic system are: size of the
microchannels, total owrate, owrate ratio between the organic and aqueous solutions, the
concentration of the polymer and drug (if encapsulating) in the organic solvent, choice of
organic solvent, and the polymer system (PLA, PEG-PLGA, etc.). These a ect NP size,
drug loading and e ciency, as well as drug release [87].

Size of the microchannels: as the dimensions of the microchannel get smaller, so does
the average particle size of the NPs down to a lower limit. Microchannels with cross-
sectional areas of 1959 m? and 855 m? produced no signi cant di erence in particle
size; however, the smaller channel yielded a more uniform distribution. There is a linear
relationship between NP size and width of the focused stream [88].

Total owrate: e cient mixing increases with owrate. This engenders a reduction in
the average particle size because mixing favours nucleation. As more nuclei form, their
overall growth will be limited by the quantity of available polymer in the solution
thus an increase in the generation of nuclei will decrease the NP size [89].
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Flowrate ratio between the organic and aqueous phase: keeping other parameters con-
stant, a decrease in this ratio leads to a decrease in the NP size as well as a narrower
particle size distribution. The size of NPs increases linearly with the owrate ratio [74].

Concentration of the polymer in the organic phase: a higher concentration of polymer
increases the solution viscosity, which will decrease the rate of mixing and produce
larger particle sizes [74].

Concentration of the drug in the organic phase: the presence of a drug will slightly
increase the size of the NPs as a result of the drug loading. The average particle size of
polymeric micelles increased from 56 nm to 62 nm when loaded with mithramycin [74].

Choice of organic solvent: a solvent for micro uidics must be miscible with water
and simultaneously dissolve the polymer being precipitated. A solvent with a greater
a nity for water enhances solvent di usion and polymer partition into the aqueous
phase, which results in smaller particle sizes of the precipitate [89].

Polymer systems: Drug loading and encapsulation e ciency rely on the a nity a drug
has for a particular polymer. When loading a hydrophobic drug, if the hydrophobic
polymer is in greater proportion than the hydrophilic one, drug loading will be more
e ective. For example, with further addition of PLGA into the PLGA-PEG NPs (100 %
PLGA-PEG versus 80 % PLGA-PEG and 20% PLGA), the loading of the hydrophobic
drug, docetaxel, increased from 28% to 51%. In addition, encapsulation e ciency
increased from 4 % to 7 %. Furthermore, the polymer system also determines the release
pro le of the drug. In the presented case, docetaxel will release slower in the system
with additional PLGA because it will be held more tightly in the NPs [90].

2.3.4 Large-Scale Production of Polymeric Nanoparticles

Feasible production rates for polymeric NPs for drug delivery is 100gd ! for clinical trials
and 1kgd * for industry [11]. The search strategy ((nanoparticles OR "nano particles") AND
(PLA OR "polylactic acid" OR PLGA) AND ("large-scale” OR "gram scale" OR "industrial-
scale™)) yielded 117 results 95 articles and 22 review articles. Of these 95, 15 were relevant
to drug delivery systems. Within these, two focus their e orts on sonication processes [91, 92],
three on membrane nanoprecipitation and emulsi cation [93, 94, 95], one on high pressure
homogenization [96], one on ber uidic reactors [97], and eight on micro uidics [98, 99, 100,
101, 102, 103, 104, 105]. This is by no means a comprehensive list, but rather to signal the
strong presence of micro uidics in the space of large-scale NP production. Unfortunately,
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micro uidic channels are commonly made from polydimethylsiloxan (PDMS), a hydrophobic
polymer, on which PLGA aggregates. PLGA is one of the most recurrent polymers from
which drug carriers are made of. Similarly to plain PLA, it is FDA-approved, biodegradable,
biocompatible, and stable during storage. It hydrolyzes into LA and glycolic acid, which are
naturally eliminated from the human body [106]. PLGA production rates in PDMS channels
are lower than 7:2gd *[107]. Several approaches to overcome this issue are 3D hydrodynamic

ow focusing (HFF) and pairing PLGA with lipids or amphiphilic polymers. PDMS as the
base material can also be eliminated in favour of glass or polytetra uoroethylene (PTFE)
this eliminates aggregation issues and elevates the system’s endurance to pressure [107]. The
latter translates to higher permissible owrates and thus higher production rates.

3D HFF: focuses the stream in 3D so the polymer solution is never in contact with the PDMS
walls and aggregation no longer becomes an issue  the properties of the produced NPs are
similar to those produced with 2D HFF [108]. A single 3D HFF microchannel synthesized
PLA-PEG at a production rate of 0:25gd !, far from the desired 100gd * to 1kgd 1.
However, 8 parallel 3D HFF micro uidic channels yielded a production rate of 2gd ?; this
rate can be further increased by increasing the number of parallel channels [109]. This method
has the potential to satisfy industrial production standards, withstanding economic analyses.

Micro uidic devices fabricated without PDMS: glass capillary devices are able to produce
PLGA NPs at production rates of 60gd * with a single microchannel [107]. In addition,
glass is resistant to a plethora of chemicals and can withstand higher pressures than PDMS,
permitting more process diversity. A series of these channels in parallel would satisfy the
industrial production rates. In another instance, 8 parallel 3D HFF microchannels fabricated
from polyimide (PID) had a PEG-PLGA NP (diameters between 50 nm and 85nm) produc-
tion rate of 312gd * [99]. Moreover, a PTFE-based coaxial turbulent jet mixer achieved
production rates as high as 3kgd ! with a total owrate of 480mL min !  modi cation of
the Reynolds number controlled NP sizes between 25nm and 100 nm [11]. Production rates
with these devices are massively improved compared to PDMS-based systems. However, one
of the advantages of PDMS s its ability to mold into complex channel shapes, which a ords
more control over the nanoprecipitation process and in turn the ability to synthesize more
complex NPs [107]. Glass on the other hand is di cult to microfabricate and silicon-based
micro uidic systems are expensive and fragile [110].

Overall, micro uidics dominant the space of NP production with a few guest appearances
(sonication processes, coaxial turbulent jet mixers) in the literature. Spinning disk reactors
are a relatively new technology that is up-and-coming with fewer than 20 published articles
per year until 2012. They have immense potential for large-scale nanoparticle production.
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2.4 Spinning Disk Reactors

Spinning disk reactors (SDR) are a type of PI technology [33] known for their exceptional
heat and mass transfer capabilities, making them highly e ective for multiphase chemistry
(liquid-gas, liquid-liquid, gas-liquid-liquid). Typically, these reactors feature one or more
rotating disks housed in a casing, which generate signi cant shear and centrifugal forces,
creating optimal conditions for mixing. Literature on SDRs dates back to the 1970s, with
few publications per year and peaking at 23 in 2012 (Figure 2.3). Research in this domain
remains in its infancy. The search strategy: "spinning disk reactor” OR "rotating disk reactor"
OR "spinning disc reactor” OR "rotating disc reactor" in the WoS Core Collection yielded
436 articles on SDRs.

204

# of publications

Figure (2.3) Published articles per year on SDRs from 1972 to 2024.

VOSViewer generated a bibliometric map of keywords from these articles; the size of the cir-
cles relates to the frequency of the keywords while the colours denote related concepts (Figure
2.4). The most frequent keywords are photocatalysis, degradation, followed by nanoparticles,
precipitation, and then free-radical polymerization. There is much overlap with photocatal-
ysis, degradation and NPs, as the latter is often a central part of the former. For example,
ZnO [111] and copper oxide [112] NPs, as well zinc oxide-titanium dioxide nanocomposites
[113] for photocatalysis and degradation. In other cases, the SDR is for synthesizing CU NPs
[114], calcium carbonate NPs [115], magnetite NPs [116], curcumin NPs [117], silver NPs
[118], and starch NPs [119], to list a few.
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Figure (2.4) Bibliometric map of keywords created with VOSViewer for based on all the
SDR articles found (436) with the search strategy: "spinning disk reactor" OR "rotating disk
reactor" OR "spinning disc reactor" OR "rotating disc reactor."

Overall, NPs account for 20% of these articles. The majority work with thin- Im spinning
disk reactors and none produce polymeric NPs.

2.4.1 Thin-Film Spinning Disk Reactor

A thin- Im spinning disk reactor (tf-SDR) comprises of one or more rotating disks (10cm to
1m in diameter), feed tubes, gas inputs and outputs, a heating/cooling jacket, and a product
discharge zone. The feed tube(s) introduces liquids to a point on the disk rotating between
100 to 6000 RPM, that accelerates and subjects them to shear stress. This causes the liquids
to thin and stretch as they move outward and permits high rates of heat and mass transfer,
which bene ts reaction processes [120]. The products in a tf-SDR are ejected towards the
wall casing and subsequently collected. The residence time in a tf-SDR is determined by
the owrate, the viscosity of the reagents, the rotational speed, and where the reagents are
introduced (Eqg. 2.3) [121].

81 v 18 B}
tes = m (r§'3 ri4 3) (2.3)

tf-SDRs are able to produce NPs with varying sizes and morphologies. The particle size
varies with the position of reagent introduction onto the rotating disk. For example, a tf-
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SDR generates barium sulphate particles with an average size of 5 m when sodium sulphate
is introduced near the center of the rotating disk, and 170nm when it is introduced near
the rim of the disk. In addition, the rotation of the disk a ects the morphology of the
resulting NPs  rotations of 1100 RPM and 1650 RPM produced spheric and cubic calcium
carbonate particles, respectively [120]. In another instance, Mohammadi et al. found that as
the rotational speed, owrate and water/titanium tetra isopropoxide ratio increased, the size
and — of the resulting NPs decreased. As the owrate increased from 3:6mLs *to18mLs *!
the median particle size decreased from 12 nm to 3nm. Furthermore, the median particle size
decreased from 12 nm to 2nm as the water/titanium tetra isopropoxide ratio increased from
6 to 20. Finally, as the rotational speed increased from 42rads ! to 126rads *, the median
particle size decreased from 15nm to 2nm. The tf-SDR consistently produced nano-sized
titanium particles compared to the micron-sized particles originating from the stirred-tank
reactor (STR); mixing conditions are more intense and uniform in an tf-SDR than a STR
[122].

We believe rs-SDRs are better suited for continuous nanoprecipitation. PLA is stable in
solution and would otherwise be di cult to collect from the walls of a tf-SDR setup.

2.4.2 Rotor-Stator Spinning Disk Reactor

Rs-SDRs are ideal for multiphase reactions. They di er from their counterpart (the tf-SDR)
in two ways. The rst, is that the disk(s) in rs-SDRs are encased in a stationary shroud with
little distance between the disk(s) and said shroud. The second is that their residence time
is solely de ned by the reactor volume and the owrate (Equation 2.4); the entry point of
the reagents cannot generally be modi ed. Moreover, they emphasize intense mixing on top
of the high shear forces. The energy from the rotating disks is transferred into the reaction
medium, leading to high energy dissipation rates, , that can reach up to 1 10°Wkg *
[123]. These high energy dissipation rates result in enhanced mass transfer, heat transfer,
and reduced micromixing times.
V

tres = 6 (2.4)
The initial search strategy for SDRs was modi ed, in order to distinguish the literature on rs-
SDRs from tf-SDRs, to: ( rotor-stator OR rotor-stator system OR rotor-stator device )
AND ( spinning disk reactor OR spinning disc reactor ). In the WoS Core Collection, this
produced 50 results, including 46 articles, 3 proceeding papers, and 1 letter, dating back to
2010. Most of these articles focus on fundamental studies of heat and mass transfer, residence
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Figure (2.5) (Left) FlowlD’s R2 three-stage rs-SDR. Each stage is a di erent disk. There
are three inlets and one outlet, the experimental work in the thesis relies on two of the inlets.
Maximum disk rotation is 6000 RPM, total allowable owrate is 120mL min *. (Right) Top-
view of one disk from FlowID’s R2 rs-SDR. The pill at the center is to magnetically couple
the disk to the reactor’s motor.

time distribution, micromixing, and scale-up.

Heat and mass transfer: the volumetric gas-liquid mass transfer per unit volume
in an rs-SDR increases with increasing rotational speed and is 40x higher than in
bubble columns (20:5mimg3s * vs. 0:5mimg3s 1) [124]. Liquid-liquid mass trans-
fer rates in the rs-SDR increased from 0:2mgsmg3s ! at 10rads ' and a water

owrate of 2:;5 10 ®m®s ! to 51md,;mg®s * at 168rads * and a water owrate
of 12:5 10 ®m3s 1. These rates are 25x higher than in packed columns and up to 15x
higher than in microchannels [125]. Heat transfer coe cients also increase as a func-
tion of the rotational speed, and by extension the rotational Reynolds number. The
volumetric heat transfer coe cient increased from U, AVg 1=0:46 0:2 MW=m3K to
UovAVg 1'=0:93 0:2 MW=mK as the rotational Reynolds number went from 0 to
4:5  10° [126].

Residence time: residence time distribution studies demonstrate that the rs-SDRs can
be described by a combination of plug- ow (PFR) and continuously stirred tank reac-
tors (CSTR) thanks to the e ects of turbulence and the formation of Von KErmé&n and
B dewadt boundary layers [127, 128]. The Von K&rmén layer forms along the rotor
while the B dewadt layer forms along the stator ~ a more detailed explanation of ow
behaviours in these layers is provided in Section 2.5.

Mixing: hydrodynamically, the rs-SDR operates like a PFR in the radial positions
above and underneath the disk, while the high radial positions mimic a CSTR [126].
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Experimental micromixing studies based on the Villermaux Dushman test reaction
agree that the mixing follows the engulfment model (E, s %) [129]. The Villermaux-
Dushman reaction (also known as the iodate/iodate reaction) is a parallel competing
reaction with an acid-base reaction in a borate bu er and a comproportionation reaction
producing iodine. A further reaction between iodine and iodide yields triiodide [130].
In an ideal micromixing scenario, the acid-base reaction is the only one that occurs and
no triiodide is made [130, 131]. The engulfment model itself, which describes vortical
engulfment of one uid by another and thus the growth rate of eddies, is a function
of the energy dissipation rate, , and viscosity, [132]. In other words, E determines
the degree to which mass exchange occurs between a uid and its surroundings [133].
Overall, micromixing times in an rs-SDR, estimated via the engulfment model, range
from9 10 ®sto1 10 #s for rotational speeds between 10rads ! and 180rads *
and are indeed a function of [134]. Lower mixing times are possible with larger values
of and thus rotational speeds. For example, some commercial rs-SDRs can operate
at speeds as high as 600rads *.

Other experimental research topics in the literature include photochemical oxidation and
degradation [135], epoxidation of methyl oleate [136], transesteri cation of triglycerides [137],
and synthesis of BaTiOz NPs [138]. The central theme in rs-SDR research is process inten-
si cation. Moreover, in the entire literature of SDRs (thin- Im and rotor-stator), there is no
research on the production of polymeric nanoparticles for drug delivery purposes.

This concludes the literature for sub-objective 2 (Chapter 4: Continuous Nanoprecipitation
of Poly(D,L-Lactide) in a Rotor-Stator Spinning Disk Reactor). For a distilled summary
of the literature concerning the synthesis of drug-loaded NPs on a large-scale, we refer the
reader to Table 4.1. Overall, there are few experimental studies on rs-SDRs across research
domains despite the plethora of applications these reactors are suited for. We are the rst to
apply the rs-SDR for the production of polymeric nanoparticles and drug-loaded polymeric
nanoparticles.

2.5 Hydrodynamics in Rotor-Stator Spinning Disk Reactors

The hydrodynamics of rotor-stator systems is a crucial part in the development of these
systems and has been studied in turbomachines [139], centrifugal pumps [140], high-shear
mixers [141], and hydrodynamics reactors (e.g., for biodiesel production) [142]. For rs-SDRs
speci cally, the main elements to investigate are the transitions radius, r¢, and the time-
averaged velocity pro les along the Von KErm&n (rotor) and B dewadt (stator) boundary
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layers. The transition radius de nes the point along the disk where the ow alternates from
through ow-governed to rotation-governed. The former is reminiscent of plug- ow reactors
(PFR) while the latter of continuously-stirred tank reactors (CSTR). In addition, r; decreases
with increasing Re, gap ratio, and increases with increasing through ow rates. There are four
di erent ow regimes in which rs-SDRs operate that are a function of the rotational Reynolds
number, Re = R and the rotor-stator gap ratio, G = h=rp, where h is the axial distance
between the rotor and the stator, and rp is the radius of the disk. These regimes are classi ed
I through 1V and exhibit distinct or merged Von K&rmEn and B dewadt boundary layers
[143]:

I - laminar ow with merged Von KErm&n and B dewadt layers and a continuous
variation in velocity along h

Il - laminar ow with separated VVon K&rm#n and B dewadt layers and an inviscid core

11 - turbulent ow with merged Von KArm£n and B dewadt layers and a continuous
variation in velocity along h

IV - turbulent ow with separated Von KErmé&n and B dewadt layers and an inviscid
core

Regimes | and 111 are commonly referred to as torsional Couette ow [145], while regimes 11
and IV are commonly known as Batchelor ow [146]. The inviscid core in regimes Il and 111
is a region in between both boundary layers that has a radial velocity of zero. In chapter 5,
we work in regimes | and I11. In torsional Couette ow, there are radial in ows in B dewadt
layer and radial out ows in the Von KErmén layer (Figure 2.7). The azimuthal velocity starts
at zero at the stator and increases as you progress further along the disk (Figure 2.8). The
di erence between regimes | and 111 relate mainly to the azimuthal velocity. In the former
case, the increase in velocity from the stator to the rotor is linear, whereas in the latter case,
it is not. Moreover, the uid pro les in the side channel between the edge of the disk and the
side wall are reminiscent of toroidal vortices (pockets of upward and downward velocities) in
classic Taylor-Couette ow [147].

