
 
 

 
 

TUNABLE ENCAPSULATIONS: DROPLET-BASED MICROFLUIDICS FOR THE 
EXPANSION OF BIODEGRADABLE POLYMER TECHNOLOGIES 

 
 
 
 
 
 
 

BY 
 

DANIELLE D. HARRIER 
 
 
 
 
 
 
 

DISSERTATION 
 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Chemical Engineering 

in the Graduate College of the  
University of Illinois Urbana-Champaign, 2022 

 
 
 

Urbana, Illinois 
 
 
 
Doctoral Committee: 
  

Associate Professor Damien S. Guironnet, Chair  
Professor Paul J. A. Kenis, Co-Chair 
Associate Professor Cecilia Leal 
Professor Charles M. Schroeder  

  



 
ii 

ABSTRACT 

Environmental plastic pollution has become a cause for concern over the past decades, 

motivated by an alarming accumulation of plastics in landfills and oceans. Biodegradable polymers 

have been gaining momentum as substitutes for non-biodegradable plastics as more sustainable 

and environmentally-friendly alternatives. Biodegradable polymers are synthetic compounds 

susceptible to degradation over time into environmentally acceptable substances. Despite the 

successful commercialization of many biodegradable thermoplastics, to date, there are still 

limitations in the applications. For example, aqueous polymer dispersions (i.e. emulsions) of 

biodegradable polymers are inaccessible due to the incompatibility of the emulsion polymerization 

process and the polymerization chemistry of biodegradable polymers. Biodegradable polymers are 

synthesized via a ring-opening polymerization (ROP) process which is water-sensitive. The water 

sensitivity of the polymerization chemistry prevents any technique using water as a solvent or 

dispersion media, which ultimately sets a limit on the polymeric material accessible. This thesis 

describes a droplet-based microfluidic encapsulation strategy that protects the water-sensitive 

catalyst from the aqueous phase, allowing the ROP to proceed in an aqueous dispersion. The 

success of this approach relies on simultaneous precise control of the kinetics of polymerization, 

the rate of mass transfer rates, and fluid mechanics. We report, for the first time, the production of 

biodegradable polymer particles dispersed in water. In this work, we systematically investigated 

the process and formulation parameters that govern the stability of the micro-droplets during 

generation, flow, and collection. More specifically, we tune droplet viscosity, surface tension, and 

hydrophobicity to further shield the ROP catalyst in the aqueous dispersion. Herein, a set of design 

rules for the tuning of catalyst protection efficiency within the aqueous dispersion are detailed, 

which ultimately allowed us to perform another water-sensitive ROP to produce polyether particles 
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in water. To demonstrate the power and versatility of the encapsulation methodology, we 

crosslinked both chemistries to produce biodegradable elastomers and crosslinked polyethers in 

continuous flow. This project identifies the fundamental guiding principles to encapsulate water-

sensitive polymerization catalysts to yield novel spherical polymer particles dispersed in water. 
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CHAPTER 1: Ring-Opening Polymerization in Flow 

1.1 Chapter Overview  

Herein, I will give a brief overview of the theory surrounding the ring-opening 

polymerization (ROP) of heterocyclic monomers, including the general mechanisms, the 

thermodynamics and kinetics governing ROP, and the effect of monomer ring-strain. Then I will 

focus more specifically on the organocatalyzed ROP of cyclic esters and how these 

polymerizations have been implemented in flow. I will give a brief overview of current microflow 

technologies being employed to expand the field of polymer science and catalysis. Lastly, I will 

call attention to the current limitations of performing ROP in flow and outline the efforts we have 

made to overcome some of the limitations and broaden the types of polymeric materials attainable 

with ROP in flow with the dissertation overview. 

 

1.2 Introduction to Ring-Opening Polymerization of Heterocyclic Monomers 

The ring-opening polymerization (ROP) of heterocyclic monomers is a form of chain-

growth polymerization. Heterocyclic monomers have at least two different elements within their 

ring structure and whose polymerization results in polymers containing at least one heteroatom 

within the polymer backbone. The most common elements found in heterocycles are oxygen, 

nitrogen, sulfur, phosphorous, and silicon, Figure 1.1a. A diverse range of commercially 

important polymers that we use in our daily lives relies on the ROP of heterocycles, including 

biodegradable plastics, polyethylene glycol for PEGylation of pharmaceuticals, and silicon 

materials.1–9  Many different catalysts facilitate the ROP process of these monomers, including 

organic, inorganic, organometallic, and enzymes.10,11  Given the large family of heterocyclic 

monomers and corresponding ROP catalysts, there are many mechanisms by which ROP can 
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proceed. The three most common mechanisms are anionic, cationic, and coordination insertion, 

Figure 1.1b.  

 

 

Figure 1.1: a) Common heterolytic monomers containing oxygen, nitrogen, sulfur, phosphorous, 
and silicon atoms in their rings. The opening of these cyclic monomer rings results from a bond 
cleavage denoted by the dashed lines. b) Ring-opening polymerization mechanisms include 
anionic, cationic, and coordination-insertion, shown here with the ROP of lactones. Figure 
reproduced from Guironnet et al. ACS Catal. 2019.12  

 

The driving force for the polymerization of the majority of cyclic monomers is their ring 

strain, which stems from bond stretching, bond compression, non-disordered bond angles, 

repulsion, and nonbonding interactions between substituents.13 Polymerization of cyclic 

monomers leads to the loss of translational degrees of freedom resulting in an entropy decrease. 
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Three and four-membered rings are the most strained cyclic monomers, as they experience the 

most severe angle and bond deformations. Five and six-membered rings experience a minor strain 

from conformation interactions, some of which are ultimately unable to undergo ROP. As ring size 

increases to larger membered rings, the resulting ring strain is decreased due to the flexibility of 

the ring, leading to an increase in polymerization entropy. The polymerization rate of different 

cyclic monomers can depend on the steric hindrance of the monomers, the additional strain 

imposed on the cyclic monomer via interactions, and the polymerization mechanism.14  

The conversion of monomers into macromolecules, both linear and more complex 

topologies, must be allowed thermodynamically and kinetically. In other words, the monomer-

macromolecule equilibrium has to be shifted to the right-hand side (macromolecule), and the 

corresponding polymerization mechanism enables the conversion of monomer molecules to 

polymer repeating units within a feasible polymerization time.15 Simply, the reaction of a monomer 

with an initiator should lead to an active species capable of adding new monomer molecules faster 

than any side reactions, terminations, or transfers, Scheme 1.1. Polymerizations that can reliably 

control molecular weight (MW, where Mn=number average MW, Mw=weighted average MW, and 

M0=monomer MW) and produce a narrow molecular weight distribution  (Đ = 𝑀𝑀𝑤𝑤
𝑀𝑀𝑛𝑛

< 1.2) are 

generally desired because it offers precision and control in macromolecular synthesis. Usually, 

MW control can be obtained from a living polymerization. The IUPAC definition of a living 

polymerization is “a chain polymerization from which chain transfer and chain termination are 

absent. In many cases, the rate of chain initiation is fast compared with the rate of chain 

propagation, so that the number of kinetic-chain carriers is essentially constant throughout the 

polymerization.”.16 Several ROPs can be realized as living polymerization, where they generally 

exhibit first-order kinetics, a MW versus degree of polymerization (DP, 𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
) that 
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follows a linear regression, and the DP is proportional to conversion (𝑋𝑋 = 𝑀𝑀𝑛𝑛−𝑀𝑀0
𝑀𝑀0

). If there are any 

deviations from the linear dependence, it is a sign of slow initiation or undesired side reactions. 

 

Scheme 1.1: General ring-opening polymerization reaction scheme showing initiation, 
propagation, termination, and transfer of the polymer chain.  

 

 

Accessing a living ROP has enabled the controlled synthesis of advanced architecture, 

including graft, branched, and star polymers.17 When compared to step-growth polymerizations, 

for example, high MW is only obtained at the end of the process by long oligomers reacting with 

one another, and molecular species of any length exist throughout the reaction leading to an 

increase in dispersity. Additionally, step-growth polymerization depends on the conversion and 

stoichiometric balance, which is difficult to control. In a living ROP, where the rates of termination 

(kt) and transfer (ktr) are negligible, there is an invariant number of propagating chains which 

results in the generation of nearly monodisperse polymers at a high DP.18 The catalyst of choice 

plays a critical role in controlling the selectivity of the reaction for macromolecule production over 

side reactions and in enhancing the reaction rate. A living polymerization will enable excellent 
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control over molecular weight, polymer dispersity, architecture, stereochemistry and topology, 

functionality, and the number of polymer end groups.  

 

Organocatalytic ROP of Cyclic Esters 

Organocatalysts for ROP have gained much momentum due to their commercial 

availability, lower toxicity, ease-of-use, and competitive rates and selectivities to metal-based 

systems.19,20 This low toxicity suppresses the need for the removal of the metal impurities from the 

resulting polymers, which has opened up many applications in biomedical and microelectronic 

applications.21 These catalysts also have enhanced substrate tolerance and are stable in the 

presence of trace impurities.22 The substance tolerance helps prevent expensive and harsh reaction 

conditions.23 Additionally, these organic catalysts are tolerant to a range of solvents, reaction 

conditions, and monomers which provide new opportunities for the controlled synthesis of 

macromolecules.24  

For simplicity, we will focus on the organocatalytic ROP of lactones that produce polymers 

for the entirety of this chapter, Figure 1.2. The ROPs of these cyclic monomers produce polyesters, 

which give rise to an important class of polymers with a wide range of applications including 

biomedical applications, food packaging, composite materials, coatings, and adhesives.2,25–28 

Polylactide (PLA), polyglycolide (PGA), polycaprolactone (PCL), and polylactide-co-glycolide 

(PLGA) have been identified as an essential class of biomaterials due to their excellent 

biodegradability and biocompatibility.1 These sustainable and environmentally responsible 

polymeric materials offer alternatives to traditional non-biodegradable polymers as they have been 

shown to have similar material characteristics.3 Overall, the precision of organocatalyzed ROP of 
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lactones has enabled the synthesis of polymers with controlled composition, topology, and 

incorporation of a wide range of functionalities.29–37  

 

Figure 1.2: List of popular ether and ester monomers and their typical ROP mechanisms. A few 
of the most commercially relevant cyclic esters include γ-butyrolactone, δ-valerolactone, L-lactide, 
and ɛ-caprolactone.  

 

Many organocatalysts are utilized for ROP, including guanidine, amidine, thiourea, and 

urea catalysts, which are very effective for enhancing ROP rate and selectivity and have provided 

a new strategy for macromolecular design, Figure 1.3. Guanidine and amidine organocatalysts 

like 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), N-methyl-TBD (MTBD), and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) are effective at ROP and produce polymers with high end-

group fidelity, predictable molecular weight, and livingness.38–46 TBD has enhanced activity over 

MTBD and DBU which is attributed to its bifunctionality. Various thioureas and ureas also 

perform bifunctional activation of the cyclic ester by an electrophile and the initiator by a 

nucleophile to activate ring-opening and produce polymers with very narrow dispersity.47–50  

Specifically, several typical monomers, δ-valerolactone, L-lactide, and ɛ-caprolactone have been 

polymerization via urea anion catalysts and shown to reach high conversion in seconds with 

excellent control.50  In conclusion, the organocatalyzed ROP of cyclic esters produces a variety of 

important polymers with controlled molecular weights, narrow dispersity, and architectural 

control.  
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Figure 1.3: A few organocatalysts for the ring-opening polymerization of cyclic esters. These 
catalysts can produce a diverse range of polymers including well-defined linear, block copolymers, 
functionalized, and complex architecture. 

 

1.3 Microflow Reactors and Ring-Opening Polymerization 

Flow chemistry within microflow reactors is the process of performing chemical reactions 

within a micron-scale (i.e. ID < 1mm) tube or pipe in a continuously flowing stream.  A simplified 

microflow system is depicted in Figure 1.4, where the reaction components are supplied to a 

mixing junction, come in contact with one another, and react along the length of the reactor. The 

combination of ROP and microflow technology is increasingly relevant to industry and academia. 

Improved reaction condition control can be achieved when employing ROP in flow because the 

surface area to volume ratio is dramatically increased when the dimensions of a reactor are <1mm. 

The improved heat and mass transfer enable the implementation of faster ROP formulations, where 

heat transfer management within a traditional batch reactor (i.e. vials, bound-bottom flasks, etc.) 
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would result in a loss of reaction condition control due to exothermic dissipation.51,52 The 

continuous flow aspect of these microflow reactors permits high-throughput applications that can 

be employed on an industrial scale.  As an additional advantage, the small reaction volume (i.e. 

device internal volume) improves reaction process safety, which allows highly toxic or exothermic 

reactions to be performed safely at the benchtop.53  

 

 

Figure 1.4: Basic components necessary to perform ring-opening polymerization in flow. Multiple 
reagent streams can be supplied separately until they meet a junction where they come in contact 
and mix along the reactor volume before reaching the quenching solution. Post polymer collection 
the polymer can be purified if needed and analyzed.  
 

Understanding dispersion and mixing within the volume of microflow reactors is a crucial 

factor in ensuring the process's success. Most microflow systems operate at small Reynolds 

numbers and exhibit laminar flow with a parabolic velocity profile.54 Fluid at the center of the 

channel spends half as much time in the reactor compared to the fluid near the walls. When co-

flowing solutions within the microreactor volume, the lack of turbulence and eddies when 

operating in laminar flow means mixing within the small tubing diameters relies on diffusion rather 

than convection. The Damkohler number (𝐷𝐷𝐷𝐷 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑑𝑑𝑟𝑟𝑜𝑜𝑜𝑜𝑑𝑑𝑑𝑑𝑟𝑟𝑜𝑜𝑟𝑟

) describes the relative rates of 
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reaction and mass transfer via diffusion.55 When the Da is greater than one, the rate of reaction is 

faster and the system will experience a concentration gradient. In microflow systems, the rate of 

diffusion can be modulated by optimizing the distance of diffusion (i.e. tubing diameter), length 

of tubing, and/or residence time within the reactor. The smaller the tubing diameter the shorter the 

axial diffusion time, and if the tubing length is long it allows a fully developed plug flow to be 

achieved.56 The residence time �𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟 𝑉𝑉𝑜𝑜𝑉𝑉𝑑𝑑𝑉𝑉𝑟𝑟 (𝑉𝑉)
𝐹𝐹𝑉𝑉𝑜𝑜𝐹𝐹 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 (𝑄𝑄)

� of the reagents within the reactor is easily 

controlled in the microflow system by changing the flow rate of the reagents into the reactor 

volume. Through a deep understanding of reactor design and fluid dynamics heat transfer, reaction 

time, and reactant mixing can be easily controlled within microflow systems, which allows unique 

polymerization conditions unaccessible in batch.  

 

ROP of Polyesters in Microflow 

Research utilizing ROP in flow has shown improved chemistry control and precise 

macromolecular synthesis. Simple tubular reactors have been utilized for ROP in continuous flow 

since the early 2000s. The first example of ROP in the literature was the ROP of n-

carboxyanhydride (NCA).57 In batch, the ROP of NCA is very sensitive to concentration gradients 

of reagents, which leads to an increase in dispersity of the polymer product (Mn= 40.2 kg mol-1 Ð 

=1.56).  It was shown that moving from batch to flow enabled strict control of the chemical reaction 

to produce a polymer with high molecular weight (Mn=40 kg mol-1) and low dispersity (Ð =1.17). 

Regarding cyclic esters, our monomers of interest, the ROP of CL in a microflow, was first 

performed with tin(II)trifluoromethanesulfonate showing better polymerization control compared 

to batch and improved reaction rates.57 Similarly, organocatalyzed ROP of CL and VL via TBD in 

microflow resulted in a 4-7 times increase of the apparent rate constants compared to batch.57 Well-
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defined functional polyesters with high end-group fidelity were also achieved under microflow 

conditions.58 The use of microflow reactors allows rapid, extensive screening of reaction 

conditions and formulations.59  Next-generation microflow reactors aimed to expand the 

complexity of the polymeric materials attainable and to enable the production of novel materials 

by employing engineering principles to ROP chemistry.53 

Our group has explicitly exploited the ROP of cyclic esters in microflow to generate 

bottlebrush polymers (i.e. large cylindrical macromolecules with polymer side chains densely 

grafted to a linear backbone).60 The precise control over the bottlebrush macromolecular chemical 

composition and shape was only possible using a microflow reactor where L >> R (L=length of 

the reactor, R=radius of the reactor). The design and synthesis of macromolecules with 3D 

geometries were possible through a deep understanding of fluid mechanics and reactor 

engineering. For example, when you have a very long tubular reactor, you can access a Taylor 

dispersion regime where the diffusion in the axial direction is insignificant and radial diffusion 

causes homogenization of the solutes within the tube yielding a plug flow.61 This work is a leading 

example of how bringing together engineering principles to microflow and reactor design can push 

the boundaries of polymer science.  

Similarly, other groups have applied reactor design principles to microflow reactors to 

perform block copolymerization of lactones via sequential monomer introduction.62–64 They could 

produce well-defined block copolymers more easily and rapidly within microflow tubular reactors 

than batch reactors and alter molecular weight and dispersity through fluid flow optimization. 

However, flow rates are not the only parameter that influences the molecular weight and dispersity 

of the polymer. Tubing diameter, tubing length, residence time, and viscosity have all been shown 
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to impact the ROP of cyclic esters in microflow reactors.65 Increasing tubing diameter, decreasing 

retention time, and increasing viscosity all result in the broadening of the dispersity of the polymer. 

 

1.4 Limitations and Areas for Improvement for the ROP of Polyesters in Flow 

Even with all of the current advances on the ROP of polyesters in flow, some limitations 

in polymer topology and/or morphology remain. For instance, we aim to tackle the lack of 

synthetic techniques allowing the ROP of cyclic esters in an aqueous dispersion and the lack of 

processability of viscous polymer solutions to access novel crosslinked polymeric materials.  

 

ROP of Cyclic Esters in an Aqueous Dispersion 

Biodegradable plastics seem an obvious solution to the plastic waste problem; however, 

their current properties lag behind fossil fuel-based polymers, limiting their applications. 

Designing polymers and developing green polymerization processes that are safe, decrease 

pollution, and increase energy efficiency is an important topic in modern chemistry.66 All 

organocatalyzed ROPs in flow use organic solvents instead of a benign solvent like water, which 

is environmentally and biologically friendly. However, the ROP of cyclic esters is very water-

sensitive, and excess water quenches the polymerization. Without the possibility of using water as 

a reaction solvent, there is a range of polymerization techniques that remain incompatible with 

ROP; for example, emulsion polymerization of cyclic esters (i.e. biodegradable latex).  

The need for biodegradable polymers has been gaining momentum over the past decade, 

motivated by the alarming accumulation of plastics in landfills and our oceans.8,67 Despite the great 

synthetic achievements made, highlighted by the commercialization of many different 

biodegradable thermoplastics, there has been one area of plastic material that has been untouched 
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by the shift to biodegradability, and that is polymer latex. The main technical challenge lies in the 

water incompatibility of the catalytic ring-opening polymerization (ROP) of a cyclic ester with 

emulsion polymerization (the traditional method to synthesize biodegradable polymers). Emulsion 

polymerization is a key industrial process that offers unique technological advantages over other 

polymerization methods; thus, it is frequently used to manufacture several commercial polymers 

for applications in coatings, paints, synthetic rubber, and thermoplastic elastomers. Emulsion 

polymerization production accounts for over 21 million tons of polymers produced globally per 

year and has a global growth rate between 3-6% annually.68 Today none of the polymers produced 

via emulsion polymerization are biodegradable, which means that they eventually accumulate in 

landfills.69 The end-of-life fate of these materials has led to the question of how we can meet the 

needs of the polymer industry without compromising the environment for future generations.  

Protecting the ROP catalyst from water during emulsification appears as a simple way to 

synthesize biodegradable latex. Miniemulsion polymerization has previously been successfully 

implemented for performing catalytic polymerization in water with catalysts that are only 

moderately compatible with water.70,71 In the miniemulsion process, the catalyst and the monomer 

are dissolved in a hydrophobic solvent mixture that is dispersed using high shear into nanodroplets 

stabilized by a large amount of surfactant. The polymerization proceeds independently in each 

droplet to yield the desired nanoparticle dispersion. During the emulsification process, the 

catalyst/initiator is exposed to both the water, which will lead to deactivation, and to the monomer, 

which will initiate polymerization.72 Consequentially, it is necessary to ensure that the catalysts 

are water-compatible and that the polymerization remains slow or completely stalled during the 

emulsification phase.73,74 These two requirements make performing ROP in miniemulsion 

inherently impossible, which motivated us to develop an alternative encapsulation strategy for 
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performing the ROP in the presence of water. Our approach utilizes a microflow encapsulation 

strategy where the dispersed phase, comprised of both a monomer and a catalyst solution, is mixed 

inline before meeting the immiscible continuous phase at a junction to form micrometer size 

reactive droplets, Chapter 2. The polymerization starts directly upon the catalyst and monomer 

solutions coming in contact and continues in the droplet until water diffuses throughout the organic 

layer and fully deactivates the catalyst, Figure 1.5. 

 

 

Figure 1.5: Methodology of a microfluidic device that produces droplet reactors for ring-opening 
polymerization in water. The rate of polymerization must be faster than the diffusion of water to 
promote polymerization while in the aqueous phase. The shell of the droplet can be tuned to form 
a protective barrier. 
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The encapsulation of the water-sensitive catalyst within the core of hydrophobic droplets 

allows polymerization to progress a small extent before the droplets are formed. The 

polymerization time is thus directly limited by the rate of diffusion of water after droplet formation. 

Therefore, this approach requires the use of a fast polymerization catalyst, as we want the 

polymerization to proceed to completion before the water diffuses to the core of the droplet 

deactivating the catalyst. We utilize a co-flow microfluidic technique for its consistent 

microdroplet formation and high throughput production capabilities to demonstrate that the ROP 

of cyclic esters can be performed in an aqueous dispersion.6,75–77 By exploiting the unparalleled 

control over particle size and encapsulation efficiency intrinsic to droplet-based microfluidics78–84 

we have been able to efficiently encapsulate and adequately protect the ROP catalyst promoting 

temporary sustainment in catalyst activity in the presence of water. 

