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ABSTRACT OF THE DISSERTATION 

 

Liquid-liquid phase separation and self-assembly of block copolymers 

by 

Aoon Rizvi 

Doctorate in Chemistry 

University of California, Irvine, 2023 

Professor Joe Patterson, Chair 

Liquid-liquid phase separation (LLPS) is a process through which a homogeneous phase separates into 

two or multiple phases. This process is observed in systems spanning biology and synthetic polymeric 

systems. The distinct phases have direct influence on things like material properties, morphology, and 

material interactions with other interfaces. In my research, I explore how phase separated droplets 

influence self-assembled polymer morphologies in solution and on solid substrates. I used techniques 

like cryogenic electron microscopy (cryo-EM), liquid phase electron microscopy (LP-EM), and optical 

microscopy to study my systems. I developed the first example of nonionic block copolymer coacervates 

and demonstrated how the coacervates encode morphological information towards the solid phase self-

assembly. Using LPEM, I showed block copolymer coacervates are also intermediates during supported 

bilayer formation. This new mechanism of bilayer assembly should be beneficial for forming pristine 

supported bilayers. Additionally, I discovered the auto-confining effects within the phase separated 

droplets were shown to favor complex block copolymer morphologies that are usually accessed by 

inducing confinement of block copolymers in emulsions. Furthermore, I developed a model block 

copolymer system in which LLPS occurs during light-induced polymerization mimicking active biological 

processes. Lastly, I developed a workflow to image phase separated droplets of polymers or proteins 

using cryo-EM which enabled 2D and 3D nanoscale characterization. The collection of this work informs 

how phase separated droplets behave and influence block copolymer self-assembly.
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Chapter 1: Introduction 
 

This Chapter was adapted from a published article (Aoon Rizvi, Justin Mulvey, Rain 
Talsoig, Brooke Carpenter, Joseph P Patterson. A Close Look at Molecular Self-

Assembly with the Transmission Electron Microscope. Chem. Rev. 2021, 121, 22, 
14232–142800) 
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1.1 Self-Assembled Materials  
 

Molecular self-assembly is the spontaneous organization of molecules into higher 

order structures.1–3 The use of the term spontaneous is important as it indicates that the 

process of self-assembly has a negative free energy change. As such, self-assembly 

processes can be represented by a free energy landscape.4 The free energy landscape 

describes all possible microstates (configurations) as a function of their free energy. 

Self-assembly processes are a change in the microstate, going from a high energy 

position in the free energy landscape to a lower energy position. The free energy 

landscape is determined by the thermodynamics of the system, which depends on 

parameters such as the molecular structure of the building blocks, the medium of self-

assembly, and the temperature. Self-assembly processes are initiated by a change in 

the system parameters such that a new, lower energy microstate becomes accessible. 

A full understanding of a self-assembly process requires a description of the initial and 

final microstates as well as the mechanisms by which these microstates are connected. 

This complete understanding is essential for the rational design of functional self-

assembled systems as their functionality is dependent on their structure and structural 

dynamics.  

Self-assembly processes can be described by a complexity continuum. Simple 

processes consist of a small number of building blocks and microstates, assemble down 

a single pathway, evolve homogeneously (only one microstate is observed at each 

sampled time point), and form atomically precise structures that can be described by a 

few parameters. Complex processes can have multiple building blocks and microstates, 

assemble by multiple pathways, evolve heterogeneously, and form high dispersity 
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structures that are described by many parameters. Self-assembly processes are studied 

throughout the chemical, biological, and materials sciences and have been applied in 

medicine, catalysis, separation science, energy conversion and storage, and sensing 

applications.1–3 Common precursors for self-assembled materials include small 

molecules, polymers, and biological molecules. These building blocks range from a few 

angstroms to nanometers in size, while their assembled structures can range from the 

nanoscale to the macroscopic scale.1,5 The assembly process can occur in 1, 2, or 3 

dimensions (3D) and can take place over timescales that range from nanoseconds to 

multiple days.6  The vast continuum of space, time, and complexity makes 

understanding self-assembly a grand challenge, requiring multiple experimental, 

computational, and theoretical methods. Within our method arsenal, the transmission 

electron microscope (TEM) stands out as unique for its ability to discover, visualize, and 

quantify self-assembly mechanisms and structural features with atomic resolution. 

Throughout the chapters of this thesis, the TEM will be a common tool used to 

understand self-assembly processes and characterized nanoscale structures.  

1.2 Liquid-liquid phase separation  
 

Liquid-liquid phase separation has been studied now in a wide range of self-

assembling systems, including proteins, DNA, block copolymers, and small molecules. 

Liquid-liquid phase separated precursors can lead to solid self-assembled materials, but 

also stable phase separated droplets known as coacervates or condensates. The 

design and understanding of such systems is crucial to prepare biological analogues 

and new liquid phase polymeric materials. Furthermore, active systems in which the 

LLPS occurs by an ongoing chemical reaction is of great importance to mimic biological 
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processes and develop active materials. Our understanding of phase separating 

systems is limited as the research on these materials has only taken off in the past 

decade. Many aspects of LLPS systems remain unresolved, including the internal 

organization of macromolecules and partitioning within the multiple phases.  

1.3 Dissertation Overview 
 

This dissertation focuses on the development and characterization of phase 

separated and self-assembled systems mainly made of block copolymers except for 

Chapter X where protein condensates were also studied. All chapters involve droplet 

formation of polymers or proteins in solution. In each chapter, LP-TEM or Cryo-EM is 

used to characterize the structure within droplets and the mechanism of droplet 

formation. A detailed discussion on the electron microscopy techniques can be found in 

my review article.7  

Chapter 2 presents the discovery of non-ionic block copolymer coacervates. A 

general strategy to form coacervates from nonionic block copolymers by controlling the 

molecular structure and solvent composition was developed. The mechanism of 

coacervation is studied using a combination of optical microscopy and cryogenic and 

liquid phase electron microscopy, revealing a coalescence-driven growth process is 

also presented. Knowledge of the mechanism enabled the design of experiments where 

morphological information was encoded into the coacervate phase and developed into 

the solid phase. The results show that self-assembled materials can be formed with 

multiple morphologies from the nanoscale up to the macroscale by controlling the 

kinetics of the coacervation and self-assembly process. Prior to this publication, 
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polymeric coacervates were mainly prepared using a combination of oppositely charged 

polyelectrolytes.  

Chapter 3 is a mechanistic study of supported bilayer formation. Here, we 

studied the formation of block-copolymer-supported bilayers using LP-TEM. We 

observe two formation pathways that involve either liquid droplets or vesicles as 

intermediates toward supported bilayers. Quantitative image analysis methods were 

used to characterize vesicle spread rates and show the origin of defect formation in 

supported bilayers. Our results suggest that bilayer assembly methods that proceed via 

liquid droplet intermediates should be beneficial for forming pristine supported bilayers. 

Furthermore, supported bilayers inside the liquid cells may be used to image membrane 

interactions with proteins and nanoparticles in the future. 

Chapter 4 presents a polymerization induced coacervation system. We used 

RAFT polymerization to develop a block copolymer that forms phase separated droplets 

as the polymerization progresses. We followed the reaction kinetics of this process and 

learned that the onset of LLPS does not affect the reaction kinetics as hypothesized. 

However, the apparent reaction rate increases dramatically when the droplets turn into 

solid like particles. Chapter 5 presents a new way to access “confined” assemblies of 

block copolymers based on the LLPS mediated self-assembly mechanism. We 

discovered that block copolymers can form complex morphologies during the solvent 

switch method, but traditionally these complex morphologies are only produced using a 

biphasic confinement protocol. We show that when the system undergoes LLPS there is 

an auto-confinement effect which leads to the formation of confined morphologies. We 

mapped out phase trajectories of polystyrene-block-poly acrylic acid in multiple solvent 
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systems to modulate phase separation propensity. Using cryo-EM we characterized the 

final morphologies that were made by the solvent switch process.  

Chapter 6 presents a method to use cryo-EM to visualize nanoscale structure 

within phase separated droplets. We developed a method that applies cryo-electron 

microscopy (EM) to investigate the internal structure of condensates in vitro at the 

nanoscale. By bypassing the drying of material for conventional EM, we preserve the 

internal organization of molecules. We tested a range of material preparation protocols, 

including varying the temperature, concentration, and buffer conditions of the solution, 

along with vitrification procedures. We are able to produce both micron-sized spherical 

droplets and thin films of condensed material that are amenable to cryo-EM imaging. 

We applied this method to study condensates composed of intrinsically disordered 

proteins, polyelectrolytes, and block copolymers. Our results reveal the internal 

organization of the different materials at the nanoscale. We anticipate the use of cryo-

EM beyond single particle analysis to understand phase separation of intrinsically 

disordered proteins and other macromolecules.  

Lastly, Chapter 7 is a summary of the intellectual progress this thesis has contributed to 

the understanding of phase separating systems. In which I offer some perspective on 

where I think the field is going and what kinds of questions are critical to answer for 

advancing our understanding of phase separating systems.  