2.5.1 Macroscopic Flow Behaviour

The ow structures in rs-SDRs are also in uenced by the presence or absence of through ow,
often described by C,, = Q !rp, where Q is the volumetric owrate, is the kinematic
viscosity, and rp is the disk radius.
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Figure (2.6) Flow regimes in a rs-SDR as a function of G and Re. The blue dots represent
the region of operation for Chapter 4 and 5. Adapted from [144].
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Figure (2.7) Time-averaged radial velocity pro le in torsional Couette ow (regime Ill) in a
rs-SDR. Adapted from [144].
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Figure (2.8) Time-averaged azimuthal velocity pro le in torsional Couette ow (regime I11)
in a rs-SDR. Adapted from [144].

Cw = 0  With no through ow, the ow along the KArmén layer exhibits centrifu-
gal radial and negative axial velocities; the ow along the B dewadt layer exhibits
centripetal and positive axial velocities [144].

Cw >0  Before r, and thus PFR/through ow dominant ow, the radial velocity is
positive at all positions and the tangential velocity is zero in the B dewadt layer; after
re, the radial velocity stays positive in the Von KErmé&n layer but becomes negative in
the B dewadt layer [144]. In other words the ow transitions to torsional Couette ow
after r¢ and radial backmixing occurs.

2.5.2 The Finite Element Method and Lethe

We studied the hydrodynamics in rs-SDRs with the Finite Element Method (FEM). It per-
mits us to numerically solve uid dynamic problems that involve uids; the Navier-Stokes
equations (Equation 2.6) for incompressible uids is approximated within each element of
the discretized (into small hexahedra) uid domain [148].

r u=0 (2.5)
u,
ot

(u Nu= rp + reu: (2.6)

where u is the uid velocity, p is reduced pressure (p= , where p is the pressure and the
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density of the uid), and is the kinematic viscosity. This provides insights into the velocity

elds of rs-SDRs with di erent operational parameters. In this thesis, the ows in an rs-SDR
are solved using Lethe, an open-source high-order computational uid dynamics (CFD)
stabilized continuous Galerkin FEM solver for incompressible ows [149]. It relies on the
open source library for nite element modeling, deal.ll [150]. Lethe solves the Navier-Stokes
equations in a matrix-free fashion using the Newton-Raphson method [151]. Matrix-free
solvers do not require large data structures that need to be stored and later accessed for the
computations, they are not bounded by memory or bandwith [151].

2.5.3 Experimental Studies

Itoh et al. studied turbulent ows in an enclosed rotating disk and focused on the boundary
layers; they discovered that the boundary layer at the stator becomes turbulent at much
lower Re compared to the boundary layer at the rotor (8 103 vs. 1:6  10°) [152]. Another
study explored the ow transitions between a rotating and stationary disk at di erent G
and Re. At low aspect ratios (0.0071 < G < 0.0179), they observed spiral rolls (at Re =
90 109), solitary waves (at Re = 127 10%), and spots (at Re = 167 10%) that appear
in the laminar ow that eventually becomes turbulent [153]. At intermediate aspect ratios
(0.0179 < G < 0.0714), they observed stationary spiral rolls (at Re =51 10%), and even the
superposition of circular rolls [153]. At high aspect ratios (0.0714 < G < 0.143), they observed
circular rolls (at Re = 17 10%) and spiral rolls coexisting with each other and propagating
radially outward [153]. Poncet et al. focused on the transition between Batchelor ow and
Stewartson ow (one boundary layer on the rotor) at C,, = 0, 2579, 5159, 10317, and G =
0.012, 0.036. At a constant C,, of 5159, the ow transitions from Stewartson to Batchelor-
type as Re increases (beginning at Re = 1  10°) [154]. At C,, of 5159, Re of 1  10°, and
a G of 0.012, the ow is mainly Stewartson. At G = 0.036, the type of ow depends on the
radial position near the center of the disk, the ow is Stewartson, while near the edge
it becomes Batchelor [154]. A similar study looked at these same transitions with a two-
component laser Doppler velocimeter (LDV) but also included a negative C,, and a higher
Re (4:15 10°). The results at positive C,, (1976 to 9881) were in line with those previously
stated. At negative C,, (-1976 to 9881), however, the ow is Stewartson, with fully centrifugal

ow at all axial locations [155]. It should be noted, that [155] de ne C,, < 0O and C,, > 0
as centrifugal and centripetal through ows, respectively, whereas most of the other studies
(like [156]) and the work done in Chatper 5 are reversed (C,, < O is centripetal and C,, >
0 is centrifugal). In a combination of simulation and experiments for biodiesel synthesis,
Wen and Petera found that triglyceride conversion increases as G and the rotational speed
decreases [157]. Conversions at G = 0.1 peak at 54 % at 105rads !, whereas at G = 0.2 and



29

the same conditions the conversion drops to 40%. As the rotational speed increases so does
back ow, which hampers conversion (e.g. 54% at 105rads ! to 46% at 209rads ') [157].
In conclusion, their results demonstrated that G and high rotational speeds produce large
shear forces that intensify mixing and enhance conversion. However, at excessive rotational
speeds (e.g., 209rads 1) the backmixing also intensi es and reduces conversion [157].

2.5.4 Theoretical Studies

The volume of uid plus model simulated two types of owsinars-SDR: Imand lament

ow. The former is present at < 84rads ® across owrates (10 mLmin ! to 160 mL min 1),
while the latter is present at > 84rads ! across the same owrates [158]. In a di erent
study, a spectral vanishing viscosity method for LES simulated the ows in a rotor-stator
system at a G of 5 and a Re between 10 10° to 10 10°. At Re =10 10° the boundary
layer at the stator is turbulent while the one at the rotor is laminar. At Re = 4 10° the
rotor boundary layer starts becoming turbulent, and at Re = 10 108 both layers are rmly
turbulent [159]. These results were veri ed experimentally with LDV. Another LES study
looked at a much larger G (36.5) for Re between 0:75 10° to 3:75 10°. At Re =1:5 105,
the boundary layer at the stator transitions to turbulence, followed by the boundary layer
at the rotor at Re = 2:25 10° forming spiral structures before transformation. At Re =
3:75 10° the ow is fully turbulent with a thicker boundary layer at the stator, which
produces stronger anisotropic turbulence [160]. At much lower G (0.03), Re = 3:2 10* to
5:2 10°% and C,, = 150, the ow is turbulent (regime I11) and transitions from PFR to
CSTR behaviour at 15% of the radius of the disk at 75rads * [156]. These results were
also validated experimentally with residence time distribution tests. Mathematical models
are also developed to predict ow characteristics. For example, Bailey et al. have derived a
predictive mathematical representation to determine the swirl ratio, pressure, and torque, in
rotor-stator cavities of typical gas turbines. The swirl ratio is de ned as the ratio between
the tangential velocity of the core and that of the disk. As G increases from 0.05 to 0.5, the
swirl ratio decreases by 40 % near the edge of the disk [161]. In addition, a rotating hub and
a stationary shroud produced a swirl ratio of 0 near the center of the disk compared to 0.4
with a stationary hub and rotating shroud [161]. One fundamental paper studied the ow of
a Newtonian uid in the region between an in nitely long rotating disk and an in nitely long
stationary disk, numerically. At Re, = 100, where Re,, = 'h?v !, the ow has a non-viscous
core in the azimuthal velocity pro le. At Re,, = 300, the core is present in the axial and radial
velocity pro les as well; at Re,, > 300, the ow is Batchelor-type [162]. Interestingly, the ow
pro les were also calculated with an analytical power series approximation that accurately
described said ow pro les [162].
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This concludes the literature for sub-objective 3 (Chapter 5: Mixing and Hydrodynamics in
a Rotor-Stator Spinning Disk Reactor). For a distilled summary of the literature concerning
the di erent studies of hydrodynamics in rs-SDRs, we refer the reader to Table 5.1.

2.5.5 Main Research Gaps

Overall, there are research gaps relating to:

The dielectric properties of D,L-lactide as well as solvent selection for ROPs in mi-
crowave reactors.

Easy-to-operate and scale-up technologies for industrial-scale production of drug-loaded
NPs.

Characterization of bulk mixing and uid pro les in commercial rs-SDRs.
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3.1 Abstract

Poly(D,L-lactide) is a biocompatible and biodegradable polymer with applica-
tions in the biomedical eld (drug delivery, implants) and packaging. Conven-
tional synthesis with stannous octoate is slow (= 4h) and can climb to over 30h.
In order to reduce reaction times, we developed a microwave reactor process to
ring-open polymerize D,L-lactide to form poly(D,L-lactide) in the presence of
stannous octoate and an initiator, benzyl alcohol. We evaluated the suitabil-
ity of toluene and tetrahydrofuran as solvents at 130 C, 150 C, and 170 C for
the polymerization. Their respective dielectric loss ( ) values are 0.1 and 0.35.
Compounds with larger dielectric loss values are better at converting microwave
energy to heat. The microwave’s power input peaked at 420W to reach 170 C
with toluene, whereas with tetrahydrofuran the peak was 330 W; afterwards, the
power input to maintain that temperature was 10 W for both solvents. A reac-
tion in toluene at 170 C after 1h produced poly(D,L-lactide) with a molecular
weight of 31kDa and a dispersity index of 1.5. In tetrahydrofuran, at the same
temperature, the molecular weight peaked at 11kDa after 4h with a dispersity
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index of 1.2. Moreover, in the absence of microwaves the polymerization does
not occur. Tetrahydrofuran is hygroscopic and water cleaves poly(D,L-lactide)
chains resulting in a lower molecular weight despite the longer reaction time and
larger dielectric loss compared to toluene, a water immiscible solvent.

3.2 Introduction

Polylactic acid (PLA) is an aliphatic polyester derived from -hydroxy acids. It is a biocom-
patible and biodegradable polymer that degrades by hydrolysis of its ester bonds [12]. In
addition, it is produced from lactic acid, which in turn is sourced from renewable feedstock
(e.g., corn, sugarcane). These properties have cemented PLA as one of the most promising
replacements for petroleum-based plastics, with uses in food packaging, medical device man-
ufacture, and drug delivery purposes [15, 163, 164, 165]. PLA’s monomer, lactic acid (LA), is
an ingredient in the food industry and functions as an acidic avouring bu er and a bacterial
inhibitor in processed foods. Bacterial fermentation with lactic acid bacteria (LAB) accounts
for 90 % of all lactic acid production. This process consumes little energy, operates at low
temperatures, selectively produces D-lactic acid or L-lactic acid, and consumes renewable
carbohydrate biomass [12]. Polymerization of D- and L-lactic acid yields poly-D-lactic acid
(PDLA) and poly-L-lactic acid (PLLA). The former is amorphous while the latter is semi-
crystalline [13]. The conventional method for synthesizing PLA requires heating lactic acid
or lactide above 100 C for 4h or more [10], and with no dedicated initiator this climbs to
over 30h [166]. On the other hand, NatureWorks LLC patented a continuous ring-opening
polymerization process of lactide with a tin-based catalyst at 160 C for 8h [167]. ROP of
lactide to form PLA follows a coordination-insertion mechanism [168].

Microwave irradiation is a non-conventional way to provide energy to chemical processes
and belongs to the pool of process intensi cation technologies [33] and provides volumetric
and uniform heating [34]. It has proved to increase reaction rates for polymerizations (step-
growth, ring-opening) compared to conduction heating [169]. Some advantages include faster
heat transfer, which leads to shorter reaction times as well as inner heating of the reactor
contents and reduced heat loss [170]. The two mechanisms of microwave heating are dipolar
polarization and ionic conduction [35, 36]. In the former, molecules with dipoles rotate as
a result of the electromagnetic eld and in turn generate heat via molecular friction and
collisions [37, 38]. In the latter, the microwave makes charged particles oscillate to generate
heat through collisions [37, 39]. The three parameters that determine a material’s ability to
interact with microwaves are the loss tangent (tan , Equation 3.1), the dielectric constant
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(), and the dielectric loss ( “) [171].

tan = %= (3.1)

represents the ease with which a material becomes polarized in the presence of an electric

eld, " is the conductance of a material, and tan is a parameter that indicates a material’s
e ciency in converting microwave energy into thermal energy [41]. Microwave heating ac-
celerates the ROP of lactide compared to conduction heating 24 h to produce PLA with
a weighted-average molecular weight (MW) of 18kDa at 140 C compared to 6 h for 20kDa
at 160 C [172, 173]. Ultimately, all microwave reactors operate at a frequency of 2.45 GHz
[174] to avoid interfering with other microwave frequencies, for example, FM radio plus TV
broadcasts (0:08 GHz to 0:8 GHz), mobile phones (0:045 GHz to 1:98 GHz), radar (0:03 GHz
to 300 GHz) [175].

There are many viable catalysts for the ROP of lactide so far, in microwave reactors,
researchers have tested tin-based catalysts, titanium-based catalysts [66, 67], zinc-based cat-
alysts [176], and solid super-acids [177]. The most common catalyst for ROP is tin(ll)
octoate (Sn(Oct),)  stannous octoate. It is soluble in lactones, can produce low and high
MW PLA (from thousands to millions of Da), and is FDA-approved [12, 178]. However, the
two octoate groups must be substituted by two alkoxide groups to form tin(ll) alkoxide, the
true initiator of the polymerization. OH groups derived from alcohols typically enable this
substitution. Sn(Oct), also reacts with water, hydroxy acids, and other OH-bearing impu-
rities in the reaction mixture [29]. This increases the dispersity (—) of the resulting PLA
because more chains of likely unequal length are initiated. Kinetically, ROP of lactide is rst
order [30]. The polymerization rate reaches a maximum when the ratio of Sn(Oct), and the
alcohol is 0.5 [29, 30]. In addition, the polymerization involves reversible deactivation and
intermolecular, and intramolecular (back-biting) transesteri cation reactions, which decrease
the nal MW of PLA [168, 179] and prevent steady state conditions. We denote an umbrella
term MW reduction events  for the processes (depolymerization and transesteri cation)
that reduce the nal MW of PLA. These processes are also catalyzed by Sn(Oct),, and other
metals (e.g., Zn, Al, Fe) [180] and are exacerbated by long reaction times (> 2h) and high
temperatures (> 180 C). Depolymerization involves chain scission of the polymer due to
oxidative cleavage [181] while transesteri cations (mainly between polymer chains) modify
the polymer end-groups and consequently the MW and dispersity [168].

L-lactide polymerized in a domestic microwave oven in the presence of Sn(Oct), at 180 W,
360 W and between 5min to 30 min at monomer-to-initiator (M:I) ratios of 1040/1, 2534/1,
5069/1. As the monomer-to-initiator ratio increased, so did the MW of the PLA. Fewer
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initiator molecules formed fewer but longer chains. An M:l ratio of 2534:1 for 20 min at
180 W produced the highest MW (77 kDa) with a — of 2 [49]. Similarly, another ROP of
L-lactide in a microwave at 180 C, 180W, a M:l ratio of 5069:1 with Sn(Oct), and no
initiator produced PLA with a MW of 11kDa  further microwave irradiation degraded the
PLA [50]. In addition, [51] compared a second catalyst, dibutyltin dimethoxide (DBTM),
to Sn(Oct), at 150 C with ratios of 1040:1, 2534:1, 5069:1, 10 069:1. DBTM outperformed
Sn(Oct), producing a MW a 30kDa with a — of 1.66 versus a MW of 22kDa and a —
of 2 after 20min. A microwave reactor under vacuum with N, sparging assisted the ROP
of D-lactide in the presence of Sn(Oct),, BnOH, and toluenesulfonic acid (TSA). Sn(Oct),
paired with BnOH at an unspeci ed ratio was added at 0:03% by weight of lactide and
TSA at 0:4% by weight of lactide. The highest MW was 20kDa after 25min at 280 W
and 215 C [31]. In another instance, L-lactide polymerized and grafted onto polyhedral
oligomeric silsesquioxanes (POSS) in the presence of Sn(Oct), and in the absence of solvent.
At 45W, 120 C, and 45min, a catalyst concentration of 1.5 wt% with respect to lactide
and a molar ratio of L-lactide:POSS-(OH)3, of 600 synthesized PLA tails with a molecular
number of 50 kDa [54]. Alternatively, castor oil and Sn(Oct), initiated the polymerization of
L-lactide in a microwave reactor at 150 W and lactide:castor oil ratios ranging from 113 to
533 The optimal conditions were a ratio of 533:1 for 50 min which produced a MW of 25 kDa
and a — of 1.18 [55].

Thauvin et al. compared the e ectiveness of Sn(Oct), to 1,8-diazabicyclo(5.4.0)undec-7-ene
(DBU) for the synthesis of PEG- PLA diblock copolymers; the monomers were mPEG2000
and D,L-lactide [56]. Conversion with DBU in chloroform after 5min was 100 %, 94 %,
and 40% at 100 C, 170 C, and 60 C, respectively. Sn(Oct), was active at 170 C and
converted 95 % of the lactide but was inactive below 100 C. Polyhydroxyalkanoates (PHAS)

thermoplastic polyesters produced from bacterial microorganisms under stress (reduced
access to nutrients)  can also initiate the ROP of lactide. Microwave irradiated a mixture
of D,L-lactide, PHA, toluene and Sn(Oct), at 115 C for 5min. A lactide:PHA ratio of 250:1
produced a MW of 81 kDa with a — of 1.8 and a conversion of 85 % [182]. ROP of lactide is
quicker and achieves higher MWs in a microwave reactor compared to a vacuum-sealed vessel
with conventional heating or a pressurized reactor. Conventional heating in a vacuum sealed
vessel led to PLA with a MW of 250 kDa and a — of 3 after 150 h at 150 C. The pressurized
reactor produced PLA with a MW of 190 kDa and a — of 2.4 after 6 h at 120 C and 140 kPa.
In contrast, microwave irradiation led to PLA with a MW of 300 kDa and a — of 1.7 at 100 C
for 30 min [59]. All monomer:initiator (M:1) ratios were 5000:1. A microwave-assisted ROP
method synthesized PLA-PEG copolymers in 5min in chloroform at 125 C; the catalysts
were Sn(Oct), and DBU. The initiators were D,L-lactic acid and mPEG2000. A M:I ratio of
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278:1 resulted in PLA-PEG polymers with a MW of 40 kDa and conversions of up to 35%
or 83% with Sn(Oct), or DBU, respectively [60]. Overall, despite plentiful literature (Table
3.1) on microwaves and the polymerization of lactide, none mention the dielectric properties
of the reagents. The property of interest is the dielectric loss as it represents the amount of
microwave energy released as heat. Compounds with larger dielectric loss values will attain
desired temperatures with less power input (Figure 3.1).