 

Accessing Novel Crosslinked Polymeric Materials   

During a polymerization that yields crosslinked material, there is a continuous increase in 

the macromolecular chain length resulting in a rapid increase in the viscosity of the reaction 

mixture by several orders of magnitude.85 In the most severe case, the drastic increase in viscosity 

of the reaction mixture can lead to clogging within the reactor volume. The high viscosity 

drastically changes the heat and mass transport and significantly shifts the polymerization 

kinetics.86 High degrees of crosslinking within the microflow reactors can also lead to clogging 

within the small channels of the device. However, despite many adverse effects from the decrease 

in processibility, there is still much interest in producing crosslinked polyesters.  

Crosslinking polyesters leads to a class of polymers called biodegradable elastomers.87,88 

These materials are analogous to vulcanized rubber, in that it forms a crosslinked, three-
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dimensional network of random coils and has very good elastic properties.89–91 The elastomeric 

properties are particularly important to various applications in the biomedical field including tissue 

engineering and controlled drug delivery.92,93 Being able to employ similar ROP crosslinking 

strategies in flow provides an easy way to drastically increase the molecular weight of the polymer 

without significantly changing the composition of the solutions we are using in the flow device. 

Generating crosslinked polyesters in flow would also allow us to access novel materials and 

polymer topologies that could not be made by any other means.  

 

1.5 Dissertation Overview 

The focus of this dissertation is the fabrication and implementation of a continuous flow 

droplet-based microfluidic device for the encapsulation of ring-opening polymerization catalysts. 

Chapter 2 will dive into the design, development, and theory behind our microflow reactor. This 

reactor is droplet-based and allows us to produce monodispersed droplets in an aqueous dispersion 

continuously. Through a deep understanding of the fluid mechanics of droplet formation, we can 

create particles with a wide range of molecular weights. In Chapter 3, we establish a protocol for 

performing the ring-opening polymerization of δ-valerolactone via urea-anion organocatalysts in 

an aqueous dispersion. The efficient encapsulation of the water-sensitive catalyst in the center of 

microparticles allows the polymerization to proceed while in an aqueous dispersion temporarily. 

We apply this methodology to produce biodegradable elastomer particles through the addition of 

a crosslinker within the particles. Next, in Chapter 4, we systematically investigated the process 

and formulation parameters that govern the stability of the micro-droplets during generation, flow, 

and collection. More specifically, we tune droplet viscosity, surface tension, and hydrophobicity 

by adding amphiphilic block copolymers and hydrophobes to further shield the ROP catalyst in 
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the aqueous dispersion. We further expand this methodology to other water-sensitive ROP 

chemistries to produce polyether particles in flow. Finally, in Chapter 5, we utilize these guiding 

principles to shift into drug delivery by initiating our ROP from secondary alcohols on 

chemotherapeutics. The preliminary results show that as we tether and subsequently crosslink the 

particles, we can slow the release of the drugs over a more extended period of time. Chapter 6 

concludes the work and outlines some potential future directions for this droplet-based 

encapsulation microfluidic methodology.  
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CHAPTER 2: Droplet-Based Microfluidic Encapsulation Device 

2.1 Chapter Overview 

 In order to perform the ring-opening polymerization (ROP) of cyclic esters in an aqueous 

dispersion, we must protect the water-sensitive catalyst from the aqueous phase. Traditional 

methods for emulsification would expose the catalyst and initiator to water, which will lead to 

deactivation. Therefore, we implemented a microfluidic technique to methodically encapsulate the 

catalyst within the center of micron-sized droplets. This chapter will detail the design and 

development of a droplet-based microfluidic device that produces monodisperse droplets in which 

the water-sensitive ROP catalyst is protected within the core. The theory behind droplet generation 

and dynamics is discussed, in addition to the fluid mechanics within micron-sized channels. Next, 

I discuss the three types of forces that influence droplet generation (i.e. velocity, viscosity, and 

surface tension) and how we plan to tune each parameter with our system. Lastly, I cover device 

design considerations, including device materials and geometry, and give a comprehensive 

overview of our final “off-the-shelf” droplet-based microfluidic system that can be utilized to 

polymerize cyclic esters in an aqueous dispersion to yield a biodegradable polyester particle 

aqueous dispersion. 

 

2.2 Introduction to Microfluidics  

Traditional methods for making droplets use mechanical agitation of multiphase fluids, 

including high shear and sonication. For our application, implementing a shear or sonication 

technique would expose our catalyst to the aqueous phase, which further solidified our aspiration 

to utilize microfluidics. Microfluidic technology has been experiencing rapid growth due to its 

vast applications in many scientific disciplines ranging from chemistry and biology to information 
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technology and optics.94 We have seen a huge impact of microfluidics in microanalysis,95,96 

pharmaceutical and drug development,97,98 drug delivery systems,99 material discovery,100 and 

many other fields since the 1950s, Figure 2.1a.101 The advantage of choosing microfluidics over 

conventional macroscale technologies stems largely from the reduced scale, tunability, smaller 

sample sizes and reagent volumes, and the unparalleled control of fluid flow. A microfluidic 

system, in the most basic terms, must have a component that introduces reagents and samples, a 

component in which the reagents flow/mix/react/separate within micron-sized channels, and any 

other components for collection, detection, and/or analysis work Figure 2.1b.  

Merging microfluidics and catalysis possesses a series of distinct advantages. Firstly, inside 

a microfluidic reactor, there is spatial confinement, which leads to the reactants having higher 

reactivity.102 Secondly, mass and heat transfer within these confined reactor volumes can also 

contribute to a higher and controlled reaction rate.103 Lastly, the small reaction volumes allow swift 

screening for catalyst optimization and catalytic mechanistic studies.104 When one compares 

microfluidic technology with macroscopic reactors for catalyst research, the microfluidics results 

in easy and safe handling, high yield and throughput, short reaction times, scalable and 

reproducible results, and low consumption of reagents making it more economical.105  
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Figure 2.1: a) Depiction of the various microfluidic applications including nano and micron 
particle formation, polymerizations in flow, organ-on-a-chip, and drug delivery and design. b) 
Simplified components of a microfluidic device include a means for fluid supply, a reaction 
volume, fluid outlet, and addition collection, detection, and/or analysis techniques.  

 

Biphasic microfluidics is a subset of microfluidic research that utilizes one or more discrete 

phases that are immiscible with the carrier fluid phase.106 Droplet-based microfluidics exploits this 

immiscibility to form a droplet of the ‘dispersed phase’ fluid inside another immiscible fluid called 

the ‘continuous phase’. The power of droplet-based microfluidics lies in forming uniform droplets 

and particles, with precise control over the size, shape, and monodispersity.107,108 This technique 

rapidly produces predictable, periodic, and highly monodisperse droplets between the nanometer 

to micron diameter range. Droplet-based microfluidics has been used successfully to enhance the 

control over catalytic nanoparticle synthesis. By precisely controlling temperature, reaction time, 

and reactant concentration, one can produce very homogeneous particles with varying shapes, 

sizes, and compositions.109 Additionally, a variety of work has been done producing polymer micro 
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and nano-particles for biomaterial and drug-delivery research. These particles are made via 

precipitation of the polymers and drugs dissolved in organic solvents with nonsolvents.82,110,111  

Inspired by the success of catalytic particle and polymer particle production via 

microfluidics, we were interested in utilizing droplet-based microfluidics to encapsulate water-

sensitive catalysts within droplet microreactors to form polymer particles dispersed in water. The 

water-sensitive catalysts of interest are the ring-opening polymerization (ROP) catalysts we 

discussed in Chapter 1. A successful catalyst encapsulation would allow us to make polyester 

particles dispersed in water that could not be made any other way. By developing a new polyester 

synthesis technology, we can further expand the types of polyesters accessible and thus broaden 

the applications of biodegradable plastics. We hypothesized that if we could encapsulate the ROP 

catalyst, we could slow catalyst deactivation, increase catalyst activity, and/or improve catalyst 

selectivity.112  We have seen the power of catalyst encapsulation from the compartmentalization 

of catalysts via block copolymers,113 metal-organic-frameworks,114 Pickering emulsions,115 porous 

materials,116 microgels,117 and polymers118, which have been proven successful in serving as 

micro/nanoreactors and improving catalyst systems. These different encapsulation technologies 

inspired our design and development of a new encapsulation methodology utilizing microfluidics 

to continue expanding and improving catalytic limitations in the field of biodegradable polymers. 

Herein, I will discuss the theory behind our droplet-based microfluidics utilized to perform a water-

sensitive polymerization in an aqueous dispersion.   

 

2.3 Droplet Generation and Dimensionless Numbers 

Many techniques have been developed for droplet generation, yet they all follow the same 

basic principles. To achieve fine control over the size, shape, and dispersity of the droplets and 
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particles formed, we must obey basic constraints in inertial force (i.e. flow rate), viscous force, 

gravity (i.e. buoyancy), and interfacial tension.119 Our dispersed phase which contains the 

encapsulated catalyst and polymer is more viscous than our continuous phase which is water. 

Additionally, the viscosity of the dispersed phase will be changing over time as more 

polymerization occurs. Lastly, the interfacial tension between the two phases will be modulated 

utilizing amphiphilic molecules to encourage clean droplet formation in the dripping regime.  

Several dimensionless numbers are useful in studying droplet generation and dynamics, 

Table 2.1. When choosing which dimensionless numbers are relevant to represent our four forces 

(i.e. viscosity, inertia, surface tension, and buoyancy), we must first take into account the scale of 

our system. In our device, the total flow rate within the device can vary from 16 μL/min to 240 

μL/min and all channels for the dispersed phase are smaller than 1mm. Because our flow velocities 

are low and we are operating in micron-sized channels (i.e. the surface to volume ratio is high) the 

gravity and initial forces become insignificant.120 Previous work has shown that gravity plays a 

negligible role during the formation of droplets with respect to capillary effects so the Bond 

number <<1.121 Similarly, the Weber number <1 as capillary forces also overcome inertial 

forces.122 Therefore, we will not be considering the Bond and Weber numbers for our system. The 

dimensionless numbers that apply to our system will involve the viscosity and interfacial forces.  

 

Table 2.1: Non-dimensionless numbers applicable to droplet-based microfluidic applications 

Name Symbol Formula Definition 

Reynolds Number Re 𝑹𝑹𝑹𝑹 =
𝝆𝝆𝝆𝝆𝝆𝝆
𝝁𝝁

 Inertia/Viscous 

Capillary Number Ca 𝑪𝑪𝑪𝑪 =
𝝁𝝁𝝆𝝆
𝜸𝜸

 
Viscous/Interfacial 
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Table 2.1: (cont.)    

Viscosity Ratio λ 𝝀𝝀 =
𝝁𝝁𝒅𝒅
𝝁𝝁𝒄𝒄

 
Dispersed Viscosity/Continuous Viscosity 

Flow Rate Ratio 𝑸𝑸�  𝑸𝑸� =
𝑸𝑸𝒅𝒅

𝑸𝑸𝒄𝒄
 Dispersed Flow Rate/ Continuous Flow Rate 

Bond Bo 𝑩𝑩𝑩𝑩 =
∆𝝆𝝆𝝆𝝆𝝆𝝆𝟐𝟐

𝜸𝜸
 Buoyancy/Interfacial   

Weber Number We 𝑾𝑾𝑹𝑹 =
𝝆𝝆𝝆𝝆𝟐𝟐𝝆𝝆
𝜸𝜸

 Inertial/Interfacial  

 

The Reynolds number (Re), which represents inertia to viscous forces, takes into account 

density (ρ), velocity (ν), the diameter of the channel (D), and viscosity (μ)of the phase of interest 

(either dispersed or continuous). Microfluidics is inherently characterized by a fluid flow that is 

laminar or has a low Re, typically between 10-6  and 10. In the laminar regime, there is no 

turbulence in the flowing fluids; therefore, any mixing occurs via diffusion rather than convection. 

We used this characteristic of laminar flow to our advantage. Since there is only diffusive mixing, 

we can ensure that our catalyst will primarily be in the center of our dispersed phase before droplet 

formation.  

The droplet generation phenomenon is mainly controlled by surface tension and the viscous 

forces exerted by the liquid. The most fundamental dimensionless number for our system is the 

Capillary number, which is represented by the viscosity (μ), velocity (ν), and the surface tension 

(γ), Figure 2.2. The capillary number evaluates the competition between the surface tension 

attempting to minimize the surface area of the droplet and the viscous stress acting to elongate the 

interface. Droplet breakoff occurs above a certain critical capillary number, which depends on both 

the device geometry and the relative viscosity between the continuous and dispersed phases. In 
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microfluidics, the capillary number to achieve droplet formation is typically within the range of 

10-3 to 10. As the Ca increases the forces involved in droplet production change. For Ca < 10-2 the 

droplets form a plug in the collection channel which causes a pressure buildup and leads to droplet 

formation. For Ca > 10-2 the droplets do not fill the outer channel and the breakup is due to a 

balance of surface tension and shear forces acting on the dispersed phase.78,123 As the Ca increases, 

through changing any combination of the parameters, the size of the droplet decreases.124 Droplet 

formation in our microfluidic device requires precise control of each of the parameters in the 

capillary number. Velocity is easily controlled through the variance of the flow rate of both the 

dispersed and continuous phases. The viscosity, however, is a more complicated parameter to 

control since the viscosity of our dispersed phase will be changing as a function of the residence 

time and, correspondingly, the polymerization progress. Lastly, the surface tension between the 

dispersed and continuous phases must also remain low to allow the shear of droplets in flow.  

 

 

Figure 2.2: Depiction of a biphasic droplet-generation microfluidic device with the corresponding 
viscosity, velocity, and density of both the outer continuous phase and the inner dispersed phase  
 

Velocity 

The velocity ratio (𝑸𝑸 = 𝑸𝑸𝒅𝒅
𝑸𝑸𝒄𝒄

) is the ratio of the dispersed flow rate and the continuous flow 

rate. As this ratio changes the flow regime we are operating in changes as well, Figure 2.3. The 

three flow regimes we transition between within the bounds of our Ca listed above are the slug, 
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dripping, and jetting regime. As we decrease Q we transition from the slug flow regime to the 

dripping regime and finally to the jetting regime. We have precise control over the flow rates of 

our system by employing syringe pumps as a means to supply both the dispersed and continuous 

phases. For our microfluidic system, we found that operating at a Q between 0.3 and 0.5 produces 

droplets in the dripping regime.   

At larger Q the dispersed phase expands more into the main channel since it has less 

resistance from the continuous phase generating a slug. The slugs move through the glass capillary 

sliding alongside the walls which results in two disadvantages for our system. First, by sliding 

alongside the capillary there is mixing induced within the droplet in the form of vortexes.125,126 

The success of the catalyst encapsulation within the droplet relies on the catalyst being in the center 

of the droplet, which allows the catalyst more time to polymerize before water diffuses into the 

droplet and quenches the catalyst. Secondly, if the droplet is plugging the outer channel and 

moving alongside the walls the amphiphilic block copolymer (ABC) that we will be using the 

stabilize the droplet during flow and collection will be perturbed.  

The dripping regime which is our regime of interest is a very narrow region compared to 

the slug and jetting regime. In the dripping regime, the droplet is completely surrounded by the 

continuous phase and does not interact with the outer capillary wall. As the continuous phase flow 

rate increases the droplet diameter decrease and the boundary layer between the droplet and the 

capillary wall increases. In the dripping regime, the droplet experiences two forces, the surface 

tension holding the droplet to the outlet tip and the viscous drag pulling it downstream. If the Q 

becomes too small (i.e. the continuous phase flow rate is large) the diameter of the droplet becomes 

smaller than the dispersed phase outlet tip we transition into the jetting regime. 



 
25 

The jetting regime is characterized by the dispersed phase being dragged out further from 

the dispersed phase outlet tip into the outer capillary tube before experiencing Rayleigh-Plateau 

instability and eventually forming droplets downstream. The jet diameter decreases with the 

distance downstream, which results in a droplet diameter small that the dispersed phase outlet tip. 

In this regime, the drop formation is driven by the viscous drag from the continuous phase. 

Droplets formed in the jetting regime are less desirable as they are less uniform because droplet 

breakup is erratic, and the jetting stream exposes more surface area to the aqueous phase before 

droplet formation, leading to faster quenching of the polymerization.127 

 

 

Figure 2.3: The three flow regimes of interest include the jetting regime where the droplets are 
produced downstream and the resulting diameter of the droplet is less than the outlet tip. The 
desired dripping regime, where the diameter of the resulting droplet is approximately the diameter 
of the dispersed phase outlet tip. The slug flow regime where the droplets fill the entire outer 
capillary tube before pinching off into droplets whose diameter is larger than the outlet tip.  
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Viscosity 

The effect of viscosity on the capillary number is well understood for systems where the 

viscosity ratio between the two phases (i.e., 𝜆𝜆=𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷d /𝜇𝜇𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷) is less than 1.128 Traditionally 

in the microfluidic literature, the dispersed phase is a lower viscosity solution and the continuous 

phase is a higher viscosity solution. Having a viscosity ratio <1 is advantageous because, 

experimentally, it is harder to produce droplets with a 𝜆𝜆>1. Our system operates at a 𝜆𝜆>1 as our 

continuous phase is aqueous and our dispersed phase is a viscous polymer solution, so it was 

imperative that we understood the limitations of droplet production with a larger 𝜆𝜆. Previous 

studies have shown that the viscous stress of the dispersed phase can impact droplet production 

since it is difficult for the continuous phase to fragment the dispersed phase. 129 This viscous stress 

makes the dripping-to-jetting transition very sharp, and the only way to remain in the dripping 

regime is to keep the flow rate ratio of the dispersed to continuous phases low, for our system Q < 

0.5.   

In our droplet-based microfluidic encapsulation system, the viscosity of the continuous 

phase is kept constant, whereas the dispersed phase is changing with residence time within the 

reactor. Since a polymerization is being performed within the reaction volume of the device (i.e. 

once the catalyst phase and monomer phase come in contact) we see the viscosity of the dispersed 

phase increase with increased time within the reaction volume. As fast dispersed phase flow rates 

the residence time (rt) within the reactor is short, and therefore the degree of polymerization (DP) 

is low resulting in a less viscous dispersed phase. If the rt within the reactor is long the DP is high 

resulting in a more viscous dispersed phase. Since we want to be able to operate at a wide range 

of residence times with corresponding viscosities we have to modulate the surface tension so it 
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dominates initially at the outlet tip holding the droplet there as it grows before the viscous stress 

pulls the droplet downstream.   

 

Surface Tension 

The surface tension of our dispersed phase will be increasing with the increasing molecular 

weight of the polymer; therefore, we began exploring hydrophobic solvents that decreased the 

surface tension of our solution, thus expanding the range of flow rates for droplet formation. Some 

hydrophobic solvents that we tried ranged from non-polar solvents (e.g. toluene, chloroform, 

dichloromethane) to bio-based and synthetic oils (e.g. soybean, corn, sesame, mineral oil). First, 

we had to analyze the compatibility of the different solvents with the ROP chemistry. It was 

important that the ROP kinetics were not negatively impacted because we need the ROP to 

compete with the catalyst quenching. We also had to test each solvent to determine the range of 

residence times (i.e. flow rates) in which we could obtain droplets in the dripping regime. 

Ultimately, the solvent needs to be 1) immiscible with the continuous phase, 2) compatible with 

the ROP chemistry, and 3) able to produce droplets over a wide range of rt with an aqueous 

continuous phase. The results from the solvent choice can be found in Chapter 3. 

Another method for modulating the surface tension of the droplet is through the use of 

surfactants, amphiphilic molecules with a hydrophilic and hydrophobic portion. The use of 

surfactants in the dispersed and/or continuous phase in low concentrations of 1-5% wt% has been 

shown to aid in the stability of the droplets produced and reduce the instances of droplet 

coalescence. The surfactant molecules naturally orient at the interface between the two immiscible 

fluids to have the hydrophilic head and hydrophobic tail in contact with the appropriate fluid. The 

choice of surfactant is dependent on which phase you are introducing the surfactant and what 
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solvent/fluid is used for the dispersed and continuous phases. For example, when we add surfactant 

to organic fluids, we can use amphiphilic block copolymers synthesized in-house, Span 80, or 

Triton X-100. If we add surfactants to the aqueous phase, we can use Tergitol, Tween 20, Tween 

80, or Polyvinyl alcohol. We can also add amphiphilic molecules to the dispersed phase if we use 

amphiphilic block copolymers (ABC). These polymeric materials act as surfactants and align at 

the immiscible interface stabilizing the droplet. The only constraint for choosing surfactants or 

ABC is to ensure that they are not detrimental to the ROP kinetics.  

 

2.4 Amphiphilic Block Copolymer Shell 

The amphiphilic block copolymer migrates to the interface between the two immiscible 

phases and forms a shell around the droplet. The concept of utilizing these amphiphilic shells was 

threefold. Firstly, the shell decreases the surface tension of the dispersed phase and breaks off into 

droplets when the viscosity of the droplet is high. Secondly, the shell decreases the affinity of the 

particles to coalesce during flow and collection. Thirdly, the shell will form a membrane around 

the particle, which will create a barrier between the reacting material and the aqueous phase, 

Figure 2.4. The rate of polymerization and degree of polymerization achieved inside the capsule 

will be a function of the rate of transport of water through the capsule shell. The chemistry of the 

shell can be tuned to optimize the mass transfer of water across the membrane via changing the 

block number, hydrophobicity, and/or crosslinking ability. The amphiphilic molecules, either in 

the form of block copolymers or surfactants, can be added to the continuous phase or the dispersed 

phase 

We aimed to design a device that allows a quick and efficient way to probe the different 

block copolymers by comparing the maximum conversion attainable and identifying the optimum 
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chemical structure of the polymer. The ideal block copolymer for the ROP in water will ultimately 

form a selective barrier between the catalyst and the aqueous phase.  Each block copolymer of 

interest can be easily implemented in the droplet ring-opening polymerization, and the kinetics of 

the ROP can be analyzed. The results from the rates of reactions and water transport will be 

combined into a powerful model, capable of predicting the achievable degree of polymerization 

based on ABC composition and properties, Chapter 4. 