1.4 References 
 
(1) Whitesides, G. M.; Grzybowski, B. Self-Assembly at All Scales. Science 2002, 295 

(5564), 2418–2421. https://doi.org/10.1126/science.1070821. 
(2) Lehn, J.-M. Toward Self-Organization and Complex Matter. Science 2002, 295 

(5564), 2400–2403. https://doi.org/10.1126/science.1071063. 
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2.1 Introduction 

Coacervation, often used interchangeably with liquid-liquid phase separation, 

refers to the phase separation of a colloidal system into two liquid phases.1–8 The phase 

more concentrated in the colloidal component is referred to as the coacervate, and the 

dilute phase is referred to as the equilibrium solution.9 The most common colloidal 

components that form coacervates are proteins,4 peptides7, polyelectrolytes,10 and 

mixtures of synthetic polymers.11 The term complex coacervation is used when 

coacervates are formed using two oppositely charged colloidal components (e.g, 

polyelectrolytes),10 whereas simple coacervation is used when coacervates are formed 

from a single component (e.g, proteins).12 Simple coacervation is typically induced by 

changes in the solution temperature, pH, or the addition of a non-solvent.13,14 

Coacervates are important in biological,15–17 and synthetic systems.18,19 In general, the 

function of a coacervate is either to act as a compartment for storage, or as a precursor 

to a solid phase material.20 Within the cell membranes, coacervates are formed from 

proteins and RNA molecules,21 are known to organize cellular components,22 and serve 

as nanoreactors for biochemical reactions.23 Outside the cell, protein coacervation can 

be pathological24, or functional25,26, depending on the system.  For example, 

coacervation of the protein tau is linked to multiple neurodegenerative diseases,27 

including Alzheimer's.24 A functional role of coacervating proteins is seen in spider silk, 

where silk proteins form a coacervate precursor prior to the extrusion process that 

creates the silk fibers.28 In both cases coacervation provides a concentrated precursor 

to the solid assembled protein structure. Coacervates made from biomacromolecules 

are widely used in fragrance,29 pharmaceutical,30,31 and the food industries,32 and 

coacervates made from synthetic homopolymers have been used in the formation of 
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microporous membranes.33  More recently, coacervation has been used to direct the 

formation of nanostructures that find application in catalysis and drug delivery.34–36 By 

designing complementary block copolymers with a polyelectrolyte block and a neutral 

block, coacervation can be used to drive the assembly of coacervate core micelles,37–39 

giving rise to a similar phase behavior that is seen in the amphiphilic self-assembly of 

non-ionic block copolymers.40 We recently reported that coacervation can occur as an 

intermediate phase during the solvent switch self-assembly of non-ionic block 

amphiphilic copolymers.41 Using liquid phase electron microscopy (LP-EM), we 

observed the formation of transient nanoscale liquid droplets that directed the assembly 

of the poly(ethylene oxide)-block-poly(caprolactone) (PEO-b-PCL) block copolymers 

into vesicles, influencing their size and membrane thickness. Our explanation for this 

observation was that during the solvent-switch process, a specific composition exists 

where liquid-liquid phase separation is more thermodynamically favorable than 

dissolution or self-assembly. The implication for this is that it should be possible to form 

thermodynamically stable coacervates using non-ionic block copolymer by controlling 

the solution composition. This would be a surprising result as the phase behavior of 

amphiphilic block copolymers in solution has been studied for decades,40,42–45  and 

there have been no examples of block copolymer coacervates being formed during a 

solvent switch process reported to the best of our knowledge. Previous studies have 

reported macrophase separation of block copolymer solutions,46,47 however, there exists 

no discussion about macrophase separation or coacervation as an intermediate phase 

in the self-assembly of block copolymers. 
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Here, we report the formation of thermodynamically stable block copolymer 

coacervates made from polyethylene oxide-block-poly methyl methacrylate (PEO-b-

PMMA), poly dimethylacrylamide-block-poly methyl methacrylate (PDMA-b-PMMA) and 

PEO-b-PCL in mixtures of organic solutions and water. All block copolymers were 

synthesized using modified literature procedures (see supplementary section 2-i).48 

Using PEO-b-PMMA as a model system, we show that the thermodynamic phase 

behavior of the polymers is dependent on the solution composition, the polymer 

concentration, and the molecular weight of the PMMA block. We show that the 

coacervate phase can be used to confine the assembly process such that a single block 

copolymer (PEO45-b-PMMA300) can be assembled into nanoscale and micro-scale 

particles, hierarchically porous polymer membranes, and macroscopic polymer fibers, 

by controlling the formation of the coacervate intermediate. The structural features in 

the materials are controlled by both the coacervate intermediate and the  molecular 

structure of the block copolymer, the latter providing control over phase separation at 

the nanoscale.49   We also provide a theoretical model that shows how the 

concentration of polymer in the coacervate can be used to direct the morphology of the 

final nanoscale and microscale particles. These experiments provide a framework for 

designing coacervates using non-ionic block copolymers and selecting appropriate 

solution conditions. These coacervates could serve as compartments for storage or 

transportation, or be used as precursors to self-assembled materials, where the 

coacervate encodes structural features to be developed and incorporated into the self-

assembled materials on demand. Furthermore, the results show the importance of 



12 .  

considering the role that coacervation plays as an intermediate phase during the self-

assembly of block copolymers using solvent switch processes. 

2.2 RESULTS AND DISCUSSION: 
 

Figure 2.1: Phase behavior of PEO-b-PMMA diblock copolymers in water-dioxane mixtures: 

a) Photographs of PEO
45

-b-PMMA
300

 water-dioxane mixtures at 5 mg/mL, the water volume 

fractions (𝜑𝑊) are labeled on top of each sample. b) Photograph of 𝜑𝑊 = 0.25 sample 

showing the macro phase separated system post centrifugation. c) Optical micrograph of the 

coacervate sample at 𝜑𝑊 = 0.25 showing the micron sized liquid droplets. d) Cryo-TEM 

image of PEO
45

-b-PMMA
300

 bicontinuous nanoparticles.  
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Phase behavior of amphiphilic block copolymers in organic-water mixtures 

The phase behavior of PEO-b-PMMA, PDMA-b-PMMA and PEO-b-PCL block 

copolymers was studied by preparing stock solutions of polymer in an organic solvent 

(dioxane, THF and acetone) and adding a fixed volume of water, to create solutions with 

a range of water volume fractions (𝜑𝑊) (Figure 1, S2 and supplementary section 2-ii). 

Note: the final polymer concentration is diluted from the stock solution to mimic a 

solvent switch self-assembly process.40 Visual inspection of the solutions revealed three 

primary phases (Figures 1a), a homogeneous phase (clear solutions, 𝜑𝑊<0.25), a 

coacervate phase (cloudy solutions, 𝜑𝑊=0.25), and a self-assembled phase (blue 

solutions due to the Tyndall effect, 𝜑𝑊>0.275). Centrifugation of the coacervate phase 

resulted in the formation of two macroscopic phase separated domains (Figure 1b). In 

general, the volume of the coacervate layer was ~10-20 µL for 1 mL samples. Vortexing 

the macroscopically phase separated solutions resulted in the reformation of micron-

sized droplets, visualized by optical microscopy (Figure 1c). Cryogenic transmission 

electron microscopy (Cryo-TEM) of the self-assembled phase revealed nanoparticles 

(Figure 1d), where the morphology was dependent on the polymer concentration (as 

discussed later). Dynamic light scattering (DLS) of the clear solutions shows a number 

average hydrodynamic diameter of ~2 nm, consistent with a dissolved polymer (Figure 

S6).  The qualitative explanation for these results is that coacervation is favored under 

weakly-amphiphilic conditions.41,50 In solutions with low water content, both blocks are 

very soluble and the block copolymer is dissolved, i.e. no amphiphilicity. In solutions 

with high water content, the hydrophilic block is very soluble while the hydrophobic 

block is very insoluble. This high amphiphilicity drives the segregation of the two blocks 
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leading to self-assembly .40 In solutions with intermediate water content, the hydrophilic 

block is soluble and the hydrophobic block is sparingly soluble. This small difference in 

solubility is not sufficient to drive the block segregation, hence the block copolymers 

undergo coacervation. Quantitatively, the results can be explained by comparing the 

free energy densities of phase separation and micelle formation.41,50 Previously, critical 

solvent composition where coacervation occurs (𝜑S1
crit) has been derived by mapping the 

Flory-Huggins free energy of mixing51 of a block copolymer in a binary solvent mixture 

into that of a homopolymer-solvent system.41 Here we derive 𝜑S1
crit from the derivatives 

of the copolymer and solvent chemical potentials51 which results in the following 

equation (see supplementary section 3-ii). 

𝜑S1
crit =

[
𝑁A +  𝑁B + 𝑁S + 2√(𝑁A +  𝑁B)𝑁S

2𝑁S
 +

𝜒AB𝑁A 𝑁B

𝑁A +  𝑁B
− 𝑁A𝜒AS2 − 𝑁B𝜒BS2]

𝑁A(𝜒AS1 − 𝜒AS2) + 𝑁B(𝜒BS1 − 𝜒BS2)
              (1) 

In equation (1), 𝑁A and 𝑁B are the chain length of the A (lyophilic) and B (lyophobic) 

blocks respectively, 𝑁S = 𝑁S1 = 𝑁S2 represents the solvent size, which is assumed to be 

the same for both good (S2) and selective (S1) solvents, and the  𝜒ij terms are the 

Flory-Huggins interaction parameters between any two components i and j. The 

limitations of this model are that it does not account for the block nature of the polymer, 

polymer concentration (which is important for determining the critical point of phase 

separation)52,53 or any kinetic effects in the phase behavior. However, the benefit of this 

model is that it is computationally simple and therefore large phase spaces can be 

explored quickly. Consequently, the model is useful as a back of the envelope 

calculation for guiding experimental work. 
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Using PEO-b-PMMA as a model system, experimental and theoretical phase 

diagrams were compared. The free energy densities of micelle formation were 

calculated as previously reported.41,50  The phase behavior was explored as a function 

of the starting polymer concentration, PMMA block length, and water volume fraction, 

𝜑𝑊 (Figure 2). As seen in the experimental phase diagrams, the phase space in which 

coacervation is favored increases when the hydrophobic content of the system is 

increased (Figure 2, a, c, e). This can be achieved by either increasing the polymer 

concentration or the PMMA block length. The calculated phase boundaries are not 

affected by the polymer concentration and therefore the theoretical phase boundaries 

presented in Figure 2 a, c, and e, are identical. Our experimental data shows there is 

indeed a critical concentration at which coacervation occurs, and that the theoretical 

model does not accurately reproduce the shape of the phase boundaries. These 

differences are likely in part due to the limitations mentioned above, but also due to the 

fact that 𝜒ij parameters are known to be effectively concentration-dependent,54 therefore 

it is likely that some effective 𝜒ij parameters would more accurately describe the 

thermodynamics of the phase behavior. Despite the limitations of the model, the 

predicted and experimental phase boundaries are in good agreement, validating our 

theory that the phase behavior of block copolymers can be controlled by both the 

molecular structure and solution composition. The theoretical phase diagram was 

generated using a python script which has been included in the supplementary 

information.    

  The mass ratio of polymer between the coacervate and equilibrium solution 

(supernatant) was determined by decanting the top layer, evaporating the solvents and 
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measuring the remaining polymer mass (Figure 2 b, d, f). In general, it appears that the 

mass ratio is a function of the position in the phase space with respect to the phase 

boundaries, the polymer concentration, and the polymer molecular structure. For a 

single block copolymer at a fixed starting concentration, the volume fraction of polymer 

in the equilibrium phase decreases as the water content increases (i.e. the system is 

close to the phase boundary where self-assembly will occur).   PEO45-b-PMMA400 at 10 

mg mL-1 starting concentration, formed the coacervate with the lowest volume fraction of 

polymer in the equilibrium solution (< 3 %), comparable to other coacervate systems.4,36 

The extent of the two solvents partitioning amongst the two phases would be of interest 

here, however, for our current system we did not study this property. Future studies will 

be published regarding that subject matter. To test the pathway dependence on 

coacervate formation, we performed two experiments. 1) dioxane was added to 

solutions containing self-assembled particles, 2) solid polymer was directly dispersed in 

solutions where coacervation takes place. In both cases, the sample formed 

coacervates identical to those formed using the solvent switch procedure (Figure S1). 