—— Lactide, "= 2.3
800 —— THF, £" = 0.35

—— Toluene, £" = 0.1

600

o
%)
-
[=]]
(o]

10
t, min

Figure (3.1) Power required to heat 4 mL of solvent to 170 C. The values associated to each
solvent are the dielectric loss value.

The literature lacks data on the dielectric properties of D,L-lactide as well as solvent selection
for ring-opening polymerizations in microwave reactors. We thus evaluated the suitability of
six di erent solvents (toluene, THF, acetone, acetonitrile, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) with dielectric loss values of 0.096, 0.348, 1.12, 2.33, 6.1, and
37.1, respectively) in the synthesis of PLA in a lab-scale Monowave 400 microwave reactor
from Anton Parr. In addition, for the rst time, we measure the dielectric properties of
D,L-lactide at 2:45 GHz, the frequency at which the microwave reactor adopted in this study
operates. Moreover, the high operational capacities of the latter (300 C, 3000 kPa) permitted
the polymerization of D,L-lactide high temperatures (130 C, 150 C, 170 C) in THF. In other
batch systems and modi ed domestic microwaves, the pressure generated from boiling THF
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Table (3.1) Literature Summary. The conversion column reports the highest conversion
achieved. The text in parentheses beside the conversion values represents the technique that
determined said conversion. The * indicates that the authors of the study have not reported
conversion and we are calculating it as we did in this study.

Reference  Catalyst Solvent M:lratio C/W min MW, kDa — % conv.
[66] Titanium-based None 200:1 130 /200 80 27 1.2 88 (*H NMR)
[67] Titanium-based None 500:1 180 /400 45 43 24 83 (*H NMR)
[176] Zinc-based Toluene - 130/ - 180 1.3 1.8 96 (*H NMR)
[177] Solid-Super Acids None - 260 / - 50 22 - -
[49] Sn(Oct), None 2534:1 -/ 180 20 7772 11*
[50] Sn(Oct), None 5069:1 180 /180 20 11 - 2*
[51] Sn(Oct), None 5069:1 150 / - 20 102 1.6 9*
[51] DBTM None 2534:1 150 / - 10 40 1.7 7*
[31] Sn(Oct), None - 2157280 25 20 35 -
[54] Sn(Oct), None 600:1 120 / 45 45 50 - -
[55] Sn(Oct), None 533:1 -/ 150 50 25 1.2 90 (absent)
[182] Sn(Oct), Toluene 250:1 115/ - 5 81 1.8 85 (gravimetry)
[59] Sn(Oct), None 5000:1 100 7/ - 30 300 1.7 25*
[60] Sn(Oct), Chloroform 278:1 125/ - 5 40 - 100
This work. Sn(Oct), Toluene 380:1 170 / - 60 31 15 34*
This work. Sn(Oct), THF 380:1 170 / - 240 11 1.2 9*

at these temperatures would be dangerous. Furthermore, we developed a statistical model
to predict MW and applied it to other microwave polymerization data in the literature.

3.3 Experimental

3.3.1 Materials

We purchased D,L-lactide, Sn(Oct),, anhydrous toluene, and benzyl alcohol (BnOH) from
Sigma-Aldrich. We purchased THF with butylated hydroxytoluene (BHT) as a stabilizer,
DMF, methanol, ethanol, and acetone from Fisher Scienti c. All reagents, aside from D,L-
lactide, were used without further treatment or puri cation. D,L-lactide was rst recrys-
tallized in ethanol and then in toluene and left to dry overnight in an oven under vacuum
at 50 C. It was then stored in the fridge at 4 C under a nitrogen atmosphere. We did all
the experiments with the same batch of puri ed lactide and within a 2-week timeframe to
minimize variation in water content or other impurities. According to a Karl-Fischer analysis
the water content of THF and BnOH was 250 ppm, and 300 ppm, respectively. The anhy-
drous toluene had less than < 0:001 % water. Sn(Oct), cannot undergo Karl-Fischer titration
because it reacts with the titrant (Composite 5 from Honeywell). In addition, we did not
distill it to remove impurities such as 2-ethylhexanoic acid because it reappears shortly after
distillation [183]. Thus, its water content is unknown.
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The CEM Corporation has a list of common solvents and their dielectric loss values on their

website (Table 3.2).

Table (3.2) Solvents and their dielectric loss values

Solvent

Dielectric loss ( ¥)

Ethylene glycol
Formic acid
DMSO

Ethanol
Methanol
Nitrobenzene
1-Propanol
2-Propanol
Water

1-Butanol

NMP

Isobutanol
2-Butanol
2-Methoxyethanol
DMF
o-Dichlorobenzene
Acetonitrile
Nitromethane
MEK
1,2-Dichloroethane
Acetone

Acetic acid
Chloroform
Dichloromethane
Ethyl Acetate
THF
Chlorobenzene
Toluene

0-Xylene

Hexane

50
42
37
23
21
21
15
15
9.9
9.7
8.9
8.2
7.1
6.9
6.1
2.8
2.3
2.3
1.5
1.3
1.1
1.1
0.45
0.38
0.35
0.35
0.26
0.1
0.05
0.04

We eliminated all solvents that bear any OH groups. An excess of hydroxyl moieties hin-
ders polymerization by deactivating the catalyst, inducing chain scission, hydrolyzing PLA’s
ester linkages, and increasing chain transfer reactions [29, 181, 184]. All these processes
result in a PLA with a lower MW and higher dispersity. Furthermore, we excluded ni-
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trobenzene as it is highly toxic and nitromethane for the risk of explosion at our reaction
conditions. We then evaluated the suitability of toluene, THF, acetone, acetonitrile, DMF,
and DMSO with dielectric loss values of 0.096, 0.348, 1.12, 2.33, 6.1, and 37.1, respectively
(table 3.2). Chlorobenzene, chloroform, and o-xylene are also suitable candidates but toluene
is more common and was selected as the low dielectric loss solvent. Dichloromethane and
hexane could function as low-dielectric-constant solvents but their boiling points are lower
than toluene (40 C and 69 C versus 110 C) and the pressure in the system at 170 C with
THF (boiling point = 66 C) already reaches 800 kPa. Our vial caps for the reactor cannot
withstand pressures above this for reaction times over 4 h, at which point they are already
too deformed to be used again. Thus, we retained toluene and THF for the polymerization
experiments.

3.3.2 Microwave Synthesis

The MWs of synthesized PLASs at identical reaction conditions di ered across batches of re-
crystallized D,L-lactide as well as di erent bottles of Sn(Oct),. For example, di erent fresh
bottles of Sn(Oct), produced lower MW PLAs compared to a one-year old bottle. Thus,
to ensure reproducibility, all experiments were done with the same batch of re-crystallized
D,L-lactide and Sn(Oct), within the span of two weeks. An oven at 105 C dried all glassware
prior to the reactions to eliminate any traces of water. The reactor vials (made of quartz)
were loaded with THF or toluene, Sn(Oct),, BNnOH as the initiaitor, D,L-lactide and then

lled with N,. The amount of solvent and D,L-lactide was constant at 4 mL and 2 g, respec-
tively. The molar ratios for D,L-lactide:Sn(Oct), and Sn(Oct),:BnOH were xed at 1550
and 0.25. On average, the monomer:initiator (D,L-lactide:BnOH) molar ratio was 380. The
polymerization did not occur at D,L-lactide:Sn(Oct), molar ratio of 3000. At 100, itis di -
cult to eliminate the catalyst from the synthesized PLA. The rest of the ratios are dependent
on and derived from the D,L-lactide:Sn(Oct), ratio. The reaction lengths and temperatures
ranged from 0:25h to 6 h and 130 C to 170 C. We precipitated the resulting PLA in a cooled
methanol:water (3:1 volume ratio) bath twice and then evaporated any residual solvent in
a furnace operating at 100 C for 6h and then 60 C for 18h to remove toluene rst and
then water. In cases where THF was the solvent, the furnace operated at 60 C for 24 h.
The samples were stored in vials in N, and placed in fridge at 4 C. Theoretical values for
number-average molecular weights of PLA can be predicted from the monomer-to-initiator
ratio and the actual conversion of lactide to PLA [29, 185, 186, 187, 188]. We assume 100 %
conversion to calculate the maximum number-average molecular weight possible for our PLA.
We then divide this value with our experimental data to yield our actual conversion. In our
case, we were required to purify the polymers after the reactions and store them for several
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days before NMR analysis. As little to no free monomer remains after puri cation, calcu-
lating conversion (%) from NMR was not feasible. The MW values shown in the text refer
to the weighted-average molecular weight unless otherwise speci ed. The number-average
molecular weight served only to calculate the conversion. All experiments were conducted in
an Anton Paar Monowave 400 microwave reactor. Temperature, pressure, and power input
were recorded for the duration of the reactions. Its operational capacities are 300 C and
3000 kPa and a max power input of 850 W.

3.3.3 Characterization
Proton Nuclear Magnetic Resonance (*H NMR)

A Bruker AV-I11 400 MHz spectrometer con rmed the structure of the PLA; samples were
dissolved in CDCl;. We analyzed the data with the help of the NMRium software. GPC
was the method of choice to determine the molecular weight (number-average and weighted-
average) as *H NMR’s resolution begins to su er and sensitivity decreases at higher molecular
weights; purity also becomes an issue [189].

Gel Permeation Chromatography (GPC)

A Thermo Scienti ¢ UltiMate 3000 HPLC (high performance liquid chromatography) with
a GPC module and columns (PL1110-6504, PL1510-1520, the latter being a guard column)
from Agilent determined the MW of the PLA samples. THF eluted the samples ata ow rate
of ImL min ! at room temperature. We dissolved PLA samples of 0:1g in 2mL of THF and
then Itered them with PTFE syringes (13 mL diameter, 0:2 m pore size). A conventional
calibration was done with polystyrene standards (from 0:3kDa to 100 kDa) and a refractive
index detector. However, this is a relative technique. The Mark-Houwink-Sakurada (MHS)
equation enables the conversion of the MW values from relative ones to absolute ones. It
relates the intrinsic viscosity of polymers to empirical constants (k, ) that depend on the
analysis conditions (polymer, solvent, temperature) [190]. It is ever-present in the MW
analysis of polymers (e.g., chitosan [191], acrylamides [192], cellulose [193]) and dates as far
back as the 1980s for atatic polystyrene [194]. To correct the values of our PLA, we adopted
a modi ed version of the MHS equation [168, 190] (Equation 3.2). The constants for k and

were taken from the literature; for polystyrene [194] and PLA [195] in THF the values are
0.014, 0.70, 0.014, and 0.75, respectively. However, we analyzed the uncorrected MW data
for direct comparison with the microwave-synthesized PLA literature, much of which does
not report any MHS corrections.
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log Mx = ( X+1)|Ongtd+( X+1)log Ko (3.2)

Di erential Scanning Calorimetry (DSC)

A Q2000 DSC (TA Instruments) ramped the temperature from 40 C to 150 C at 10 C=min
in N, and stabilized at this upper temperature for 10 min before returning to 40 C for a 2nd
cycle. A hermetic aluminum pan held the samples.

Thermal Gravimetric Analysis (TGA)

A TGA Q50 (TA Instruments) operated with N, a mass ow of 40mL min ! and a ramp of
10 Cmin ! up to 400 C and maintained for 20 min.

Dielectric Property Measurement of D,L-Lactide

We measured the dielectric properties of our D,L-lactide with the HP 85070 dielectric probe
Kit at 2.45 GHz. The probe was calibrated in air and water at room temperature. The loss
tangent, dielectric loss, and dielectric constant for lactide at room temperature were 0.017,
0.04, and 2.33. Thus, it requires more power to heat lactide alone compared to it being
coupled with a solvent bearing a higher dielectric loss value.

3.4 Results and Discussion

3.4.1 Solvent Selection

Two solvents were appropriate for the experiments, toluene and THF. Sn(Oct), and BnOH,
the catalyst and initiator, respectively, were not soluble in acetone, acetonitrile, and DMSO

they formed cloudy mixtures. DMF is also unsuitable as it reacts violently with tin-based
compounds (i.e., Sn(Oct),). After less than an hour at 170 C the solution degraded and
blackened.

3.4.2 Evolution of the Experimental Design

The initial iteration of the experimental design was a partial factorial that considered temper-
ature and time as the two primary variables at three levels (2h, 4h, 6h and 130 C, 150 C,
170 C) and solvent at two levels (THF - “ = 0:348, toluene - ¥ = 0:096). It comprises the

rst 13 experiments of Table 3.3. In these experiments with toluene, the variation of the
— and MW across the times and temperatures were minimal  all the reactions produced
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Table (3.3) Design of experiments. The solvent column lists the dielectric loss values (0.096 =
toluene, 0.348 = THF). The experiment number refers to the order in which the experiments
were completed. The MHS-Mn column lists the corrected values for the number-average
molecular weight.

t,th T, C Solvent MW (kDa) Mn (kDa) MHS-Mn (kDa) Conv. (%) — Exp.
0.25 170 0.096 8 4.2 3.3 7 19 17
0.5 150 0.096 18 12 9.2 25 15 16
0.5 150 0.348 4.4 4.1 2.9 7 11 18
0.5 170 0.096 17 11 8.2 20 1.6 15
1 170 0.096 31 21 16 34 15 14
2 130 0.096 23 18 13 3% 1.3 2
2 130 0.348 1.5 1.4 1.1 3 1.1 13
2 150 0.348 4.5 4.1 3.2 7 11 8
2 170 0.096 27 18 14 32 15 1
2 170 0.348 5.2 4.7 3.7 9 1.1 4
4 130 0.348 4 3.6 2.9 7 1.1 10
4 150 0.096 26 17 13 33 15 11
4 170 0.348 11 9.2 7.1 17 1.2 5
6 130 0.096 27 18 14 35 15 9
6 130 0.348 4.2 3.8 3.0 7 1.1 12
6 150 0.348 6.7 6.1 4.8 11 1.1 3
6 170 0.096 26 16 12 33 16 7
6 170 0.348 3.4 3.1 2.5 6 1.1 6

MWs between 23kDa to 27 kDa (Figure 3.2). Thus, we assumed that the levels for time
were insu cient to identify the growth of the chains and as a result added 3 experiments.
One at 1h, the other at 0:5h, and the last at 0:25h. The MWs at 1h, 0:5h, and 0:25h
were 31kDa, 17 kDa, and 8kDa, respectively, indicating that chain growth outpaces MW
reduction events (ester bond breakage, intramolecular transesteri cation caused by tin(l1)
alkoxide, intermolecular transesteri cations with OH groups). At the 2h mark, the overall
MW begins to reduce as tin(I1) alkoxide, Sn(Oct)2’s initiating form, also catalyzes the above
events that reduce MW [196].

3.4.3 Results of the Polymerizations in Toluene and THF
Dependency of MW and Conversion on Reaction Conditions

The solvent explained 80 % of the variance in the MW, —, and conversion data. Reactions
with toluene produced PLA with MWs from 8 kDa to 31 kDa (Figure 3.2), whereas with THF
the range was 1:5kDa to 11 kDa (Table 3.3).



42

Toluene is immiscible with water. On the other hand, THF is hygroscopic so the water
molecules within it hydrolytically cleave the PLA chains [197], which explains the di erent
MW between solvents. THF’s hygroscopic nature overshadowed any positive microwave
coupling e ect that would result from its larger dielectric loss value. In other words, water-
miscbile solvents that absorb moisture from the air lead to lower MW PLAs. He et al. also
reported higher MWs in their conduction-heated reactions with toluene compared to THF
despite their THF being anhydrous (22 kDa vs. 7:3kDa) [198]. This also occurred in ethylene
polymerizations with a terphenyl derivative complex (2-Py) catalyst precursor ~ 38kDa in
toluene vs. 12kDa in dried THF [199]. Thus, the water content in our THF is not the only
driving factor for the di erence in MWSs. Further research into how the properties of solvents
a ect polymerizations is warranted. The reaction in toluene peaks at 1h after which the
risk of MW reduction events increases causing chains to break [185] and lowering the MW.
This also accounts for the large standard deviation in the data past 1 h (Figure 3.2) as these
events, like transesteri cations, occur randomly [200]. Thus, we demonstrate the e ect of long
reaction times on the polymerization  the variation in the data is as high as 50 % after 2 h
as deploymerization and transesteri cation are prevalent. Three repeat experiments at 6 h,
170 C in toluene produced MWs of 12kDa, 27 kDa, and 38 kDa. However, the trend is one
of decreasing MW. The variation in molecular weight for experiments at 1 h and less is 15 %.
Other articles that synthesize PLA with microwaves maintain reaction times between 5min
to 50 min [10, 49, 50, 55, 59, 182]. Higher temperatures and toluene (Figure 3.4) as a solvent
instead of THF (Figure 3.5) produced higher MW PLA. Polymerization rate increases with
increasing temperature [185, 201]. The highest MW achieved was 31 kDa with a — of 1.5 in
toluene, at 170 C, for 1 h with a conversion of 34%. Conversions in the literature range from
2% [49] to 95 % [56, 60]. Impurities (OH-bearing species predominantly from water) are the
cause of this large variance  the more there are, the lower the conversion, and hence lower
MW. OH groups induce chain scission and can also prematurely terminate growing chains
by acting as an initiator and forming OH-terminated chains. Water can also hydrolyze the
lactide monomers to lactic acid and reduce the pool of available lactide  an increase in
lactic acid and consequently OH groups also increases the likelihood of chain scission [181].
Itzinger et al. ring-open polymerized lactide and purposefully doped the reaction medium
with increasing amounts of ethanol as an impurity (0.1 % by weight, 1 % by weight, 1.5
% by weight). The MW decreased from 30kDa at an impurity level of 0.1 % by weight to
10kDa at 1.5 % by weight [202] representing a 50% drop in conversion. Our experimental
procedure was unable to completely eliminate the sources of impurities which is re ected in
the conversion. THF innately carries more impurities (water) than toluene, which partly
explains the approximate threefold decrease in conversion between the two solvents. For



43

these reasons, Sn(Oct), catalyzed the polymerization as opposed to DBU despite the latter’s
improved performance (higher conversion rates, yields, and is active at lower temperatures).
For example, Thauvin et al. studied the performance of DBU vs. Sn(Oct), and found that
there was 100% D,L-lactide conversion in DBU at 100 C while Sn(Oct), was inactive at
this temperature; at 170 C the conversion was still lower (95%) [56]. In another ROP of
D,L-lactide, at 125 C, DBU and Sn(Oct), had similar conversions (> 90 %) but yields with
DBU were higher (60% to 83% vs. 23% to 35%) [60]. However, DBU is more susceptible
to impurities compared to Sn(Oct),; acidic protons deactivate DBU and induce a cascade
e ect until there is none left to continue the polymerization [203]. However, the MW can
still be increased/decreased despite the limited conversion by modifying the M:I ratio. For
example, the reaction in THF at 2h, 170 C and a M:I of 380 produced PLA with a MW of
5:2kDa and a — of 1.1 for a total conversion of 9%. At an M:I of 1000, the MW would be
13 kDa assuming the same conversion. However, this does not continue inde nitely  in one
instance, there was no signi cant di erence in MW between M:I ratios of 1041, 2534, and
10069 and the conversion dropped from 9% at 1041 to 2% at 10069 [51]. Overall, we are
able to control the MW of our synthesized PLA between 1kDa and 31kDa. This range can
be modi ed by changing the M:I ratio.