 

Figure 2.4: The amphiphilic molecule will form a shell around our particles which will help slow 
the rate of water diffusion into the droplet by aiding in the production of droplets at the outlet tip 
by decreasing the surface tension, acting as the first layer slowing water diffusion into the droplet, 
and preventing coalescence during flow and collection. The amphiphilic block copolymers can be 
tuned by changing the composition, block length, and the number of blocks.  
 

2.5 Droplet Device Considerations 

Device Materials 

The material used for the device components and the fluids used for the droplet generation 

must be compatible for successful droplet formation. Most microfluidic systems are fabricated 

using poly(dimethyl) siloxane (PDMS). For our purposes, PDMS would not be a compatible 
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material as it would undergo swelling and deformation in the presence of our organic solvents, 

toluene, and tetrahydrofuran. Therefore, we explored the use of glass and organic solvent-resistant 

polymers like polytetrafluoroethylene (PTFE) and polyether ether ketone (PEEK). All three of 

these materials are compatible with our organic solvents and would withstand repeat use and 

cleaning over time.   

The contact angle between the fluids and the droplet generating device surface. When our 

two immiscible fluids come in contact with a substrate either one fluid preferentially wets the wall 

and separates the other from the surface or both fluids partially wet the wall. Since our channels 

are on the micron scale the wetting conditions strongly influence the formation and transport of 

droplets in the microchannels. Ideally, we want the aqueous continuous phase to preferentially wet 

the surface of the channels to ensure stable flow regimes. Therefore, the collection channel wall 

needed to be hydrophilic to be suitable for making organic droplets in an aqueous phase (oil-in-

water), which is how we chose glass as our device collection material.  

 

Device Geometry 

Device geometry is another parameter we explored extensively while designing different 

microfluidic devices. The three geometries we tested were coaxial flow, flow focusing, and co-

flow, Figure 2.5.  Methods for droplet generation can either be active or passive, where active 

methods utilize additional energy input to promote interfacial instabilities and passive methods 

generate droplets without external manipulation.78 The droplet generation in all three geometries 

we designed and tested originates from fluid instabilities from the introduction of one immiscible 

fluid (i.e. our organic dispersed phase) into another (i.e. our aqueous continuous phase). Therefore, 
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we focused entirely on passive means for microfluidic droplet generation, depending on the 

competition of capillary, interfacial, viscous, and inertial forces.   

 

 

Figure 2.5: The three geometries that we designed and analyzed for droplet formation included a 
cross-flow, flow focusing, and co-flow configuration.  
 

Our first attempt was a cross-flow configuration, Figure 2.6. In this geometry, the 

dispersed phase is supplied between two streams of the continuous phase cross-flow. In the first 

two generations of this device, Figure 2.6.a/b, the catalyst was separately supplied from the 

monomer before the co-flowed stream would be sheared off by the continuous phase. These 

devices experienced instantaneous quenching of the ROP catalyst. This informed our decision to 

focus on device designs where the catalyst would be supplied through a middle inlet and sheathed 

between two steams of monomer before being sheared off by two streams of the continuous phase, 

Figure 2.6.c/d.  
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Figure 2.6: a) First generation cross-flow device where the monomer and catalyst were supplied 
in tandem before being sheared off into droplets. b) the same configuration as a. however, this one 
allowed more mixing time between the catalyst and the monomer. c) Second generation cross-flow 
device where the catalyst is supplied in between two streams of monomer before droplet 
generation. d) the same configuration as c. however, this device was made with Teflon.  
 

These devices were made with both plexiglass and Teflon. The plexiglass allowed us to 

visualize our droplet generation and determine flow rates amenable to droplet formation. However, 

this material is not resistant to our organic solvents and over time, became fouled and degraded. 

The Teflon device was more resilient with the organic solvents, but without seeing the droplet 

formation, we could not confirm whether we were forming droplets in the dripping or the jetting 

regime. We moved on from this geometry with the new constraint that we want to see the dispersed 

phase outlet tip to ensure that we can monitor droplet formation and flow regimes. 

The next geometry we designed and tested was the flow-focusing configuration, where the 

dispersed and continuous phases are forced through a narrow region in the microfluidic device, 

Figure 2.7. For this configuration, we employed a double capillary design which is utilized heavily 

in the drug delivery literature.130–132  This design if executed properly, employs symmetric shearing 

by the continuous phase on the dispersed phase.133 The issue with this system in our opinion, was 

the lack of reproducibility. In order for the device to successfully make droplets, the capillaries 
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must be aligned perfectly as any deviation would drastically prevent the device's efficiency. We 

moved on from this geometry with the new constraint that we wanted to develop a device that was 

user-friendly, reproducible, and consistent.  

 

 

Figure 2.7: a) Double capillary flow-focusing device, where the monomer stream encapsulates 
the catalyst stream before shearing off into droplets via an immiscible aqueous phase that focuses 
the droplets into a secondary receiving capillary.  
 

The final configuration that we found the most reproducible and fitting for our purpose was 

the co-flow configuration, where the dispersed and continuous phase flow in the same direction at 

the junction, Figure 2.8. For this geometry, we purchased all commercially available components 

that required no additional modifications. In addition to being commercially available, user-

friendly, and reliable this geometry also resulted in the largest range of flow rates for droplet 

generation. Herein, we will focus on this device geometry for our droplet-based catalyst 

encapsulations.  
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Figure 2.8: a) Co-flow droplet generating microfluidic device where the catalyst is supplied 
between two monomer streams. This dispersed phase flows down the length of the reactor before 
coming in contact with the aqueous phase that shears the dispersed phase into droplets.  
 

2.6 “Off-the-Shelf” Droplet-Based Microfluidic Device  

Catalyst Encapsulation Design 

To perform the ROP chemistry in aqueous dispersion, we apply the multiphase 

microfluidic device to generate an oil-in-water (O/W) emulsion using the aforementioned co-flow 

geometry reactor constructed with commercially available components. This “off-the-shelf” 

design, has a fixed reaction volume. Thus residence time is tuned by flow rate control.134 The 

catalyst and monomer solutions must be supplied separately to prevent the polymerization from 

proceeding in the syringes. Therefore, the organic phase comprises two separate organic streams, 

which are supplied through a cross tee and travel through the small reaction volume before being 

dispersed in water. By supplying the catalyst through the middle inlet, we can further ensure that 

the monomer and hydrophobic solvent surround the catalyst before reaching the aqueous phase. 

The laminar flow of the fluid through our device ensures that the catalyst will remain primarily in 

the center of our dispersed phase before the droplet formation since any mixing occurs via 

diffusion rather than convection. 
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The size of the droplet plays an essential role in the extent of polymerization time once the 

droplets are formed. A smaller sized droplet would have a larger surface-area-to-volume ratio, 

leading to shorter diffusion distances, which would result in a faster quenching of the catalyst.119 

Therefore, we chose to focus on micron-sized droplets to provide more time for the polymerization 

to proceed after the droplet formation. The dispersed phase outlet tip sets a lower limit for droplet 

diameter as the tip shields the growing droplet from the sheer force of the continuous phase,135 

thus, we chose a large enough diameter to produce droplets with a minimum diameter of 300 μm. 

The dispersed phase is expelled into a glass capillary tube, where the continuous water phase is 

supplied through a secondary tee. The dispersed phase outlet tip must sit centered in the middle of 

the glass capillary, as this allows enough space for the water to flow through the gap around the 

metal tubing to shear off the droplets.  

 

Advantages and Limitations 

The power of this droplet-based microfluidic system is that any user would be able to build 

and operate the device since it is made from commercially available components and does not 

require prior technical training or knowledge. Additionally, because all of the materials were either 

PEEK, glass, or stainless steel, we could operate with organic solvents without risking the 

degradation of the materials. The system also allows changing residence times within the reactor 

and controlling flow regimes very easily through simple changes in flow rate via the three syringe 

pumps. The entirety of the setup does not take up much space on the benchtop and can be easily 

set up, taken down, and moved. Overall, the droplet generation efficiency is great, the device 

production cost is low, and the device is reusable.  
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Some limitations of this device, and other microfluidic devices, is that the small micron-

sized channels are hard to clean. We found that small clogs could be removed, but larger blockages 

resulted in sections of tubing needing to be replaced. The outlet tip diameter limits the size of the 

droplets produced in the dripping regime. If the user wants to change droplet diameter, they have 

to change the hypodermic tubing responsible for droplet formation. This limit on the size of 

droplets attainable can be overcome by producing droplets in the jetting regime, which we do not 

recommend for water-sensitive ROPs, as it would result in faster catalyst quenching.  

 

Recommended Cleaning Techniques 

The channel sizes within the device are small (170-300μm) which means that they can 

frequently be clogged and blocked as the viscosity of the polymer solution increases with 

increasing residence time. To reduce blocked channels and prolong the lifetime of the device 

tubing, do not operate the device at extended residence times where the viscosity of the solution 

causes elevated backpressure. It is recommended to start at high flow rates (low residence times) 

and slowly decreases the flow rates (increase residence time). At the end of each run, flush the 

entire device with tetrahydrofuran or acetone, or any other solvent compatible with the dispersed 

phase. Flushing the device will remove any leftover material and prepare the device for the next 

trial. If blockages occur and flushing becomes impossible, the user can try placing the clogged 

portions in the ultrasound bath for 10-15 minutes and repeat flushing. However, if there are larger 

blockages or crosslinked polymer blockages, one can easily replace sections of the device tubing 

at a low cost.  
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2.7 Conclusions  

In conclusion, we have investigated many different droplet-based microfluidic designs and the 

theory governing their droplet generation and droplet dynamics. We ultimately moved forward 

with a co-flow droplet-generating device made of commercially available components. The device 

separately supplies our water-sensitive catalyst in between two monomer streams. The monomer 

streams surround the catalyst before being exposed to the aqueous phase and becoming sheared 

off into droplets. The device produces a continuous flow of monodispersed droplets over a large 

range of flow rates.   



1 This chapter has been adapted from the following publication: Harrier, D. D.; Kenis, P. J. A.; Guironnet, D. Ring-
Opening Polymerization of Cyclic Esters in an Aqueous Dispersion. Macromolecules 2020, 53 (18), 7767–7773. 
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CHAPTER 3: Ring-Opening Polymerization of Cyclic Esters in an Aqueous Dispersion 1 

3.1 Chapter Overview 

Aqueous polymer dispersions are commodity materials produced on a multi-million-ton 

scale annually. Today none of these materials are biodegradable because the process by which they 

are made is not compatible with the synthesis of biodegradable polymers. Here we report an 

encapsulation strategy for protecting a water incompatible ring-opening polymerization (ROP) 

catalyst from the aqueous phase, yielding biodegradable polymer particles dispersed in water. The 

capsules containing the ROP catalyst and monomer are fabricated using a microfluidic device. 

Polymerization yields 300 μm sized particles comprised of biodegradable poly(δ-valerolactone) 

with molecular weights up to 19.5 kg mol-1. The success of this approach relies on simultaneous 

precise control of the kinetics of polymerization, the rate of mass transfer rates, and fluid 

mechanics. Ultimately the methodology was applied to the synthesis of crosslinked polymer 

particles through the copolymerization of bis(ɛ-caprolactone-4-yl)propane and δ -valerolactone, 

producing crosslinked poly(poly(δ -valerolactone) with molecular weights reaching 65.3 kg mol-

1. Overall, this encapsulation technique opens the door for the synthesis of biodegradable polymer 

latex and processable, biodegradable elastomers. 

 

3.2 Introduction 

The quest for biodegradable polymers has gained momentum over the past decades, 

motivated by an alarming accumulation of plastics in landfills and oceans.8,67 Despite the 

successful commercialization of many biodegradable thermoplastics targeted at substituting non-

degradable polymer, to date no alternative to widely used synthetic and non-biodegradable 
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polymer latexes have been developed.69,136–138 A polymer latex is characterized by polymer 

nanoparticles stabilized by amphiphilic emulsifiers dispersed in an aqueous phase. They account 

for 10% of the global annual polymer production and are traditionally synthesized through an 

emulsion polymerization process. 139–142 Polymer latex applications range from coatings,143,144 

adhesives,145,146 and drug delivery carriers.147–150 With such a vast range of products, the 

development of a technique to produce biodegradable polymer latexes would provide a unique 

opportunity to enhance the sustainability of the polymer industry.  

Biodegradable polymers and polymer latexes both possess excellent tunability in 

fabrication, but they have remained autonomous of one another due to the incompatibility of the 

polymerization method used to synthesize biodegradable polymers with water.5,151 Most 

biodegradable polymers are synthesized through a catalytic ring-opening polymerization (ROP) of 

aliphatic cyclic esters. The ester bond in the repeating unit makes the polymer susceptible to 

biological and hydrolytic degradation conferring its biodegradability.152,153 In industry, the ROP is 

traditionally performed under moderately anhydrous conditions as water can both deactivate the 

catalyst and act as an initiator; thus excess water severely limits the attainable molecular 

weight.154–156 In academia, despite the plethora of novel catalysts being developed, most new 

catalysts are presumed to be quickly and quantitatively deactivated by water, and thus are used 

under purely anhydrous conditions.12 This water reactivity has thus far categorically prevented the 

implementation of ROP in an aqueous environment, which would be essential for emulsion 

polymerization.68,157  

Miniemulsion polymerization has been successfully implemented for catalytic 

polymerizations using catalysts that are moderately compatible with water.70,71,158 The anionic 

ROP of high ring strain epoxides has been successfully performed using this technique, however, 
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the high water content limits the molecular weight of the polymer produced (Mn ≤730 g mol-1).159 

In the miniemulsion process, the catalyst and the monomer are combined with a hydrophobic 

solvent, and the mixture is dispersed into nanodroplets stabilized by a large amount of surfactant 

using high shear. The polymerization proceeds independently in each droplet to yield the desired 

nanoparticle dispersion. During the emulsification process, the catalyst/initiator is exposed to both 

water, which leads to deactivation, and to the monomer, which initiates polymerization.72 

Consequentially, the catalyst needs to be water-compatible and the polymerization needs to remain 

slow or completely stalled during the emulsification phase.73,74 For the ROP of cyclic esters, these 

two requirements have not been met to date, making it incompatible with the miniemulsion 

process.12 This limitation, as well as the vast potential for applications of biodegradable polymer 

latexes, motivated us to develop an alternative encapsulation strategy for performing the ROP in 

the presence of water.  

 

 
Figure 3.1: Droplet microfluidic encapsulation of water sensitive ring-opening polymerization 
catalyst. The combination of the fast polymerization and the controlled encapsulation of the 
catalyst allows the catalyst enough time to polymerize before water diffusion into the droplet can 
quench the reaction.  
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Our approach consists of utilizing a microfluidic encapsulation strategy where the 

dispersed phase, comprised of a monomer and a catalyst solution, is fed into a narrow tube to 

initiate polymerization, before meeting the immiscible continuous aqueous phase at a junction to 

form micrometer size droplets, Figure 3.1. The catalyst and monomer solutions are initially 

supplied from different syringes to prevent premature polymerization before entering the droplet-

generating device. The polymerization starts once the catalyst and monomer solutions come in 

contact and will continue within the droplet until water diffuses throughout the droplet and 

completely deactivates the catalyst. By design, the catalyst is supplied between the monomer 

streams to retain the catalyst in the core of the droplets, which is thought to provide more time for 

the catalyst to remain active before water quenches the polymerization. Water diffusion into the 

droplet directly limits the polymerization time. Therefore, this approach requires a fast ROP for 

the polymerization to produce a high molecular weight polymer before water completely 

deactivates the catalyst.  

This report outlines the engineering of a droplet based microfluidic device that facilitates 

encapsulation of the water sensitive catalyst, and allows, for the first time, ROP of synthetic 

biodegradable linear and partially crosslinked polymers in an aqueous dispersion. Our approach 

relies on the understanding of fluid mechanics, precise formulation of the polymerization solution, 

and control over ROP kinetics within the device and the subsequent droplets.   

 

3.3 Results and Discussion 

ROP Chemistry Selection  

The primary constraint for the success of the encapsulation approach is the selection of a 

catalyst system that provides a high rate of polymerization, as the time for the polymerization to 
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achieve completion before water diffuses throughout the droplet and deactivates the catalyst is 

finite. We opted to implement urea organocatalyzed ROP of cyclic esters, (Scheme 3.1) because 

this family of catalysts is known to exhibit fast kinetics and high selectivity.24,160 

 

Scheme 3.1: Urea anion catalysts for the ring-opening polymerization of δ-valerolactone and ɛ-
caprolactone.  

 

 

We opted to use δ-valerolactone (VL) and ɛ-caprolactone (CL) as our monomers for two 

reasons. First, they yield biodegradable polymers, and second, they are liquid at room temperature, 

which allows for the preparation of highly concentrated monomer droplets. At concentrations 

greater than 3 mol L-1, a slight increase in the polymer dispersity and viscosity was observed in 

batch polymerizations. To avoid pressure build-up or even clogging in the small dimeter tubing 

due to the high viscosity of the neat solution, we chose to operate at a monomer concentration of 

3 mol L-1 for all subsequent reactions in the flow system. Similarly, the catalyst/initiator solution 

was made as concentrated as possible; however, the solubility of the initiator, potassium methoxide 

(KOMe), is highly influenced by the ratio of the catalyst to the initiator. Urea (1) and Urea (2) 

could be solubilized with a ratio of initiator:catalyst:monomer of 1:3:200, while Urea (3) needed 

a 1:4:200 ratio. The high solubility of the catalyst and initiator is preferred in order to minimize 
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the amount of organic solvent as it remains in the final product. Under this concentration, we 

confirmed that Urea (1) and Urea (2) exhibit fast rates of polymerizations for VL, with complete 

conversion in less than 10 seconds in batch experiments, Figure Appendix A.1. Urea (2) was 

identified as a highly active catalyst for CL polymerization and VL/CL copolymerizations.50,161 

We will utilize this reactivity for synthesizing biodegradable elastomeric particles, vide infra. Urea 

(3) suffered from a few disadvantages, including slower polymerization kinetics for both 

monomers and a lower solubility compared to the other catalysts. Appendix A. Table A.1 

summarizes the batch polymerization results. Once we identified Urea (1) or Urea (2) as potential 

catalysts for our system, we proceeded to design the microfluidic device. 

 

Device Design 

To perform the ROP in droplets dispersed in water, we implemented a microfluidic device 

that generates an oil-in-water (O/W) emulsion using a co-flow geometry reactor constructed with 

commercially available components, Figure 3.2a.6,75–77 By exploiting the unparalleled control 

over droplet size and encapsulation efficiency intrinsic to droplet-based microfluidics,78–84 we 

hypothesized that we could protect the ROP catalyst from water, thus temporarily sustaining 

catalyst activity in the presence of water. The organic phase is comprised of two organic streams, 

the catalyst solution and the monomer solution that merge at a cross tee into a tube, which in turn 

is being dispersed in water. The choice of the cross tee, with two monomer streams surrounding 

the catalyst stream, at the inlet is deliberate, as it generates the first level of protection of the 

catalytic material. The inherent laminar flow of the fluid in the small dimeter, short channel ensures 

that the catalyst remains primarily in the center of our organic phase before droplet formation when 

a sheath flow of water is introduced since mixing in the tube occurs only via diffusion, Figure 
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3.3b. The diameter of the tubing after the cross tee plays an important role in the molecular weight 

and dispersity of the polymer produced.65,103,162 Upon reducing the inner diameter of the tubing 

from 304.8 µm to 177.8 µm, the diffusion length decreases, which increases the homogeneity of 

the polymerization solution. In turn, this increase in homogeneity results in an increase in 

monomer conversion and molecular weight, and a decrease in dispersity, Appendix A. Figure A.2. 

Therefore, the final device design utilizes the smallest ID tubing (177.8 µm) for the organic phase 

to ensure control over the monomer conversion, molecular weight, and dispersity of the polymer 

generated. The organic phase expels in the center of a glass capillary tube, in which the continuous 

water phase is supplied through a secondary tee and shears the organic phase into droplets. 

Appendix A. Figure A.3, provides a more detailed description. 

The surface-area-to-volume ratio of the droplet is presumed to greatly impact the 

polymerization time. A smaller sized droplet has a shorter diffusion path to the core of the particle, 

which would result in a faster quenching of the catalyst.119 The organic phase outlet tip sets a lower 

limit for droplet diameter as the tip shields the growing droplet from the shear force of the 

continuous phase.135 Thus, we chose a sufficiently large diameter to produce 300 µm droplets. This 

microfluidic design comprised of  “off-the-shelf” parts has a fixed reaction volume; thus the 

residence time (rt) can only be tuned by varying the flow rate.134 
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Figure 3.2: (A) Droplet-generating microfluidic device made from commercially available 
components. (B) Catalyst encapsulation within two streams of monomer and organic solvent. (C) 
Droplet (left) and fast quench (right) configurations of the microfluidic device 

 

To demonstrate that the polymerization proceeds in the aqueous phase after droplet 

formation, we must precisely determine the monomer conversion at the end of the organic phase 

outlet tip. Therefore, we ensured that we could operate our device in a second ‘fast quench’ 

configuration; instantaneously quenching the polymerization in a solution of acetic acid and THF, 

at the tip of the organic phase outlet while still being able to vary the polymerization time, Figure 

3.2c. After establishing the design of the microfluidic device, we then identified the appropriate 

formulation and flow rates to achieve excellent control over the size, shape, and homogeneity of 

the droplets and particles formed.119  
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Droplet Formulation and Flow Rates 

Three types of forces influence droplet generation in our system: viscous force, capillary 

force, and the dominating interfacial force. During droplet generation, the interface deforms 

significantly due to interfacial tension between the two phases, which results in necking, i.e. the 

interface fragmenting spontaneously and decaying into disconnected droplets.163 To determine 

droplet dynamics, such as fission or droplet break off, we leveraged the non-dimensionless 

capillary number (Ca), defined as Ca=µν/γ (where µ is the viscosity of the phase of interest, ν is 

the velocity of the phase of interest, and γ is the interfacial tension between the two phases), Figure 

3.3. Droplet formation requires precise control of each of the parameters in the capillary number, 

especially the interfacial tension.124 The interfacial tension of our dispersed phase increases with 

increasing monomer consumption. At low conversion, the interface between the organic and 

aqueous phase is miscible, and the surface tension is low, both of which prevent droplet formation. 