This indicates that coacervate formation is under thermodynamic control in the studied 

conditions.55,56 As discussed later, this is in contrast to the self-assembled domain, 

which is under kinetic control. 
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Figure 2.2: Comparison of calculated and experimental phase diagrams of PEO45-b-PMMAx. 

a, c and e show phase diagrams as a function of PMMA block length (NB) and the volume 

fraction of water 𝜑𝑊 for initial polymer concentrations of 1, 5, and 10 mg mL-1 respectively. 

The data points (triangles, circles, crosses) mark the experimental data points. The regions 

of the phase diagram (white, blue, red) were drawn based on these data points. The dashed 

lines, blue and red, show the calculated critical water volume fraction for coacervation (𝜑
𝑤
crit) 

and self-assembly(𝜑w
SA) respectively.  (𝜑

𝑤
crit) is calculated using equation 1 and (𝜑w

SA) is 

calculated as described in previous reports.41,50 Graphs b, d and f show the experimental 

data and present the distribution of polymer between the coacervate phase and the 

equilibrium phase as a mass ratio of polymer mequilibirium/mcoacervate (meq/mc) for samples that 

undergo coacervation 
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Figure 2.3: Coacervation mechanism of PEO45-b-PMMA in dioxane water mixtures. a) 

Schematic of the coacervation mechanism from dissolve unimers to nano droplets, 

microdroplets and  a macro phase separated system. b) Snap shots from the LP-TEM movie 

(Supplementary Movie 1) of nano droplets formed in-situ (PEO45-b-PMMA300 in water dioxane 

mixture) and undergoing coalescence. c) Snapshots from the phase contrast microscopy movie 

(Supplementary Movie 2) of micro droplets (PEO45-b-PMMA300 in 𝜑𝑊 = 0.25 water-dioxane 

mixture) undergoing coalescence.  

The mechanism of PEO-b-PMMA block copolymer coacervation 

A combination of LP-EM, Cryo-TEM and optical microscopy was used to study the 

mechanism of coacervation. In general, experiments were performed by preparing 

solutions close to, or inside, the coacervation region of the phase diagram. Sample 

preparation for analysis by all techniques can result in partial evaporation of the 

solutions and the application of shear forces, both of which will likely affect the 
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coacervation process.57–59  Consequently, it is challenging to precisely control the onset 

of coacervation and make quantitative measurements across all scales of the 

coacervation process, however, the collective experiments indicate that the mechanism 

of coacervation occurs through the formation of nanoscale droplets, (consistent with our 

previous observations for PEO-b-PCL),41 which then grow to form microdroplets via 

coalescence, and eventually sediment under gravity to form a macroscopic two phase 

system. In our previous study of block copolymer coacervation by LPEM we did not 

observe any coalescence, however in our previous experiments the coacervates were 

fixed to the surface of the liquid cell which prevented droplet interaction and therefore 

coalescence. In the experiments reported here for PEO-b-PMMA we observed droplet 

growth via coalescence events at both the nanoscale, using liquid phase EM (Figure 3b, 

Movie S1), and at the microscale, using optical microscopy (Figure 3c, Movie S2), see 

supplementary information for experimental details. Cryo-TEM experiments also support 

a droplet growth via fusion, as we observed anisotropic vesicles with one membrane 

(Figure S3, see supplementary section 2-x). This indicates that the fusion event takes 

place prior to the self-assembly while the polymer is in the coacervate form. 

Furthermore, we also observed many anisotropic microparticles by SEM (Figure S5). 

Although these data provide strong evidence for a fusion driven growth mechanism, we 

cannot rule out that unimer addition also plays a role in the conversion of the 

nanodroplets to microdroplets. Therefore, further work is needed to determine the 

concentration of polymer inside the nanoscale and microscale coacervate droplets in 

the pre-equilibrium stage. When the microdroplets become sufficiently large, they begin 

to sediment and form a macroscopically phase separated system. The formation of two 



20 .  

distinct layers takes about 15 hours to complete, however, centrifugation at 10,000 g for 

10 minutes provided the same result. It is important to note that the data presented in 

Figure 2 b, d and f was obtained after centrifugation.  

Using block copolymer coacervates to control self-assembly over multiple length 

scales 

After establishing that coacervates are precursors to self-assembled structures, 

and that coacervates evolve in size via coalescence, we prepared self-assembled 

materials at multiple length scales by controlling the size of the coacervate phase and 

driving the system towards self-assembly with the addition of excess water. The 

addition of excess water changes the solvent composition so that self-assembly 

becomes thermodynamically favorable. Using PEO45-b-PMMA300 as a model system, 

macroscopic pellets, micron sized particles, and nanoscale particles were prepared, 

using the corresponding coacervate phase as an intermediate (Figure 4). The 

macroscopic pellet was cut open and imaged by scanning electron microscopy (SEM), 

revealing a porous polymer network (Figure 4c). Our hypothesis is that the structure in 

the coacervate creates the porous structure, and that upon addition of excess water, the 

block copolymer phase separates to impart nanoscale structure within the network 

(although we could not visualize the nanoscale morphology of the network directly). The 

micron sized particles were imaged by SEM, revealing an average size of 32 µm in 

diameter (Figure S10) with particle sizes as large as 10 µm. The microparticles 

displayed a porous surface structure, with average pore sizes of 4210 nm (Figure S11) 

and an average pore-to-pore spacing of ~ 8349 nm. Optimization of the microdroplet to 
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microparticle assembly method, for example, using microfluidic devices would result in 

the creation of microparticles with a narrow size distribution.60 The pore diameter and 

pore to pore separation distance are not consistent with a classical block copolymer 

bicontinuous structure, (see supplementary section 3-i). Consequently, our hypothesis 

is that the pore structure is determined by the assembly mechanisms as described in 

the following section. The nanoscale particles were imaged in water by cryo-TEM 

revealing an average size of 11050 nm (Figure S8) and a morphology consistent with 

a bicontinuous phase 61,62. The nanopores on the bicontinuous sphere were the average 

size of 14  3 nm (Figure S9), consistent with the molecular structure of the block 

copolymer and previous examples of block copolymer bicontinuous particles.63 
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Figure 2.4: Macroscale to nanoscale self-assembly of PEO45-b-PMMA300. a) Photograph of a 

macro phase separated coacervate solution of PEO45-b-PMMA300 at 𝜑𝑊 = 0.25 in dioxane. b) 

Photograph of a millimeter size pellet formed by driving the coacervate phase to self-assembly 

via excess water addition. c) SEM image of a cross section of the pellet formed showing the 

bicontinuous microstructure within the self-assembled pellet. d) Bright-field optical microscopy 

image of the dispersed coacervate droplets of PEO45-b-PMMA300 at 𝜑𝑊 = 0.25 in dioxane 

mixture. e) SEM image of the microparticles self-assembled from the dispersed coacervate 

solution via excess water addition. f) In-situ TEM image of nano-coacervates formed using 

PEO45-b-PMMA300. g) Cryo-TEM image of bicontinuous structures formed at  𝜑𝑊 > 0.3 water in 

dioxane on the Cryo-TEM grid. 
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Figure 2.5: Fiber formation from PEO45-b-PMMA300 coacervate solution. a) Photograph of fiber 

formation as it is being pulled out of a concentration coacervate solution from a glass slide. b) 

SEM image of the fiber formed showing smooth surface and dense interior of the fibers. C) 

Cryo-TEM image of a fiber formed on the TEM grid during sample preparation, inset shows 

porous internal structure of the fibers (see supplementary section 2-x).  

 The results show that coacervation is a powerful method to control the self-assembly of 

block copolymers into particles over nanoscale to macroscopic length scales. Phase 

separated systems, like complex coacervates of polyelectrolytes and engineered 

proteins, have been used to make synthetic fibers by simply pulling fibers from the 

coacervate phase or electrospinning the phase separated solution.28,64 Inspired by 

these previous works, we wanted to test if we could form fibers from our non-ionic block 

copolymer coacervates. The coacervate phase was taken on a glass slide and a pipette 

tip was used to pull fibers from the solution (Figure 5a). Pulling fibers from the 

coacervate resulted in the formation of a solid material due to the evaporation of the 

solvent, in contrast to our previous experiments where the formation of self-assembled 

structures was driven by changing the solution composition.  SEM revealed fibers with a 
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range of diameters (~ 60 µm) and a smooth surface structure (Figure 5b). Cryo-TEM of 

the fibers revealed a nanoscale porous structure within the fibers (Figure 5c). Control 

experiments were performed using the same block copolymer (PEO45-b-PMMA300) as a 

homogenous solution (𝜑𝑊 < 0.25) and a nanoparticle solution (𝜑𝑊 > 0.30). In both 

cases, it was not possible to pull fibers from the solution.  

The role of polymer concentration in the mechanisms of block copolymer self-

assembly from a coacervate intermediate  

Cryo-TEM was used to image self-assembled particles formed by a solvent 

switch process, using PEO-b-PMMA300 at initial polymer concentrations of 5 and 1 mg 

mL-1 (see supporting information sections 2-ix,2x for more details). In both samples, a 

mixture of morphologies was observed which included hemi-vesicles, vesicles and 

bicontinuous particles (Figure 6, Figure S4). Our hypothesis is that for block copolymer 

self-assembly processes that proceed via a coacervate intermediate, the morphology of 

the particles is dependent on the volume fraction of the polymer within the liquid droplet. 

It is important to recognize that if coacervation occurs as an intermediate phase during 

the solvent switch process, it is only possible to form nanoparticles by kinetically 

controlling the coacervate intermediate. As the coacervates in the nano-scale have not 

reached equilibrium, the concentrations within the droplets will likely vary stochastically. 