Dispersity (—)

Dubois et al. found that — increased with increasing temperature as a result of intermolecular
transesteri cations with Al(O-i-Pr); as the catalyst. The — went from 1.25 to 1.4 as the
temperature increased from 75 C to 85 C with conduction heating [185]. — was independent
of temperature in our system. For example, experiments 3, 6, 12 at 6 h and 130 C, 150 C,
and 170 C, respectively, in THF all resulted in a — of 1.1 (table 3.3). In addition, Sn(Oct), is
more active between 125 C to 180 C than Al(O-i-Pr)3, with which it can take days to achieve
MWs of 10 - 10° Da [187]. Toluene produced higher — (an average of 1.5) compared to THF
(an average of 1.1). A lower — indicates more uniformity among the lengths of the polymer
chains. As the polymer chains lengthen and less monomer remains for the reaction, the
polymerization slows while the risk of intermolecular transesteri cation increases [168, 204].
This leads to increased —. Nonetheless, these are both lower than most of the other reported
—’s for microwave-synthesized PLA (Table 3.1).

3.4.4 Microwaves vs. Conduction Heating

In an e ort to compare a conduction-heated reaction to the microwave reactions, we replaced
the usual quartz vessels with a silicon carbide vessel. Silicon carbide will absorb all the
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microwaves and thus heat the reaction medium via conduction [205]. At 170 C for 4h in
THF with silicon carbide, the D,L-lactide did not polymerize at all. On the other hand, when
the reaction medium is heated via microwaves, the resulting PLA had a MW of 11 kDa and a
— of 1.2. In addition, the same reaction without a dedicated initiator still produced PLA with
a MW of 10kDa and a — of 1.2, whereas with conduction heating it could take more than
30h [166]. Despite the shortcomings of the experimental setup at removing impurities, it still
outperforms the traditional synthesis and functions as an example of process intensi cation.

3.4.5 Predictor Screening of Toluene and THF

The solvent dominated the predictor screening for the entire dataset. As a result, we redid
a screening for THF and toluene, separately. For THF, temperature explained 61 % of the
variance for the MW, while time accounted for 39 %. In contrast, for toluene, time accounted
for 93% of the variance in MW. Temperature’s in uence is more pronounced in the THF
data. THF’s boiling pointis 66 C at 130 C, 150 C, 170 C the corresponding pressures
in the reactor were 250 kPa, 500 kPa, and 800 kPa. The reactions with toluene were all at
atmospheric pressure. Higher pressures favour polymerization ([206, 207]), which explains
temperature accounting for 61 % of the variance in MW for THF while with toluene it is only
7%.

3.4.6 Proton Nuclear Magnetic Resonance (*H NMR)

Signals at y = 5.10 and j = 1.50 belong to methine (a) and methyl (b) groups while the
signal at = 4.30 represents the methine end-group [208]. The presence of many tetrads
in the range of the { =5.04 to = 5.20 indicates no stereocontrol in our PLA [208, 209]
(Figure 3.3).

3.4.7 Di erential Scanning Calorimetry (DSC)

The PLA samples had an average melting temperature of 150 C and a glass transition
temperature of 55 C, the latter being similar to other reported values while the former is
10 C to 20 C lower [210, 211].

3.4.8 Thermal Gravimetric Analysis (TGA)

Three samples of PLA with MWs of 10 kDa, 23kDa, and 31 kDa underwent a TGA analysis.
The 10kDa PLA sample lost 10% of its mass at 259 C and 99% of its mass at 311 C.
The 23kDa sample lost 10% of its mass at 255 C and 99% of its mass at 305 C. The
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31 kDa sample lost 10% of its mass by 269 C (including the residual toluene that begins
to evaporate at 105 C) and 99% of its mass at 318 C. There is a minor dependence on
degradation temperature and MW. The degradation temperature of our PLA is consistent
with some of the literature [198, 211] and a little lower than others (269 C vs. 290 C) [212].

3.4.9 Statistical Model

We t the data from our experimental design to a non-linear model that describes the growth
and decay phases of the polymerization. The model contains three tted parameters with
two independent variables, reaction time (from 0:25h to 6 h) and temperature (from 130 C
to 170 C) (Equation 3.3). The latter corresponds to an exponential Arrhenius expression.
The model’s (Equation 3.3) R? for toluene and THF are 91 % (Figure 3.4) and 94 % (Figure
3.5), respectively.

MW= o [ e 1t 4o 2t2] e%[?lzn ﬁ] (3.3)

Trer IS the average temperature (150 C), R is the universal gas constant in Jmol *K !, and
tis in h. The pseudo activation energies for toluene and THF are 12kJ and 39 kJ.

The predicted MW begins to decrease as t approaches 4 h for toluene and as t approaches 6 h
for THF as a result of depolymerization and transesteri cation reactions (represented by ),
which are exacerbated at longer reaction times (Figure 3.4, Figure 3.5). The onset of MW
reduction events is quicker in toluene ( , = 0.009) compared to THF ( , = 0.007) because
it peaks sooner (31kDa at 1h versus 11kDa at 4h). Prior to this, the chains are growing
exponentially, which is represented by ; term (1.45 for toluene, 0.34 for THF). The  often
represents the maximum achievable MW for a given system. The standard deviation between
the experimental data and model predictions is 4kDa in toluene (Figure 3.4). At longer
reaction times (> 2 h) the MW reduction events become more prominent thereby decreasing
the MW of the polymer chains. This process, however, is random [200] and thus so is the
degree to which the MW decreases. As a result, the MW at longer reaction times varies more
than those at shorter times. The data point at 6h and 130 C (Figure 3.4) is an example
of this as it is 30% above the predicted MW. On the other hand, the standard deviation of
3 repeats for the experiments in THF was 7% (0:7 kDa). The deviation between the model
and experimental data was 1:1 kDa, which is reasonable considering the reproducibility was
0:7kDa (Figure 3.5). The model explains 94 % of the variance in the experimental data for
THF and captures the increasing MW with time as well as the plateau. However, during
the initial reaction period, the PLA MW of one experimental test (0:5h, 150 C), increased
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much faster than expected.

Model Applied to Literature Data

We evaluated the e cacy of our statistical model by tting it to three other datasets, at
similar reaction conditions (microwave reactor, Sn(Oct), as the catalyst), in the literature.
The experiments from the rst dataset were at a constant temperature (150 C) but varying
M:I ratios (1041, 2534); their MWs ranged from 15kDa to 46 kDa [51]. Thus, the pseudo
Arrhenius term equals 1, which leaves the power aspect of the model. For the data at an
M:I of 1041, the model explained 71 % of the variance, with a ( of 24500, a ; of 14, and
a , of 0.35. However, the R? drops to 0.4 for the data at an M:l of 2534 with a 4, 1,
and , of 46000, 7.4, and 3.6, respectively. Moreover, by combing both datasets into one
and incorporating a new term ( 3) to the model (Equation 3.4) to account for the change in
M:l, the R?, o, 1, 2, 3 become 0.59, 59000, 14, 1, and -0.12, respectively. This low 3
indicates that M:I had little e ect on the nal MW in their data [51].

MW= o [ e *+e 2] MI 3 (3.4)

The second dataset had a constant temperature of 180 C [49]. We focused on the data at a
constant M:1 (1041) and power (360 W) with reaction times from 5min to 20min. The nal
data point (at 20min) had no MW value as it signi cantly degraded. To increase the total
number of data points, we assigned a MW to the 30 min sample equal to 10% of the max
MW in the dataset. The MWs ranged from 7kDa to 10kDa. The resulting R?, 4, i, and

» were 0.64, 9500, 29, and 8.8, respectively. The R? only varies between 0.68 and 0.61 if
the assumption for the MW of the degraded sample is 20 % or 2% of the max MW from the
dataset.

The nal dataset had a constant temperature of 100 C. However, there were only 3 data
points, and the model has 3 parameters so the resulting R? is 0.99, with a ; of 0.1. The
latter is of interest as it represents the chain growth aspect of the polymerization, a lower
value represents higher growth. At 10min, 18 min, and 30 min the respective MWs were
80kDa, 176 kDa, and 300kDa [59]  the model predicts that the chains are growing linearly
and not exponentially as evidenced by the low ;. The M:I ratio is not speci ed in the article
so the theoretical max is unknown.
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3.5 Conclusion

We polymerized D,L-lactide in a microwave reactor in the presence of Sn(Oct),, BnOH
and toluene or THF. The solvent had the biggest in uence on the nal MW of PLA. The
molecular weights in toluene were 2-3x higher compared to THF at the same conditions.
The presence of water in THF overshadowed any positive microwave-coupling e ects of its
higher dielectric loss; eliminating traces of water in all of the reagents would lead to larger
molecular weights. However, this is not the only in uential factor because even in conduction
heating with toluene and anhydrous THF, the MWs produced with the former were 3x higher
than those produced with the latter [198, 199]. After 1h at 170 C in toluene, the MW was
31kDa. In THF, after 4h at 170 C, the MW only reached 11kDa. In addition, we were able
to eliminate numerous solvents as un t for the ROP of D,L-lactide. Some, as with THF,
are hygroscopic and will hinder the polymerizations, while others are unsafe at our reaction
temperatures (130 C to 170 C). We also developed a statistical model that predicts the
MW as a function of temperature, time, and the estimated max achieveable MW for a
given system. Future work should involve a continuous experimental setup coupled with
microwaves for the synthesis of PLA on a larger scale; if done in batch with large quantities,
penetration depth becomes a considerable issue. Strategies for scale-up are already present
in the literature [213] and are present in the agri-food industry, cosmetics, and vulcanisation
of rubber [214]. However, due to D,L-lactide’s low dielectric loss (0.04) we recommend
the addition of polar species to improve energy transfer. Overall, microwaves are a great
technology for PLA synthesis, however, proper removal of impurities is paramount; microwave
reactor designs that allow for reagent purging would facilitate and improve the polymerization
immensely, with the potential to push D,L-lactide conversion into the 80 % to 100 % range.
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Figure (3.2) MW as a function of time and temperatures in toluene. Error bars represent
the standard deviation. For the data between Oh to 1h the error bars are the size of the
markers. The large standard deviations past 1h is caused by the stochastic nature of the
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49

b o)
H o.d
o \_.)kOH
o ¢ b

I —

7 6 5 4 3 2 1 0
& [ppm]

w
(@)

N
o

—
o

MW, kDa (experimental)

0 2 4 6 0 10 20 30
Time, h MW, kDa (model)

Figure (3.4) PLA MW as a function of time in toluene (left) and a standard parity plot (right).
The lines represent the non-linear regression model (eq3) and the symbols the experimental
data. R? = 0.91.

o



50

-
o N

MW, kDa (experimental)

o N B~ O o0

4 6 8 10 12
Time, h MW, kDa (model)

Figure (3.5) PLA MW as a function of time in THF (left) and a standard parity plot (right).
The lines represent the non-linear regression model (eq3) and the symbols the experimental
data. R? = 0.94.
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CHAPTER 4 CONTINUOUS NANOPRECIPITATION OF
POLY(D,L-LACTIDE) IN A ROTOR-STATOR SPINNING DISK REACTOR

In the previous chapter, we produced PLA with microwaves. However, the di culties asso-
ciated with removing impurities from the polymer lead us to a di erent synthesis mechanism
outlined in Section 4.2.2. This also provided us with a solid PLA, facilitating dissolution in
the organic phase prior to nanoprecipitation.

4.1 Introduction

Drug shortage is a global issue. In 2020, the United States alone was in short supply on 129
di erent medications with antimicrobials and oncological drugs topping the list [4]. Drugs
require frequent administration and doses exceeding the body’s absorption capacity to treat
ailments. The former is attributed to the body’s immune system that will degrade and
eliminate drugs. The latter stems from the drug distribution within the body little of it
reaches the desired areas. This leads to drug concentration spikes in the body, which cause
adverse side-e ects and a ects QoL [9]. In fact, these side-e ects are estimated to account
for 3% of deaths in the general population [215]. Sustained and targeted drug delivery
systems are a promising avenue to address these shortcomings  they maintain drug levels
at the desired therapeutic level and aim at concentrating it in the necessary areas [9, 216].
These systems are often polymer-based, the most common being polyglycolic acid, PLA,
polycaprolactone, and polydioxanone [217].

PLA is an aliphatic polyester derived from -hydroxy acids. It is a biocompatible and
biodegradable polymer that degrades by hydrolysis of its ester bonds [12]. The body me-
tabolizes and excretes the degradation products without any physiological stress [13]. The
FDA approved PLA in the 1970s and since, industries as well as researchers have studied it
for suturing [15], sca olds [163], and drug delivery [164]. Drug delivery applications usually
requires MWs less than 50kDa [14]. PLA alone is brittle (< 10 % elongation at break),
hydrophobic (which translates to low cell a nity and increased in ammatory responses),
and lacks reactive side chains [13]. The latter being the main reason lactide is polymerized
with other monomers, like glycolic acid, to create suitable drug carrier systems. PLGA is
a staple carrier system [96]. Additionally, NPs of PEG chains grafted onto PLA function
as stealth drug nanocarriers that resist protein adsorption and aggregation [218]  two im-
portant metrics to determine the viability of a nanocarrier. PLGA and PEG are also often
combined for targeted drug delivery [219]. Research into PLA and its derivatives is one facet
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of nanomedicine, a rapidly growing eld of science focused on nano-sized materials that o er
a plethora of applications among them tissue penetration [220], targeted drug delivery [221],
and sustained drug release [222]. Since 1970, there have been over 600 new drug applications
that contain nanomaterials with half of these occurring in the last 10 years [223].

4.1.1 Nanoprecipitation Mechanism

Nanoprecipitation is one of the most common techniques to synthesize nano-sized polymeric
drug delivery systems. The process includes supersaturation, nucleation, and growth. Super-
saturation: As the polymeric solution comes into contact with the anti-solvent it achieves a
state of supersaturation. The particle size will increase as the concentration of the polymeric
solution increases despite high levels of supersaturation promoting rapid nucleation [224] and
smaller particles  with a higher concentration there is more opportunity for nuclei to grow
by associating with other molecules. Nucleation: follows supersaturation once the energy
barrier required to form nuclei is overcome and the system begins to thermodynamically
stabilize. These nuclei start to grow by associating with other solute molecules until they are
stable against dissolution [86]. Nucleation ends once the level of solute dips below the critical
supersaturation concentration. Further growth is fuelled by aggregation. Aggregation: Van
Der Waals interactions between NPs cause them to aggregate [225]. The frequency of colli-
sion (in uenced by particle concentration, size, and motion of the system) between particles
determines the degree of aggregation  stabilizers can limit the extent of aggregation [86].

The solvent chosen for dissolution of the polymer in uences the mean particle size. Solvents
with lower viscosities and higher di usion coe cients in water will produce smaller particles.
They promote faster mixing which leads to a higher degree of supersaturation [226]. In addi-
tion, as the solvent/water miscibility of the system increases, the particle size will decrease.
For example, at a solvent:water ratio of 1:10, the particle size decreased from 150 nm in
acetonitrile to 115nm in acetone, and down to 90 nm in DMF [219].

Nanoprecipitation in micro uidic technologies is common in the literature for the continuous
production of these nano-sized delivery systems. However, one of the main challenges is low
production rates; micro uidic devices often produce on the ¢ to mg scale [227]. Feasible
production rates for clinical studies and industry are 100gd * and 1kgd ! [11]. Rs-SDRs
have the potential to greatly exceed these production rates.

4.1.2 Rotor-Stator Spinning Disk Reactor (rs-SDR)

The following is a small recap from the literature review as it relates to this chapter.
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Rs-SDRs fall under a class of Pl technologies [33] with excellent heat and mass transfer
capabilities well-suited for mulitphase chemistry (liquid-gas, liquid-liquid, gas-liquid-liquid).
Liquid-liquid mass transfer rates in an rs-SDR are 25x higher than in packed columns and
15x higher than in microchannels [125]. Traditionally, they consist of one or more rotating
disks con ned in a narrow casing producing large shear and centrifugal forces and creating
an environment conducive to intense mixing. The energy generated from the rotating disks
is transferred into the reaction medium generating high energy dissipation rates, , that
can reach 1 10°Wkg * [123]. These high rates translate into high levels of mass transfer
[124, 228, 229], heat transfer [126, 230, 231], and low micromixing times [123, 129, 134, 232].
Residence times in a rs-SDR are solely based on the owrate and reactor volume (Equation
2.4) as opposed to its counterpart, the tf-SDR, whose residence time is also determined by
the rotational speed and viscosity (Equation 2.3) [121].