Therefore, we explored hydrophobic solvents that improve the immiscibility of the two phases and 

expand the range of flow rates for droplet formation. The standard polymerization conditions used 

to identify a compatible solvent were a 1:3:200 ratio of [initiator]:[catalyst]:[monomer], with a VL 

monomer concentration of 3 mol L-1. A series of batch polymerizations at room temperature 

identified toluene as a promising hydrophobic solvent, as it exhibited the fastest rate of living 

polymerization (full conversion within 10 seconds) and produced the highest molecular weight 

polymer (24 kg mol-1) among all solvents tested, Appendix A. Figure A.4.  
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Figure 3.3: Visual representation of the capillary number parameters and illustration of the desired 
dripping regime (A) and the undesirable jetting regime (B). 

 

The two other parameters that affect the Ca are velocity and viscosity. Flow velocity is 

easily controlled in our system by varying the flow rate of both the dispersed and continuous 

phases. Reliable droplet generation at the organic phase outlet tip with the chosen formulations, 

the combined flow rate of the two organic phases could not exceed 140 µL/min, which corresponds 

to a lower limit for the residence time (rt) of 5s. The viscosity is a more complicated parameter to 

control, since the viscosity of our dispersed phase is changing as a function of the rt. As the 

polymerization progresses the viscosity ratio between our two phases (i.e., λ=μd𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷d /μc𝐶𝐶𝐶𝐶𝑟𝑟𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷) 

is greater than 1.  Also, prior work has shown that the viscous stress of the dispersed phase can 

impact droplet production since it is difficult for the continuous phase to fragment the dispersed 

phase.128,129 This viscous stress makes the dripping-to-jetting transition very sharp, and the only 

way to remain in the dripping regime is to keep the flow rate ratio of the dispersed to continuous 

phases (i.e., Q=Qdispersed/Qcontinuous) low, particularly below 0.5 for our device geometry.164,165 After 

careful selection of flow rates and formulation, we were able to produce uniform droplets in flow 
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over a broad range of residence times (rt=5-21s). We used these flow rates and the formulation to 

perform the ROP in the microfluidic device. 

 

ROP in Fast Quench Configuration  

Before determining how much, if any, polymerization occurred in the dispersed droplet, 

we precisely determined the conversion at the end of the organic phase outlet tip. To do so, we 

operated the device in the ‘Fast Quench’ configuration, which allowed us to build a rt versus 

conversion ladder, Figure 3.4.  

 

 
Figure 3.4: Residence time ladder using the microfluidic device in the fast quench configuration 
with toluene as the hydrophobic solvent. Reaction conditions: [KOMe]:[urea]:[monomer] = 
1:3:200 and [monomer]0 = 3 M in THF at room temperature. Mw and Ɖ determined by PS 
calibrated GPC in THF. 

 

The molecular weight increases with rt, reaching 10 kg/mol and a conversion of 50% for a 

rt of 12 seconds. The process was stable as illustrated by the constant conversion achieved for 
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different flow rates over hundreds of residence times, Appendix A. Figure A.5. Compared to the 

batch polymerization, which reaches 100% conversion after 5s, polymerization in the flow device 

is significantly slower. Additionally, the molecular weight increases linearly with rt, which differs 

from batch experiments, Appendix A. Figure A.1. Both observations are indicative of the 

inhomogeneity of the reaction mixture in the tubular reactor. In our flow device, the monomer and 

catalyst streams are relying exclusively on diffusion to mix. The heterogeneous reaction is 

diffusion controlled, as the catalyst and initiator solution in the center of the stream is poorly 

soluble in the surrounding toluene and monomer. The poor solubility further slows down the 

homogenization of the solutions and thus the polymerization. While this difference in solubility 

and slow diffusion hampers polymerization, this difference aids in isolating the catalyst to the 

center of the droplets, thus delaying quenching by water.  

 

ROP in Droplet Configuration 

Using the same formulation and flow rates as in the fast quench configuration, we 

performed the ROP in the droplet configuration.  By design, we want to keep the monomer 

conversion low within the microfluidic device to maintain a low enough viscosity of the polymer 

solution to allow flow through the device without clogging, therefore we aimed for a rt less than 

30 seconds. While continuing to keep the flow rate ratio less than 0.2, flow rates enabling the 

formation of the droplets were extremely small. The total dispersed phase flow rate had to stay 

below 100 µL/min (or a rt greater than 10s) to obtain consistent droplet formation. At dispersed 

flow rates greater than 100 µL/min, the dispersed phase shifts into a jetting regime near the 

hypodermic needle tip before experiencing Rayleigh-Plateau instability and eventually forming 

droplets downstream, Figure 3.3b.124 The molecular weight of the polymer obtained in this jetting 
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regime was similar to the one obtained in the fast quench experiment at identical flow rates, Table 

3.1. We attributed this negative result to the jetting regime exposing more surface area to the 

aqueous phase before droplet formation, leading to faster quenching of the polymerization.  

 

 Table 3.1. Comparison of droplet reactor polymerization performance 

Reaction conditions: [KOMe]:[urea]:[monomer] = 1:3:200 and [monomer]0 = 3 M in THF at room 
temperature. All batch reactions were performed under anhydrous conditions and quenched with 
benzoic acid. a. Conversion determined by 1H NMR. b. Mw and PDI were determined by PS 
calibrated GPC in THF. c. Tergitol 1% was added to the continuous water phase. d. BCP 
crosslinker 0.5% added to the monomer streams.  

 

As mentioned earlier, the flow regime is directly related to the capillary number. The flow 

rates and viscosity are mostly set by the polymerization rate; therefore, we focused our attention 

on the difference in interfacial tension between the two streams. We hypothesized that we could 

extend the flow rates that produced the desired dripping regime by adding a surfactant in the 

aqueous phase. Indeed, in the presence of 1% of Tergitol in the aqueous phase, the droplet break-

Entry Configuration Water Time (s) X (%)a Mn, theor  

(g mol-1) 
Mwb 

(g mol-1) 
Ɖb 

1 Batch - 10 90 18,000 20,700 1.2 

2 Batch + 100 eq 120 0 0 0 - 

3 Fast quench No 10 26 5,200 7,700 1.3 

4 
Droplet 
jetting to 

dripping regime  
Yes 10 27 5,400 7,900 1.3 

5c 
Droplet  

dripping regime 
with surfactant 

Yes 10 55 11,000 13,800 1.6 

6d 
Droplet  

dripping regime 
with crosslinker 

Yes 10 N/A N/A 45,200 2.4 
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off at the hypodermic needle tip was sharp and consistent across a large set of residence times (5-

21 seconds), Video S1. In the presence of surfactant, the polymer formed in the droplet reached a 

molecular weight and conversion double that of the fast quench set-up. The clear difference in 

molecular weight of the polymer formed between the droplet regime and the fast quench 

demonstrates that polymerization proceeds in the droplet (Table 1, entry 5).  

Interestingly, the dispersity of the polymer obtained in the droplet configuration is broader 

than in any other set-up with an asymmetrical distribution skewed towards lower molecular 

weight, Appendix A. Figure A.6. This asymmetrical distribution is consistent with the absence of 

chain transfer and the slow quenching of the polymerization caused by the diffusion of water, 

further validating that the polymerization proceeded in the droplet. We confirmed this result by 

performing a systematic study where the molecular weight of the polymer synthesized at several 

residence times was compared between the fast quench and droplet configuration. At each tested 

rt, the droplet encapsulation technique produced higher molecular weight polymers compared to 

fast quench, Figure 3.5. This higher molecular weight demonstrates, for the first time, successful 

ring-opening polymerization of biodegradable cyclic esters in an aqueous dispersion. 
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Figure 3.5: Comparison between the molecular weight of polymer produced using the fast quench 
and droplet generation configuration Reaction conditions: [KOMe]:[urea]:[monomer] = 1:3:200 
and [monomer]0 = 3 M in THF at room temperature. Mw determined by PS calibrated GPC in 
THF. Fast quench configuration: quenching solution is acetic acid. Droplet generation 
configuration: Tergitol 1% added to the continuous water phase. 

 

To demonstrate the benefit of performing a ROP in dispersion, we aimed to synthesize 

biodegradable elastomer particles by introducing a crosslinking monomer within the dispersed 

phase. We chose bis(e-caprolactone-4-yl)propane (BCP), because this crosslinker is compatible 

with the urea organocatalyzed ROP.92,166 We maintained the polymerization conditions used 

above, but the catalyst was switched from Urea 1 to Urea 2 to allow for the copolymerization of 

the VL monomer with the CL-based crosslinker. Slight modifications to the device were made to 

prevent increased pressure and potential clogging from the higher viscosity of the crosslinked 

polymer solution, see Appendix A. Figure A.8 for more details. The addition of a 0.5% loading of 

BCP led to a dramatic increase in molecular weight to 45.2 kg mol-1 in 10 seconds, Table 1 entry 
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6. The dispersity of the resulting polymer simultaneously increased to 2.4, consistent with the 

presence of crosslinking. When comparing the fast quench to droplet configuration for a range of 

rt between 5-13 seconds, the polymer obtained from the droplet polymerizations showed higher 

molecular weight for every flow rate tested, Appendix A. Figure A.10. After increasing the loading 

of the BCP to 1% we produced crosslinked particles with a molecular weight of 65.3 kg mol-1 and 

a dispersity of 2.6, Appendix A. Figure A.9. The crosslinked polymer droplets still contained the 

hydrophobic solvent, toluene, and therefore were not robust solid particles. The addition of 

methanol to the collection vessel allowed the toluene to diffuse out of the droplets into the aqueous 

phase, in turn, creating solid particles, Video S2. Through the introduction of the crosslinker BCP, 

we were able to expand the use of the encapsulation technique to produce crosslinked 

biodegradable materials in flow.  

 

3.4 Conclusions 

With the development of this encapsulation technique for water-sensitive ring-opening 

polymerization catalysts, we have demonstrated, for the first time, ROP in an aqueous dispersion, 

as well as the generation of crosslinked biodegradable elastomer droplets in flow. Through device 

design and understanding of fluid mechanics, we were able to encapsulate the water-sensitive urea 

organocatalysts in between monomer and hydrophobic solvent. The heterogeneous polymerization 

protected the urea catalyst from the aqueous phase, allowing polymerization to proceed while in 

the aqueous phase. The droplet ROP encapsulation was able to produce a maximum molecular 

weight of 20.6 kg mol-1 compared to the fast quench configuration maximum of 15.3 kg mol-1. 

This encapsulation technique offers a wide variety of tunability of the polymer particles produced. 

To illustrate this, we introduced a crosslinking monomer into the formulation to produce 
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biodegradable elastomer particles. The molecular weight of the resulting elastomer droplets 

reached a maximum of 65.3 kg mol-1 with a dispersity of 2.6, confirming the that crosslinking had 

occurred. These particles can then be isolated and processed similarly to non-biodegradable 

coagulated latex (e.g., styrene butadiene rubber and natural rubber) offering a sustainable 

alternative to the accumulation of non-biodegradable thermoset based objects in landfills. Further 

work into the functionalization of these particles for more advanced applications could further a 

diverse field of research, including coatings, drug delivery, and biomedical applications.  



2 This chapter has been adapted from the following publication: Harrier, D. D.; Guironnet, D. Design Rules for 
Performing Water-Sensitive Ring-Opening Polymerizations in an Aqueous Dispersion. Polym. Chem. 2022. 
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CHAPTER 4: Design Rules For Performing Water-Sensitive Polymerizations in an 

Aqueous Dispersion 2 

4.1 Chapter Overview 

The water sensitivity of ring-opening polymerizations (ROP) prevents any polymerization 

technique using water as a solvent which ultimately sets a limit on the polymeric material 

accessible. We implement a droplet microfluidic encapsulation strategy to create polyester and 

polyether particles dispersed in water. In this work, we systematically investigated the process and 

formulation parameters that govern the stability of the micro-droplets during generation, flow, and 

collection. More specifically, we tune droplet viscosity, surface tension, and hydrophobicity 

through the addition of amphiphilic block copolymers (ABC) and hydrophobes to further shield 

the ROP catalyst in the aqueous dispersion. The increased catalyst stability ultimately results in 

higher monomer conversion and higher molecular weight polymer.  We subsequently show that 

by changing the ABC composition, we can further tune the ROP reaction time. Finally, we applied 

the encapsulation technique and formulation optimization to perform another water-sensitive ROP 

in an aqueous dispersion. Utilizing our design rules to tune the viscosity and surface tension of the 

droplets, we successfully synthesized polyether particles dispersed in water. Overall, we 

demonstrate the power and versatility of the encapsulation methodology and establish the 

fundamental guiding principles to encapsulate water-sensitive polymerization catalysts to yield 

spherical polymer particles dispersed in water. 

 

4.2 Introduction  

The process used to produce a polymer is known to impact the final properties of the 

material. For example, polystyrenes synthesized via solution polymerization versus suspension 
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polymerization have different material properties and thus are used for different applications (e.g., 

expanded polystyrene and high impact polystyrene).167–169 Suspension polymerization is a process 

that uses mechanical agitation to generate monomer droplets suspended in a nonsolvent. The 

polymerization occurs within the monomer droplets, and the liquid phase outside of the droplets 

provides temperature and viscosity control allowing the polymerization to reach high molecular 

weight. Water is a very common continuous phase for suspension polymerizations as it is 

economical, environmentally friendly, and has extremely low solubility in most synthetic 

polymers.170,171 Aqueous suspension polymerization, however, is incompatible with water-

sensitive chemistries like the ring-opening polymerization (ROP) of cyclic monomers (e.g., ester 

and ether), with the exception of ring-opening metathesis polymerization (ROMP).12,18,160,172,173  

In previous work, we encapsulated water-sensitive ROP catalysts via droplet-based microfluidics, 

which temporarily shielded the catalyst and allowed polymerization to proceed in an aqueous 

dispersion.127  

The microfluidic encapsulation strategy separately supplies a catalyst solution and a 

monomer solution in a hydrophobic solvent, which are fed into a narrow tube where the 

polymerization starts before meeting the immiscible continuous aqueous phase at a co-flowing 

junction to form micrometer-sized droplets, Figure 4.1a. By supplying the catalyst solution 

between two monomer streams, we ensure that the hydrophobic solvent and monomer surround 

the catalyst to protect the catalyst during droplet formation. The device can operate in both a 

droplet generating orientation and a ‘fast quench’ orientation, Appendix B. Figure B.1. The fast 

quench configuration allows us to precisely determine the reaction extent at the end of the 

hypodermic tubing outlet tip responsible for droplet generation for each flowrate before droplet 

formation. This technique allows us to access particles that could not be directly synthesized using
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any other polymerization technique, specifically we will show production of spherical crosslinked 

polyester127 and polyether particles in flow.174    

To further expand this methodology to other water-sensitive ROP chemistries, we sought 

to understand the parameters enabling control of the rate of water diffusion. A slower rate of water 

diffusion would equate directly with a longer polymerization time and thus higher monomer 

conversion and polymer molecular weight. From our previous studies, we revealed that the 

addition of a nonionic surfactant to the aqueous phase led to both increased consistency in the 

droplet formation and minimized coalescence of the droplets during collection. Both observations 

appeared vital to the success of the methodology as any perturbation of the droplets during 

generation or collection would decrease the amount of time the catalyst has to polymerize before 

water diffusion into the droplet resulting in catalyst deactivation. Herein, we focus on probing and 

altering the two most important droplet generating parameters (i.e., the viscous and interfacial 

forces). By changing the viscous and interfacial forces through the formulation of the organic 

phase, we hypothesized that we would slow the diffusion of water into the droplet and, therefore, 

extend the catalyst’s lifetime in the aqueous dispersion. The encapsulation methodology lets us 

easily tune droplet viscosity, surface tension, and hydrophobicity by adding amphiphilic block 

copolymers (ABC) and hydrophobes within the polymerization solution, Figure 4.1b. We will 

explore the organocatalyzed ROP of δ-valerolactone with urea anion catalyst to form 

microparticles. The design rules we develop show how changing the ABC loading and 

composition can change the water-sensitive ROP catalysts’ polymerization activity in an aqueous 

phase. Finally, we expand the encapsulation methodology to include another water-sensitive ROP 

system to demonstrate the versatility of this methodology. We will show the ROP of propylene 
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oxide catalyzed by a frustrated Lewis pair (phosphazene + organoboranes) with and without 

crosslinker to form polyether microparticles. 

 

 

Figure 4.1: a) Schematic of the droplet-based microfluidic device, where the monomer and 
catalyst streams are separately supplied until they reach the cross-tee. The ROP is initiated within 
the reactor volume until coming in contact with the immiscible water phase and shearing off into 
droplets. b) After droplet generation, water begins to diffuse into the droplet microreactor, 
consequently quenching the ROP catalyst. As more water diffuses into the droplet, catalyst activity 
decreases. The amphiphilicity of the ABC added in the monomer phase allows its migration to the 
droplet interface, stabilizing the droplet.  

 

4.3 Results and Discussion 

Formulation and Fluid Dynamics 

The droplet-based microfluidic device we implement is a co-flow geometry reactor 

constructed with all commercially available components and generates an oil-in-water (O/W) 

emulsion of 300μm sized droplets.127 Appendix B. Figure B.2 provides a detailed description of 

the device. The choice of microfluidics as the encapsulation method allows great control over 

encapsulation efficiency and homogeneity in droplet size. The droplet formation is influenced by 

four forces, including viscous, interfacial tension, inertia, and buoyancy. Because flow velocities 

are relatively low (uL/min-mL/min) and the surface to volume ratio is high for micron-sized 
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droplets, gravity and inertia forces become insignificant.120 Thus, we are left with viscous and 

interfacial tension as the two main forces that influence droplet dynamics.175 The viscous stresses 

at the tip of the needle act to elongate the interface before droplet formation, whereas the surface 

tension attempts to minimize the surface area. These two forces are best expressed by the Capillary 

number 𝐶𝐶𝐷𝐷 = 𝜇𝜇 𝑈𝑈
𝛾𝛾

 (viscous/interfacial), where μ is viscosity, U is flow velocity,  and γ is interfacial 

tension.176  

To control droplet generation, breakup, coalescence, and mixing, we can tune each of the 

parameters in the Capillary number individually to see its effect on polymerization progress in the 

aqueous phase. Firstly, we looked at velocity (U), which is the most straightforward parameter to 

control via the flow rates (Q). For consistent catalyst encapsulation within microdroplets, we must 

operate in a dripping regime, where the droplet pinches off near the organic phase outlet tip before 

the droplet fills the cross-section of the outer capillary channel. The organic phase intrudes into 

the outer capillary, where the aqueous phase is continuously flowing. The droplet begins to form 

under the competition of interfacial tension, drag force, and momentum force. As the droplet size 

increases, the flow of the aqueous phase is obstructed and the drag force induced by the outer phase 

increases, which elongates the droplet and eventually leads to droplet break-off. The point at which 

the droplet breaks off is dependent on the flow rate ratio (i.e., Q=Qdispersed/Qcontinuous). The use of 

syringe pumps allows precise control over the flow rates, which is paramount because if the flow 

rate of the continuous phase is too high (Q<<1) droplet forms in the jetting regime. Droplets 

formed in the jetting regime are less desirable as they are less uniform because droplet breakup is 

erratic, and the jetting stream exposes more surface area to the aqueous phase before droplet 

formation,177 leading to faster quenching of the polymerization, Appendix B. Figure B.3a. On the 

other hand, when the continuous phase flow rate is too low (Q>1), the flow regime shifts to the 



 
60 

slug regime, where the droplet fills the width of the outer capillary channel. The interaction 

between the capillary tube wall and droplet perturbs the interface. This perturbation induces 

mixing and, therefore, would increase the diffusion of water into the droplet, Appendix B. Figure 

B.3b.178–180 For this geometry to operate in the dripping regime, we keep the flow rate ratio 

between 0.3 and 0.5. 

Next, we look at optimizing the interfacial tension (γ). In the dripping regime, the shear 

force acts against the interfacial force. The addition of a surfactant, which contains hydrophobic 

and hydrophilic portions, lowers the surface tension at the interface between the two immiscible 

phases.181,182 Thus, during passive droplet formation, surfactants are transported to the interface, 

where they stabilize the droplets against coalescence.183  Previously, we found that a 1 wt% 

Tergitol loading to the aqueous phase was sufficient to improve droplet formation and prevent 

coalescence during flow and collection. However, we found that when an insufficient amount of 

surfactant was added to the system, we only produced droplets in a small area of flow rates, and 

most process conditions were producing droplets in the jetting regime. Alternatively, when an 

excess of surfactant was added, the droplets would break apart into smaller droplets during flow 

and coalesce during collection. Thus, relying solely on the addition of surfactant to the aqueous 

phase is insufficient to improve droplet formation without detrimental changes to the flow regime.  

Lastly, we looked at the role of viscosity. We hypothesized that if we increased the 

viscosity of the droplet, we could increase the stability of the droplet during collection. The 

viscosity of the organic phase has a positive correlation to the extent of the ROP. As the residence 

time within the reactor volume increases, the polymerization conversion and the resulting 

continuous phase viscosity increase concurrently. As the mass concentration of polymer in the 

droplet increases, there is an increase in the fluid viscosity and shear resistance. If we change the 
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viscosity of the solution through the change of formulation, we will also change the droplet 

generation dynamics.184 Therefore, the force required for droplet break-off increases. With this in 

mind, we looked towards changing the formulation of the organic phase through both the 

interfacial tension and viscosity. Ultimately, we opted to add an amphiphilic block copolymer to 

the dispersed phase, which would both increase the viscosity of the organic phase and alter the 

surface tension between the two phases leading to clean and consistent droplet formation, Figure 

4.2. 

 

 

Figure 4.2: Through formulation and fluid mechanic optimization, droplet formation shifts from 
the undesirable jetting regime to the desirable dripping regime. 