However, it is reasonable to assume that a lower starting polymer concentration will 

result in the formation of nano-scale coacervates with, on average, a lower 

concentration of polymer which could result in the range of morphologies seen in Figure 

6. In the coacervate phase, the polymer chains will be homogeneously distributed 

throughout the liquid droplet. Upon the increase of water in the local environment of the 
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droplet, where self-assembly is favored, the polymer chains are forced to reorganize in 

the confined space of the coacervate droplet. In addition to our previous work,41 Wong 

et al. have also recently reported a droplet precursor during the solvent switch self-

assembly of a block copolymer.65 This is analogous to the self-assembly of polymers 

within phase separated liquids,66 such as oil/water emulsions.67,68  

Our previous LPEM observations showed that the polymer chains can assemble 

at the interface between the droplet and the bulk environment.41 If the polymer volume 

fraction is insufficient to saturate the surface, a hemi-vesicle or porous vesicle will be 

formed (Figure 6a and S5). If the volume fraction of polymer chains in the droplet is 

sufficient to saturate the interfacial region, then the final structure formed will be hollow 

(e.g. a vesicle, Figure 6b). If the volume fraction of polymer chains within the droplet is 

more than sufficient to saturate the surface, then the final structures will be non-hollow 

morphologies (e.g. a bicontinuous structure, Figure 6c and Figure S4, further discussion 

is provided in the supplementary information). This can be described quantitatively 

using a geometric model for AB type block copolymers (where B is the solvophobic 

block) as follows: 

 The volume occupied by the B blocks in an AB block copolymer coacervate droplet can 

be expressed as 

𝑉B
d =

4

3
𝜋𝑅d

3𝜑B
d ,                                                                       (1) 

where 𝜑B
d is the polymer volume fraction in the droplet and 𝑅dis the droplet radius.  

The volume of B blocks in the B-rich domain of a block copolymer bilayer is given by 
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𝑉B
v ≈ 𝑆𝐿𝜑B

v ,                                                                           (2) 

with S and 𝐿 representing surface-area (counting only one side) and thickness of the B-

rich domain of the bilayer, respectively. The parameters 𝜑B
v  and  𝜑B

d depend on the 

interaction of the block copolymer molecules with the solvent molecules and are 

independent, in theory, of 𝑆 and 𝑅d .  Making the assumption that mass, radius and 

shape are conserved, i.e. no exchange of unimers with the surrounding solution and no 

rearrangement of the droplet morphology, 𝑉B
d ≈ 𝑉B

v and hence the following relationship 

can be considered: 

4

3
𝜋𝑅d

3𝜑B
d ≈ 𝑆𝐿𝜑B

v .                                                                         (3) 

Rearranging (3) we can estimate the total internal surface of the self-assembled 

structure: 

𝑆 ≈
4𝜋𝑅d

3𝜑B
d

3𝐿𝜑B
v .

                                                                          (4) 

The droplet will rearrange into a vesicle if 𝑆 ≈ 4𝜋𝑅d
2 (curvature effects can be neglected 

for 𝐿 ≪ 𝑅d), into a hemi-vesicle or porous vesicle if 𝑆 ≪ 4𝜋𝑅d
2 and into a particle with 

internal structure if 𝑆 ≫ 4𝜋𝑅d
2. This allows to define a shape parameter which 

determines what kind of structure is formed: 

Υ =
𝑅d𝜑B

d

3𝐿𝜑B
v .                                                                           (5) 
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If Υ ≈ 1 a vesicle is formed, If Υ ≪ 1 a hemi or porous vesicle is formed and if Υ ≫ 1 a 

particle with internal structure is expected.  

The estimation of four parameters (𝑅d, 𝐿, 𝜑B
d and 𝜑B

v), is beyond the scope of this report 

but will be discussed in a subsequent publication. It is also important to note that the 

experiments presented in Figure 6 were not performed with the objective of controlling 

the concentration of polymer in the nanoscale coacervate, however the mechanism 

presented here is our hypothesis for the observed results. Further work is underway to 

confirm this hypothesis by tracking the evolution of droplets into self-assembled 

structure, where the concentration of polymer in the droplet is varied and can be 

measured quantitatively.      

Figure 2.6: Proposed mechanism for the self-assembly of nano-scale block copolymer 

structures from a coacervate precursor droplet. The mechanism shows the relationship between 

the concentration of polymer in the droplet and the final self-assembled structure. a) Droplets 

with  Υ ≪ 1 that arrange the polymer chains at the liquid-liquid interface to yield the hemi 

vesicles as shown in the respective Cryo-TEM image.  b) Droplets with Υ ≈ 1 that arrange the 

polymer chains at the liquid-liquid interface to yield vesicles as shown in the respective Cryo-

TEM image. c) Droplets with Υ ≫ 1 that arrange the polymer chains at the liquid-liquid interface 

to yield the bicontinuous spheres as shown in the respective Cryo-TEM image.   
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2.2 2.2 CONCLUSION 

In conclusion we report, to the best of our knowledge, the first example of 

thermodynamically stable coacervates formed using non-ionic block copolymers by 

tuning the solvent composition during a solvent switch process. This work supports our 

previous observations that coacervation can occur during the self-assembly of 

amphiphilic polymers.41 Here we have shown that three different diblock copolymers 

can form stable coacervates. We derived new equations to predict the phase behavior 

of block copolymers based on molecular structure and solvent composition that can be 

used as a guide for experimental work. This guide is important as the coacervation may 

only occur in a narrow region of the phase space. Although our model system 

undergoes coacervation in mixtures of organic solvent and water, it should be possible 

to design non-ionic block copolymers that undergo coacervation in pure aqueous 

solutions. Using PEO-b-PMMA block copolymers as a model system, we have shown 

quantitative agreement between our theoretical and experimental phase diagrams. We 

have also shown that the polymer coacervates can be used to direct the formation of 

solid phase materials with dimensions that span over six orders of magnitude. Our data 

indicates that the concentration of polymer in the coacervate phase plays a role in 

determining the morphology of self-assembled structures formed through a coacervate 

intermediate and we developed a theoretical model understanding and predicting 

morphology a priori. We anticipate new applications of neutral block copolymers will 

arise from this work and that non-ionic block copolymer coacervates will be applied at 

the interface between the biological and materials sciences. This work highlights the 

importance of considering coacervation as an intermediate phase during the solvent 

switch self-assembly of block copolymers. Lastly, we have demonstrated that if 
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coacervation is a thermodynamically stable precursor, it must be overcome kinetically to 

achieve the formation of nanoscale or microscale polymer particles.    
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A.1 Materials and instruments: 
 
All reagents were purchased from Acros Organics, Fisher Scientific, or Sigma-Aldrich, 

and used without further purification unless otherwise noted. 1H NMR spectra were 

collected on a 500 MHz Bruker Avance spectrometer. All samples were taken in CDCl3. 

Chemical shifts are provided in ppm, calibrated from the residual CDCl3 peak (7.26 

ppm).  All TEM experiments were performed on a JEOL 2100 equipped with a 200 keV 

field emission gun and a OneView camera, Irvine Materials Research Institute, 

University of California, Irvine.  CryoTEM Quantifoil Holey Carbon Films were purchased 

from Electron Microscopy Sciences, grids were glow discharged for 70 s to increase 

hydrophilicity prior to sample preparation.  Liquid Phase imaging was performed with a 

DENS solutions Ocean holder using 0 nm spacer chips. SEM imaging was performed 

on a FEI Magellan 400 XHR SEM. Optical and fluorescence imaging were performed 

using a Keyence Bz-X810 all in one fluorescence microscope. Size exclusion 

chromatography (SEC) was performed in DMF using an Agilent 1100 chromatograph 

equipped with RID detector and a PL gel 5 μm 300x7.5 mm mixed column. All samples 

were calibrated against polystyrene standards (MW= 580, 1300, 5000, 10000, 30000, 

70000, 130000 g/mol). 
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A.2 Experiential Methods 
A.2i) Synthesis: 

Synthesis of CTA 1 

To a 250 mL round bottom flask, dodecanethiol (10.1 g, 50 mmol), KOH (3.41, 60 

mmol) were added and dissolved in EtOH (40 mL). After 30 min of stirring, CS2 (3.0 mL, 

39 mmol) was added via a syringe. After 4 h of stirring, Tosyl-Cl (4.65 g, 24.4 mmol) in 

DCM (10 mL) was added dropwise turning the reaction mixture orange. The reaction 

was stirred overnight. The reaction mixture was washed with brine and the organics 

were concentrated in vacuo. The solid intermediate was further dissolved in EtOAc (40 

mL) and 4,4′-azobis(4-cyanovaleric acid) (5.55 g, 0.0198 mol) was added to the reaction 

mixture. The solution was heated at 80 °C for 12 hours. The solvent was evaporated, 

and the yellow product was purified using silica gel chromatography 20% ethyl acetate 

in hexanes. The pure product (3.7g, 20% yield) was dried in high-vac overnight to 

remove residual solvent. 1H NMR (CDCl3,500 MHz) δ ppm: 0.95 (t, J = 6.9 Hz, 3H), 1.32 

(m, 18H), 1.76 (m, 1H), 1.95 (s, 3H), 2.46 (m, 2H), 2.75 (t, 2H), 3.39 (t, 2H). 

Synthesis of Macro PEO-CTA 

To a flame dried 100 mL two-neck round bottom flask under N2 m-PEG45 (1.1 g, 0.5 

mmol) was added along with DCC (212 mg, 1 mmol), anhydrous DCM was syringed in 

to dissolve the solids followed by the addition of CTA-1 (417 mg, 1 mmol) dissolved in 

DCM (5 mL). The reaction was covered with foil under N2 and stopped after 48 h. The 

dicyclohexyl urea precipitate was filtered out and the organics were evaporated in 

vacuo, the yellow solids were dissolved in minimal THF and the viscous solution was 

poured into cold Et2O while vigorously stirring to precipitate the PEO-CTA. The 
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precipitate also contains unfunctionalized m-PEG45 as the DCC coupling reaction was 

not quantitative, the macro CTA was used with the unfunctionalized m-PEG. The 

concentration of the functionalized PEG was determined using UV-vis analysis (Figure 

S6). 1H NMR (CDCl3,500 MHz) δ ppm: 0.88 (t, J = 6.9 Hz, 3H), 1.25 (m, 18H), 1.70 (m, 

1H), 1.87 (s, 3H), 2.46 (m, 2H), 2.66 (, 2H), 3.32 (m, 2H), 3.38 (s, 3H), 3.64 (s, 180H). 