The search strategy ( rotor-stator OR rotor-stator system OR rotor-stator device ) AND
( spinning disk reactor OR spinning disc reactor ) generated 50 results (46 articles, 3
proceeding papers, and 1 letter) in the WoS Core Collection with articles dating back to
2010. The majority of articles are fundamental studies on heat and mass transfer [124, 125,
126, 230], residence time distribution [127, 128], micromixing [129, 134, 232, 233], and scale-
up [234]. Experimental studies include photochemical oxidation and degradation [135, 235],
epoxidation of methyl oleate [136], extraction of chromium (111) from aqueous solutions [236],
tertiary amine N-oxdiation [237], production of sodium-ion cathodes [238], sul te reduction
of alkyl hydroperoxides [239], transesteri cation of trigylcerides [137], esteri cation of free
fatty acids [240], and synthesis of BaTiOs NPs [138]. The overarching theme across rs-SDR
studies is PI.

4.1.3 Novelty

There are only a few existing techniques that can satisfy clinical and/or industry scale pro-
duction (Table 4.1). We propose the rs-SDR as a robust alternative. For the rst time,
we synthesize PLA NPs in an rs-SDR at rates of > 100gd !, exceeding the requirements
for large-scale clinical trials with the potential to surpass industrial-scale requirements, as
well. The quality (size and —) of the NPs are suitable for drug delivery applications, and
the batch-to-batch reproducibility is small (standard deviation for size and — are 6 nm and
0.02, respectively). We also demonstrate the reactor’s ability to load PLA and PLA-PEG
NPs with ibuprofen.
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Table (4.1) Di erent NP synthesis techniques with a focus on continuous large-scale pro-
duction. (a) = pulsed, (b) = continuous experiments, * = theoretical calculation. The
abbreviations are: GC = glass capillary, PDMS = polydimethylsiloxane, COP = cyclic ole n
polymer, PID = polyimide, CTJM = coaxial turbulent jet mixer, HPH = high pressure ho-
mogenization, FFR = ber uidic reactor, Wa = water, Ac = acetone, Acn = acetonitrile,
DCM = dichloromethane, DMSO = dimethyl sulfoxide, EA = ethyl acetate, PR = max
production rate.

Technique Polymer  Size, nm Weighting - Solvents PR (gd ') Ref.

GC micro uidic PLA / PCL 300 to 600 Zag 0.18 t0 0.30 THF-Wa 0.04 [89]
GC micro uidic PLGA 100 to 330 Intensity 0.05 to 0.15 Acn-Wa 240 [241]
PDMS micor uidic PLGA-Lipid 35 to 180 Volume - Acn-Wa 0.36 [242]
PDMS micro uidic PLGA-PEG 24 to 34 Zavg - Acn-Wa 0.1 [90]
PDMS micro uidic PLGA-PEG 13 to 150 Volume - Acn-Wa 2 [109]
COP micro uidic PLGA 63 to 260 - 0.08 to 0.42 Acn-Wa 324 [98]
PID micro uidic PEG-PLGA 50 to 85 Volume - Acn-Wa 300 [99]
CTJM PLGA-PEG 25 to 100 Volume - Acn-Wa 3000 [11]

HPH PLGA 200 to 300 - - DCM-Wa - [96]

FFR PLGA 90 to 180 - 0.05t00.15 Ac-Wa 53  [97]

Sonication PLGA 100 to 200 Zag 0.07 t0 0.12 DCM-DMSO-Wa 2000 [91]
Membrane PLGA-PEG 250 to 400 Zag 0.131t00.18 Ac-Wa 4 93]
Micromixer PLGA 200 to 700 - - Ea-Wa 240 [104]
Lab-scale rs-SDR? PLA 58 to 129 Zag 0.12t00.22 Ac-Wa 576 -
Lab-scale rs-SDRP PLA 70 to 137 Zag 0.09 to 0.17 Ac-Wa 576 -
Lab-scale rs-SDRP PLA-PEG 63 to 132 Zag 0.11t0 0.14 Ac-Wa 576 -
Pilot-scale rs-SDR - - - - - 54000* -

4.2 Experimental

4.2.1 Materials

BnOH (99:8 %, Sigma-Aldrich), the initiator for the polymerization, was Itered through a
basic alumina column prior to use. D,L-lactide (99 %, Sigma-Aldrich) was recrystallized with
methanol and then toluene and vacuum dried overnight prior to use. DBU (Sigma-Aldrich,
99 %) was dried over calcium hydride and vacuum distilled at 150 C. It was then kept
over 3 molecular sieves overnight prior to use. THF (99:6 % stabilized with BHT) was
purchased from Fisher Scienti ¢ and puri ed with glass-vacuum Itration before use in the
GPC instrument. Benzoic acid (99:5 %), methanol (99:8 %), toluene (99:8 %), DCM (99:8 %,
with 40-150 ppm of amylene as a stabilizer), acetone (99:5 %) (all from Sigma-Aldrich except
methanol that was from Fisher Scienti c), and distilled water were used without treatment or
further puri cation. We performed the nanoprecipitation reactions in a rs-SDR from FlowID
(SpinPro R2) made from silicon carbide, with a volume of 19 mL, a max rotational speed of
6000 RPM, and able to withstand temperatures and pressures up to 140 C and 1000 kPa.
Acetone was our solvent of choice as it can yield particle sizes in our desired range (50 nm to
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150nm) and is considered by P zer to be the greenest solvent, excluding water [243]. The
continuous experiments consumed approximately 0:5 L of acetone per run.

4.2.2 PLA, PLA-PEG Synthesis

A 50 mL round-bottom ask was ame-dried under reduced pressure with a propane torch and
then lled with argon. This process was repeated three times. Afterwards, we transferred
21:7 L (0:22mmoldm 3) of the initiator, BnOH, into the ask. In a separate vial, 4:5g
(31:5mmoldm *) of D,L-lactide was combined with 10mL of dry DCM, under argon, and
subsequently added to the round-bottom ask. DBU (31:4 L) was then injected to initiate
the polymerization  the reaction occurred at room temperature and lasted 1 h. Benzoic acid
(65mg) quenched the polymerization. Finally, the solution was diluted with DCM and the
polymer was obtained by precipitation into cold methanol and water (3:1 volume ratio). The
same procedure was used for PLA-PEG except that the initiator was PEG(2k)-OH instead
of BnOH.

4.2.3 Characterization
Proton Nuclear Magnetic Resonance (*H NMR)

A Bruker AV-111 400 MHz spectrometer identi ed the PLA samples dissolved in CDClI; and
we analyzed the data with the help of the NMRium software. *H NMR con rmed the
structure and degree of polymerization of the PLA and PLA-PEG polymers.

Gel Permeation Chromatography (GPC)

The GPC measurements were performed with a Wyatt instrument equipped with two TSKgel
GMHHR-L columns and one guard column, along with di erential refractometer (RI) and
light scattering (LS) detectors. The measurements were carried out in THF as the eluent,
at a owrate of 0.6 mL/min. Polystyrene (PS) standards with molecular-average numbers
ranging from Mn = 2,000 Da to Mn = 1,800,000 Da were used. The MWs of the synthesized
PLA and PLA-PEGs (PEG2k) were between 8 kDa and 54 kDa. The PEG content (% w/w)
in the PLA-PEGs was 8 %.

Dynamic Light Scattering (DLS)

A Zetasizer Nano ZS from Malvern Instruments determined the particle size and — of the PLA
NPs. The NPs suspended in water were pipetted into a 2:5mL BRAND polystyrene macro-
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cuvette and then analyzed at 21 C with an equilibration time of 120 s and a backscatter angle
of 173 . The refractive index of PLA was set to 1.459 and each sample was analyzed 3 times.
The reported particle sizes in the manuscript refer to the Z,,4 and not the intensity-based
particle size.

Transmission Electron Microscopy (TEM)

A Cold Field Emission Gun Transmission Electron Microscope (CFEG-TEM) from JEOL
(model JEM-F200) operating at 200 kV photographed bright eld images of the PLA. Short
acquisition times (< 1 min) were necessary to avoid damaging the particles. We diluted the
samples by a factor of 10 in distilled water and left them to dry on copper TEM grids covered
with lacey carbon Im before analysis.

Viscosity Measurements

A Rheometer HAAKE Viscotester iQ Air from Thermo Scienti ¢ con gured with a CC27
coaxial cylinder measured the viscosity of the water-acetone combinations. An external water
circulator stabilized the temperature at 25 C, the same value as during the nanoprecipita-
tions. We introduced 3 mL of sample and increased the shear rate (stepwise) from 50s ! to
1500s 1.

4.2.4 Pulse Experiments in the rs-SDR

The pulse experiments involved injecting 5mL of a PLA-acetone solution before switching
back to a pure acetone feed. We opted for a full factorial design for the pulse experiments
(Table 4.2). The 3 factors were the rotational speed (1500 RPM, 3250 RPM, 5000 RPM), the
concentration of PLA in acetone (10mgmL *, 20mgmL *, 30mgmL 1), and the owrate
ratio (10:25, 10:50, 10:100). The owrate ratio is the ratio between the owrate of PLA in
acetone and water. The former is constant at 10mL min *. We fed pure acetone and distilled
water into the rs-SDR via 2 inputs and ramped up the rotational speed to the desired level.
Afterwards, we moved the tube from the pure acetone to the PLA/acetone solution (5mL)
and once depleted, back to the pure acetone. We sampled every 10s for 5s and subsequently
measured the particle size with DLS.

4.2.5 Continuous Experiments in the rs-SDR

For the continuous experiments, we opted for a 2-factor 3-level full factorial design with a
third factor (RPM) at two-levels (1500 RPM, 3000 RPM) for a total of 18 runs, excluding
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Table (4.2) DoE for pulsed experiments. * removed from analysis as an outlier. AW R
represents the acetone:water ratio.

C AWR Size (nm)

Exp. ID RPM
ST23 1500
ST25 1500
ST22 1500
ST12 1500
ST1 1500
ST8 1500
ST19 1500
ST4 1500
ST6 1500
ST26* 3250
ST20 3250
ST10 3250
ST27 3250
ST17 3250
ST5 3250
ST21 3250
ST14 3250
ST11 3250
ST3 5000
ST18 5000
ST16 5000
ST15 5000
ST24 5000
ST9 5000
ST13 5000
ST2 5000

ST7

5000

10
10
10
20
20
20
30
30
30
10
10
10
20
20
20
30
30
30
10
10
10
20
20
20
30
30
30

10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:55
10:110
10:25
10:50
10:110
10:25
10:55
10:110

77
78
76
110
125
103
129
109
124
102
78
65
85
78
88
87
90
89
56
59
62
81
68
62
98
58
70

0.15
0.12
0.12
0.16
0.15
0.14
0.14
0.15
0.14
0.16
0.14
0.15
0.12
0.14
0.15
0.15
0.14
0.16
0.16
0.15

0.2
0.16
0.15
0.15
0.13
0.14
0.22
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repeats (Table 4.3). The factors were the concentration of PLA in acetone (5mgmL 2,
10mgmL * 15mgmL ') and the owrate ratio (5:55, 10:50, 15:45, in mL min ). The total
owrate was kept constant at 60 mL min 1. We fed pure acetone and distilled water into
the rs-SDR via 2 inputs and increased the rotational speed to the desired level. Afterwards,
we swapped the pure acetone feed for the PLA/acetone solution. Particles were measured
via DLS directly after the reaction. Experiment 18 (A10) could not be completed, the high
concentration of PLA associated with a larger acetone:water ratio (1/3) clogged the reactor
channels. After we completed the DoE (design of experiments), we added 3 more runs at
2250 RPM and varying concentrations, as well as experiments with PLA-PEG (Table 4.3).

Table (4.3) DoE for continuous experiments. * removed from analysis as an outlier. Experi-
ments PP1-PP3 were with PLA-PEG. A:W R represents the acetone:water ratio.

Exp. ID RPM C AWR Size —
mgmL * nm
C1 1500 5 1/11 80 0.11
C3 1500 5 1/5 79 0.11
C5 1500 10 1/11 94 0.10
C7 1500 10 1/5 88 0.17
Al 1500 5 1/3 74 0.12
A2 1500 10 1/3 97 0.11
A5 1500 15 1/11 121 0.11
AT 1500 15 1/5 106 0.13
A9* 1500 15 1/3 98 0.13
Bl 2250 5 1/11 80 0.16
B2 2250 10 1/11 95 0.19
B3 2250 15 1/11 106 0.16
C9 3000 5 1/11 66 0.14
Cl1 3000 5 1/5 62 0.16
C13 3000 10 1711 93 0.10
C15 3000 10 1/5 73 0.16
A3 3000 5 1/3 58 0.16
A4 3000 10 1/3 65 0.11
A6 3000 15 1/11 86 0.14
A8 3000 15 1/5 74 0.13
Al0 3000 15 1/3 - -
PP1 1500 5 1/11 63 0.11
PP2 1500 10 1/11 9% 0.13

PP3 1500 15 1/11 132 0.14
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4.2.6 Drug Loading Experiments in the rs-SDR

For the drug loading experiments, we fed pure acetone plus distilled water and set the rota-
tional speed to 1500 RPM before switching the acetone feed to a PLA-drug-acetone solution
(5mgmL * of PLA and ibuprofen between 0:25mgmL * to 1mgmL * representing 5% to
20 % of the polymer’s mass). Samples were collected between the 4 min and 6 min mark and
put under vacuum for 2:5h to evaporate the acetone. Afterward, they were ultracentrifuged
at 20000 RPM (47800 rcf) at 4 C (Sorvall RC6, rotor SS-34, Thermo Fisher Scienti c,
Canada) for 2 h to ensure total sedimentation of the NPs [244]. In total, 3 h elapsed between
the nanoprecipitation/encapsulation and the centrifugation. A few mL of the supernatant
was then frozen at 80 C until analysis with HPLC. The same procedure was followed for
the PLA-PEG experiments with ibuprofen and acetaminophen.

Determination of Drug Loading and Encapsulation E ciency with High Perfor-
mance Liquid Chromatography (HPLC)

Direct quanti cation (wavelength analysis of NP-loaded drug pellets with a UV-visible spec-
trophotometer) of encapsulated drug in the NPs produces similar results to indirect quan-
ti cation (HPLC analysis of the supernatant to determine the non-encapsulated fraction of
drug) [244]. We indirectly quanti ed the amount of drug encapsulated with HPLC. The
supernatant was injected into a Thermo Scienti ¢ UltiMate 3000 HPLC with a C18 columen
at 0:5mL min ! with an injection volume of 20 L in a mobile phase of acetonitrile-water-
glacial acetic acid (75:24.9:0.1, v/v), with a column temperature of 40 C. The UV-Vis
detector was set to 222 nm and 243 nm for ibuprofen and acetaminophen, respectively. The
calibration curve for acetaminophen was linear between 20 ppm and 200 ppm (R? = 0.9997).
For ibuprofen, the calibration curve was linear between 1 ppm and 150 ppm (R? = 0.9998).
Drug loading (DL) and encapsulation e ciency (EE) were calculated as follows:

DL, % = [(total drug mass - mass drug in supernatant) / total NP mass] * 100

EE, % = [(mass drug in NP) * 100] / total drug mass

4.2.7 Theory Micromixing in an rs-SDR
Micromixing

We base the micromixing time in an rs-SDR on the engu ment model, in which engu ment
of one uid by another via vorticity is the rate-determining step in micromixing [245]. The
engu ment rate in's !, E (Equation 4.1), is characterized by growing eddies in the viscous-
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convective range, a range where eddies’ motion are in uenced by viscosity but convective
mixing is still e ective [245].

Nl

E =0:05776 - 4.1)

If we assume that this process dominates mixing at the smallest scale, the micromixing time
can be calculated as (Equation 4.2):

(4.2)

1
mix — E
If we further assume that turbulence in an rs-SDR is homogeneous and isotropic then the
micromixing time is linearly proportional to the Kolmogorov time scale, k (Equation 4.3),
which indicates the time for the smallest turbulent eddies to dissipate their energy as a
result of viscosity e ects [246]. k is important for understanding the transition from small-
scale motions dominated by viscosity to large-scale motions dominated by inertia [134], i.e.,
the viscous-convection range. is the local dissipation rate. is the kinematic viscosity,

determined experimentally.

NI

K= — (4.3)

Overall, we can approximate the micromixing time in an rs-SDR to that of a Rushton stirrer
(Equation 4.4) [134, 24T].

mix — E = 17:3 K (44)

Energy dissipation rate

There are four ow regimes (I to 1V) that can be characterized in an rs-SDR that are deter-
mined by the rotational Reynolds number and the G ratio. Regime I concerns close clearance
laminar ow, regime Il separate boundary layers with laminar ow, regime Ill close clear-
ance turbulent ow, and regime IV concerns separate boundary layers with turbulent ow
[143]. We operate in regime I1l. The torque exerted by the spinning disk is related to the
energy dissipation rate on the Kolmogorov scale [134]. Moreover, pressure drop contributes
negligibly to the total energy dissipation rate versus the spinning of the disk such that it is
approximately equal to the product of the rotational speed and the total torque exerted by
the disk on the liquid (Equation 4.5) [248].
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Eaw ! M (4.5)

The total torque is calculated from the torque coe cient C,,, an empirical expression (Equa-

tion 4.6) developed to calculate the torque exerted by a disk operating in regime 111 ow.
0:08
Cm(lll) = W (4.6)

With C,,, the expression for the total torque of our system of 3 disks is (Equation 4.7)

3
Me =3 Cm 12 4.7

Where is the density of the liquid. Afterwards, the total energy dissipation rate (Eg) is
related to the local energy dissipation ( |oc) rate via a proportionality constant, , and rlD5=4

(Equation. 4.8, 4.9) [248].
Z

r _
Ee=2  rdr (4.8)

laxis

R MNocal+0:5 r ré5:4 dr

J— Mocal 0:5 r

loe S[(rlocal"'o:5 r)2 (rlocal 0:5 r)Z]

(4.9)

Where rocar 1S the radius of the region with a thickness of r where the reagents combine.
Once the o is determined, we can calculate the mixing time in the rs-SDR (Equation 4.4).