 

Urea Anion ROP Chemistry and Amphiphilic Block Copolymers 

We focus the encapsulation methodology on urea anion catalysts which perform the ring-

opening polymerization (ROP) of cyclic esters to yield biodegradable polymers, Scheme 

4.1a.12,30,160 The extreme water sensitivity of this polymerization allows us to easily see how the 

changes in the parameters affect the stability of the catalyst within the micro-droplets. 

Additionally, this catalytic system has been shown to exhibit fast kinetics (full conversion X > 
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90% in t<10 s) for several cyclic esters.47,50,161 The success of the methodology relies on the high 

rate of polymerization to compete with the rate of water diffusion into the droplets. The faster the 

polymerization is, the better the chance of seeing polymerization progress before complete catalyst 

quenching via water diffusion. The choice of δ-valerolactone as the monomer is deliberate as it is 

a liquid monomer, which affords operation at high monomer concentrations with less solvent.  

 

Scheme 4.1: a) The urea anion catalyst ring-opening polymerization of δ-valerolactone with the 
addition of amphiphilic block copolymers. b) Synthetic scheme for organocatalytic ROP of block 
copolymers poly(ethylene glycol)- poly(valerolactone) (PEG-PVL) and poly(ethylene glycol)-
poly(caprolactone) (PEG-PCL). Structure of purchased Pluronic (PEG-PPG-PEG). 

 

 

We synthesized two ABCs with different polyester blocks, including poly(ethylene 

glycol)-poly(caprolactone) (PEG-PCL)185 and poly(ethylene glycol)- poly(valerolactone) (PEG-

PVL)186, and purchased a Pluronic (PEG-PPG-PEG), Scheme 4.1b. A table listing the ABC 
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molecular weights and block lengths can be found in Appendix B. Table B.1. Before transferring 

the chemistry to the microfluidic device, we first tested the compatibility and impact of the ABCs 

on the urea anion catalyzed polymerization of δ-valerolactone. We found that even at an excess 

loading of 2 wt%, there was little to no effect on the polymerization kinetics in batch for PEG-

PVL, PEG-PCL, and the Pluronic Appendix B. Figure B.5.  

 

Amphiphilic Block Polymer Loading Impact on Catalytic Activity 

We chose the Pluronic (14 kg mol-1) to build the ABC loading ladder and identify the 

optimal ABC loading to the monomer solution. The optimal loading of Pluronic would produce a 

large range of residence times in the droplet regime without clogging the device. If the viscosity 

increases too much due to the progress of the ROP and the addition of the Pluronic within the 

solution, it can lead to significant pressure build-up within the smallest internal diameter in the 

device and result in clogging or stalling of the pumps. By placing the Pluronic in the monomer 

phase, the amphiphilic molecule is added at the outer shell of the organic droplet and thus closer 

to the interface organic/water interphase, where it decreases the droplet's surface tension. At a 

loading below 0.25 wt% of Pluronic in the dispersed phase, we could not produce droplets in the 

dripping regime. At loadings higher than 1 wt%, the device would experience clogging at the 

longer residence times. Therefore, we focused the loadings in between those bounds. To measure 

the success of the ROP protection from the aqueous phase, we compared the monomer conversion 

(using gas chromatography, GC) and the polymer molecular weight (using gel permeation 

chromatography, GPC) obtained from both the fast quench and droplet samples.187 Using a GC to 

determine the conversion of the monomer in the biphasic mixture was not trivial as we had to 

ensure that the biphasic aliquots were homogeneously dissolved in the GC solvent. We use THF 
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as the main solvent and decane as the internal standard.  A detailed description of the polymer 

product analysis can be found in Appendix B.  

First, we confirmed that the addition of the Pluronic has no adverse effect on the ROP in 

flow. To do this, we operated the device in the ‘fast quench’ configuration and compared the 

different loadings to a control with no Pluronic in the solution, Figure 4.3a,c. Both the polymer’s 

molecular weight (GPC) and monomer’s conversion (GC) data agreed that the addition of the 

Pluronic did not slow down the polymerization, as similar molecular weight polymers and 

conversion were obtained within the device at each residence time for all the loadings.  

 

  
 
Figure 4.3: Figure showing the effects of Pluronic loading (0.25 wt%-1 wt%). a) GPC data  
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 Figure 4.3: (cont.) for the Pluronic loadings during fast quench into acetic acid. b) GPC data for 
Pluronic loadings during droplet formation, using water as the continuous phase. c) GC data for 
Pluronic loadings during the fast quench, using decane as an internal standard. d) GC data for 
Pluronic loadings during droplet formation, using decane as an internal standard.  
 

Next, we operated the device in the droplet generating configuration at each of the Pluronic 

loadings. We observed a positive correlation between the molecular weight and conversion 

attainable at each residence time with the increase in Pluronic loading from 0.25 wt% to 1 wt%, 

Figure 4.3b,d. For example, at the longest residence time ~12.5s, the conversion attainable with 

an ABC loading of 0 compared to 1wt% leads to an increase from 22% to 42%, respectively. The 

maximum molecular weight attainable was tripled with the addition of the 1 wt% loading 

compared to the 0 wt% control (14.6 kg mol-1 to 45.3 kg mol-1). These results confirmed that we 

temporarily shielded the water-sensitive ROP catalyst from the aqueous phase by tuning the 

Pluronic loading to the organic phase allowing the ROP to proceed while in the aqueous dispersion.  

 

Amphiphilic Block Copolymer Composition Impact on Catalytic Activity  

After demonstrating that the loading of the Pluronic in the organic phase played a role in 

catalyst protection, we investigated whether the ABC chemical composition also affects the final 

molecular weight and conversion attainable in the droplet. First, we confirmed that neither the 

PEG-PVL nor PEG-PCL adversely affected the ROP kinetics in the ‘fast quench’ configuration at 

the optimal 1 wt% loading found previously, Figure 4.4a,c. Similarly, as residence time increases, 

there is a steady increase in molecular weight (GPC) and conversion (GC) for all the ABC 

implemented in the flow device. Therefore, we concluded that the composition of these three 

ABCs did not negatively affect the ROP kinetics while in the device.  
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Figure 4.4: Figure showing the effects of ABC composition, comparing PEG-PVL, PEG-PCL, 
and Pluronic at 1 wt% loading. a) GPC data for the different ABC compositions during fast quench 
into acetic acid. b) GPC data for the different ABC compositions during droplet formation, using 
water as the continuous phase. c) GC data for the different ABC compositions during the fast 
quench, using decane as an internal standard. d) GC data for the different ABC compositions 
during droplet formation, using decane as an internal standard.  

 

Next, we compared the impact of the three different ABC compositions on the ROP within 

the droplets.  We observed a difference in the conversion and the ultimate polyester molecular 

weight between the three ABCs, Figure 4.4b,d. The Pluronic outperforms the two di-blocks, while 

PEG-PCL seems to perform slightly better than PEG-PVL at higher residence times. We 
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tentatively attributed this difference in performance to the difference in the hydrophilic-lipophilic 

balance values (HLB) between the ABCs used, Table 4.1.  

 

Table 4.1: Composition comparison between amphiphilic block copolymers 

Composition Mw(a) 
Hydrophobic/
Hydrophilic 
repeating unit 

HLB 

Pluronica 14600 0.16 16.5 

PEG-PCL 13300 0.71 7.08 

PEG-PVL 6500 0.74 6.12 

 

(a) Mw was determined by GPC in THF at 40°C versus polystyrene standards. a) Pluronic 
purchased from Sigma Aldrich. PEG-PCL and PEG-PVL synthesized 

 

We conjecture that the larger amount of hydrophilic repeating units of the Pluronic 

increases the amount of hydrophilic units that migrate to the aqueous/droplet interface. The 

amphiphilicity of the ABC can lower the surface tension of the droplets during droplet generation 

and flow, which would lead to higher droplet stability and increased catalyst protection. The HLB 

for non-ionic surfactants takes into account the molecular weight of the hydrophilic portion of the 

molecule (Mh) and the molecular weight of the whole molecule (M), 𝐻𝐻𝐻𝐻𝐻𝐻 = 20 × 𝑀𝑀ℎ
𝑀𝑀

. As you 

increase the HLB of the ABC from 0 to 18 you shift from a hydrophobic/oil-soluble molecule 

(HLB~0-6) to a water-dispersible molecule (HLB~6-9) and finally to a hydrophilic/water-soluble 

molecule (HLB~8-18).188–190 The PEG-PVL, PEG-PCL, and Pluronic, therefore, fall into the oil-

soluble, water-dispersible, and water-soluble categories, respectively. The Pluronic, which 
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performs the best, has an HLB consistent with surfactants utilized as oil/water emulsifying agents. 

Since we are generating an oil/water dispersion, it is consistent that the micro-droplets and 

subsequent dispersion are most stable with the Pluronic as the ABC versus the other two 

compositions. As mentioned previously, the stability of the droplet during generation, flow, and 

collection is paramount to the success of the process. Any perturbation of the droplet throughout 

its formation could increase the rate of transport of water into the droplet and lead to faster catalyst 

quenching. Overall, these experiments revealed that the composition of the ABC impacts the 

catalyst protection efficiency, which affects the catalyst activity within the droplet before 

quenching.  

 

Addition of Hydrophobes to Micro-Droplet Formulation  

After seeing the dramatic increase in ROP stability that the Pluronic ABC gave to the ROP 

chemistry, we wanted to investigate whether adding a superhydrophobe to the dispersed phase 

formulation increased the conversion in the micro-droplets. The rationale behind adding a 

superhydrophobic agent to the reaction mixture was that it would further prohibit the diffusion of 

water into the micro-droplet and extend the reaction time before catalyst quenching. We probed a 

series of superhydrophobic solvents (hexane, silicon oil, and hexadecane) that were miscible with 

the starting reaction solution to determine which did not negatively affect the ROP kinetics. 

Ultimately, we chose hexadecane as our superhydrophobic agent because we found that the 

organic solution was transparent and homogenous, and the ROP reached high molecular weight 

and conversion in under 30 seconds in batch. The addition of hexadecane in batch was shown to 

not affect the ROP kinetics at 0.4M, Appendix B. Figure B.7.  
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However, once we added the hexadecane into the flow reactor with the same reactant 

concentrations as in previous experiments, we observed a deviation from the stable increase in 

molecular weight and conversion in the fast quench with the addition of 1 wt% Pluronic, Figure 

4.5a,c. The significant decrease in rate in the fast quench set-up was further observed in the droplet 

configuration with and without the addition of Pluronic to the trials containing the hydrophobe, 

Figure 4.5b,d.  During droplet formation, we noticed that there were precipitants already forming 

inside of the droplet as the solution was exiting the outlet tip. We postulate that both the Pluronic 

and polymer resulting from the ROP have poor solubility within the hexadecane and therefore are 

crashing out of the solution.  
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Figure 4.5: Figure showing the effects of superhydrophobic hexadecane addition at 0.4M with 
and without 1 wt% loading of Pluronic. a) GPC data for the addition of hexadecane with and 
without Pluronic during fast quench into acetic acid. b) GPC data for the addition of hexadecane 
with and without Pluronic during droplet formation, using water as the continuous phase. c) GC 
data for the addition of hexadecane with and without Pluronic during the fast quench, using decane 
as an internal standard. d) GC data for the addition of hexadecane with and without Pluronic during 
droplet formation, using decane as an internal standard. 

 

Even though decreasing the polarity of the organic phase through the addition of the 

hydrophobe proved to be unsuccessful in this case, it highlighted an important constraint for this 

methodology. Specifically, we learned that we must ensure that the reactants, ABC, and the 

polymer product are soluble within the hydrophobe chosen. Further investigation into other 
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superhydrophobes in the system is needed to assess whether or not they have the potential to 

decrease water diffusion into the micro-droplets for enhanced catalyst protection efficiency from 

the aqueous phase.  

 

Encapsulation of ROP Epoxide Catalysts  

To demonstrate the robustness of the design rules, we aimed to expand polymerization 

techniques in a different water-sensitive catalyst system.159 Specifically, we applied the micro-

droplet encapsulation methodology to the ROP of epoxide catalyzed by a frustrated Lewis pair 

(phosphazene + organoboranes).191–194 We performed the ROP of propylene oxide (PO) with 

octanol as the initiator, phosphazene base (P2-t-Bu) and triethyl borane (Et3B) as co-catalysts, 

Scheme 4.2. We opted for this polymerization chemistry as we hypothesized that it could yield 

high molecular weight polymers within seconds.   

 

Scheme 4.2: a) The ring-opening polymerization of propylene oxide via phosphazene base (P2-t-
Bu) and triethyl borane.  

 

 

We first attempted to identify the loading of the catalysts and concentration of the PO to 

achieve fast kinetics in batch. However, the high rate of polymerization targeted also equated with 

a highly exothermic reaction due to the high heat of polymerization of epoxides.195 Therefore, we 

utilized the microfluidic flow system to safely assess different catalyst loadings and monomer 

concentrations as the long microfluidic reactor could absorb the heat released by the 
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polymerization. Additionally, we immediately quenched the solution as it exits the outlet tip in the 

fast quench configuration and through the water diffusion into the micro-droplets. To further 

enhance the safety of the experiment, we slightly modified the microfluidic flow system to prevent 

any possible backflow of the catalyst solution into the monomer reservoir, Appendix B. Figure 

B.8. More information on the modifications can be found in the Appendix B. This set-up led us to 

safely identify a formulation that delivers the fast kinetics necessary to compete with water 

diffusion during droplet formation. The final formulation utilized a monomer loading of 4M and 

an initiator:base:borane:monomer ratio of 1:3:16:100. 

 

 

Figure 4.6: A) Fast quench (FQ) vs droplet (D) conversion for the ROP of PO with 1 wt% Pluronic 
B) FQ vs D conversion for the ROP of PO with 5 wt% Pluronic 

 

We then verified that there are no negative effects on the reaction kinetics with the addition 

of the pluronic to the formulation Figure 4.6a. Next, we performed the polymerization in the 

droplet configuration, and we saw a similar increase in the extent of the reaction for each of the 

residence times compared to the fast quench results, for example at rt = 9.5s the conversion in fast 
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quench compared to droplet was 17.1% to 23.5%, respectively. This slight increase in conversion 

was indicative that the droplets were providing some catalyst protection; however, we aimed to 

further increase the extent of reaction happening within the dispersion to validate that 

polymerization does continue in the aqueous phase. Based on the design principles we developed, 

we postulated that an increase in viscosity or an increase in ABC loading would enhance the 

stability of the droplet, which would lead to a greater extent of reaction in the dispersion. The first 

formulation modification intended to increase the viscosity of the polymer attained after droplet 

formation by adding a crosslinker, 1,4-Butanediol diglycidyl ether. With the addition of 1wt% 

crosslinker, we saw a rapid increase in viscosity after the 10s residence timepoint, which resulted 

in clogging within the device. Therefore, we operated between 2-10s to avoid clogging when 

adding the crosslinker. With the addition of the crosslinker, we saw an increase in conversion at rt 

= 9.5s from 26% in the fast quench to 41% during droplet generation, Appendix B. Figure B.9. 

By introducing the crosslinking molecule, we increased the maximum conversion and molecular 

weight attainable in the dispersion.  

The second formulation modification is intended to increase both the viscosity and 

decrease surface tension by increasing the ABC loading from 1 to 5 wt%. This formulation showed 

the largest catalyst stability enhancement in the dispersion illustrated by an increase in conversion 

from 17.6% to 40.3% at rt=9.5s, Figure 4.6b. Both these experiments further demonstrated the 

validity and robustness of the developed design rules. Through simple formulation optimization, 

we altered the viscosity and surface tension of the organic phase, which directly lead to an increase 

in catalyst stability and subsequently increased reaction extent. From our deep understanding of 

the role that viscosity and surface tension play on the stability of the droplet during generation, 

flow, and collection, we were able to temporarily shield a new water-sensitive catalyst and 
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promote, for the first time, the ROP of PO in an aqueous dispersion. Additionally, we confirmed 

that the micro-droplet encapsulation methodology can be applied to other water-sensitive catalytic 

systems, which can increase catalytic activity within an aqueous dispersion. 

 

4.4 Conclusions 

In conclusion, we have implemented a droplet encapsulation strategy on two water-

sensitive ring-opening polymerizations to successfully polymerize 300μm size polyester and 

polyether particles in an aqueous dispersion. The encapsulation resulted in increased catalytic 

activity over our previous results owing to a systematic study probing the two most important 

droplet parameters, the viscous and interfacial forces. We assessed the addition of three 

amphiphilic block copolymers (PEG-PVL, PEG-PCL, and Pluronic) and a hydrophobe 

(hexadecane) and their effectiveness in improving particle formation and control leading to 

enhanced catalyst protection from the aqueous phase. We established that an increase in the 

loading of a Pluronic ABC resulted in an increase in catalytic activity. The 1 wt% Pluronic loading 

led to the highest molecular weight (45.3 kg mol-1) and conversion (X=42%) compared to the 0 

wt% loading (Mw= 14.6 kg mol-1 X=22%). Next, we showed that the composition of the ABC 

affects the catalyst protection efficiency. As the hydrophobic to hydrophilic repeat unit ratio 

increases, there are fewer hydrophilic units capable of assembling at the droplet interface, which 

would prevent the decrease in surface tension and therefore decrease droplet stability. Similarly, 

as the hydrophilic-lipophilic balance value increased we saw an increase in consistent droplet 

formation and stability during collection. The Pluronic which had the most hydrophilic repeating 

units and the largest hydrophilic-lipophilic balance was shown to best stabilize the oil/water micro-

droplets in the aqueous dispersion leading to the highest monomer conversion. Next, we 
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investigated whether adding a superhydrophobe, hexadecane, would decrease or slow water 

diffusion into the micro-droplets. However, we found that the ABC and resulting polymer from 

the ROP would precipitate out of the solvent at the detriment to the catalytic activity.  

Finally, we highlighted the versatility of the micro-droplet encapsulation methodology by 

expanding to another water-sensitive polymerization. Specifically, we performed the ROP of 

propylene oxide via an organic Lewis-Pair catalyst system. Through our deep understanding of the 

role that viscosity and surface tension play on droplet dynamics, we optimized the formulation to 

achieve a monomer conversion 20% higher within the microdroplets than in the fast quench. These 

results highlight that the off-the-shelf droplet-based microfluidic device and encapsulation 

methodology have the potential to be compatible with any fast water-sensitive polymerization.  
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CHAPTER 5: Expanding Biodegradable Elastomer Particles To Controlled Drug Delivery 

5.1 Chapter Overview  

Controlled drug delivery offers many advantages over conventional dosage forms, 

including improved convenience, reduced toxicity, and improved efficacy. The use of polymers 

for drug delivery systems comes with many advantages due to their tunability and wide range of 

physical, chemical, and mechanical properties. Herein, I will introduce controlled drug delivery 

and the benefits of utilizing polymer-based delivery systems. Then I will focus on synthetic 

biodegradable polymers, specifically polyesters, and their drug release kinetics and degradation 

mechanisms (i.e. surface or bulk degradation). Next, I will introduce our methodology for 

expanding the applications of our crosslinked biodegradable elastomers to tune the drug release 

profiles. Three polymer-based particles are proposed to show the effect of dispersed drug release, 

tethered drug release, and crosslinked/tethered drug release. The preliminary results show that the 

drug release kinetics can be improved by tethering and encapsulating the drug within our 

biodegradable elastomer droplets.  

 

5.2 Introduction Controlled Drug Delivery and Biodegradable Polymers 

Controlled drug release systems have improved modern treatments by reducing the number 

of drug administrations, eliminating the need for specialized drug administration, and increasing 

therapeutic activity compared to the intensity of side effects.196–198 A large number of current drugs 

benefit from controlled release, including antiinflammatories, immunosuppressants, steroids, 

hormones, anesthetics, vaccines, antibodies, and chemotherapeutics.199–202 The use of polymers-

based drug delivery systems has proliferated since synthetic polymers can be synthesized with 

various physicochemical properties.203,204 Molecular weight, composition, (e.g. hydrophobicity 
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and surface charge), crystallinity, and biodegradability are critical physicochemical properties of 

polymers utilized for controlled drug delivery.205,206 Classifying this wide range of polymers is 

difficult because of the diversity of polymers available, but two broad classifications are 1) whether 

the polymer is non-biodegradable or biodegradable, and 2) whether the polymer is natural or 

synthetic,3 Figure 5.1.  

 

 

Figure 5.1: Classification of pharmaceutical polymers can be broadly categorized as 
biodegradable versus non-biodegradable, then subsequently categorized as natural or synthetic 
polymers. The synthetic biodegradable polyesters of interest are highlighted in green.  
 
 

Polymers are selected on the basis of the drug formulation as well as the delivery 

mechanism (i.e. intravenous, topical, enteral, or parenteral).207,208 The use of synthetic polymers 

comes with many advantages over naturally occurring polymers, including a wide range of 

physical, mechanical, and chemical properties that can be reproducibly modified as needed per 

application.209–211 Similarly, biodegradable polymers offer many advantages over 

nonbiodegradable polymers. Most importantly, biodegradable polymers are naturally eliminated 

from the body through degradation, which eliminates the need for subsequent surgical removal of 
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the device or accumulation of the formulation within the body. Biodegradable polyesters were 

among the first synthetic biodegradable polymers to be successfully applied in medicine as 

resorbable sutures, drug delivery matrixes, pharmaceutical applications, tissue engineering 

matrices, and surgical implants.212–216  

The most commonly used synthetic biodegradable polymers belong to the polyester family, 

whose synthesis was discussed in depth in Chapter 1. Poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), poly(lactic-co-glycolic acid) (PLGA), poly(valerolactone) (PVL), and poly(caprolactone) 

(PCL) are some of the most widely utilized synthetic polymers in drug delivery,217,218 Scheme 5.1. 

These synthetic biodegradable polymers have been widely investigated due to their diversity, 

tunability, biocompatibility, and mechanical strength, which makes them successful drug delivery 

materials for biomedical applications because they have the potential to protect an active drug 

component from degradation while allowing a sustained release of the drug over time..219,220 

Polyesters undergo hydrolytic bond cleavage to form water-soluble degradation products that can 

dissolve in an aqueous environment, resulting in polymer erosion into body-friendly degradation 

byproducts.221 The degradation period for these polymers ranges from one month to multiple years. 