Synthesis of PEO45-b-PMMA200 

To a 10 mL Schleck tube MMA (0.62 g, 6.2 mmol), AIBN (0.5 mg, 0.62 mmol), PEO-

CTA (70 mg, 0.0292 mmol) and toluene (300 μL) were added along with a stir bar. The 

mixture was vigorously stirred and sparged with N2 for 20 min. The tube was sealed and 

heated to 70 °C in an oil bath. The polymerization was monitored via the consumption of 

MMA using 1H NMR. After 12 hours the polymerization was “gelled”, indicating high 

conversion, in this case 90% conversion. The polymer was precipitated three times into 

cold methanol and dried in a vacuum oven at 40 oC. 1H NMR (CDCl3, 500 MHz) δ ppm: 

0.86-1.02 (CH2 polymer back bone), 1.81 (CH3, PMMA), 3.38 (CH3O- PEO End Group), 

3.60 (-OCH3, PMMA), 3.64 (-OCH2CH2-). All PEO45-PMMA block copolymers were 

synthesized using this procedure, varying the monomer ratios for desired DP) 

Synthesis of PDMA70 

To a 10 mL Schleck tube DDMAT (0.100 g, 0.274 mmol), AIBN (0.45 mg, 0.0274 

mmol), DMA (1.9 g, 21.9 mmol) and toluene (300 μL) were added along with a stir bar. 

The mixture was vigorously stirred and sparged with N2 for 20 min. The tube was sealed 

and heated to 70 °C in an oil bath. The polymerization was monitored via the 

consumption of DMA using 1H NMR. After 6 hours the polymerization was “gelled”, 

indicating high conversion, in this case 85% conversion. The polymer was precipitated 
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three times into cold ether and dried in a vacuum oven at 40 oC. 1H NMR (CDCl3, 500 

MHz) δ ppm: 0.88 (t, J = 6.9 Hz, 3H), (1.0-1.9) (CH2, CH polymer back bone), 2.2- 3.2 

((CH3)2N). 

Synthesis of PDMA70-b-PMMA450 

To a 10 mL Schleck tube PDMA70 (0.200 g, 0.030mmol), AIBN (0.1mg ), MMA ( 1.35 g,  

13.5 mmol) and toluene (300 μL) were added along with a stir bar. The mixture was 

vigorously stirred and sparged with N2 for 20 min. The tube was sealed and heated to 

70 °C in an oil bath. The polymerization was monitored via the consumption of MMA 

using 1H NMR. After 4 hours the polymerization was “gelled”, indicating high 

conversion, in this case 99% conversion. The polymer was precipitated three times into 

cold ether and dried in a vacuum oven at 40 oC. 1H NMR (CDCl3, 500 MHz) δ ppm: 

0.82-0.88 (DDMAT), 1.0-1.9 (CH2, CH polymer back bone), 2.2- 3.2 ((CH3)2N), (CH3, 

PMMA), 3.60 (-OCH3, PMMA). 

 

A.2 ii) Preparation of organic-water mixtures for studying the phase behavior of 

amphiphilic block copolymers: 

The phase behavior of PEO45-b-PMMAx was mapped experimentally. Self-assembly by 

the solvent switch method was carried out as a function of PMMA chain length (130, 

200, 300, 400) and starting polymer concentration (1, 5, 10 mg mL-1). For each sample, 

a calculated volume of polymer solution was used, and water was subsequently added 

to achieve the desired 𝜑𝑊  with 1 mL being the final solution volume. The phase 

behavior of each sample was determined largely based on a visual inspection of the vial 

supplemented by optical microscopy and cryoTEM as detailed in Figure 1. Each sample 

was categorized as following: clear solution (no self-assembly), milky opaque solution 
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(coacervate formation/ LLPS), translucent blue turbid solution (nano particle formation). 

This procedure was used to perform solvent switch experiments with other block 

copolymers as well (PDMA70-b-PMMA450, PEO45-b-PCL6) Table S1-S3 presents the 

details and outcomes of each sample for this study. 

A.2 iii) Experiments to test the pathway dependence on the coacervation of PEO-

b-PMMA block copolymers: 

 

Coacervates of PEO45-PMMA300 were formed from different pathways to test if the 

formation of these droplets was path dependent. As shown earlier, increasing the water 

content from no water to where phase separation occurs ( 𝜑𝑊  ≈ 0.25) results in the 

formation of coacervates. However, in (Figure S2 a) we show that if nanoparticles are 

first formed at higher water content, in this case  φW  = 0.35, and more dioxane is 

added to decrease the water content to where the solution is expected to phase 

separate( 𝜑𝑊  ≈ 0.25), we see coacervate formation again (Figure S2 b). This suggests 

the coacervates form under thermodynamic control. Furthermore, addition of solid 

polymer to a mixture of  𝜑𝑊 These experiments showcase the path independent 

behavior of coacervate formation which means this process is under thermodynamic 

control. 

A.2 iv) Preparation of block copolymer nanoparticles through a coacervate 

intermediate 

PEO45-b-PMMA300 nanoparticles were self-assembled by the solvent switch method. 

Water (500 µL) was added using a micro-pipette within 1 second to the polymer 

solutions (500 µL) of varying polymer concentrations (1, 5, 10 mg mL-1). The samples 

were vortexed for 10 seconds. The self-assembled samples turned lightly turbid 
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indicating the formation of nano structures in solution. The dioxane:water solutions were 

dialyzed (3.5K molecular weight cutoff) extensively against DI water and analyzed by 

Cryo-TEM. 

 

A.2 v) Preparation of block copolymer microparticles through a coacervate 

intermediate 

PEO45-b-PMMA300 microparticles were self-assembled in two steps. First, water (250 

µL) was added quickly within 1 second to the polymer solutions (750 µL, 5 mg mL-1) to 

induce coacervation (𝜑𝑊 = 0.25). The coacervate solutions were vortexed for 10 

seconds. Subsequently, more water (375 µL) was added to the coacervate solution to 

self-assemble the micron size coacervates into micro particles. The dioxane:water 

solutions were dialyzed (3.5K molecular weight cutoff) extensively against DI water and 

analyzed by SEM. 

A.2 vi) Preparation of block copolymer porous networks through a coacervate 

intermediate 

PEO45-b-PMMA300 porous pellets were self-assembled in two steps. First, water (250 

µL) was added directly to the polymer solutions (750 µL, 5 mg mL-1) to induce 

coacervation (𝜑𝑊 = 0.25). The coacervate solutions were vortexed for 10 seconds and 

then centrifuged at 10,000 g for 15 minutes to separate the coacervate phase and the 

dilute phase. The dilute phase was decanted from the Eppendorf tubes and excess 

water (≈ 1000 µL) was added on top of the coacervate phase to drive the self-assembly 

of mm size pellets. The solvent was discarded, and the pellet was dried using 

Kimwipes, the pellet was sliced using a scalpel and analyzed by SEM. 
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A.2 vii) Preparation of block copolymer fibers through a coacervate intermediate 

PEO45-b-PMMA300 fibers were formed in two steps. First, water (250 uL) was added 

directly to the polymer solutions (750 µL, 5 mg mL-1) to induce coacervation (𝜑𝑊 = 

0.25). The coacervate solutions were vortexed for 10 seconds and then centrifuged at 

10,000 g for 15 minutes to separate the coacervate phase and the dilute phase. The 

coacervate phase (≈ 10-50 uL) was drawn from the samples and dropped onto a glass 

slide. Using a metal spatula, fibers were pulled from the coacervate solution on the 

glass slide (Supplementary Movie 3). The fibers were easily extended to lengths of 20-

30 cm, depending on the volume of the coacervate solution. The fibers were dried under 

atmosphere and further analyzed by SEM. 

 

A.2 viii) Liquid Phase Electron Microscopy of block copolymer coacervates: 

The onset of coacervation of PEO45-b-PMMA300 was observed in real time by carrying 

out the solvent switch experiments inside the cell. All nano-chips used were plasma 

cleaned (1:1 Ar:O2) for 4 minutes prior to the assembly of the cell. PEO45-b-PMMA300 

solution (5 mg mL-1 in dioxane) was drop casted (≈ 0.5 µL) on to the bottom chip and 

the cell was sealed by placing the top chip. The cell was tested for any leaks prior to 

inserting it in the microscope. Once in the microscope, using a 500 µL syringe water 

was flowed into the tip surrounding the cell and creating a diffusion gradient between 

the two solvents. TEM imaging was performed on a JEOL-2100F TEM using a Schottky 

type field emission gun operating at 200 kV with an electron dose rate ≈ 10
𝑒

𝑛𝑚2𝑠
and the 

total dose≈ 4𝑥104 𝑒

𝑛𝑚2. Images were recorded with an exposure of 1 second having a 
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dead time of ≈3 seconds using the TEM Recorder script for DigitalMicrograph and 

collected using the Gatan Oneview. Image Stacks were manipulated in 

DigitalMicrograph and ImageJ. Each image was binned 4x in the x and y direction and 

the movie was created. Snapshots in Figure 3 are of this same processed data.   

A.2 ix) Cryo-electron microscopy of block copolymer assemblies 

CryoTEM Quantifoil Holey Carbon Films were purchased from Electron Microscopy 

Sciences, grids were glow discharged for 70 s to increase hydrophilicity prior to sample 

preparation. Vitrification was carried out by an Automatic Plunge Freezer ME GP2 

(Leica Microsystems) where sample preparation onto cryoTEM grids was carried out at 

95% humidity to prevent evaporation and blotted for (2, 3 or 4) s before autoplunging 

into liquid propane. Vitrified samples were studied on a JEOL-2100F TEM using a 

Schottky type field emission gun operating at 200 kV. Size measurements for cryoTEM 

images were performed using the measurement tool in ImageJ.   

A.2 x) Cryo-electron microscopy of block copolymer nano-coacervates 

3 uL of 5 mg mL-1 PEO45-PMMA300 solution in dioxane and 15 % water was deposited 

onto the TEM grid inside the Leica EM GP humidity chamber. The sample was blotted 

using a filter paper for 3 seconds and plunged into liquid propane to vitrify the sample. 

The polymer solution crosses the phase boundaries during the sample prep as the 

water concentration increases inside the humidity chamber as dioxane is a hygroscopic 

solvent. Figure S5 a-c show bicontinuous structure that were self-assembled during the 

sample prep. These structures are expected in the self-assembled region for this 

system as discussed in the main text. However, for these experiments our goal was to 
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trap the coacervates that form prior to the self-assembled structures. In other parts of 

the grid we observed distinct structures that have not been seen in samples that were 

prepared in a vial. Image d shows an overview of low contrast “field” that has a 

continuous structure throughout it. Image e and f capture the continuous fields at a 

higher magnification. We suspect the irregular shapes of such fields arise from the 

coalescence of the coacervate precursor that forms during the self-assembly and the 

flattening of these fields must be due to the thin layer of solution these structures are 

assembled in. Ice-layers for Cryo-TEM experiments are typically ~100-200 nm 

thickness, this forces the liquid precursors of sizes larger than this to either be removed 

during blotting or to flatten out.. 