4.3 Results and Discussion

4.3.1 E ect of Molecular Weight on Particle Size

The MW of the PLA did not a ect the nal particle size of the NPs. We repeated the same
experiment (C1) with 4 di erent MWs, 8kDa, 27 kDa, 44kDa, and 54 kDa. The resulting
sizes were 83nm, 87 nm, and 77 nm, respectively (Table 4.4). Despite multiple reports stating
that increasing the MW increases particle size [249, 250], the NPs synthesized with our
shortest PLA (8 kDa) were larger than those synthesized with our longest PLA (54 kDa)

83nm vs. 77nm. Legrand et al. reported PLA NP sizes of 80 nm, 85nm, 140 nm, 250 nm
with increasing MWs of 23kDa, 32kDa, 54kDa, and 125kDa, respectively, in their batch
nanoprecipitation (BN) process under magnetic stirring at 300 RPM [251]. We hypothesize
that MW does not a ect particle size between 8 kDa to 54 kDa despite di erences in viscosity
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and polymer MW in our reactor. Others have reported similar ndings with PLGA (12kDa
to 48kDa) and polycaprolactone (PCL) (2kDa to 80kDa) NPs [252, 253]. As such, these
experiments served as repeats to measure the variability of the system in addition to the
repeats done at the same MW (standard deviation (SD) = 6nm, n = 5).

Table (4.4) Particle size vs. MW (C1)

Size (nm) NPs’— MW (kDa) PLA —

I 0.11 54 1.35
87 0.10 44 1.36
77 0.14 27 1.03
83 0.09 8 1.49

4.3.2 Transmission Electron Microscopy

The rs-SDR produced spherical particles (PLA and PLA-PEG) regardless of the experimental
parameters (Figure 4.1). We initially hypothesized that an increase in the rotational speed
would stretch the particles from spheres to ovals or even needle-like shapes. This stemmed
from a tf-SDR’s ability to squeeze/stretch spherical calcium carbonate particles at 1100 RPM
to cubic particles at 1650 RPM [120]. However, the PLA and PLA-PEG particles remained
spherical across all tested speeds (1500 to 5000 RPM). PLA is hydrophobic and minimizes
its contact with the water-rich environment by remaining spherical.

4.3.3 Di usion Limited Coalescence

Lebouille et al. expanded upon the theoretical framework for nanoprecipitation put forth
by Lannibois et al. [254] and developed an analytical expression to predict the size of NPs
based on a kinetic model for di usion limited coalescence (DLC) (Equation 4.10). [255]. It
quanti es transport and di usion mechanisms in the nanoprecipitation process. It is the
mixing time, di usivity of the polymer and the surfactant that determine the nal radius of
the NPs (Equation 4.10).

1=3

R, = Rpo(1 +k) 1+ -™ (4.10)

cls

Where Rpo = (43",\’1'5 )% is the smallest possible radius for the NPs [244]. M, is the molecular

weight of the polymer, N is Avogadro’s number, and is the density of the polymer, which
we assumed to be constant at 1000 kgm 3. k represents the total area surfactant molecules
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(b) PLA-PEG NPs (ID: PP2).

Figure (4.1) TEM images of PLA and PLA-PEG NPs. The red circles highlight well-shaped
spherical particles. The orange circles highlight melting particles as a result of the beam
from the TEM; images must be taken quickly to avoid complete deformation.

can cover. Finally, we calculate n,x from Section 4.2.7 and the coalescence time from s =
g(ﬁ)(N'\:gp) [255]. is the dynamic viscosity of the solution, k is the Boltzmann constant,
T is the temperature, M,, is the polymer molecular weight, and C, is the concentration
of polymer in the organic phase. For nanoprecipitation to occur, the organic and aqueous
phases must be mixed more rapidly than the time spent in the reactor ( mix < res). In
our system, mixing times range from 0:03ms to 0:19ms while residence times are on the
order of s. Moreover, if mx << ] the mixing is pseudo-instant and the particle radius tends

to Ry and depends on the MW of the polymer. When -mix > ], the nal particle size

tends to follow i e and is independent of the MW of the polymer [244, 255], as we
also demonstrated experimentally (Table 4.4). Our precipitations occur in this slow mixing
regime and without surfactant. As a result, we modi ed Equation 4.10 by removing the
surfactant term and folding in Ry into a constant, o, since the nal size will not tend
towards it (Equation 4.11).

1=3

Ry= o 1+ -™ (4.11)

cls

The experimental data ts the DLC model and collapses onto a master curve (Figure 4.2).
The model explains 80 % of the variance in the pulsed experiments, 89 % in the continuous,
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and 77 % if both are considered as a single dataset. The concentration of polymer in the
organic phase increases the nal particle size ~ when s decreases due to a higher con-
centration the nal size increases [255]. In addition, as the rotational speed increases, mix
decreases, and so the nal size decreases.

9 —)
8 —
7 —
o
KQ
S, 6 -
o
5 —
4 =
Pulsed
Continuous
| | |
4 6 8

( tmix/ tcls) 1/3

Figure (4.2) Rescaled mixing time and particle size of the experimental data overlayed onto
the master curve depicting the DLC model. Pulsed: R? = 0:80, continuous: R? = 0:89,
pulsed and continuous combied: R? = 0:77.

Our data reinforces the theoretical model developed by Lebouille et al. NP size scales
universally and is governed by the mixing time and the concentration of polymer in the
organic phase in the slow mixing regime [255]. To date, it holds true for di erent polymer
systems (PLA, PEG-b-PLA, PCL) and di erent NP synthesis techniques (batch, pressure
injection, impinging jet mixer, herringbone mixer, rs-SDR) [244, 255], at owrates in the low
mL min ! and high mLmin ! range. Thus, with the DLC model, it is possible to predict
and adapt the NP size to suit clinical- and industrial-scale production.
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4.3.4 Statistical Model for the Nanopreciptation of Polylactic Acid

We also regressed our experimental data according to a power law model (Table 4.5) to
explore the explicit e ects of the parameters in the DoE (rotational speed, owrate ratio,
concentration of PLA in acetone) on the particle size and —.

Pulsed

Initially, the regression contained four factors: concentration of PLA in the feed solution (C,
mg=mL), total owrate (F, mL=min), rotational speed (RPM), and the ratio of acetone:water
(R). F and R had the strongest in uence on the particle size according to the model (R? =
0.82) 0.78 and 0.73 versus 0.31 and -0.35 for C and !, respectively (Table 4.5). However,
F and R exhibit collinearity since while the owrate of the acetone feed remains constant
at 10mL, a change in the ow of water a ects the total owrate and ratio of acetone:water,
simultaneously. Thus, when both factors are included in the model, their coe cients overes-
timate their e ect on particle size. By removing either F or R, we can isolate their individual
contributions; the model compensates by readjusting the relative importance of the factors.
Without R, F’s associated coe cient plummets to -0.05, while the R?, 1, and , remain
una ected. An increase in F actually decreases the particle size, it’s in uence, however, is
much lower than C and !. Similarly, without F, R’s coe cient decreases to 0.05, while R?,

1, and , do not change. An increase in R increases the particle size, but again, its e ect
on the particle size is overshadowed by C and !. Finally, eliminating both F and R only
decreases the model’s explanation of the variance by 1% (Table 4.5). In other words, the
total owrate and the acetone:water ratio in pulsed experiments have negligible e ects on
the nal particle size. As we are only injecting a brief 5mL pulse of PLA in acetone, this
IS unsurprising as the ratio of acetone:water is more dominant with a continuous stream of
PLA mixed acetone, as is common in continuous ow systems (e.g., micro uidics) [256]. In
addition, the residence times decrease from 76s to 10s as the total owrate increases from
15mL min ! to 120mL min 1, which is still 5 orders of magnitude higher than the mixing
time and thus does not a ect the nal size of the NPs, as per the DLC model. An increase
in the concentration of PLA in the acetone solution increases the nal particle size, while an
increase in the rotational speed decreases the particle size (Figure 4.3). Both these factors
a ect the mixing time and the coalescence time in a way consistent with the theoretical
framework for nanoprecipitation [254, 255].

As the rotational speed of the disk increased so did — of the particles (Figure 4.4). At
5000 RPM, there was pronounced back ow in the reactor potentially causing particles to
prematurely precipitate thereby increasing the — of the sample.



Table (4.5) Power model with varying parameters

Equation 1 2 3 4 R?
C112F 3R+ 031 -0.35 0.78 0.73 0.82
C 1l 2F 3 0.31 -0.35 -0.05 - 0.82
C 1l 2R s 031 -0.35 0.05 - 0.82
(O I 0.31 -0.35 - - 0.81
140 —
120 —
c 100 -
C
0
N
N 8o
60 —
1500 RPM
3250 RPM
5000 RPM
40 = I I I I
10 15 20 25 30

Concentration, mg/mL
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Figure (4.3) Size of PLA in pulse-mode nanoprecipitation at a acetone:water ratio of 1:11.

The lines depict the statistical model and the circles, the experimental data.
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Concentration, mg/mL

Figure (4.4) — of the PLA NPs in pulse-mode nanoprecipitation. The symbols represent the
di erent owrate ratios: circle = 1/11, square = 1/5, cross = 1/3.
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Continuous

We also regressed the experimental data for the continuous nanoprecipitation of PLA in the
rs-SDR with a power law model (Equation 4.12, R? = 0.88).

Dcontinuous — 232C0:27R 0:13! 0:34 (4.12)

D is the Z,,4 diameter/size of the particles (nm). The model ts the continuous data better
than the pulsed data (R? = 0.88 vs. 0.81). As long as the residence time in the reactor is
greater than the mixing time, the total owrate will have no e ect on the particle size, ac-
cording to the DLC model. We also demonstrated this experimentally, between 48 mL min !
to 120mL min ! (Table 4.6) and thus xed the total owrate to 60mL min 1. Even if we
consider that the nanoprecipitation occurs in rst disk only (Vv  9mL) and the correspond-
ing residence times drop to 11s, 9s, and 5s for total ow rates of 48 mL min !, 60 mL min 1,
and 120mL min 1, respectively, the mixing time remains 4 orders of magnitude lower.

Table (4.6) Particle size and — as a function of total owrate. C, R, and ! were constant.

F (mLmin ') Size (nm) —

48 93 0.14
60 94 0.11
120 89 0.12

R has more impact and in the opposite direction in determining the particle size in continuous
nanoprecipitation compared to pulsed (R %2 vs. R%®), As R increases, the particle size
decreases, whereas generally the reverse is true [74, 88]. We hypothesize that increasing
the owrate of the acetone feed enhances the mixing and shear forces at the water-acetone
interface when the two phases initially clash, leading to more homogeneous supersaturation
and nucleation. Nevertheless, R’s in uence on the particle size is a fraction of C’s and 1’s
in likeness to the pulsed experiments. These two maintain their e ects on the particle size
(Figure 4.5) in a consistent manner with the theoretical framework for nanoprecipitation.

The — of NPs in continuous mode follow no discernable trend with regards to the experimental
parameters (Figure 4.6). The particles are highly uniform with a dispersity ranging from 0.09
to 0.19. Overall, the rs-SDR can produce PLA particles ranging from 60 nm to 120 nm by
varying C and !'. PLA-PEG follows a similar trend as PLA. At 1500 RPM, a R of 1/11, and
increasing concentrations of PLA-PEG in acetone (5mgmL * to 15mgmL ') the particle
size ranged from 60 nm to 130 nm.
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Figure (4.5) Size of PLA in continuous-mode nanoprecipitation at a acetone:water ratio of
1:11. The lines depict the statistical model and the circles, the experimental data.
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Figure (4.6) — of the PLA NPs in continuous-mode nanoprecipitation. The symbols represent
the di erent owrate ratios: circle = 1/11, square = 1/5, cross = 1/3.
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4.3.5 Drug Loading in an rs-SDR

The rs-SDR can produce uniform NPs in the desirable range for drug delivery systems. In
order to be an eligible technology for these drug delivery systems, the rs-SDR must also be
able to load drugs into the NPs. As a result, we tested the rs-SDR’s ability to load ibuprofen
into PLA plus PLA-PEG and acetaminophen into PLA-PEG. We do not expect any loading
with acetaminophen as it is hydrophilic and the PEG forms a shell around the PLA to make
it more stable in water. We loaded at drug:polymer (D:P) ratios (% w/w) of 5 to 20 and xed
F,R,C,and ! at 60mLmin !, 1/11, 5mgmL *, and 1500 RPM, respectively. The NP size
for PLA loaded with ibuprofen increased from 89 nm at a D:P of 5 to 118 nm at a D:P of 20.
The — was constant across D:Ps at an average of 0.15. For PLA-PEG loaded with ibuprofen
the size increased from 120nm at a D:P of 5 to 136 nm at a D:P of 20. PLA-PEG loaded
with acetaminophen showed no change in size, with an average of 108 nm across D:Ps. DL
and EE for PLA and PLA-PEG were similar across D:Ps (Figures 4.7, 4.8). Peak DL and
EE for PLA-ibuprofen was 6% and 30 %, respectively. For PLA-PEG-ibuprofen, peak DL
and EE was 5:5% and 37 %, respectively. The rs-SDR was unable to load any acetaminophen
in PLA-PEG as this drug is water soluble and will preferentially dissolve into the aqueous
phase as opposed to associating with PLA-PEG.

Drug loading, %

PLA
PLA-PEG
0 I I I I

5 10 15 20

Drug-polymer ratio (w/w), %

Figure (4.7) Drug loading.
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Figure (4.8) Encapsulation e ciency.

The partition coe cient, P, in the pharmaceutical industry is a tool to measure how drugs/-
molecules move between biological environments and their hydrophobicity [257]. Ibuprofen is
highly hydrophobic with a solubility in water of approximately 20 ppm and a measured P of
2.5-3.5[258, 259]. Ketoprofen has a similar pro le with a P of 3.1 [260] and is more common
in the literature, thus we use it as a basis for DL and EE comparison. At a D:P of 20 with a
PLA-PEG (MW = 34 kDa, 8.3 % w/w PEG content) and ketoprofen system, BN, CIJM, and
a staggered herringbone micromixer (SHMN) had DL of 4%, 6 %, and 7 %, respectively [244]

the rs-SDR achieved 6%. In addition, the max EEs at a D:P of 10 for BN, CI1JM, and
SHMN was 25 %, 20 %, and 35 %, respectively [244]. At this same D:P for the rs-SDR the EE
for PLA was 17 % and for PLA-PEG 18 %. Multiblock copolymer PLA-PEG (MW = 4 kDa,
8.9 % w/w PEG content) NPs prepared by an HPH emulsion-solvent evaporation method
had an EE of 25% with ibuprofen as the model drug [261]. Overall, the DL across di erent
methods, polymers, and drugs often ranges from 1% to 15% [262, 263, 264, 265, 266, 267];
the rs-SDR is able to load drugs at a level similar to other techniques further reinforcing its
suitability for large-scale production of particles in a pharmaceutical setting.
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4.3.6 Nanoprecipitation Technologies: Potential for Scale-Up

Nanoprecipitation in micro uidic channels consistently produces NPs suited for drug delivery
purposes (narrow particle size distributions plus batch-to-batch reproducibility). The factors
that govern a micro uidic system are the size of the microchannels, the total owrate, the

owrate ratio, the polymer concentration, the drug concentration, the chosen organic solvent,
and the type(s) of polymer. The potential for customization grants the ability to tune NP
size, distribution, as well as drug loading and release. For instance, with a PDMS HFF
micro uidic channel and PLGA-PEG, the particle size was reproducible to within 1 nm [90].
However, this degree of reproducibility was limited to the same batch of polymer; the authors
did not report the uncertainty across polymer batches. The shortcomings of micro uidics
lies in scale-up, as organic solvents are incompatible with PDMS channels and it is costly
and complex to fabricate glass or silicon channels. In addition, it is di cult to replicate
reactors (scaling requires parallelization) and their channels, to maintain consistent mixing
across all channels, and to distribute reagents across the entire system. Furthermore, they
generally synthesize on the order of g to mg [227]. Target clinical study and industrial-scale
production rates are 100gd ! and 1kgd !, respectively [11].

PLGA, a common drug-carrying polymer aggregates onto the walls of PDMS-based micro u-
idic channels, which hinders scale-up [107]. In di usion and convection micro uidic mixers,
production rates peak at 0:07gd ! and 0:36gd *, respectively [90, 242]. HFF solves ag-
gregation issues and increases production rates. This technique squeezes uid ow into a
thin stream along the micro uidic wall (2D) to reduce di usion distance as well as enhance
mixing at low pressures [268, 269, 270]. In 3D HFF, there are two sheath ows that create
a thin stream in the center of the channel, which reduces aggregation [271]. The properties
of NPs synthesized with 2D HFF and 3D HFF are similar [108]. A single 3D HFF PDMS
microchannel synthesized PLGA-PEG at a production rate of 0:25gd *!; the authors then
created a system of 8 parallel microchannels to produce 2gd ! [109]. The production rate
of PLGA NPs in PDMS-based micro uidic chips is generally less than 7:2gd * [107]. Alter-
natively, PDMS as the base material for micro uidic channels can be eliminated in favour
of glass or PTFE  this eliminates all aggregation issues associated with PDMS and ele-
vates the system’s endurance to pressure [107]. The latter translates to higher permissible

ow rates and thus higher production rates. For example, glass capillary devices are able
to produce PLGA NPs at production rates of 240gd * with a single microchannel [241]. In
addition, glass is resistant to a plethora of chemicals and can withstand higher pressures than
PDMS, permitting more process diversity. Nonetheless, glass is di cult to micro-fabricate
and does not have the ability to mold into complex channel shapes like PDMS [110]. The
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latter a ords more control over the nanoprecipitation process and thus can produce more
complex NPs [107]. Eight PID microchannels, on the other hand, coupled with 3D HFF
produced PEG-PLGA NPs at 300gd ! [99]. However, the standard deviation of the PEG-
PLGA NPs synthesized at this rate is approximately 25nm. In addition, PID microchannels
are fabricated via laser ablation and resulting properties such as surface roughness cannot be
controlled and vary with manufacturing parameters [272]. In another example, COP-based
micro uidic channels were capable of producing PLGA NPs at 324gd ! [98].