The degradation rate can be impacted by both environmental conditions (i.e. temperature and pH) 

and the polymer's characteristics (i.e. chemical composition, molecular weight of the polymer, and 

crosslinking density (if any)).222  

 

Scheme 5.1: A few of the most widely used polyesters utilized in drug delivery, their monomers, 
and their degradation products, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), 
poly(lactic-co-glycolic acid) (PLGA), poly(valerolactone), and poly(caprolactone) (PCL).  
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Scheme 5.1: (cont.) 

 

 

The main objective of controlled release delivery systems is to release therapeutics at the 

desired anatomical site and to maintain the drug concentration within a therapeutic window for the 

desired duration. The therapeutic window is bounded by two concentrations, the maximum safe 

concentration (MSC), where any concentration of the drug above this level starts showing toxicity, 

and the minimum effective concentration (MEC), where any concentration of the drug below this 

level shows no therapeutic effect..223 Maintaining the drug concentration at any instance between 

the MSC and MEC is critical for the safety and efficacy of the therapeutic. Understanding and 

controlling drug release profiles is vital for proper dosage and sustained release within the 
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therapeutic window. Many profiles exist including sudden and delayed burst release, oscillating 

release, sustained first-order release, and zero-order release, Figure 5.2. 

 

Figure 5.2: Drug delivery is effective without displaying toxicity between the therapeutic window, 
which ranges between the maximum safety concentration (MSC) and the minimum effective 
concentration (MEC) is shown in green. Drug release concentration profiles can either be 
oscillating (due to multiple dosing), burst release, sustained release, or the desired zero-order 
release. 
 

Oscillating release kinetics result from multiple dosing from traditional non-controlled 

release systems. In an oscillating release, each dose results in a burst release, eventually 

compounding within the body to exceed the MSC. Burst release kinetics are undesirable as most 

of the drug is released over a short period of time usually above the MSC, and over time drug 

release continues below the MEC.224 Sustained first-order release kinetics improve 

pharmacokinetics; however, there is an initial period of rapid release followed by a first-order 

release.225 This shortens the amount of release time before the concentration of the drug falls below 

the MEC. Zero-order release systems are the most optimal as they overcome the issues facing the 
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previous release systems by releasing the drug at a constant rate.226 Drug release profiles can be 

controlled through tuning the polymer composition and physical properties and through the 

mechanisms of release.  

Various mechanisms exist to release the drug from synthetic biodegradable polymer 

systems, including diffusion-controlled release, solvent-controlled release, stimuli-controlled 

release, and polymer-degradation release,227 Figure 5.3. The diffusion-controlled release has the 

drug dissolved or dispersed in a core surrounded by a polymeric membrane, and a concentration 

gradient across the membrane drives the drug diffusion.228–231 Diffusion-controlled release usually 

results in a high initial release, called a burst release. The solvent-controlled release has water 

uptake from outside the carrier to the drug-loaded core, and release can either be considered an 

osmosis-controlled release or swelling-controlled release.232–236 Solvent-controlled release profiles 

can be tuned depending on the diffusion rate of water through the polymeric carrier, initial drug 

distribution, and polymer composition. Stimuli-controlled release relies on internal or external 

stimuli (i.e. pH, temperature, electric field, magnetic fields, UV, ultrasound, ionic strength, etc.) 

to release drug cargo from polymeric systems.237–240 Stimuli-controlled release usually results in 

burst release of the drug directly following the stimuli. Degradation-controlled release utilizes 

matrices made of biodegradable polymers (e.g. PLA, PLGA, PCL), which undergo degradation 

resulting in the release of drug cargo.241–243 The rate of degradation of the polymers can be 

modulated via polymer composition, molecular weight, crystallinity, and crosslinking density.244 

By tunning these parameters, bulk or surface degradation can be achieved, which allows drug 

release kinetics to be modified.245 Degradation-controlled polymers have the potential to achieve 

zero-order release kinetics to prolong drug concentrations within the therapeutic window.  
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Figure 5.3: Various mechanisms for drug release from polymeric delivery systems including 
diffusion-controlled release, solvent-controlled release, stimuli-controlled release, and 
degradation-controlled release.  
 
 
5.3 Surface versus Bulk Erosion 

Degrading polymeric drug delivery systems occurs via surface or bulk erosion, Figure 5.4. 

In surface erosion, the polymer degrades from the exterior surface. Over time, the polymeric 

system decreases in surface area (i.e. mass) linearly, but the inside of the material does not degrade 

until the surrounding material has been degraded. This means that the strength and the molecular 

weight are very slightly impacted over time. In bulk erosion, degradation occurs throughout the 

entirety of the polymer volume equally. The surface and the inside of the material are degrading 

simultaneously, which leads to a dramatic decrease in the molecular weight and strength of the 

overall material. The polymer's erosion mechanism depends on the polymer matrix dimensions, 

the diffusivity of water into the matrix, and the degradation rates of the polymer's functional 
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groups.246 It is important to note that surface and bulk erosion are not mutually exclusive, as many 

polymeric systems undergo a combination of the two or switch depending on the erosion 

conditions and the geometry.247 Therefore, both erosion mechanisms can be thought of as a 

spectrum.  

 

 

Figure 5.4: Erosion of polymeric delivery systems a)Bulk erosion results in material loss from the 
entire polymer volume releasing drugs quickly and then decreasing over time. The molecular 
weight and strength of the material are decreased over a short period of time. b) Surface erosion 
results in material loss from the exterior surface of the delivery system. This allows a sustained 
drug release over time and retains the molecular weight and strength of the material.  
 

Bulk erosion results in material loss from the entire polymer volume and an erosion rate 

dependent on the total amount of material.248 The erosion rate generally decreases as the polymer 

material is depleted. This decrease in release rates also provides less protection for the drug from 

body fluids, which results in drug degradation.249 The length of time a bulk eroding polymer stays 

intact can be altered through chemical compositional changes, but not by the material size or shape 

since water penetrates and degrades the material's interior faster than the surface.250 For ideal 
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surface erosion, the material is lost from the polymer matrix exterior surface, which results in an 

erosion rate that is directly proportional to the external surface area.251 The length of time the 

polymer stays intact can be altered through material size and shape, and chemical properties. 

Surface erosion is easier to control than bulk erosion, so it is preferred in drug delivery. The 

constant and easily controllable degradation allows fine control of the drug release and can protect 

the drug from in vivo degradation.249  

 

5.4 Biodegradable Elastomer Particle Methodology 

In Chapter 3, we showed the successful generation of biodegradable elastomers via a 

synthesis of crosslinked polymer particles through the copolymerization of bis(ε-caprolactone-4-

yl)propane and δ-valerolactone, Figure 5.5. Our motives for adding the crosslinker, at the time, 

were simply to produce higher molecular weight particles with improved integrity during 

collection. The crosslinker provides an easy way to drastically increase the molecular weight of 

the polymer without having to significantly change the composition of the solutions we are using 

in the flow device. By introducing a crosslinker, we produced 300 μm sized particles with 

molecular weights of 65.3 kg mol-1.127  However, upon further investigation, we found that this 

crosslinking chemistry was not conducted in spherical particles in continuous flow. Our droplet-

based microfluidic system and deep understanding of the parameters surrounding the ring-opening 

polymerization (ROP) in an aqueous dispersion allowed us to produce novel spherical 

biodegradable elastomers.  
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Figure 5.5: Spherical polyester-based biodegradable elastomer particles made via a droplet-based 
microfluidic device. 
 

Crosslinking of polyesters with bis(ε-caprolactone-4-yl)propane (BCP) has been used to 

generate biodegradable elastomers, with various applications in the biomedical field, including 

tissue engineering and controlled drug delivery.92,252–254 When BCP is utilized as a cross-linking 

agent, a polymer network is formed, where tetra-functional cross-links are incorporated into the 

growing polymer chain. By changing the loading of BCP, one can easily control the crosslink 

density and therefore final properties of the polymer network. With small loadings (1-5 wt%) high 

crosslinking percentage is obtained.255 Throughout the literature, crosslinking was performed to 

produce thin films or spread over Petri-dishes to produce elastomers in the shape of the container. 

Inspired by the tunability of the polymer particles we have produced with our droplet-based 

microfluidic system, we aimed to reimagine the capabilities of our biodegradable elastomer 

particle production for drug delivery. 

Our goal was to perform the urea-anion catalyzed ROP of δ-valerolactone and bis(ε-

caprolactone-4-yl)propane to influence the chemical and physical properties of the polyester 

particles we produce. By crosslinking the linear polymer systems, we can modulate the degradation 

time and decrease the amount of mass loss over time by targeting surface erosion over bulk erosion. 
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Additionally, we tether the drug to the polymer which will require surface erosion and hydrolytic 

cleavage of the drug from the polymer chain leading to a slower drug release. To tether the drugs 

to the polyester chains, we must utilize a drug that contains an alcohol group, which can act as an 

initiator during the ROP, Scheme 5.2. We chose to stay with the urea-anion catalyst, but the choice 

of which urea catalyst was an important decision. We needed to choose a catalyst that could 

copolymerize δ-valerolactone (VL) and ɛ-caprolactone (CL) with fast kinetics. From our previous 

study in Chapter 3, we knew that 1-cyclohexyl-3-phenylurea anion catalyst could polymerize VL 

to full conversion within 5 seconds and CL to full conversion within 30 seconds. Therefore we 

decided to move forward with 1-cyclohexyl-3-phenylurea as our catalyst of interest for the rest of 

this study. A detailed description of the synthesis of this urea can be found in Appendix C.  

The urea-anion ROP operates via a bifunctional activation of the alcohol initiator through 

hydrogen bonding to the anionic portion of the urea catalyst and of the cyclic ester through 

hydrogen bonding to the N-H of the urea catalyst.50 Then nucleophilic attach by the hydrogen-

bonded activated alcohol leads to ring-opening and regeneration of an alcohol/urea anion adduct. 

The two drugs we chose to focus on were FDA-approved and commercially available 

chemotherapeutics Docetaxel and Paclitaxel. Docetaxel is a chemotherapeutic most used to treat 

breast, lung, prostate, stomach, and neck cancers. Paclitaxel is a chemotherapeutic most used to 

treat lung, ovarian, and breast cancers. Both chemotherapeutics have multiple alcohols that can act 

as initiators for polymer growth; however, the secondary alcohol is the most reactive for 

polymerization.256 An additional advantage is that the ROP of lactide with Paclitaxel has been 

shown to produce polymer-drug conjugates that had controlled release profiles.257  This prior work 

performing ROP made Docetaxel and Paclitaxel attractive drugs for our preliminary studies of 

drug release from our elastomeric particles.  
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Scheme 5.2: Urea anion ring-opening copolymerization of δ-valerolactone and bis(ε-
caprolactone-4-yl)propane via the 1-cyclohexyl-3-phenylurea anion catalyst is a bifunctional 
activation of the initiator (alcohol group) and cyclic monomer. Two chemotherapeutics, Docetaxel 
and Paclitaxel, contain alcohol groups (circled in orange)that can act as initiators for the ROP. 9-
anthracenemethanol is a model molecule that we will use for preliminary polymerization.  
 

 

To compare the effect of crosslinking and tethering, we produce three different particles, 

Figure 5.6. Firstly, the ‘simple drug dispersion’ particle contains the drug of interest dispersed 

within the pre-polymerized polyester solution. The combined polymer and drug are supplied to 

our droplet-based microfluidic device to produce particles in a continuous phase. Secondly, the 

‘tethered drug dispersion’ particles utilize the drug as the initiator for the ring-opening 

polymerization. The tethered polymer-drug conjugate in solution will be supplied to the 

microfluidic device to produce particles dispersed in the continuous phase. Lastly, the ‘crosslinked 

drug dispersion’ particles will utilize the drug as the initiator for the ROP with the addition of the 

BCP crosslinker. This ROP and crosslinking will be performed within the device and subsequent 

droplets to produce biodegradable elastomer-drug conjugates in flow.  
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Figure 5.6: Three polyester particle variations to compare the effects of tethering and crosslinking 
on drug release kinetics, including a simple drug dispersion, tethered drug dispersion, and 
crosslinked drug dispersion. The drug is represented as the pink particles dispersed within the 
polyester matrix in blue.  
 

5.5 Preliminary Results and Discussion 

Droplet-Based Microfluidic Device Modifications 

Slight modifications to the droplet-based microfluidic device were made to ensure that the 

crosslinking chemistry would not clog the device, Figure 5.7. In the original design a short 3” 

piece of small ID tubing (1/16” OD x 0.007” ID (0.178mm)) before being connected to a 3” piece 

of 25G thin wall stainless steel hypodermic tubing (0.02” OD, 0.012” ID (0.305mm)). With the 

modification the small ID tubing was removed to decrease the chances of pressure buildup and 

subsequent clogging within the small internal diameter tubing. The rest of the setup stayed the 

same, and depending on the formulation we can easily change the composition of the feeds into 

the cross-tee. For the simple drug dispersion formulation, Figure 5.7a, the pre-polymerized 

polymer solution will sheath the alcohol/drug which will be supplied through the middle inlet of 

the tee. For the tethered-drug dispersion, Figure 5.7b, the drug-polymer conjugate solution will be 

supplied through all three inlet tees. Lastly, for the crosslinked drug dispersion, Figure 5.7c, the 

urea catalyst and the alcohol/drug (initiator) will be sheathed between two streams containing the 
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monomer and the BCP crosslinker. All formulations will employ a 1 wt% loading of Pluronic as 

the amphiphilic block copolymer shell based on our results from Chapter 4.  

 

 

Figure 5.7: Droplet-based microfluidic modifications removing the small diameter tubing after 
the cross tee and replacing it with an extended hypodermic tubing.   
 

Batch Polymerization with Docetaxel, Paclitaxel, and 9-Anthracenemethanol 

Before moving into flow experiments, we first had to confirm that the two 

chemotherapeutics (Docetaxel and Paclitaxel) and the model molecule (9-anthracenemethanol) did 

not negatively impact the chemistry or the reaction kinetics. The reaction kinetics must be fast 

because the rate of polymerization will still be competing with water diffusion for the crosslinked 

drug dispersion particles. First, we replaced half the loading of our initiator potassium methoxide 

(KOMe) with Paclitaxel. We still need the potassium anion species for our polymerization to 

proceed, so we cannot fully replace the initiator with our drug of interest. After adding the 

Paclitaxel as a co-initiator we monitored the kinetics in batch, Figure 5.8. The ROP chemistry nor 

the polymerization kinetics were negatively impacted by the addition of the chemotherapeutic, 

which was very promising. The reaction reached 93% conversion within 30 s and produced a 19.5 

kg mol-1 with a dispersity of 1.4. It should be mentioned that we were targeting around ~30 kg mol-
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1 polymer product and we attribute the smaller molecular weight as additional initiation off the 

multiple alcohol groups on the drug.  

 

 

Figure 5.8: ROP of δ-valerolactone via 1-cyclohexyl-3-phenylurea potassium methoxide (KOMe) 
and Paclitaxel as initiators. The molecular weight and dispersity were determined by GPC against 
PS standards. The loading of KOME:drug:catalyst:monomer was 0.5:0.5:3:300.  
  

After showing that Paclitaxel was a successful initiator for the ROP of VL we confirmed 

that Docetaxel did not negatively impact the reaction kinetics or the ROP. Similarly, we replaced 

half the loading of our initiator potassium methoxide (KOMe) with Paclitaxel and monitored the 

kinetics in batch, Figure 5.9. In batch, the ROP kinetics were fast (X~91% in 30s) and reached 

19.2 kg mol-1. The actual molecular weight was less than the targeted MW and dispersity of the 

polymer was 1.4 both indicative of the potential initiation of multiple alcohol groups on the 

docetaxel.  
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Figure 5.9: ROP of δ-valerolactone via 1-cyclohexyl-3-phenylurea potassium methoxide (KOMe) 
and Docetaxel as initiators. The molecular weight and dispersity were determined by GPC against 
PS standards. The loading of KOME:drug:catalyst:monomer was 0.5:0.5:3:300.  

 

In addition to Docetaxel and Paclitaxel we also investigated a model molecule, 9-

anthracenemethanol. Observed diffusion of model drug molecules for drug delivery systems has 

been successfully used to accurately quantify the molecule release concentration through 

spectroscopy or other optical analysis.258–260 This molecule was chosen for preliminary 

formulation studies as it would act as a drug analog in the ROP. The singular alcohol group also 

allows us to better control initiation and produce high molecular weight polymer products. Testing 

the model molecule in batch the ROP kinetics were fast reaching 95% conversion in 30 seconds, 

Figure 5.10. Additionally, the molecular weight of the polymer (28.1 kg mol-1) was close to the 

target molecular weight (30 kg mol-1) with a narrow dispersity (<1.14). Now that we have shown 

all three initiators are compatible with the ROP chemistry we can move away from batch and 

implement different formulations in flow.  
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Figure 5.10: ROP of δ-valerolactone via 1-cyclohexyl-3-phenylurea potassium methoxide 
(KOMe) and the model molecule 9-anthracenemethanol as initiators.The molecular weight and 
dispersity were determined by GPC against PS standards. The loading of 
KOME:anthracenemethanol:catalyst:monomer was 0.5:0.5:3:300.  
 

Comparison of Drug Release Between Three Variations of Polyester Particles 

To determine the release kinetics of the active ingredient (ai), 9-anthracenethanol, from the 

three particles we had to produce droplets with each formulation within our microfluidic device. 

We first started with the simple ai dispersion. The ai was dispersed within a pre-polymerized VL 

polymer with a MW of 29.2 kg mol-1 and dispersity of 1.12. Next, particles were formed within a 

continuous phase of water and methanol 50:50. The particles were collected for 1 min within a 

total continuous phase volume of 20 mL. After particle collection, the timer was started, and 

samples were taken at intervals and analyzed via UV-VIS. The characteristic peak for 9- 

anthracenemethanol at 255 nm was measured over time. When the samples were not being 

analyzed the samples were kept on a shaker plate. The first timepoint at 5 minutes showed that 
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over 80% of the ai was released from the particle, Figure 5.11a. Over the course of the next hour, 

there was 97% cumulative drug release from the particle. As the ai was not tethered to the polymer 

chains it was not surprising that the ai would diffuse into the water:methanol continuous phase 

very quickly. 

 

 

Figure 5.11: Active ingredient (ai), 9-anthracenemethanol, release from 3 different particle 
dispersions including simple dispersion, tethered-ai dispersion, and crosslinked-ai dispersion. A) 
Shows the cumulative release of the ai over 3hrs. b) Shows the cumulative release over a longer 
period, 72 hrs.  
 

Next, the tethered-ai dispersion was generated via the droplet-based microfluidic system. 

The ai was used to pre-polymerize VL resulting in a polymer product with a MW of 28.1 kg mol-

1 and a dispersity of 1.14. The polymer solution was fed through the reactor and the particles were 

collected in the same water and methanol 50:50 mixture. Particles were collected over 1 minute 

with a total continuous phase volume of 20 mL. Similarly, samples were taken at intervals and the 

characteristic peak for 9-anthracenemethanol was analyzed via UV-VIS. When the samples were 
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not being analyzed the samples were kept on a shaker plate. For the tethered dispersion, we report 

that the initial release within the first 5 minutes was decreased from over 80% with the simple 

dispersion to 47% with the tethered-ai formulation, Figure 5.11a. Sustained release of the ai was 

observed over the course of the next 3 hrs reaching 75%. We continued to monitor the release into 

the continuous phase for the next 45 hrs and we saw a plateau in the release. At a total of 48 hrs, 

our release was 81.2%, Figure 5.11b. We are still investigating why the release from the tethered 

particles drastically plateaued. It should be noted that after this length of time some began to break 

apart and form a film at the bottom of the vial, since the particles were not crosslinked. Our next 

steps are to analyze the film by dissolving the leftover polymer and determining whether we can 

recover the rest of the unreleased ai through UV-VIS analysis.  

Finally, we produced the crosslinked-ai dispersion where the urea-anion ROP chemistry of 

VL and BCP is initiated by the ai within the device and subsequent droplets. The catalyst, KOMe, 

and ai were dispersed within the organic phase entering the middle inlet of the cross tee, while the 

monomer (VL) and crosslinker (BCP, 0.5wt% loading) were dispersed within the organic phase 

supplied through the two side tees allowing the solution to sheath the catalyst phase. The particles 

were collected over 1 minute in a water and methanol 50:50 mixture (20 mL). The particles were 

then analyzed via UV-VIS over the next 72 hours. Over the first 30 minutes, the amount of ai 

released into the continuous phase was below our level of detection with the UV-VIS, however, at 

30 minutes we started to see the ai characteristic peak and determined an 8% release, Figure 5.11a. 

The crosslinked ai dispersion displaced a sustained release over the next 72 hours resulting in a 

max release of 59%. Similarly, to the tethered ai release our next steps are to degrade the 

crosslinked particle and see if we can recover the remaining ai via UV-VIS analysis. By analyzing 

the three release profiles it is apparent that the formulation changes drastically affect the release 
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kinetics and cumulative release over time. The simple ai dispersion resulted in the fastest release 

while tethering the ai and subsequently tethering and crosslinking slowed the cumulative release 

of the ai into the continuous phase. These results are very exciting and highlight the power and 

versatility of our droplet-generating device for comparing a range of formulations of polymer-drug 

delivery systems.  

 

Ongoing Work- Biodegradable Elastomer Crosslink Density to Tune Release Kinetics 

The preliminary results showing that drug release kinetics can be tuned by employing 

tethering and subsequent crosslinking of an active ingredient within a polymer particle are very 

exciting. We are currently working on reproducing our experiments and increasing the length of 

time that we monitor the ai release into the continuous phase. Additionally, we will be dissolving 

the tethered-ai polymer that is left over in the continuous phase to recover the unreleased ai. 