 

A.2 xi) Optical microscopy of block copolymer coacervates 

Standard microscope slides along with 1.0 mm coverslips were used to prepare 

samples for bright-field imaging using the Keyence optical microscope. Coacervate 

samples were vortexed for 10 s and then 20 µL of coacervate solution was sealed 

between the glass slide and the coverslips for imaging each sample. Images were 

collected with 10x and 20x objective lenses. The images were not further modified after 

collection.   

A.2xii) Scanning Electron Microscopy of Polymer microparticles and fibers 

Microparticle solutions in pure water were deposited (≈ 10 µL) on 1x1 cm glass 

substrate. The samples were sputter coated with 5nm of iridium (Quorum Q150T). 

Polymer fibers and porous membrane cross sections were stuck on conductive tape 

and sputter coated with 5nm of iridium (Quorum Q150T). All samples were imaged by a 
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FEI Magellan 400 XHR system. Secondary electron images were acquired with 

accelerating voltages of (5 or 10 keV), using a through lens detector operating in 

immersion mode. Size measurements for SEM images were performed using the 

measurement tool in ImageJ. 

 

A.3 Supplementary Discussion 
A.3 i) Discussion on the relationship between block copolymer structure and pore 

diameter in self-assembled structures: 

The dimensions of block copolymer structures can be related to the total length of the 

polymer chains (or individual blocks) and the chain stretching factor for the block. 

Comparing the measured dimensions to the total extended length of a polymer (or 

individual block) can provide information to rule out or support a morphological 

assignment.1 For a bicontinuous structure, the pore diameter should not be more than 

2x the hydrophilic polymer chain length and the center to center distance between pores 

should not be more than 2x the total length of the block copolymer chain.  Our model 

polymer, PEO45-b-PMMA300, has a fully extended PMMA block length of 300*0.25 nm = 

87.5 nm and a fully extended PEO block length of 12.75 nm. 

A.3 ii) Flory-Huggins theory for block copolymers in a solvent mixture. 

The Flory-Huggins (F-H) energy of mixing (�́�𝑚𝑖𝑥
𝑏𝑐𝑝) of a block copolymer in a mixture of 

solvents (S1 and S2) is derived below. The solvent mixtures is considered as a single 

solvent S, the composition of which is described by 𝜑𝑆1 and 𝜑𝑆2, defined as: 

𝜑𝑆1 =
𝑛𝑆1

𝑛𝑆
, 𝜑𝑆2 =

𝑛𝑆2

𝑛𝑆
= 1 − 𝜑𝑆1. (1) 
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Here, 𝑛𝑆1 and 𝑛𝑆2 are the number of molecules of S1 and S2, respectively, while 𝑛𝑆 =

𝑛𝑆1 + 𝑛𝑆2 is the total number of solvent molecules. The system is considered to contain 

𝑛𝑆 molecules of solvent and 𝑛𝑃 molecules of AB; each solvent molecule is composed of 

𝑁𝑆 = 𝑁𝑆1 = 𝑁𝑆2 segments while the blocks chain lengths are denoted as 𝑁𝐴 and 𝑁𝐵, 

respectively. The average volume fractions of solvent, A and B segments in the system 

are than defined as: 

𝜙𝑆 =
𝑛𝑆𝑁𝑆

𝑛𝑃(𝑁𝐴 + 𝑁𝐵) + 𝑛𝑆𝑁𝑆
, 𝜙𝐴 =

𝑛𝑃𝑁𝐴

𝑛𝑃(𝑁𝐴 + 𝑁𝐵) + 𝑛𝑆𝑁𝑆
, 𝜙𝐵 =

𝑛𝑃𝑁𝐵

𝑛𝑃(𝑁𝐴 + 𝑁𝐵) + 𝑛𝑆𝑁𝑆
. (2) 

The total average copolymer segment volume fraction in the system 𝜙𝑃 is 

𝜙𝑃 =
𝑛𝑃(𝑁𝐴 + 𝑁𝐵)

𝑛𝑃(𝑁𝐴 + 𝑁𝐵) + 𝑛𝑆𝑁𝑆
(3) 

Obviously, 𝜙𝐴 and 𝜙𝐵 are related to 𝜙𝑃 by 

𝜙𝐴 = 𝜙𝑃

𝑁𝐴

𝑁𝐴 + 𝑁𝐵
, 𝜙𝐵 = 𝜙𝑃

𝑁𝐵

𝑁𝐴 + 𝑁𝐵
(4) 

It is assumed that the entropy of mixing block copolymers and the solvent mixture 

equals that of a homopolymer with total chain length 𝑁 = 𝑁𝐴 + 𝑁𝐵 in a solvent S. The 

block copolymer enthalpy of mixing is modelled as that of a three-component system, 

where two distinct polymers are mixed in a solvent. Hence, the Gibbs energy of mixing 

for block copolymers can obtained combining the Flory-Huggins mixing entropy of a 

two-component system with the mixing enthalpy of a three-component system2: 

�́�𝑚𝑖𝑥
𝑏𝑐𝑝 =

𝛥𝐺𝑚𝑖𝑥
𝑏𝑐𝑝

𝑘𝐵𝑇
= 𝑛𝑆ln(𝜙𝑆) + 𝑛𝑃ln(𝜙𝑃) + 𝑁𝑆𝑛𝑆𝜙𝐴𝜒𝐴𝑆 + 𝑁𝑆𝑛𝑆𝜙𝐵𝜒𝐵𝑆 + 𝑁𝐴𝑛𝑃𝜙𝐵𝜒𝐴𝐵. (5) 
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The terms𝜒𝐴𝑆, 𝜒𝐵𝑆 and 𝜒𝐴𝐵 are the F-H interaction parameters, which depend upon the 

solvent composition: 

𝜒𝐴𝑆 = 𝜑𝑆1𝜒𝐴𝑆1 + (1 − 𝜑𝑆1)𝜒𝐴𝑆2 , 𝜒𝐵𝑆 = 𝜑𝑆1𝜒𝐵𝑆1 + (1 − 𝜑𝑆1)𝜒𝐵𝑆2 . (6) 

The parameters 𝜒𝐴𝑆1, 𝜒𝐴𝑆2, 𝜒𝐵𝑆1 and 𝜒𝐵𝑆2 are the Flory-Huggins interaction parameters3 

describing the interaction of the A and B blocks with S1 and S2 respectively. The term 

𝜒𝐴𝐵is the interaction parameter between the blocks. 

The derivatives of �́�𝑚𝑖𝑥
𝑏𝑐𝑝 with respect to 𝑛𝑃 and 𝑛𝑆 are the copolymer and solvent 

chemical potentials respectively, which using (4), can be written as 

𝜇𝑏𝑐𝑝 − 𝜇𝑏𝑐𝑝
0

𝑘𝐵𝑇
= �́�𝑏𝑐𝑝 = (

𝜕�́�𝑚𝑖𝑥
𝑏𝑐𝑝

𝜕𝑛𝑃
)𝑇,𝑃,𝑛𝑆

= 

ln(𝜙𝑃) + (1 −
𝑁𝐴 + 𝑁𝐵

𝑁𝑆
)(1 − 𝜙𝑃) + (𝑁𝐴𝜒𝐴𝑆 + 𝑁𝐵𝜒𝐵𝑆)(1 − 𝜙𝑃)2 +

𝜒𝐴𝐵𝑁𝐴𝑁𝐵𝜙𝑃

𝑁𝐴 + 𝑁𝐵
(2 − 𝜙𝑃), (7) 

𝜇𝑆 − 𝜇𝑆
0

𝑘𝐵𝑇
= �́�𝑆 = (

𝜕�́�𝑚𝑖𝑥
𝑏𝑐𝑝

𝜕𝑛𝑆
)𝑇,𝑃,𝑛𝑃

= 

ln(1 − 𝜙𝑃) + (1 −
𝑁𝑆

𝑁𝐴 + 𝑁𝐵
)𝜙𝑃 +

𝑁𝑆

𝑁𝐴 + 𝑁𝐵
(𝑁𝐴𝜒𝐴𝑆 + 𝑁𝐵𝜒𝐵𝑆 −

𝜒𝐴𝐵𝑁𝐴𝑁𝐵

𝑁𝐴 + 𝑁𝐵
)𝜙𝑃

2. (8) 

It is easy to show that for 𝑁𝑃 = 𝑁𝐴 + 𝑁𝐵, 𝜒𝐴𝐵 = 0and 𝜒𝐴𝑆 = 𝜒𝐵𝑆, the F-H chemical 

potentials for the homopolymer-solvent case are recovered[ ]. 

Imposing𝜕 �́�𝑆 𝜕⁄ 𝜙𝑃 = 0 (or 𝜕 �́�𝑏𝑐𝑝 𝜕⁄ 𝜙𝑃 = 0 yields the critical conditions for phase 

separation. The critical polymer volume fraction 𝜙𝑃
𝑐𝑟𝑖𝑡 follows as 

𝜙𝑃
𝑐𝑟𝑖𝑡 =

√𝑁𝐴𝑁𝑆 + 𝑁𝐵𝑁𝑆−𝑁𝑆

𝑁𝐴 + 𝑁𝐵 − 𝑁𝑆
, (9) 

and the critical demixing conditions are given by 
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𝑁𝐴𝜒𝐴𝑆 + 𝑁𝐵𝜒𝐵𝑆 −
𝜒𝐴𝐵𝑁𝐴𝑁𝐵

𝑁𝐴 + 𝑁𝐵
=

𝑁𝐴 + 𝑁𝐵

2𝑁𝑆(1 − 𝜙𝑃
𝑐𝑟𝑖𝑡)2

(10) 

Insertion of these results into (5.6) yields the critical solvent mixture composition 𝜑𝑆1
𝑐𝑟𝑖𝑡  

𝜑𝑆1
𝑐𝑟𝑖𝑡 =

(
𝑁𝐴 + 𝑁𝐵 + 𝑁𝑆 + 2√(𝑁𝐴 + 𝑁𝐵)𝑁𝑆

2𝑁𝑆
+

𝜒𝐴𝐵𝑁𝐴𝑁𝐵
𝑁𝐴 + 𝑁𝐵

− 𝑁𝐴𝜒𝐴𝑆2 − 𝑁𝐵𝜒𝐵𝑆2)

𝑁𝐴(𝜒𝐴𝑆1 − 𝜒𝐴𝑆2) + 𝑁𝐵(𝜒𝐵𝑆1 − 𝜒𝐵𝑆2)
(11) 

A.3 iii) Calculation of the solvent switch diagrams 

The solvent switch diagrams have been calculated comparing using equation (11) and 

comparing equation (5) with the free energy of micelle formation from Sato and 

Takahashi.4 The values of the interaction parameters used in the calculations are 

reported in Table S3. 