Outside of micro uidics and in terms of mixers, a PTFE-based CTJM, a collection of coaxial
cylindrical tubes in which the anti-solvent ows through an outer tube and NP precursors are
injected into the anti-solvent via an inner tube with a syringe needle, output NPs at a rate
of 3kgd ! while maintaining control over particle size (25 nm to 100 nm) [11]. Furthermore,
the company KNAUER o ers industrial-scale impinging jet mixers for NPs. These mixers
produce particles via a ash nanoprecipitation process through the clashing of two streams
(Jets) in a con ned volume that collide at high velocity producing a turbulent regime for mix-
ing [273, 274]. One SingleCore NanoProducer from KNAUER can output NPs at 7:2kgd 1,
with each extra unit adding another 7:2kgd 1.

We propose the rs-SDR for clinical- and industrial-scale NP synthesis. In the FlowID SpinPro
R2 (V = 19mL), we can produce PLA NPs at a rate of 864gd * (Table 4.5). In addition,
the resulting particle sizes are t for drug delivery purposes (between 50 nm to 150 nm), have
low — (0.1 to 0.22), and are reproducible within and across polymer batches. The standard
deviation for size was 6 nm and 0.02 for — in the continuous experiments. The deviations for
size in micro uidics are generally higher, i.e. 20nm or more [101, 105]. In many cases, the
dispersities are also higher ranging from 0.1 to 0.5 [101, 242, 275].

Table (4.7) Production Rates in the rs-SDR

C, mg=mL F, mLmin ! Production Rate, gd *

5 10 72
24 173
40 288
10 10 144
24 346
40 576
15 10 216
24 518
40 864

FlowID designs their SpinPro reactors to maintain similar performances per unit volume
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across di erent sizes. For example, the pilot scale SpinPro R3 (V = 166 mL) retains mixing
times in the ms range even with a max allowable owrate through the reactor of 600L h 1. At
our experimental conditions, the mixing times in the R2 range from 0:1 ms to 0:2 ms and in the
R3, the mixing times would range from 0:1 ms to 1 ms. The G in the R3 is identical to the R2
while rp increases from 0:035m to 0:075m. At a total owrate of 600Lh !, a owrate ratio
of 1/3, and a concentration of PLA in acetone of 15mgmL !, the R3’s production capacity
peaks at 54 kg d ! outperforming KNAUER’s industrial scale impinging jet mixers as well as
all other technologies in the literature (Table 4.1). One R3 reactor equates to 7.5 industrial
scale impinging jet mixers. The industrial scale SpinPro (R4) is still in development and is
thus omitted from our analysis. The mixing time in the R3 is still lower than the residence
time at 600Lh * (1s). In addition, the predicted NP sizes in the R3 are only 10 nm to 20 nm
larger than the R2, well within the desired range for drug delivery systems.

4.4 Conclusion

We have developed a new process for the continuous production of drug-loaded PLA NPs in
an rs-SDR. Micromixing times in the R2 by Flowid ranged from 0:03 ms to 0:2 ms across pulse-
mode and continuous-mode nanoprecipitation and rotational speeds between 1500 and 5000
RPM. This process produces NPs with sizes ranging from 58 nm to 132 nm, with — between
0.1 and 0.2. Peak DL and EE with ibuprofen in PLA peaked at 6 % and 30 %, respectively, at
a D:P of 20. For PLA-PEG, these values reached 5:4 % and 36 %, respectively, at a D:P of 15.
In the R2 reactor, the max production rate is 864gd * and theoretically climbs to 54kgd *!
in the R3. The next steps involve validating this process with other polymer combinations
(e.g., PLGA) and drugs, lipids, and mRNA. In addition, reproducing the process in the
larger rs-SDRs (e.g., the R3 and R4 from FlowID) to con rm whether scale-up is feasible or
collapses at much higher owrates.
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CHAPTER 5 MIXING AND HYDRODYNAMICS IN A ROTOR-STATOR
SPINNING DISK REACTOR

5.1 Introduction

As previously mentioned, rs-SDRs have been studied in a wide range of applications including
photochemical oxidation and degradation [135, 235], chromium (I11) extraction [236], trans-
esteri cation of triglycerides [137], esteri cation of free fatty acids [240], and the synthesis of
BaTiO3z NPs [138]. They are a type of Pl technology that o ers low mixing times [129, 134],
high heat [126, 230, 231] and mass [124, 228, 229] transfer (compared to packed columns
and microchannels) with energy dissipation rates ( ) that can attain values of 1 10°Wkg *
[123], making them highly e ective for multiphase reactions (liquid-gas, liquid-liquid, and
gas-liquid-liquid) [33].

In a short recap of their features, these reactors typically contain one or more rotating
disks housed within a narrow casing, which generate signi cant shear and centrifugal forces,
thereby improving mixing. In addition, the spinning disks create two boundary layers
one at the rotor and one at the stator, called the Von KArmén layer and the B dewadt
layer, respectively. Without superposed through ow (C,, = 0, where C,, = Q rp) the Von
KErm#n layer generally exhibits centrifugal radial velocity with a characteristic net negative
radial velocity, i.e., uid ows inward. On the other hand, the B dewadt layer exhibits
centripetal radial velocity with a characteristic net positive radial velocity, i.e., uid ows
outward [144]. With superposed through ow (C,, > 0), the radial velocity is positive in the
Von KErmé&n layer and negative in the B dewadt layer [144]. Rs-SDRs can operate in four
di erent ow regimes based on the rotational Reynolds number and G [143, 156]. These ow
regimes are classi ed | through IV and exhibit either merged or distinct boundary layers
(Von KErmé£n [276] and B dewadt [277]):

I (111): laminar (turbulent) ow with merged boundary layers on the rotor and stator;
a continuous variation of velocity exists across h

11 (IV): laminar (turbulent) ow with separated boundary layers and a region in between
with no changes in velocity

If we recall that drug side e ects are responsible for approximately 3% of all deaths worldwide
[215] and that production rates in continuous ow processes, like micro uidic systems, have
not been scaled up, to date, to satisfy large-scale clinical trials and industry (100gd 1,
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1kgd 1, respectively) [11, 227], then rs-SDRs are an attractive technology as we have already
produced drug-loaded NPs at rates in the hundreds of g with the lab-scale R2. We believe
that these commercial rs-SDRs (that operate in  ow regime I11), are well-suited for producing
nano-sized drug delivery systems due to their low micromixing times (ms), which impacts
particle size, dispersity, and drug loading, and highly permissible throughputs (hundreds of
mL to hundreds of L). However, to better understand and leverage these reactors’ ability
to produce NPs, investigations into how the experimental conditions and reactor geometry
a ect the hydrodynamics is crucial. There already exist studies of this kind that take varying
approaches, from experimental to numerical methods using CFD (Table 5.1). However, in
the current CFD studies, the inlets are separated by the reactor’s shaft; the uids do not
immediately interact upon entering. This chapter quanti es the e ect of the disk rotational
speed on the uid dynamics of the rst disk from FlowID’s R2 three-stage SDR. We begin
by verifying that the time-averaged velocity pro les spatially converge before discussing the
transition and critical mixing radii to describe the mixing capabilities of the R2. Finally, we
broach the time-averaged velocity pro les along the disk to verify their behaviour in relation
to the literature and commonly observed phenomena in rs-SDRs.

5.2 Theoretical Background

Mixing is a crucial aspect of synthesizing nano-sized drug delivery systems. Inadequate
mixing leads to large particle sizes unsuitable for drug delivery (> 200 nm), diverse size dis-
tributions, and failed drug loading. Nanoprecipitation is the culmination of reactant mixing
at the micro- and macro-scale as well as subsequent nucleation and growth of the particles.
More speci cally, it is supersaturation that dominates the mechanism and kinetics of the
nucleation and growth processes. For nano-sized drug-delivery systems, homogeneous nucle-
ation is necessary as it ensures more uniform particle sizes  which is crucial for quality
control (— < 0.2 [279]) compared to heterogeneous nucleation. The mixing intensity (gov-
erned by the rotational speed and owrate) is a major driver of particle size and distribution
because it in uences all steps of nanoprecipitation (phase separation, nucleation, growth, and
aggregation) [280, 281].

5.2.1 Micromixing - Recap

On the micro-scale, the DLC model quanti es the di usion and transport mechanisms of
nanoprecipitation while the polymer, the surfactant di usivity, and mixing time dictate the
size of the NPs (Equation 4.10) [254, 255]. [134] calculated i in rs-SDRs between 10rads *
and 188rads ! to be 9ms to 0:1ms. If we assume water as the uid and follow the same
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Table (5.1) A summary of literature studying the hydrodynamics in rotor-stator systems. *
is a theoretical study of the boundary layers between two parallel in nite disks. G is the gap
ratio (G = h=rp). Rerc is the Taylor-Couette Reynolds numbers, i.e., rgisk ! (Fstator

I disk) 1. Abbreviations are as follows: EXP = experimental, LES = large eddy simulation,
ILES = implicit large eddy simulation, PMM = predictive math model, NA = numerical and
analytical, NRTM = numerical reaction transport model, and VKE = volume of uid plus
Kk model. *assuming uid is water.

Ref. Methodology G Re Rerc Cw

[143] EXP 0.013 t0 0.22 108 to 10° - 0

[152] EXP 0.08 10° to 10° - 0

[153] EXP 0.007 to 0.14 10* to 10° 900 to 17000 0

[154] EXP 0.012, 0.036 10° to 10° 12000 to 50000 0, 2579, 5159, 10317

[155] EXP 0.036 108 12000 to 50000" 0, 1976, 5929, 9881

[159] LES 5 10° to 10° 600 to 6000 0

[278] EXP 0.024, 0.036, 0.048 108 8000 to 50000 10317

[161] PMM 0.05t0 0.5 Based on [152, 159] Based on [152, 159] 0

[160] LES 36.5 10° - 0

[162]* NA - - - -

[156] LES 0.0303 10* to 10° 600 to 5000 150

[157] NRTM - - - -

[158] VKE 0.01 108 to 10° 200 to 3000 2 to 67

[144] EXP 0.017, 0.03 10* to 10° 6000 to 300000 127, 211, 295, 421
This article ILES 0.014 10* to 10° 1300 to 5500 29

methodology, the ix in our simulated disk ranges from 2ms at 38rads ' to 0:1ms at
314rads . For nanoprecipitation to occur without large size distributions, the polymer
and aqueous solutions must be mixed more rapidly than the residence time of the reactor
( mix < res)- The residence time in rs-SDRs is V=Q, where V is the volume of the reactor
and Q is the owrate. Our . ranges from 18s to 4:5s at 30 mLmin ! to 120mL min 1,
with a volume of 9mL (for the rst disk) meaning that nanoprecipitation will occur.

5.2.2 Transition Radius and Flow Pro les

Bulk ow behaviour in rs-SDRs with positive through ows (C,, > 0) generally has two zones.
The rst zone, near the inlet and outlet, behaves as a PFR and is through ow dominant,
whereas the second zone, further along the disk, behaves as a CSTR and is rotation dominant.
The transition radius, r¢ (Equation 5.1), is de ned as the radius at which the behaviour
transforms from PFR to CSTR [278, 282].

e =

For the case of torsional Couette, in the through ow region (top and bottom parts of the disk,
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i.e., Dg and Do from Figure 5.1), the time-averaged radial velocity in the B dewadt layer is
almost linear and has a smaller magnitude compared to the ow in the Von KArméEn layer,
while the time-averaged azimuthal velocity is zero outside of the Von KErmkn layer. As the

ow approaches r¢, the ow magnitude in the B dewadt layer approaches zero and decreases
in the Von KArmEn layer. Once ry is crossed, the velocity gradients in both layers (positive
in the Von KErmén layer and negative in the B dewadt layer) increase as rotation-governed

ow dominates [144, 156]. In the lateral zones of the disk, the ow is reminiscent of classic
Taylor-Couette with the formation of toroidal vortices [283].

5.3 Model Formulation

We simulate the ow in the reactor using Lethe [149], an open-source CFD software based
on the FEM library deal.ll [150]. The software applies the FEM to solve the incompressible
Navier-Stokes equations:

ru=0 (5.2)
u
ot

(u Nu= rp + ru: (5.3)

where u is the uid velocity, p is reduced pressure (p= , where p is the pressure and the
density of the uid), and is the kinematic viscosity. In Lethe, we apply the Streamline-
Upwind/Petrov-Galerkin (SUPG) and Pressure-Stabilizing/Petrov-Galerkin (PSPG) stabi-
lization [284, 285]. For details regarding the formulation, we refer the reader to [149]. Lethe
solves the continuity (5.2) and momentum (5.3) equations in a monolithic fashion using
the Newton-Raphson method. The linear systems are solved using the matrix-free imple-
mentation of Lethe [151] by combining a GMRES linear solver with geometric multigrid
preconditioning.

In the formulation, the energy dissipation of eddies that are too small to be adequately
resolved by the mesh is accounted for by the induced di usion of the SUPG term. Hence,
we apply an Implicit Large Eddy Simulation (ILES) approach for turbulence. We refer the
reader to [151, 286] for further details and information on the validity of the approach.

5.4 Simulation Setup

The mesh was generated with Pointwise, the standard CFD mesh generator [287], and
contained 307k elements. The physical parameters for the mesh were taken directly from
FlowID’s R2 SDR model (Table 5.2, Figure 5.1). G and Re are critical in determining the
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ow regime; the simulations in this article are in the laminar (at 38rads ') and turbulent
torsional Couette (at 79rads * and 157rads ') ow regimes [144, 288]). Second (Q,) to
fourth (Qz) order accurate elements were used for velocity and pressure. The time-stepping
method for the simulation was 2nd order backward di erentiation (bdf2). We set 7 boundary
conditions: one for the inlets, two for the disk, two for the casing of the reactor (no slip),
one for the outlet wall (slip) and one for the outlet. The kinematic viscosity of the uid and
the tracer di usivities were setto1 10 ® (m?s )and 1 10 ° (m?s 1), respectively.

Inlet z

b

1
O |4
wv |10
7
(SO

_I DO /Z{s

Oe Casing

Outlet

Figure (5.1) 2D slice of the rs-SDR. The left wall is an axis of symmetry. Ig, Dg, Do, and
Ok represent the entrance of the reactor, the region on the disk where uid is on its way in,
the region of the disk where the uid is going towards the outlet, and the exit of the reactor,
respectively. The shaded part is the sectioned area in the time-averaged velocity in z gures
5.3, 5.10. rp is the radius of the disk, and g, is the axial distance between the disk and the
stator.

5.4.1 Mesh Sensitivity Analysis

Figure 5.2 presents the time-averaged radial velocity at three radial position in the interstice
at Dg and Figure 5.3 shows the time-averaged axial velocity between the two cylinders. The
time-averaged pro les obtained are converged in terms of spatial resolution for Q, and above.

5.5 Results and Discussion

As shown in the theoretical assessment of micromixing time, nanoprecipitation will occur at
all permissible owrates in our model. To further inform future design decisions, we have
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Table (5.2) Physical parameters from FlowIDs R2 used for mesh creation and resulting op-
erating conditions.

Physical Parameters

h = 0:5mm
ro = 35mm
Ors = 1mm
G =0.014

Operating Conditions

Re =4:8 10*to3:8 10°
Rerc = 1:3 10°to1:1 10°

Cw =29
Wall 0.4rp 0.6rp 0.8rp
z
& rad s
157 ;
Input
Q3
Flow 02
Disk

Legend (m/s):
1 1 1 1 1
-04 -0.2 0 02 04

Figure (5.2) Time-averaged radial velocity in Q3 and Q2.

characterized the transition radius, mixing on the macro-scale and the time-averaged velocity
ow pro les.

5.5.1 Transition and critical mixing radii

r. demarks the point along the disk at which uid ow alters from through ow-dominant to
rotation-dominant and is only present at C,, > 0. We de ne the critical mixing radius (on
the macro-scale) as the point along the disk at which the injected tracers are 95% or 99 %
mixed with the bulk uid.
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Q3 Q2

Time-averaged velocity in z, (m/s)

Figure (5.3) Time-averaged velocity in z at Q3 and Q2 with no discernible di erence.
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Transition Radius

We observed no transition radius in our simulation. All points across the disk, from the
center to rp, are rotation governed with clear radial in ows (Figure 5.4).

Disk Inlet l Bulk Flow
Center —
i
! & rad s
: 38
1 79
: 157
1 1 1 1 1 1 1 1 1
-0.5 -0.25 0 -02 -01 O 015 O 0.15
—
Wall
z

Lr 1 1 1 1
-04 -02 0 0.2

Figure (5.4) Time-averaged radial velocity adjacent to the disk’s center, before and after the
inlet, and across the dip towards rp.

The two points pre-inlet have strong radial in ows along the B dewadt layer and a slight
radial out ow in the Von KErmé&n layer. This is in opposition to other studies that have
demonstrated positive radial velocities for all axial positions at low radial positions in rotor-
stator systems [155, 278, 282, 289]. The same can be said for rs-SDR cases [144, 156], however,
the inlets of our geometry are expelling uid into the same region which eliminates any PFR

ow behaviour. Instead, there are strong radial in ows along the stator at all ! and weak
radial out ows along the rotor exclusively at ! = 157rads * (Figure 5.4). Post-inlet, there is
radial out ow along all axial positions at ! of 38rads ! (which we attribute to the laminar
torsional Couette ow regime), in ows and out ows at 79rads ! and at 157rads 1! it is
fully inward (Figure 5.4). Centripetal forces are dominant at this position. The exit’s radial
in ow at the bottom of the step along the stator (between Iz and Dg) is twice as fast as the
radial out ow along the rotor (Figure 5.4), it is beginning to resemble rotationally-dominated
torsional Couette ow that is present along Dg (Figure 5.8). However, the bulk uid is still
moving outwards away from the center. If we section all positions at and around the inlet,
the sum of the uid pro les will be one that is moving away from the center of the disk
(Figure 5.5). The geometry and position of the inlet(s) plays a signi cant role in the ow
pro les at the entrance. A second inlet expelling uid in proximity of the rst eliminates any
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PFR behaviour otherwise found in rs-SDRs and leaves only rotation-governed ow pro les
(Figure 5.5).