Similarly, we will speed up degradation by breaking down the crosslinked particles remaining and 

recovering the unreleased ai. Next, we can start changing the formulation of the crosslinked ai 

system. We can easily increase and decrease the loading of the BCP crosslinker to produce 

particles with varying degrees of crosslinking density. By increasing the crosslinking density of 

the particles, we may be able to further slow down the release of the ai into the continuous phase 

and increase the amount of time needed for cumulative release. Aside from crosslinking, many 

other parameters can be tuned within the formulation to tune drug release parameters, which I will 

go into detail about in my future work section of Chapter 6.  
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5.6 Conclusions 

Utilizing a polymer-based delivery system is a very promising avenue to control release 

kinetics for controlled drug delivery. Synthetic biodegradable polymers, specifically polyesters, 

come with many advantages including chemical tunability, diversity, biocompatibility, and 

mechanical strength, which makes them successful drug delivery materials for biomedical 

applications. In this chapter, I focused on implementing our droplet-based microfluidic platform 

to produce three different formulations of polymer particles including a simple drug dispersion, a 

tethered-drug dispersion, and a crosslinked-drug dispersion. Our preliminary results show that the 

drug release kinetics can be improved by tethering and encapsulating the drug within our 

biodegradable elastomer droplets. Using 9-anthracenemethanol as a model molecule we report that 

the simple ai dispersion particles showed over 80% release within the first 5 minutes of particle 

formation, and 97% cumulative release within the first hour. The release kinetics were slowed 

significantly by tethering the ai to the polymer. The tethered-ai polymer particles showed 47% 

release within the first 5 minutes and 75% release over 48 hrs. Lastly, the crosslinked and tethered 

ai particles showed 8% cumulative release in 30 min and 59% cumulative release within 72 hrs. 

By altering the particle formulation, we were able to slow the release of an active ingredient from 

the polymer particle delivery system. This work is ongoing, specifically analyzing how the 

crosslinking density of the particles could be utilized to tune drug release kinetics.  
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CHAPTER 6: Conclusions and Future Directions 

6.1 Conclusions 

In this work, we sought to develop a catalyst encapsulation methodology to perform the 

water-sensitive ring-opening polymerization (ROP) in an aqueous dispersion to expand 

biodegradable polymerization techniques. Our encapsulation methodology is comprised of a 

droplet-based microfluidic process that methodically encapsulates the catalyst within the center of 

micron-sized droplets. The success of this approach relies on precise simultaneous control of the 

kinetics of polymerization, the rate of mass transfer rates, and fluid mechanics. We report, for the 

first time, the production of biodegradable polyester particles dispersed in water. Additionally, we 

develop a set of design rules for the process and formulation parameters that govern the stability 

of the micro-droplets during generation, flow, and collection. This framework allowed us to 

expand into other water-sensitive chemistries and perform the ROP of an epoxide monomer to 

produce polyether particles in water. The power of this encapsulation methodology can be realized 

through our production of novel polymeric materials that could not be made through any other 

means, including spherical crosslinked polyether particles dispersed in water and spherical 

biodegradable elastomers produced in continuous flow. Lastly, we expanded the application of our 

biodegradable elastomers to the field of controlled drug delivery, but tuning drug release profiles 

through drug tethering and crosslinking within different formulation microparticles. Overall, our 

droplet-based microfluidic device, encapsulation methodology, and design rules have shown their 

potential to expand polymerization techniques for water-sensitive chemistries, broadening the 

types of polymeric materials accessible.  

In Chapter 1, I discussed the ROP of heterocyclic monomers, the general mechanisms, the 

thermodynamics and kinetics governing ROP, and the effect of monomer ring-strain. I then 
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focused more specifically on organocatalyzed ROP and the current microflow technologies being 

employed and their limitations. Lastly, I outlined our efforts to overcome these limitations and 

broaden the types of polymeric materials attainable with ROP in flow. Chapter 2 focused 

primarily on the device design theory and fluid mechanics for microflow reactors, which informed 

the final design of our encapsulation system. The three types of forces that influence droplet 

generation (i.e. velocity, viscosity, and surface tension) are discussed in length and concurrently 

how our system allows easy tuning of each parameter. This chapter gave a detailed description of 

the design and development of our droplet-based microfluidic device, including device materials 

and geometry, operation parameters, and configurations. A central feature is the secondary fast 

quench configuration, which allows precise determination of the conversion at the end of the outlet 

tip at each flow rate before droplet formation. These first two chapters laid the foundation for our 

encapsulation framework which is the focus of the remainder of the thesis.  

In Chapter 3, we established the proof-of-concept for performing the water-sensitive urea-

anion ROP of the cyclic ester δ-valerolactone, in an aqueous dispersion.127 The organic phase 

formulation requirements include hydrophobic solvent choice, catalyst and initiator loading, 

monomer selection, and monomer concentration are reported in depth. Through proper formulation 

selection, we produced 300 μm sized particles over a large range of residence times (1-22s). We 

performed a systematic study where the molecular weight of the polymer synthesized at several 

residence times was compared between the fast quench and droplet configuration. At each tested 

rt, the droplet encapsulation technique produced higher molecular weight polymers compared to 

fast quench. The droplet ROP encapsulation was able to produce a maximum molecular weight of 

20.6 kg mol-1 compared to the fast quench configuration maximum of 15.3 kg mol-1. This higher 

molecular weight demonstrates, for the first time, successful ring-opening polymerization of 
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biodegradable cyclic esters in an aqueous dispersion. To demonstrate the benefit of performing a 

ROP in dispersion, we synthesized biodegradable elastomer particles by introducing a crosslinking 

monomer within the dispersed phase. A 1 wt% loading of the bis(e-caprolactone-4-yl)propane 

(BCP) crosslinker produced particles with a molecular weight of 65.3 kg mol-1 and dispersity of 

2.6. Through the deep understanding of our system and the fluid mechanics within microflow 

reactors, we expanded the use of the encapsulation technique to produce crosslinked biodegradable 

materials in flow that couldn’t be produced through any other means.  

The process and formulation parameters that govern the stability of the micro-droplets 

during generation, flow, and collection were explored in-depth within Chapter 4.174 Specifically, 

we showed how our device allowed quick and efficient probing of the droplet viscosity, surface 

tension, and hydrophobicity through the addition of amphiphilic block copolymers (ABC). First, 

we explored ABC loading and its impact on catalytic activity. We observed a positive correlation 

between the molecular weight and conversion attainable at each residence time with the increase 

in Pluronic loading from 0.25 wt% to 1 wt%. Next, we tested three different compositions of block 

copolymers, including poly(ethylene glycol)- poly(valerolactone) (PEG-PVL), poly(ethylene 

glycol)-poly(caprolactone) (PEG-PCL), and Pluronic (PEG-PPG-PEG) and their effect on 

catalytic activity. We established that the Pluronic, which had the highest hydrophilic-lipophilic 

balance of the ABCs tested, is water-soluble and could therefore migrate to the interface of the 

particle and the aqueous phase to stabilize the droplets during flow and collection. These 

experiments revealed that the composition of the ABC impacts the catalyst protection efficiency, 

which affects the catalyst activity within the droplet before quenching. Furthermore, the design 

rules we developed were applied to the ROP of propylene oxide to produce polyether particles in 

an aqueous dispersion.  
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The production of crosslinked biodegradable elastomers motivated the work in Chapter 5, 

where we applied these materials to drug delivery. This chapter outlines the benefits of utilizing 

polymers in drug delivery systems and how drug release kinetics can be tuned via degradation 

mechanisms. We produced three polymer-based particles to explore the effect of dispersed drug 

release, tethered drug release, and crosslinked/tethered drug release. The preliminary results show 

that the drug release kinetics can be improved by tethering and encapsulating the drug within our 

biodegradable elastomer droplets. This example of utilizing our droplet-based microfluidic 

encapsulation device to solve other problems outside of the field of polymer science highlights the 

versatility and robustness of our system.  

 

6.2 Future Directions 

Thus far, I explored the use of a droplet-based microfluidic platform for the expansion of 

biodegradable polymer technologies. Throughout the development of the device and subsequent 

analysis of two water-sensitive ring-opening polymerizations in aqueous dispersions, we 

recognized the versatility of this device to influence other areas of research. For example, during 

our brief comparison of three amphiphilic molecular shells, we observed an effect of the 

composition on catalyst protection efficiency. Additionally, while utilizing these particles for drug 

delivery applications, we observed distinct release profiles when comparing a simple drug 

dispersion, a tethered drug-polymer conjugate, and a tethered and crosslinked drug-polymer 

network. These observations inspired us to utilize our device for other encapsulation applications, 

including encapsulation of a highly active catalyst to induce latency. Within this section, I will 

break down three potential avenues of research utilizing our droplet-based microfluidic device and 

encapsulation methodology.  
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Further Exploration into the Effect of Amphiphilic Block-Copolymer Shell Composition  

In this work, we demonstrated that catalyst protection efficiency would be tuned by 

changing the composition of the amphiphilic block copolymer (ABC) shell. In Chapter 4 we 

compared three amphiphilic block copolymers, PEG-PCL, PEG-PVL, and a Pluronic. From our 

comparison, we found that changing the composition of the block copolymers played a role in the 

catalyst protection efficiency. More specifically, we observed a difference in the conversion and 

ultimate polyester molecular weight between the three ABCs. We tentatively attributed the 

difference in performance to the difference in hydrophilic-lipophilic balance (HLB) values.189 

HLB values range between 0 and 20, where an HLB of 20 represents a completely hydrophilic 

molecule and an HLB of 0 is a completely hydrophobic agent.261   The Pluronic, which performed 

the best, has an HLB consistent with surfactants utilized as oil/water emulsifying agents. Since we 

are generating an oil/water dispersion, it is consistent that the micro-droplets and subsequent 

dispersion are most stable with the Pluronic as the ABC versus the other two compositions. 

Overall, our results revealed that the composition of the ABC impacts the catalyst activity within 

the droplets before quenching. One potential avenue of research would be to further investigate 

how composition affects catalyst protection efficiency. By varying composition, block length, and 

functionalization capabilities a suite of ABC can be analyzed to determine the effects of 

composition, Figure 6.1. 
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Figure 6.1: Amphiphilic block copolymer (ABC) tuning parameters, including composition, block 
length, number of blocks, and functionalization capabilities.    

 

The self-assembly of the ABCs at the interface between the aqueous and the dispersed 

phase is driven by the polar headgroup interacting with the water while the nonpolar tail interacts 

with the nonpolar organic phase.262–264 We have shown that increasing the number of hydrophilic 

groups compared to hydrophobic groups (i.e., high HLB) showed better catalyst activity in the 

droplets. By simply changing the composition and length of the blocks you can access a variety of 

molecules with varying HLB values allowing a deeper dive into the effect of the number of 

hydrophilic to hydrophobic repeating units on the catalyst activity within the droplet. We have 

shown that the addition of an ABC decreases the surface tension of the droplet allowing clean and 
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consistent droplet generation at the outlet tip, and improves the droplet generation and stability 

during flow and subsequent collection; however, we have not yet uncovered if any other 

parameters besides HLB value can increase the amount of time for catalytic activity before 

complete quenching of the catalyst via water diffusion into the particle. If we look at the drug 

delivery literature, many groups have shown the impact of ABC composition and block length on 

the stability of different block copolymer systems.265–277 Thus, determining the importance of 

composition and HLB on the stability of our droplets and the catalyst protection efficiency would 

be valuable information for future encapsulation efforts.   

 

Establishing Robust Formulation Rules for Controlling Drug Delivery via Biodegradable 

Elastomers  

In Chapter 5, we expanded the applications of our biodegradable particles and 

biodegradable elastomers to drug delivery applications. Our preliminary results showed that 

tethering the drug to create a drug-polymer conjugate and subsequently crosslinking the polymer 

network resulted in a sustained release of the active ingredient over time. These results show the 

promising application of our encapsulation methodology to influence the release profiles of active 

ingredients for controlled drug delivery. A prominent advantage of our system for the generation 

of spherical polymeric particles is the ease of formulation modification. Through simple 

formulation changes, we can access a wide variety of polymeric particles with varying surface 

properties, degrees of crosslinking, sizes, and shapes, Figure 6.2.  
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Figure 6.2: A) Droplet-based microfluidic device configuration for encapsulating highly active 
catalysts within polymer solution. B) Graphic showing the methodology for encapsulation of the 
highly active catalyst within a polymeric sphere allowing a triggerable release of the catalyst.  

 

The size of polymeric particles is a very important parameter for drug delivery 

applications.278,279 has been shown that particles size can directly impact drug loading, release 

profiles, and delivery efficiency.279–282 The optimal diameter varies between applications and 

carrier design/formulation, for example, polymeric nanoparticles (20-250nm), liposomes or lipid 

nanoparticles (50-1000nm), dendrimers (1-10nm), hydrogels (50-150nm), and inorganic 

nanoparticles (1-20nm)283–290. Currently, we are operating on the micron-scale with our droplet-

based system, however, microfluidics has been utilized successfully to generate nano-sized 

particles in continuous flow.291–295 With our device, size can be controlled via the outlet tip 

diameter and through flow rate. If we decrease the outlet tip diameter or increase our flow rate to 
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operate in the jetting regime we could decrease the diameter of our particles. It should be noted 

that our particles being on the micron scale can also open up applications for post-processing of 

the particles via thermoforming or molding into desired shapes for medical implants.  

Crosslinking matrixes for drug delivery have been utilized to control the release of drugs 

from delivery systems.296–298 Crosslinking has been used to enhance the biomechanical properties 

of scaffolds, modulate the release rates of incorporated active agents, and implement surface 

erosion of particles in a physiological environment.299–301 Additionally, tuning crosslinking density 

of cyclic ester systems has been shown to impact drug release and drug loading properties.302–304 

In our aforementioned work, we explored the crosslinking of cyclic esters within spherical 

particles, which resulted in sustained release profiles compared to the non-crosslinked systems. 

The loading of the bis(e-caprolactone-4-yl)propane (BCP) crosslinker was kept constant (0.5 

wt%), the ABC composition and the loading constant (Pluronic at 1wt%), and the size of the 

particle constant (300μm), and a spherical shape. The next step would be to thoroughly conduct 

an investigation into the impact of crosslinking density by varying the loading of BCP within the 

particle formulation.  

In addition to the size and crosslinking density of our particles, another potential area of 

research could be a deep dive into the physical and chemical properties of our particles and their 

effect on drug delivery efficacy. The physical and chemical properties of drug carriers affect the 

in vivo circulation time of drug delivery systems.305–308 The final circulation time of carriers is 

determined by the balance between blood vessel penetration, urine excretion, and macrophage 

recognition.309–311 Surface charge and surface properties can be tuned via the amphiphilic block 

copolymer shell. Other chemical properties such as stimuli responsiveness or triggered release 

could lead to more advanced applications of these drug delivery systems.312,313  
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Employing the Encapsulation Design Principles to Induce Catalyst Latency   

The droplet-based microfluidic device has potential for other encapsulations outside of 

ring-opening polymerization catalysts. The excellent control over flow rates and ease of 

formulation alteration leaves open opportunities for encapsulation of any material. For example, 

we have briefly investigated utilizing our encapsulation methodology to encase a highly active 

catalyst within a polymer particle. The highly active catalyst was supplied through the middle inlet 

of our droplet-based microfluidic device, while a polymer solution was supplied through the two 

side inlets allowing the catalyst to be protected within the core of the particles produced, Figure 

6.3a. The methodology was to systematically encapsulate the catalyst within a polymer particle 

with a desired composition, which would allow a triggered release of the catalyst, Figure 6.3b.   

 

 

Figure 6.3: A) Droplet-based microfluidic device configuration for encapsulating highly active 
catalysts within polymer solution. B) Graphic showing the methodology for encapsulation of the 
highly active catalyst within a polymeric sphere allowing a triggerable release of the catalyst.  
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For a proof-of-concept, we chose to encapsulate a highly active catalyst (not disclosed due 

to confidentiality) that reaches over 90% conversion within 10min, within a polymer with a glass 

transition temperature (Tg) above room temperature, Figure 6.4. By using a high Tg polymer, the 

polymer will be in a glassy state after droplet formation which we hypothesized would slow the 

diffusion of the highly active catalyst out of the polymer particle. Additionally, having a high Tg 

polymer would allow a triggered release via breaking down the particle (e.g. shear) or via a 

temperature trigger above the Tg value. Without stirring the catalyst encapsulated within the 

polymer particles exhibited 14 hours of latency before the polymerization took off. We also 

observed a triggerable release via shear after stirring the catalyst encapsulated particles for an hour. 

These results demonstrate the versatility of our encapsulation methodology for other catalyst 

encapsulation applications.  

 
 
Figure 6.4: Polymerization conversion over time for a highly active catalyst encapsulated within 
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Figure 6.4: (cont.) polymer microparticles. The ‘control’ is the catalyst not encapsulated within 
the polymer particle and shows complete conversion in less than an hour. The two microparticles 
curves show a shear triggered release with stirring after an hour and catalyst latency for over 14 
hours without stirring.   
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APPENDIX A: Supplemental Information for Chapter 3 

Materials: 

The monomers of interest δ-valerolactone (VL) and ɛ-caprolactone (CL), 1,3 diphenylurea 

Urea (1), and reactants for the synthesis of Urea (2) and Urea (3) including cyclohexyl isocyanate, 

aniline, phenyl isocyanate, and N-methylcyclohexyl amine were purchased from Sigma Aldrich. 

All necessary solvents and Tergitol™ (surfactant/stabilizing agent) were also purchased from 

Sigma Aldrich.  

 

General Procedure for Solution Preparation and Storage: 

Care was taken for monomer preparation to ensure that monomer solutions were free of 

impuries and dry. δ-valerolactone (VL) was distilled and stored at 4˚C under anhydrous conditions. 

ɛ-caprolactone (CL) was distilled and stored over seives for 24 hours before use under anhydrous 

conditions. All catalyst, preparation materials (syringes, vials, needles, etc.), and solvents (THF 

and toluene) were dried and stored under anhydrous conditions. All batch polymerizations were 

performed inside the glovebox, while all subsequent fast quench, and droplet generation 

experiments the solutions were prepared inside the glovebox, loaded onto the appropriate glass 

syringes, and the capped syringes were brought out of the glovebox and attached to the 

microfluidic device.  

 

General Procedure for Batch Testing Urea Organocatalyzed Ring-Opening Polymerization 

of Cyclic Esters: 

The primary constraint for the success of the project is the selection of a catalyst system 

with a high rate of polymerization. Urea organocatalysts were chosen as the catalysts of interest 
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because they exhibit fast polymerization kinetics for the ring-opening polymerization of cyclic 

esters, specifically our monomers of interest, δ-valerolactone (VL) and ɛ-caprolactone (CL). With 

a wide variety of urea catalysts to choose from, we focused on testing three ureas that have been 

previously reported to reach full conversion in under 10 seconds.50,314 We tested commercially 

available 1,3-diphenylurea (Urea (1)) as well as two ureas we prepared by reacting the 

corresponding isocyanates and amines for 3-cyclohexyl-1-phenylurea (Urea (2)) and 3-

cyclohexyl-3-methyl-1-phenylure (Urea (3)).315   

 

To probe the polymerization behavior under our formulation requirements we ran a series 

of batch polymerizations, Table A.1. All solutions were prepared under anhydrous conditions 

(glove box) and the results showed that all three ureas polymerized VL in under 10 seconds, while 

Urea (2) and Urea (3) were able to polymerize CL in under 30 seconds. At high conversion Urea 

(2) and Urea (3) were shown to produce polymers with a larger dispersity, therefore we chose to 

move forward with Urea (1) as our catalyst of interest for the remainder of the study. Having a 

catalyst system that is able to produce well defined polymers would allow us to better analyze any 

adverse effects of the flow system and subsequently the exposure to water.  
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Table A.1: Results from testing three urea organocatalyst with hydrophobic solvent 

Entry Monomer Catalyst Catalyst/
initiator Time (s) X (%) 

Mn, 

theoretical 

(g*mol-1) 

Mn 
(g*mol-1) 

PDI 

1 VL Urea (1) 3 <10 >90 18,000 16700 1.12 

2 CL Urea (1) 3 10 5 1,050 1200 1.13 

3 VL Urea (2) 3 <5 >90 18,000 19900 1.43 

4 CL Urea (2) 3 30 >90 18,900 18000 1.21 

5 VL Urea (3) 4 <10 >90 18,000 20000 1.45 

6 CL Urea (3) 4 30 72 15,100 16300 1.23 

Table SI notes. conversion calculated via 1H NMR, molecular weight/PDI reported via GPC 
against polystyrene standards. Room temperature. Stir plate at 800 rpm. Quenched with benzoic 
acid. Catalyst solvent is tetrahydrofuran and solvent for monomer solution is toluene. 
[Monomer]=2M. [Initiator (KOMe)]:[Monomer] [1]:[200].  

 
Urea (1) and VL were chosen for subsequent reactions because the polymerization reached 

full conversion in under 10 seconds and produced the narrowest dispersity polymer, Figure A.1. 

Having fine control over the polymer produced allows us to better see any increase in 

polymerization during droplet formation in the aqueous dispersion.  
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Figure A.1: Results from batch experiments comparing the three catalysts rate of polymerization 
of VL. A) Urea 1 B) Urea 2 C) Urea 3. Room temperature. Stir plate at 800 rpm. Quenched with 
benzoic acid. Initiator:Catalyst:Monomer. Urea (1) 1:3:200. Urea (2) 1:3:200. Urea (3) 1:4:200. 

 

Diameter of Tubing Effect on Molecular Weight and Conversion: 

The choice of tubing diameter after the cross tee plays an important roll in the mixing via 

diffusion between the catalyst/initiator and monomer streams. As we decreased the inner tubing 

diameter from 304.8 μm to 177.8 μm we saw a linear increase in MW with residence time, Figure 

A.2. The smaller ID decreases the diffusion distance and therefore increases the homogenization 
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between the two organic streams. Therefore, moving forward the design implemented a 177.8 μm 

ID tubing after the cross tee.  