A.4 Supplementary information Tables and Figures: 
Table A1: Outcomes of all solvent switch experiments of PEO45-b-PMMAx block 

copolymers for the phase diagrams presented in the main text. Outcomes (NSA = no 

self-assembly, LLPS = liquid liquid phase separation, NP= Nanoparticle formation). 

Polymer conc 
(mg mL-1) 

PMMA 
(Dp) 

Dioxane 
(uL) 

Water (uL) ϕW Outcome 

1 130 900 100 0.1 NSA 

1 130 750 250 0.25 NSA 
1 130 725 275 0.275 NSA 

1 130 700 300 0.3 NP 
1 130 675 325 0.325 NP 

1 130 650 350 0.35 NP 
1 130 550 450 0.45 NP 

1 130 500 500 0.5 NP 
1 130 300 700 0.7 NP 

1 200 900 100 0.1 NSA 
1 200 750 250 0.25 NSA 

1 200 725 275 0.275 NP 
1 200 700 300 0.3 NP 

1 200 675 325 0.325 NP 
1 200 650 350 0.35 NP 

1 200 550 450 0.45 NP 
1 200 500 500 0.5 NP 

1 200 300 700 0.7 NP 
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1 300 900 100 0.1 NSA 
1 300 750 250 0.25 NSA 

1 300 725 275 0.275 LLPS 
1 300 700 300 0.3 NP 

1 300 675 325 0.325 NP 
1 300 650 350 0.35 NP 

1 300 550 450 0.45 NP 
1 300 500 500 0.5 NP 

1 300 300 700 0.7 NP 
1 400 900 100 0.1 NSA 

1 400 800 200 0.2 NSA 
1 400 775 225 0.225 NSA 

1 400 750 250 0.25 LLPS 
1 400 725 275 0.275 LLPS 

1 400 700 300 0.3 LLPS 
1 400 675 325 0.325 NP 

1 400 650 350 0.35 NP 
1 400 550 450 0.45 NP 

1 400 500 500 0.5 Np 
1 400 300 700 0.7 NP 

5 130 900 100 0.1 NSA 
5 130 750 250 0.25 NSA 

5 130 725 275 0.275 NP 
5 130 700 300 0.3 NP 

5 130 675 325 0.325 NP 
5 130 650 350 0.35 NP 

5 130 550 450 0.45 NP 
5 130 500 500 0.5 NP 

5 130 300 700 0.7 NP 
5 200 900 100 0.1 NSA 

5 200 750 250 0.25 NSA 
5 200 725 275 0.275 LLPS 

5 200 700 300 0.3 NP 
5 200 675 325 0.325 NP 

5 200 650 350 0.35 NP 
5 200 550 450 0.45 NP 

5 200 500 500 0.5 NP 
5 200 300 700 0.7 NP 

5 300 900 100 0.1 NSA 
5 300 800 200 0.2 NSA 

5 300 775 225 0.25 NSA 
5 300 750 250 0.25 LLPS 

5 300 725 275 .275 LLPS 
5 300 700 300 0.3 NP 

5 300 675 325 0.325 NP 
5 300 650 350 0.35 NP 
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5 300 550 450 0.45 NP 
5 300 500 500 0.5 NP 

5 300 300 700 0.7 NP 
5 400 900 100 0.1 NSA 

5 400 800 200 0.2 NSA 
5 400 775 225 0.225 LLPS 

5 400 750 250 0.25 LLPS 
5 400 725 275 0.275 LLPS 

5 400 700 300 0.3 NP 
5 400 675 325 0.325 NP 

5 400 650 350 0.35 NP 
5 400 550 450 0.45 NP 

5 400 500 500 0.5 Np 
5 400 300 700 0.7 NP 

10 130 900 100 0.1 NSA 
10 130 750 250 0.25 NSA 

10 130 725 275 0.275 NSA 
10 130 700 300 0.3 NSA 

10 130 675 325 0.325 LLPS 
10 130 650 350 0.35 NP 

10 130 550 450 0.45 NP 
10 130 500 500 0.5 NP 

10 130 300 700 0.7 NP 
10 200 900 100 0.1 NSA 

10 200 800 200 0.2 NSA 
10 200 775 225 0.225 NSA 

10 200 750 250 0.25 LLPS 
10 200 725 275 0.275 LLPS 

10 200 700 300 0.3 NP 
10 200 675 325 0.325 NP 

10 200 650 350 0.35 NP 
10 200 550 450 0.45 NP 

10 200 500 500 0.5 NP 
10 200 300 700 0.7 NP 

10 300 900 100 0.1 NSA 
10 300 800 200 0.2 NSA 

10 300 775 225 0.25 LLPS 
10 300 750 250 0.25 LLPS 

10 300 725 275 0.275 LLPS 
10 300 700 300 0.3 NP 

10 300 675 325 0.325 NP 
10 300 650 350 0.35 NP 

10 300 550 450 0.45 NP 
10 300 500 500 0.5 NP 

10 300 300 700 0.7 NP 
10 400 900 100 0.1 NSA 
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10 400 800 200 0.2 NSA 
10 400 775 225 0.225 LLPS 

10 400 750 250 0.25 LLPS 
10 400 725 275 0.275 LLPS 

10 400 700 300 0.3 NP 
10 400 675 325 0.325 NP 

10 400 650 350 0.35 NP 
10 400 550 450 0.45 NP 

10 400 500 500 0 .5 Np 
10 400 300 700 0.7 Np 

 

 

 

 

 

 

 

Table A2: Outcomes of solvent switch experiments of PEO45-b-PMMA300 in THF and 

DMF. Outcomes (NSA= no self-assembly, NP = nanoparticle formation, PPT = 

precipitation) 

Polymer conc 
(mg mL-1) 

Solvent Solvent (uL) Water (uL) ϕW Outcome 

5 THF 900 100 0.1 NSA 

5 THF 700 300 0.3 NSA 

5 THF 500 500 0.5 NP 

5 THF 100 900 0.9 NP 

5 DMF 900 100 0.1 NSA 

5 DMF 700 300 0.3 PPT 

5 DMF 500 500 0.5 PPT 

5 DMF 100 900 0.9 PPT 

 

 

 

Table A3: Outcomes of solvent switch experiments of PDMA70-b-PMMA450 in THF, 

dioxane, DMF, and acetone. Outcomes (NSA= no self-assembly, NP = nanoparticle 

formation, PPT = precipitation) 
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Polymer conc 
(mg mL-1) 

Solvent Solvent (uL) Water (uL) ϕW Outcome 

5 THF 900 100 0.1 NSA 

5 THF 750 250 0.25 NSA 

5 THF 500 500 0.5 NP 

5 THF 100 900 0.7 NP 

5 DMF 300 700 0.1 NSA 

5 DMF 750 250 0.25 PPT 

5 DMF 500 500 0.5 PPT 

5 DMF 300 700 0.7 PPT 

5 Acetone 900 100 0.1 NSA 

5 Acetone 720 250 0.25 LLPS 

5 Acetone 500 500 0.5 NP 

5 Acetone 300 700 0.7 NP 

 

Table A4: Interaction parameters used for phase boundaries calculations in Figure 2. 

Interaction 𝜒value 

𝜒𝐴𝑆1PEO : water) 0.49 
𝜒𝐴𝑆2

PEO : dioxane) 0.20 

𝜒𝐵𝑆1PMMA : water) 2.8 

𝜒𝐵𝑆2
PMMA : dioxane) 0.1 

𝜒𝐴𝐵PMMA : PEO) 0.005 
 

Figure A1: Pathway dependent experiments for the coacervation of PEO45-b- 

PMMA300. Nano particle solutions (𝜑𝑊 = 0.50) of PEO45-b-PMMA300 were used to 

form coacervates by the addition of dioxane to reduce the water to 𝜑𝑊 = 0.25 

(supplementary section 2-iii). a) Nanoparticle solutions (𝜑𝑊 = 0.50) of PEO45-b- 

PMMA300. b) Coacervate solutions (𝜑𝑊 = 0.50) of PEO45-b-PMMA300. 
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Figure A2: Bright field optical microscopy of block copolymer coacervates. a) PEO45-b-

PCL6 coacervates in 34 % water in acetone mixture. b) PDMA70-b-PMMA450 

coacervates in 25 % water in THF mixture. 

 

 

Figure A3: Cryo-TEM images of PEO45-b-PMMA300 vesicles with irregular anisotropic 

shapes. 
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Figure A4: Cryo-TEM images of PEO45-PMMA300 assemblies after dialysis in water. a-

b) Images of vesicles and spherical micelles in 1 mg mL-1   PEO45-b-PMMA300 solution 

self-assembled at 50% water in dioxane and further dialyzed against pure water. c-d) 

Images of bicontinuous spheres and vesicles 5 mg mL-1   PEO45-b-PMMA300 solution 

self-assembled at 50% water in dioxane and further dialyzed against pure water. 
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Figure S6: DLS size distribution by number and intensity of PEO45-

b-PMMA300 homogenous sample 𝜑𝑊 = 0.10. 
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Figure S5: SEM images of PEO45-b-PMMA300 microparticles with pores. 

 

Figure A6: DLS size distribution by number and intensity of PEO45-

b-PMMA300 homogenous sample 𝜑𝑊 = 0.10. 
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Figure A7: Cryo-TEM images of PEO45-PMMA300 assemblies formed on the TEM grid 

during sample prep. Initial 𝜑𝑊= 0.15, final 𝜑𝑊 > 0.30 as we see nanoparticle formation 

around the TEM grid. (a-c) Bicontinuous nano spheres formed from nano-coacervates. 

(d-f) Coacervate fields that were flattened out during the sample prep with continuous 

structure within them. 
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Figure A8: Size distribution histogram of PEO45-b-PMMA300 bicontinuous structures from the Cryo-TEM 

experiments (Figure 4f). 
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Figure A9: Size distribution histogram of pores on the PEO45-b-PMMA300 bicontinuous structures from the 

Cryo-TEM experiments (Figure 4f). 
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Figure A10: Size distribution histogram of PEO45-b-PMMA300 microparticles from the SEM experiments 

(Figure 4d). 
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Figure A11: Size distribution histogram of pores on the PEO45-b-PMMA300 

microparticles from the SEM 

experiments (Figure 4d). 