Figure (5.5) Top view of the radial velocity of the entrance region. The two inlets are
on opposing sides along the horizontal plane. The black squares indicate the approximate
location of the inlets. There are clear radial in ows and out ows even near the center of the
disk.

Critical Mixing Radius

We simulated the injection of two tracers at 60 mL min * for rotational speeds of 38rads !,
79rads 1, and 157rads ! to elucidate the macro-mixing behaviour. We denoted two mixing
states, 99 % and 95 %, with respect to the concentration of the tracers (with absolute values
of 1 and -1). Regions of 99 % mixing represent tracer values of  0.01 or lower and regions
of 95% mixing represent tracer values of  0.05 or lower (Figure 5.7). We de ne the term,
Irit, as the threshold radius required for the two tracers to cross to be considered mixed.
At 99% mixing, as ! increases the radial distance the uids need to travel decreases from
25mm at 38rads ! to 17mm at 157rads ! as it begins to plateau (Figure 5.6). At 95 %, the
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distance decreases from 19 mm to 10mm. Moreover, at 38rads ! and 79rads ! a uniform
concentration of both tracers is never attained (Figure 5.7), but mixing remains su cient for
nanoprecipitation. Even on the macro-scale, the mixing time is still far below the residence
time (2s to 0:3s compared to the lowest residence time in the disk at 4:5s). Thus, much
higher ow rates are permissible without compromising the nanoprecipitation process in rs-
SDRs. For example, at a ow rate of 600 mL min ! the residence time remains above the
bulk mixing at 157rads * (0:9s vs. 0:88s). At a polymer concentration of 15mgmL ! in
the polymer solution and a polymer:aqueous volumetric feed input of 1:3, the production
rate of NPs reaches 4kgd '  far above clinical and industry requirements. Furthermore,
from a design perspective for nanoprecipitation, once the uids are fully mixed, any volume
afterwards is unnecessary and could be removed to increase production.

5.5.2 Time-Averaged Velocities

The time-averaged radial velocities at 0:4rp, 0:6rp, and 0:8rp all exhibit torsional Couette/rotation-
governed ow at di erent magnitudes [144], with a peak velocity at 0:8rp of 0:65ms ! in the
Von KErmén layer owing outwards and 0:35ms ! in the B dewadt layer owing inwards
(Figure 5.8). This ow pattern is also consistent across rotational speeds but the magni-
tudes in the boundary layers are less than half for 79rads * and approximately one-tenth
for 38rads !. In addition, this behaviour is mirrored in the bottom region of the geome-
try towards the outlet (Do). Overall, as there is no transition from PFR-like to CSTR-like

ow behaviour, this rs-SDR geometry behaves entirely like a CSTR at all rotational speeds
(38rads ! to 157rads '). However, Hop et al. [156] found that at 10rads !, and thus
in laminar ow, there was no radial inward ow the ow eld behaved as a PFR. At
75rads !, they observed PFR and CSTR ow behaviour. In our case, PFR behavior was
entirely absent likely due to the nature of the inlet.

As for the time-averaged azimuthal velocities, the simulation at 38rads ! belongs to ow
regime | a laminar torsional Couette ow with the tangential velocity varying linearly
from the wall to the disk (Figure 5.9) [143]. Otherwise, the simulations at 79rads * and
157rads ! belong in ow regime 1l turbulent torsional Couette  and the ows behave
as such (Figures 2.7, 2.8) as the velocity is zero only at the stator and then increases as we
get closer to the disk (Figure 5.9); a pro le of rotation-governed ow [144]. This velocity
pro le is also mirrored at Do.

In the region at the rim of the disk where the uid will traverse from the top of the disk to the
bottom (shaded area in Figure 5.1), the time-averaged velocity pro le consists of pockets of
upward and downward velocities (i.e., toroidal vortices in classic Taylor-Couette ow [283])
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Figure (5.6) Time and distance across the disk’s radius required to achieve 99 % (squares)
and 95% (circles) mixing. The percentage underneath the markers represent the fraction of
the disk’s radius necessary to achieve indicated mixing.
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99 % 95 %

157 rad st

79 rad st

38 rad st

Figure (5.7) Visual depiction of tracers mixing and critical radii for 99 % and 95 % mixing.
The center (turquoise) are areas of mixing inferior to 99 % and 95%. The critical radius is
the distance from the center of the disk to the intersection point between non-mixed and
fully mixed. The scales indicate the concentration gradients for the tracers.



88

Wall 0.4rp 0.6rp 0.8rp
z
& rad st
38

Input 79 r

Flow 157

E—
Disk

T 1 1 1 1 1 T 1 1 T T 1 T T T

Legend (m/s):

1 1 1 1 1
-0.30 -0.15 0 0.15 0.30 0.45

Figure (5.8) Time-averaged radial velocity pro les for rotational speeds of 38rads ! to
157rads ! at 0:4rp, 0:6rp, and 0:8rp.
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Figure (5.9) Time-averaged azimuthal velocity pro les for rotational speeds of 38rads ! to
157rads ! at 0:4rp, 0:6rp, and 0:8rp.
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whose magnitude is related to the rotational speed to a maximum of 0:5ms ! at 157 rads *
(Figure 5.10).

157 rad st 79 rad st 38 rad st

Time-averaged normalized velocity in z

L.,

Figure (5.10) Normalized (velocities divided by 'rp) time-averaged velocities in z.

The owinanrs-SDR with inlets expelling uid into the same region leads to pure CSTR/rotation-
governed ow behaviours. The turbulent nature of the ow is conducive to nanoprecipitation.
Moreover, the impinging jet behaviour at the inlet is also a feature that enables nanoprecip-
itation. We have demonstrated the synthesis of NPs in an rs-SDR upon which the model
presented here is based on. Higher rotational speeds lead to smaller NPs (as low as 58 nm
at 314rads * compared to 74nm at 157rads 1). The rotational speed was the strongest
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predictor of particle size followed by concentration of polymer in the organic phase. Drug
loading was also successful at a similar performance to other techniques.

5.6 Conclusion

We have simulated the hydrodynamics ( ow, tracer mixing) with Lethe in a one disk rs-SDR
modeled after FlowID’s R2 reactor. The ow pro les along the disk radius are consistent
with the literature  radial in ows at the stator boundary layer and radial out ows at the
rotor boundary layer. There was no transition radius, the ow was purely rotation-governed
as a result of the inlets expelling uid into the same area. At 157rads !, the ows at
the inlet are drawn toward the center and collide with each other, in a similar fashion to
impinging jets, before being ejected outwards. Bulk mixing occurs in the millisecond range
at 157rads 1. It is possible that bulk mixing can occur in the microsecond range at the
operational limits of these reactors (e.g. FlowlD’s R2 can operate at 600rads '). Future
work at higher rotational velocities (to predict behaviours in commercial reactors), varying

ow rates and inlet geometries is necessary to inform further design decisions. Rs-SDRs could
be tailored to speci c processes; for nanoprecipitation, mixing times and volume requirements
could be reduced and thus create a more intensi ed process (increased production rates while
simultaneously minimizing the size of the reactor).
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CHAPTER 6 DISCUSSION

PLA is a biocompatible and biodegradable polymer with applications in drug delivery. We
ROPed D,L-lactide to produce PLA in a microwave reactor with toluene and THF. The MWs
in toluene and THF peaked at 31kDa after 1h and 11kDa after 4 h, respectively. The —s
ranged from 1.1 (THF) to 1.5 (toluene), which is lower than many reported values in the
literature with Sn(Oct), as a catalyst. THF’s innate water content lowers the molecular
weight of PLA as it cleaves PLA chains. Moreover, we did not anticipate the di culty
associated with removing toluene and THF from PLA after synthesis. Despite dissolving and
precipitating PLA multiple times, *H NMR still detected THF and toluene. Even heating
PLA in a furnace for 24h at the boiling points of toluene and THF after synthesis was
insu cient to remove them. Bulk polymerization would allow for a solventless reaction and
thus remove sources of impurities in the nal production, however, in Anton Parr’s Monowave
400 microwave reactor D,L-lactide solidi es and beings to degrade after a few min. This
may be because lactide is rapidly polymerizing and thus the viscosity becomes too great
for the stirrer to function. Volume of solvent required to enable lengthy polymerizations
while minimizing impurities would have been an interesting parameter for the design of
experiments. Furthermore, we were unable to isolate the in uence of the dielectric properties
of solvents on the polymerization of D,L-lactide. Solvents that interact well with microwaves
often have OH groups  too many of these hinders the polymerization. Furthermore, the
high dielectric loss solvents without OH groups (e.g., DMF, DMSQO) were also unsuitable as a
result of solubility issues. Perhaps, we would have been better to polymerize D,L-lactide with
solid polar elements with varying dielectric loss properties. Finally, the dielectric properties of
D,L-lactide were measured in powder form at room temperature. However, these properties
change as a function of temperature and the presence of air within the powder potentially
hindered the readings.

The majority of current technologies are unable to produce drug-loaded NPs on a scale
su ciently large for clinical trials or industry. We are the rst to produce uniform (— <
0.2) NPs with sizes suitable for drug delivery (58 nm to 132nm) at rates up to 0:8kgd *
in a rs-SDR. The DLC model adequately predicts (R? = 0.89) the particle size in the slow
mixing regime. Concentration and the disk’s rotational speed are the dominating factors
that determine particle size and —. Nevertheless, we could not test rotational speeds below
157rads ! due to the manufacturer’s guidelines. In addition, the pronounced back ow at
elevated rotational speed (500rads ') compromised the continuous experiments and thus,
only operation between 157rads ! to 314rads ! was possible. In fact, even at 314rads !,
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at concentrations of PLA in acetone of 10mgmL * and above, the reactor would clog. Only
PLA and PLA-PEG with ibuprofen were tested for the nanoprecipitation and drug loading;
lipids, and other molecules and drugs were not tested.

We also simulated mixing and the time-averaged velocity ow pro les in the rs-SDR to
elucidate its ability to produce suitable drug-loaded NPs. Large eddy simulations with Lethe
captured the ow and bulk mixing pro les at 38rads * to 157rads !, a C,, of 29 and a G
of 0.014. The disk is entirely rotation-governed; radial out ows in the Von KErmén layer
and radial in ows in the B dewadt layer. The geometry of the inlet determines the presence
of through ow-governed ow pro les. Macro-mixing was simulated by injecting two tracers
of opposite signs and determining the critical mixing radius. It decreases with increasing
rotational speed. Although it is well understood that mixing/impact between a polymer
containing organic phase and an aqueous phase produces nanoparticles (nanoprecipitation),
it was encouraging to see such a low dispersity (< 0.2) with the rs-SDR. This is also in spite
of the back ows, which could recirculate PLA particles into areas with a higher concentration
of acetone and risk re-solubilization. In addition, the impinging jet behaviour at the entrance
of the reactor and the absence of through ow-governed ow was a surprise. We also suspect
that this behaviour is a contributing factor for nanoprecipitation in the rs-SDR. This would
strengthen our observation that the owrate ratio had little impact on the properties of the
NPs. In other technologies, like micro uidics, the owrate ratio is a principal factor. In
fact, keeping other parameters constant a decrease in the owrate ratio between the organic
and aqueous phase actually decreases the size and — of the NPs. In the rs-SDR, we saw
the opposite e ect but its in uence was not as pronounced as with the rotational speed and
concentration of PLA in acetone. The biggest surprise was the hydrodynamics at the inlet
of the rs-SDR. The majority, if not all of the literature on rs-SDR hydrodynamics show
PFR-dominant behaviour near the inlets that then transitions to CSTR-dominant. However,
in our simulations, there was no evidence for this PFR behaviour  the ow was CSTR
governed. Our geometry (Figure 6.1, left) di ers from that of the literature in that the inlets
are not separated by any physical entity. The uids enter the reactor in proximity to each
other and thus begin interacting almost immediately. It may also be that this PFR behaviour
is only present in the idealized reactor geometries in the literature. Despite the novelty, the
simulated ows occurred at a single viscosity. Multiple uids with varying viscosities would
have painted more realistic uid pro les and bulk mixing behaviours. The two injected tracers
had the same di usivity; varying di usivities is required to better assess the simulation’s
robustness and to properly characterize the mixing hydrodynamics of a system like that of
water, acetone, and PLA. Also, the mesh geometry was a simpli ed version of the actual
reactor (Figure 6.1). Finally, the hydrodynamic study was not validated with experimental
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observations in the actual reactor.

Figure (6.1) 2D slice of the simulated geometry (left), 2D slice of the actual reactor geometry
(right). The arc in the center represents a pill-shaped magnet that couples with the magentic
motor of the rs-SDR.
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CHAPTER 7 CONCLUSION

PLA is integral to the development of nano-sized drug delivery systems. These systems will
be crucial for alleviating drug shortages while simultaneously improving patient outcomes and
decreasing side-e ects. However, the synthesis of PLA and drug-delivery systems is not at a
level to satisfy industry requirements. Here we present alternative technologies (microwave
and rs-SDRs) with the aim of increasing the pool of knowledge required to push production
to larger scales.

1. Microwaves as a heating medium reduce polymerization times of D,L-lactide compared
to traditional heating methods. The catalyst and initiator were Sn(Oct), and BnOH,
respectively. The solvent in uenced the nal MW of PLA with those synthesized in
toluene being 2 to 3 times higher than those synthesized in THF. This is likely due
to the presence of water in THF and other physical properties that have yet to be
identi ed in the literature. In addition, the majority of solvents that readily interact
with microwaves are un t for ROP of D,L-lactide as the presence of too many OH
groups hinders the reaction. Furthermore, we developed a statistical power-law model
that predicts MW as a function of experimental parameters.

2. A lab scale rs-SDR from FlowlD (the R2) continuously produced PLA (and PLA-PEG)
NPs at rates up to 0:8kgd *, which satis es large-scale clinical trial requirements. The
NPs — ranged from 0.1 to 0.2 and their sizes between 58nm to 132nm and t the
DLC model (R? = 0.89). The concentration of polymer in the organic phase and the
rotation of the disk determined the size of the nanoparticles. In addition, the rs-SDR
successfully loaded ibuprofen into PLA and PLA-PEG. Futhermore, the pilot scale
rs-SDR (the R3) could potentially produce nanoparticles at rates up to 50kgd !, far
outperforming any other available technology and satisfying industry requirements.

3. Lethe simulated the hydrodynamics ( ow, bulk mixing) in an rs-SDR geometry mod-
eled after the rst disk of FlowlD’s R2 reactor. Bulk mixing of two tracers occurs in
less than 1s at 157rads * and up to 2s at 39rads . Radial in ows are present in the
B dewadt layer and radial out ows in the Von KErmEn layer  a commonality with
the literature. However, there was no transition radius that demarked a ow trans-
formation from through ow-governed (PFR) to rotation-governed (CSTR). The inlet
geometry dictates the existence of the transitions radius. At 157rads 1, the ows enter
the reactor and collide with each other before being pushed outwards.
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It seems that the technologies to produce these nano-sized drug delivery systems already
exist. It is now a matter of leveraging the knowledge, and applying it on larger scales. And,
of course, ensuring the safety of these systems in the human body.

7.1 Future Research

The main goal of this project was to intensify the production of drug carriers starting from
the synthesis of the polymer. It has taken steps in the right direction, however, there is still
much to be done. As such, future research should focus on:

1. A screening DoE to determine what physical properties of solvents in uence the poly-
merization of lactide. Anhydrous THF still produced lower MW PLAs compared to
toluene despite the absence of water; information regarding this is absent in the liter-
ature. This suggests other factors are at play that we could potentially leverage.

2. Alternatively, introduce solid polar elements and microwaves into a continuous setup for
the polymerization of lactides with no solvent. This would maintain the positive e ects
of microwave heating on the polymerization while removing the issues surrounding
solvents (impurities, puri cation, physical properties) and reduce the environmental
footprint of the reaction.

3. Investigate lower rotational speeds (1rads ! to 157rads ') to determine the minimum
rotation required to produce monodisperse NPs with adequate sizes. This is crucial
because as the reactors scale in size, the speed at which the disks can rotate decreases.
For example, FlowID’s lab-scale R2 reactor can rotate up to 630rads !, while the pilot
scale R3 (which is 10-15x larger in terms of volume) can only rotate up to 314rads ®. In
addition, higher rotational speeds induce stronger back ows which, as we have demon-
strated in this work, hinders the nanoprecipitation. Furthermore, at 314rads !, we
were already approaching the lower limit for acceptable NP size (50nm). Energy ex-
penditures are minimized by operating at the lowest possible rotational speed, which
IS important as processes scale-up.

4. The simulation results show that the shortly after the uids enter the inlets they collide
in the manner of an impinging jet. We suspect that this a contributing factor to the
rs-SDR’s ability to produce monodisperse NPs despite the back ow and re-circulation
that occurs further along the disk. This ow behaviour and the critical mixing radius
must be substantiated, experimentally. For example, by replacing the top of the reactor
with a transparent cover, we would be able to image the ow and macromixing patterns
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with a colorimetric method (e.g., with a fast acid-base indicator reaction as outlined in
[290]) and a high-speed camera.

. Scale-up with rs-SDRs to a commercial size will necessitate an understanding of the
local hydrodynamics. For example, G is an important parameter that will vary to ac-
commodate higher throughputs and larger volumes. A hydrodynamic study examining
the relationship between G, rp, inlet geometry, and even inlet placement will ensure a
more successful scale-up for nanoprecipitation.
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