 

 
Figure A.2: Shows the effect of the diameter of the tubing after the cross tee on the molecular 
weight, polydispersity, and conversion of the polymer produced. Operating the device in the fast 
quench configuration. Catalyst is Urea (1), initiator is KOMe, and monomer is VL. 
Initator:Catalyst:Monomer 1:3:200. [Monomer]=3M.  Quenching solution is acetic acid/THF. 
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Device Design Materials and Assembly Specifications: 

 
Figure A.3. Droplet generating co-flow microfluidic device with all components listed 

 
The microfluidic device utilized is made from all commercially available components. 

Figure A.3 shows a cross-section of both intersecting flow points at each end of the co-flow 

droplet generating microreactor. The microreactor consists of one PEEK 0.02” thru hole cross 

assembly and one PEEK 0.02” thru hole tee fitting purchased from IDEX Health & Science. Input 

flow was supplied by three syringe pumps with glass syringes connected to 1/16” OD, 0.02” (177.8 

μm) ID PEEK tubing, which was also purchased from IDEX. The outlet of the 177.8 μm ID tubing 

after the cross tee.  

 

Connecting the two fittings is a 3” piece of 25G stainless steel hypodermic tubing with a 

0.02 OD, 0.012 ID purchased from Component Supply. One end of the metal hypodermic tubing 

was connected to the outlet of the cross tee, while the other end of the metal tubing was entirely 
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threaded through the subsequent tee and into the center of the glass capillary tube. (The ends of 

the hypodermic tubing were inserted into a piece of the 1/16” PEEK tubing to seal the 1/16” 

ferrule). The glass capillary was inserted into 1/8” PEEK tubing and positioned at the opposite end 

of the tee. This allowed enough space for the water to flow through the gap around the metal tubing 

to shear off the droplets. 

 

Testing Hydrophobic Solvents: 

At such a small scale, the effects of surface forces are significantly greater than other forces 

that the droplet will experience, such as the viscous force. Shearing by dominating interfacial 

tension force is advantageous for continuous and stable formation of monodispersed droplets.316 

The interfacial tension between the two phases (γ) is a set value depending on the composition of 

the two phases. To tune the interfacial tension between the two phases, we analyzed the 

compatibility of different solvents with the ROP chemistry, Figure A.4.  
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Figure A.4. Testing hydrophobic solvents' compatibility with ROP in batch. Room temperature. 
Stir plate at 800 rpm. Quenched with benzoic acid. Catalyst is Urea (1), initiator is KOMe, and 
monomer is VL. Initator:Catalyst:Monomer 1:3:200. [Monomer]=3M.   

 

The benefit of using a hydrophobic solvent is two-fold first, its immiscibility with water 

aids in controlled droplet generation, and secondly, it protects the catalyst from water diffusion. 

However, the catalyst and initiator have limited solubilities in these apolar solvents, which can 

slow the polymerization too much. Therefore, a fine balance between fast polymerization within 

the droplet and immiscibility with water must be met. We started by looking at two different 

classes of hydrophobic solvents: biobased oils and organic solvents. The biobased oils of interest 

were sesame, corn, and soybean. The polymerization within all three of these oils reached full 

conversion within 5 seconds, but the molecular weight of the polymer produced varied drastically. 

Corn and soybean oil produced higher molecular weight than the sesame oil, 10k and 17k, 

respectively. However, the soybean oil was the only oil that produced a monophasic product with 

the polymer. The organic solvents of interest were toluene, chloroform, and DCM. Toluene and 
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DCM yielded the highest molecular weight, 24K and 20K, respectively. However, toluene had a 

significantly faster rate than the other two organic solvents. After analyzing the six hydrophobic 

solvents in batch polymerizations, we toluene as our hydrophobic solvent. 

 

Stability of Urea Catalyst Activity During Flow: 

In order to determine if the chemistry is affected by the inhomogeneity in the flow device, 

we ran stability studies at three different flow rates for multiple residence times in the fast quench 

configuration with toluene as the hydrophobic solvent. We observed that the polymer conversion 

remained consistent at all three flow rates for over 250 residence times, showing that the chemistry 

within the device is stable and reproducible, Figure A.5. 

 
Figure A.5. Stability study of the polymerization of VL by Urea (1) over 250 residence times for 
three flow rates within the flow device. Quenched with acetic acid/THF. Catalyst is Urea (1), 
initiator is KOMe, and monomer is VL. Initator:Catalyst:Monomer 1:3:200. [Monomer]=3M.   
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Increase in Dispersity for Droplet Generation Over Fast Quench Analysis: 

Interestingly when comparing the fast quench configuration samples to their droplet 

configuration counterparts we saw an increase in dispersity in the polymer produced after droplet 

formation. Figure A.6 gives an example of a sample collected during fast quench versus a sample 

collected during droplet formation at the same residence time. One can see the increase in 

dispersity for the droplet configuration and a slight tailing towards the lower molecular weight. 

This tailing can be explained by the initiation of small polymer chains by the water after droplet 

formation, and nonhomogenous quenching of the catalyst within the particle due to water 

diffusion. 

 
Figure A.6. GPC comparison between the fast quench configuration and the droplet configuration 
(rt=12.7s) 
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Droplet Collection for Analysis: 

In order to collect the droplets for GPC and NMR analysis we utilized glass GPC vial 

inserts (Thermo-Fisher). The glass vial insert was placed at the end of the glass capillary outlet 

and the droplets were collected for subsequent analysis, Figure A.7.  

 
Figure A.7. Droplet collection was performed by utilizing a GPC sample insert at the end of the 
glass capillary.  

 
BCP Crosslinked Droplets: 

The bis(e-caprolactone-4-yl)propane (BCP) was synthesized following previously reported 

methods. 92,166 

 

Device Design Modification:  

Small modifications were made to the droplet generating microfluidic device to allow the 

implementation a crosslinker into the ROP chemistry. We knew the viscosity of the solution was 

going to increase within the device due to the crosslinking chemistry. By removing the smaller 

diameter tubing (1/16” OD 0.007” ID) we could remove the area of the device most prone to 

pressure buildup and subsequent clogging. In the new design, Figure A.8, the metal hypodermic 

tubing is attached directly to the cross tee and fed through the subsequent tee that supplies the 
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continuous water phase. Lastly, the length of the hypodermic tubing was increased from 3” to 4” 

to keep the overall reaction volume and the previously used residence times consistent.  

 
Figure A.8. Modified device design, removing small diameter tubing after the cross tee. 

 
BCP Polymerization Results in Flow: 

With the new device design, we ran three trials with varying amounts of BCP crosslinker, 

0, 0.5, and 1%. The droplets were collected in a vial containing 50:50 ratio of water to methanol, 

allowing the toluene to diffuse out into the aqueous phase and therefore solidifying the droplets. 

After collection, the droplets were left in solution until they sank to the bottom of the vial 

(indicating the removal of toluene). Next, the particles were dissolved in THF with vigorous 

shaking for 10 minutes. The solution was then filtered through 0.45um filters to remove insoluble 
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crosslinked polymer that could damage the GPC column. The results showed a significant increase 

in molecular weight and dispersity for the polymer produced with the 0.5 and 1% BCP crosslinker 

over the control with no crosslinker present. However, there was not much difference in the 

molecular weight between the 0.5 and 1% trials, Figure A.9. 

 

 
Figure A.9. Comparison between droplets containing 0, 0.5, and 1% BCP crosslinker. Catalyst is 
Urea (1), initiator is KOMe, and monomer is VL. Initator:Catalyst:Monomer 1:3:200. 
[Monomer]=3M.   

 
Looking specifically at the 0.5% loading of BCP crosslinker, we confirmed that the 

increase in molecular weight and crosslinking occurred while the droplet was in the aqueous phase, 

by operating the device in the fast quench configuration and comparing the two results, Figure 

A.10. The drastic increase in both molecular weight and dispersity is indicative of the ROP and 

crosslinking within the droplets.  
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Figure A.10. Molecular weight and dispersity of 0.5% BCP crosslinked droplets over a range of 
residence times for both the fast quench and the droplet polymerizations. Catalyst is Urea (1), 
initiator is KOMe, and monomer is VL. Initator:Catalyst:Monomer 1:3:200. [Monomer]=3M. Fast 
quench quenching solution was acetic acid/THF.  
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APPENDIX B: Supplemental Information for Chapter 4 

Materials and Reactant Preparation and Storage 

ROP of Delta-Valerolactone: 

The reactants δ-valerolactone (VL), 1,3 diphenylurea, and potassium methoxide (KOMe) 

were purchased from Sigma Aldrich. Proper monomer preparation is vital to ensure that the 

monomer solutions are free of impurities and completely dry. The δ-valerolactone (VL) was 

distilled and stored at 4˚C under anhydrous conditions. All preparation materials (syringes, vials, 

needles, etc.), and solvents (THF and toluene) were dry and stored under anhydrous conditions. 

All batch polymerizations were performed inside the glovebox. While all subsequent solutions 

used during the fast quench and droplet generation experiments were prepared inside the glovebox, 

loaded onto the appropriate glass syringes, and the capped syringes were brought out of the 

glovebox and attached to the microfluidic device. 

 

ROP of Propylene Oxide: 

The reactants propylene oxide, tributylborane, phosphazene base P2-Et, and octanol were 

purchased from Sigma Aldrich. All reactants were stored under inert atmosphere. The octanol was 

distilled before storage and subsequent use. All solutions were prepared inside the glovebox, 

loaded onto appropriate glass syringes, and the capped syringes were brought out of the glovebox 

and attached to the microfluidic device.  

 

Amphiphilic Block Copolymers: 

The Pluronic (14600 g mol-1) and all reactants needed for the synthesis of the amphiphilic 

block copolymers (PEG-PVL, PEG-PLA, and PEG-PCL) including methoxy poly(ethylene 
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glycol), 3,6-dimethyl-1,4-dioxane-2,5-dione, ɛ-caprolactone, triazabicyclodecene, and tin(II) 2-

ethylhexanoatemethoxypolyethylene glycol, δ-valerolactone,  were purchased from Sigma 

Aldrich. All synthesis were performed under inert atmosphere.  

 

Droplet-Based Microfluidic Device 

Fast Quench vs Droplet Configuration: 

The off-the-shelf droplet-based microfluidic device can be operated in two configurations.127 The 

first is the fast quench configuration where the hypodermic tubing dispersed phase outlet tip can 

be inserted into the quench solution. This configuration allows us to precisely determine the 

conversion and molecular weight at each specific flow rate before droplet formation. The second 

configuration is the droplet generating configuration where the hypodermic tubing is threaded 

through a secondary cross tee where the continuous aqueous phase is being supplied. On the 

opposite end of the tee the hypodermic tubing is centered inside the glass capillary allowing water 

to completely sheath the hypodermic tubing and shear the dispersed phase off into droplets 

continuously, Figure B.1.  
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Figure B.1: a) Off-the-shelf droplet-based microfluidic device. b) The water-sensitive catalyst is 
sheathed between two streams of monomer solutions c) Graphic showing the fast quench 
configuration and droplet generating configuration that the device can be operated in.  
 

Device Design Materials and Assembly Specifications: 

The microfluidic device we designed is made from all commercially available components. 

Figure B.2 shows a cross-section of both intersecting flow points the co-flow droplet generating 

microreactor. The microreactor consists of one PEEK 0.02” thru hole cross assembly and one 

PEEK 0.02” thru hole tee fitting purchased from IDEX Health & Science. Input flow was supplied 

by three syringe pumps with glass syringes connected to 1/16” OD, 0.02” (177.8 μm) ID PEEK 

tubing, which was also purchased from IDEX. Connecting the two fittings is a 3” piece of 25G 
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thin wall stainless steel hypodermic tubing with a 0.02 OD, 0.012 ID purchased from Component 

Supply. One end of the metal tubing was inserted into a piece of the 1/16” PEEK tubing to seal an 

end on both fittings, while the other end of the metal tubing was entirely threaded through the tee. 

The glass capillary was inserted into 1/8” PEEK tubing and positioned at the opposite end of the 

tee. This allowed enough space for the water to flow through the gap around the metal tubing to 

shear off the droplets.  

 

 
Figure B.2: Droplet generating co-flow microfluidic device with all components listed 
 
 
Dripping Flow Regime: 

To successfully encapsulate the catalyst within the center of the droplet and allow the 

catalyst the longest amount of time for polymerization we must operate in the dripping regime. In 

the dripping regime the droplets are formed close to the tip of the tube with strict periodicity.317 

Whereas the jetting regime has droplet formation at the end of a jet, Figure B.3a. In the jetting 

regime there is a larger surface area being exposed to the aqueous phase before droplet formation, 

which leads to faster quenching of the catalyst. 
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Figure B.3: A)Undesired jetting regime versus desired dripping regime  B) Droplet mixing 
induced from slug flow 
 

It is also undesirable for the regime to switch into the slug flow regime, where the droplets 

fill the cross-section of the glass capillary tube. In this regime the slug’s internal fluid circulates 

very effectively due to high shear interactions with the glass capillary wall. The faster mixing 

owing to the twirling effect and recirculating flow would lead to faster quenching of the catalyst 

within the droplet, Figure B.3b.125,126  

 

General Synthesis of Amphiphilic Block Copolymers (ABC): 

PEG-PLA: 

A solution of the catalyst DBU (0.069 mmol 1eq) and 3000 g mol-1 mPEG (1eq) in 3mL of DCM 

was prepared in a glovebox in a 20 mL vial. A separate solution of the lactide (100eq) in 5 mL of 

DCM was also prepared in a separate vial. The two solutions were mixed and quenched after 15 
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min with benzoic acid.186 The ABC is then precipitated in diethyl ether and hexane (1:1) and dried 

via high vacuum.   

 

PEG-PVL: 

Similarly a solution of the 1,3 diphenylurea (3eq), potassium methoxide (0.142 mmol 1eq) 

and 2000 g mol-1 mPEG (1eq) were dissolved in THF in a glovebox. A separate solution of δ-

valerolactone in THF was also prepared. The two solutions were mixed and quenched after 60s 

with benzoic acid. The ABC is then precipitated in diethyl ether and hexane (1:1) and dried via 

high vacuum.   

 

PEG-PCL: 

A solution of the tin(II) 2-ethylhexanoate(0.098mmol 1eq), 5000 g mol-1 mPEG (1eq), and 

ɛ-caprolactone were added to a round bottom flask with a stirbar and sealed with a septum. The 

round bottom flast was taken out of the glovebox, attached to a Schlenk line under N2, and the 

temperature was brought to 120˚C for 6hrs. The reaction was quenched with benzoic acid.318 The 

ABC is then precipitated in diethyl ether and hexane (1:1) and dried via high vacuum.   

 

Table B.1: Amphiphilic block copolymer composition and block molecular weights 
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Polymer Product Analysis and Characterization  

To measure the success of the catalyst encapsulation and protection from the aqueous 

phase, we analyzed both the fast quench and droplet samples with gel permeation chromatography 

(GPC) for the molecular weight and gas chromatography (GC) for monomer conversion. The GC 

analysis of conversion is a powerful tool to monitor the decrease in monomer with respect to an 

internal standard. The validity of this method relies on an accurate determination of the initial 

monomer-to-internal standard ratio,3 which we obtained by taking a preliminary sample of the 

solution before starting the polymerization. For our system, we employed decane as our internal 

standard as it is stable during the polymerization and analysis. It is important to note that the 

internal standard was added to the monomer phase so the initial monomer-to-internal standard 

ratio sample would be taken from the same solution. Additionally, the quantity of the internal 

standard was shown to be an important factor, as too small of a quantity of internal standard does 

not allow sufficient precision for the accurate determination of conversion over time.  

 

GPC Data Processing and Dispersity:  

We utilize the EcoSEC software associated with our GPC to perform the data processing 

associated with obtaining molecular weight and dispersity. We do not rely on the automatic 

integration of each peak, instead we edit every peak individually to ensure we include the entirety 

of the peak and any peak tailing. We draw a straight baseline from the furthest left bound of the 

peak to the furthest right bound of the peak. Care is taken to make sure that our baseline is not is 

not higher than the original baseline or sloping.  

We have found that the dispersity of the polymers obtained from the microfluidic droplet-

based system are higher than in batch. Additionally, when comparing the fast quench configuration 
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samples to their droplet configuration counterparts we also see an increase in dispersity of the 

polmer produced, Figure B.4. We attribute the increase in dispersity to the initiation of small 

polymer chains by the water after droplet formation, and nonhomogeneous quenching of the 

catalyst within the particle due to water diffusion.  

 
Figure B.4: Fast quench and droplet molecular weight and dispersity (PDI) obtained from the 
GPC. The droplet configuration produces more dispersed polymer than the fast quench due to 
small polymer chain initiation and nonhomogenous quenching of the catalyst.  
 

We start our polymerization with a living system, but because the initiation and quenched 

are occurring in a non-homogeneous mixture we observe tailing in the MWD. The dispersity is 

indicative of this tailing but the visual of the GPC traces is more insightful. Figure B.5. In this 

figure you can see broadening of the peaks with increase in rt within the reactor.  
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Figure B.5: A series of GPC traces showing the molecular weight distribution broadening an 
tailing due to the initiation and quenching happening simultaneously in the non-homogeneous 
disperse phase.   

 
ROP of δ-Valerolatone with the Addition of ABCs and Hydrophobes 

To ensure that the addition of amphiphilic block copolymers (ABC)s did not negatively 

affect the ring-opening polymerization kinetics we first tested the formulation in batch. With a 1 

wt% loading of ABC we saw that the PEG-PVL, PEG-PCL, and Pluronic all reached high 

molecular weight (20 kg mol-1) and high conversion (X>90%) in 20 seconds, Figure B.6. The only 

ABC that showed a negative impact on the ROP kinetics was PEG-PLA where the maximum 

molecular weight was around 6 kg mol-1  and the maximum conversion attainable was around 30%. 

INC rt
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Figure B.6: Batch polymerization results from the ROP of delta-valerolactone with 1,3 
diphenylurea with the addition of the amphiphilic block copolymers 
 
 

Similarly the addition of hydrophobes was tested in batch. The hydrophobe that showed 

the least negative impact to the ROP kinetics was hexadecane. We saw that with the addition of 

0.4M hexadecane the batch polymerization was still able to reach high molecular weight (20 kg 

mol-1) and high conversion (X>90%) in 20 seconds, Figure B.7. 
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Figure B.7: Batch polymerization results from the ROP of delta-valerolactone with 1,3 
diphenylurea with the addition of the amphiphilic block copolymers and hexadecane. 
 

ROP of Propylene Oxide with Organobase and Tributylborane 

To illustrate the versatility of our system we expanded to another water-sensitive ROP 

chemistry, Scheme B.1. The ROP of propylene oxide via an organobase and tributylborane with 

octanol as an initiator was chosen for two reasons: firstly, this chemistry is also known for being 

able to reach high molecular weight polymer with low dispersity, and secondly, the reaction is 

highly reactive and exothermic. By choosing a very reactive chemistry we could show the benefit 

of using a small reaction volume flow system such as our droplet-based microfluidic device. We 

can safely increase the co-catalyst loading within our device to levels that in batch would be unsafe 

and highly exothermic.  
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Scheme B.1: Ring-opening polymerization of propylene oxide 

 
 

 
Device Design Modification for the ROP of Epoxides  

Small modifications were made to the droplet generating microfluidic device to allow the 

implementation of the epoxide ROP chemistry, Figure B.8. The possibility of clogging the device 

due to the high reaction rate and quick increase in viscosity combined with the high exothermicity 

of the polymerization of propylene oxide prompted us to optimize the device. Firstly, we moved 

the flow system into a chemical reaction hood as the first safety measure. Secondly, we increased 

the length of the tubing entering the main cross-tee to 3ft coils. Increasing these portions of tubing 

would ensure that if the device did clog there would not be any backflow into the syringes leading 

to a runaway reaction.  

 
Figure B.8. Modified device design, removing small diameter tubing after the cross tee. 
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In an attempt to further increase the molecular weight attainable with the PO ROP we added 

in a crosslinker, 1,4-butanediol diglycidyl ether. With a 1wt% addition of the crosslinker we saw 

a dramatic increase in viscosity of the solution compared to the formulation without the 

crosslinker. This increase in viscosity could very easily clog the system at longer residence times, 

therefore we only operated the system with flow rates that resulted in less than 10 second residence 

times within the device. With the addition of the crosslinker we saw an increase at rt = 9.5s from 

26% to 41%, Figure B.9. 

 

 
Figure B.9. Ring-opening polymerization of propylene oxide with the addition of 1wt% 1,4-
butanediol diglycidyl ether as a crosslinker 
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APPENDIX C: Supplemental Information for Chapter 5 

Materials and Methods 

Copolymerizations of ROP of Delta-Valerolactone and Bis(ε-Caprolactone-4-yl)Propane: 

The reactants δ-valerolactone (VL), 1,3 diphenylurea, and potassium methoxide (KOMe) 

were purchased from Sigma Aldrich. The bis(e-caprolactone-4-yl)propane (BCP) was synthesized 

following previously reported methods. 92,166 Proper monomer preparation is vital to ensure that 

the monomer solutions are free of impurities and completely dry. The δ-valerolactone (VL) was 

distilled and stored at 4˚C under anhydrous conditions. All preparation materials (syringes, vials, 

needles, etc.), and solvents (THF and toluene) were dry and stored under anhydrous conditions. 

All batch polymerizations were performed inside the glovebox. While all subsequent solutions 

used during the fast quench and droplet generation experiments were prepared inside the glovebox, 

loaded onto the appropriate glass syringes, and the capped syringes were brought out of the 

glovebox and attached to the microfluidic device. 

 

Droplet Collection for Analysis: 

In order to collect the droplets for GPC, NMR, GC and UV-vis analysis, we utilized glass 

20mL vials. The glass vials were filled with 18 mL of a 50:50 mixture of methanol and DI water. 

The methanol helps remove the toluene solvent from the droplet allowing the polymer particles 

to precipitate into solid spheres. The glass capillary outlet tip was inserted into the collection vial 

and particle collection was done over a given period of time.  
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Crosslinked Biodegegradable Elastomers: 

 
Scheme C.1: Copolymerization of bis(ε-caprolactone-4-yl)propane and δ-valerolactone via 1,3 
diphenylurea to from crosslinked biodegradable elastomers tethered to the chemotherapeutics of 
interest, Paclitaxel or Docetaxel, or the model molecule 9-anthracenemethanol 
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