 

 

 

 

 

 

 

 

 

Figure A12: Chromatogram of polyethyeleneoxide MacroCTA and the series of 

polyethyeleneoxide-b-polymethyl methacrylate (PEO-b-PMMA) with increasing degree 

of polymerization for the PMMA block. 
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1H NMR: 

 

 

Figure A13: 1H NMR spectrum of PEO45-b-PMMA300 Solvent: CDCl3 
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Figure A14:1H NMR spectrum of PEO45-b-PMMA130 Solvent: CDCl3 (TMS) 
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Figure A15 :1H NMR spectrum of PEO45-b-PMMA200 Solvent: CDCl3 (TMS) 
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Figure A16: 1H NMR spectrum of PEO45-b-PMMA400 Solvent: CDCl3 (TMS) 
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Figure A17: 1H NMR spectrum of PDMA70-b-PMMA450 Solvent: CDCl3 (TMS) 
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Chapter 3:  Liquid-liquid 
phase separation induced 

confinement of block 
copolymers 
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3.1 Introduction 
 

Self-assembly of block copolymers allows for the synthesis of a wide range of 

nanoparticle morphologies.1 Some of the most common morphologies of block 

copolymer nanoparticles include, spherical micelles, worms, and vesicles. Such 

morphologies can be accessed using the conventional self-assembly methods like 

solvent switch self-assembly,2 or polymerization induced self-assembly.3 Block 

copolymers based materials are used in the development of many applications like drug 

delivery systems,4 mesoporous membranes,5 nano-reactors,6 and lubricants.7 More 

recently, block copolymers are being used to develop new “unconventional” 

morphologies by assembling them in 3D soft-confinement.8 These morphologies include 

anisotropic oblate particles,9 and particles with rich internal morphologies like helical 

cavities that emerge due the confinement effects.10  Such morphologies are explored for 

new applications like particle shape dependent rheology,11 photonics,12 and 

templating.13  

3D soft-confinement is typically achieved by using oil in water emulsion 

systems.14 In short, an emulsion is created by combining an organic phase that has 

block copolymers and an aqueous phase containing surfactants, which results in the 

formation of polymer containing oil droplets stabilized by surfactants. The system is then 

heated to evaporate organic solvent droplets. This causes droplet volume to decrease 

continuously, and the concentration of block copolymers to increase, leading the block 

copolymers to form ordered domains due to microphase separation. This procedure has 

proven robust to generate unique confined morphologies but requires higher 

temperatures and additional surfactants. Surprisingly, some of the reported confined 
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morphologies have been observed in block copolymer systems where confinement was 

not used.15–17 The mechanism for the formation of these structures is unknown when 

not prepared under 3D soft-confinement. Here we use the conventional solvent switch 

method to prepare “confined” morphologies and propose a mechanism of their 

formation during the solvent switch process.   

Recently multiple reports have shown that block copolymers undergo liquid-liquid 

phase separation (LLPS) during the solvent switch process.18–21 LLPS during the 

solvent switch self-assembly of block copolymer results in the formation of coacervate 

droplets that act as precursors to the self-assembled particles.19 This coacervate 

precursor was shown to control size and morphologies of the prepared particles. The 

coacervate droplets form on the nanoscale at a critical concentration of the selective 

solvent and grow via coalescence to micron sizes and eventually macrophase separate 

forming two distinct layers.19 The facile growth is due to the dynamic nature of the 

droplets and no surfactant layers present at the interface to minimize coalescence. As 

the solvent switch process is continued, the coacervate droplets turn into self-

assembled block copolymer particles. The self-assembly occurs at the interface of the 

coacervate droplets as the solvent within the coacervates is expelled out.18 This process 

resembles a lot like the confinement procedure in which the phase separated emulsion 

droplets are evaporated. The “confined” morphologies during the solvent switch self-

assembly of block copolymers thus occur due to the auto-confinement of the block 

copolymers within the coacervate droplets as depicted in Figure 1.  

3.2 Results & Discussion 
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Figure 3.1: Self-assembly overview of polystyrene-block-poly acrylic acid with and 
without LLPS induced confinement.  System A proceeds with no confining effects 
forming vesicles. System B proceeds through stable LLPS intermediates which induce 
auto-confinement of the block copolymers forming “confined” morphologies.  

We use polystyrene-block-poly acrylic acid to explore LLPS induced auto-

confinement of block copolymers during the solvent switch process. We selected PS-b-

PAA for our studies as it is one of the most widely studied block copolymer for solution 

phase self-assembly. 22–24  PS200-b-PAA35 was synthesized using reversible addition-

fragmentation transfer (RAFT) polymerization, and the phase behavior of PS200-b-PAA35 

was explored as shown in Figure 2. The “good” solvents for this polymer were explored 

based on previous literature, 22–24 the “selective” solvent in all experiments was water 

and the starting polymer concentration was 10 mgmL-1. More details on the 

experimental set up are provided in Appendix 3. As seen in Figure 2a, PS200-b-PAA35 

had the highest propensity for LLPS when 1:4 THF:Dioxane was used as the good 

solvent. In the case of pure dioxane, no LLPS was observed as seen in Figure 2c. With 

these two systems at hand, we further explore the phase trajectories to determine the 

phase boundaries at which LLPS and self-assembly occurs during the solvent switch.   
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As seen in Figure 3a, PS200-b-PAA35 in 1:4 THF:Dioxane undergoes LLPS at the 

critical concentration of ≈10% water by volume (v/v). The samples at different water 

percentages were centrifuged to determine which ones had coacervate droplets as they 

easily settle down as shown in Figure 2a. The droplets can be resuspended by 

vortexing the sample and imaged using optical microscopy as shown in Figure 2b-e. 

Furthermore, PS200-b-PAA35 in pure dioxane did not form any stable coacervate droplets 

as shown in Figure 2b, and it self-assembled at ≈15% water v/v as seen by its phase 

trajectory shown in Figure 3a. This indicates that PS200-b-PAA35 will not have stable 

caocervates as precursor to the final self-assembled structures. With the knowledge of 

where each system forms self-assembled particles, we further characterize the 

morphologies made in each system to compare the effects of no confinement (System 

A) to LLPS induced auto-confinement (System b) on the self-assembly outcome of 

PS200-b-PAA35.  
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Figure 3.2: Phase behavior of PS200-b-PAA35 in a series of “good” solvents. a) 
Photograph of PS200-b-PAA35 in “good” solvents, titled above each sample, in critical 
concentrations of water. a) Optical microscopy of PS200-b-PAA35 in dioxane showing no 
droplets. b) Optical microscopy of PS200-b-PAA35 in 1:4 THF:dioxane showing most 
droplets. c) Optical microscopy of PS200-b-PAA35 in 1:1 THF:dioxane showing droplets 
and microparticles. d) Optical microscopy of PS200-b-PAA35 in THF showing some 
droplets. Scale bars = 10 µm. 

To compare self-assembled morphologies for each system A and B, we carried 

out the solvent switch process until the water concentration reached 50% v/v. (See 

Appendix for more details). Being at 50% v/v water ensures that both systems were well 

into the self-assembled regime and no reorganization of the nanoparticle morphologies 

would occur (Figure 3a). Following the solvent switch, the particles were further dialyzed 

against water for the complete removal of the organic solvents to prepare samples for 

cryo-transmission electron microscopy (cryo-TEM) as shown in Figure 3b,c. In system 

A, PS200-b-PAA35 self-assembled into vesicles with no internal morphology as shown in 

Figure 3b. We anticipated this result as system A does not form stable LLPS droplets 
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during the solvent switch process which would favor more complex “confined” 

morphologies. In system B, PS200-b-PAA35 forms complex morphologies with helical 

internal cavities as shown in Figure 3c. The formation of this type of morphology is only 

explained by spherical confinement of the block copolymers in the present literature.10,25 

Chi et.al carried out Monte Carlo simulations of block copolymers in poor solvents with 

applied spherical confinement.25 Their simulations predicted a series of unique 

structures including spheres with internal helical cavities identical to the ones shown in 

Figure 3c.  

 

Figure 3.3: Self-assembly of PS200-b-PAA35. a) Experimentally mapped phase 
trajectories of PS200-b-PAA35 in dioxane (system A) and 1:4 THF:dioxane (system B), 
white indicates dissolved polymer, blue indicates coacervate formation, and red 
indicates self-assembled structures. c) Cryo-TEM images of PS200-b-PAA35 vesicles 
assembled in system A. d) Cryo-TEM images of PS200-b-PAA35 nanoparticle assembled 
in system B showcasing a “confined” morphology of a sphere with a helical cavity as 
indicated by the red arrows.  

The self-assembly outcomes in system A and B support our proposed 

mechanism in which block copolymers can undergo LLPS induced auto confinement 

during the solvent switch procedure when system can form stable intermediate droplets, 
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like system B. It is important to note that, despite the formation of vesicles, it is possible 

that system A undergoes LLPS which is only transient as previously observed.18 We 

imagine in such a case where LLPS is transient, the droplets do not reach equilibrium 

concentration of polymers within them. With a lower concentration within the droplets, 

block copolymers do not undergo confinement. More experiments using in-situ 

techniques will be needed to further understand this process.  

Figure 3.4: Variety of self-assembled morphologies from system B. i-ii) Cryo-TEM 
images of additional confined morphologies made by LLPS induced auto confinement. 
Such morphologies can be found in simulation predictions of block copolymer assembly 
in soft-confinement as described in ref (25).  

In system B, where LLPS induced auto confinement occurs, we observe a 

diverse set of morphologies (Figure 4) as compared to system A in which we only 

observed vesicles (Figure 3a). The dispersity of the self-assembled particles could arise 

from varying rates of solvent expulsion from the intermediate droplets, and coalescence 

of the intermediate droplets as no surfactant layer is present at the droplet interface in 

our systems. It is known for emulsion based confining systems that the rate of 

evaporation has a direct influence on the self-assembled morphologies.9  As the 

droplets form and evolve during the solvent switch process in our system, it is 

reasonable to imagine that some droplets coalesce together resulting in varying rates of 
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diffusion of the organic solvent out of the droplets. The different morphologies shown in 

Figure 4 i-iii closely resemble those predicted using simulations of block copolymers 

under spherical confinements.25 As they are unique structures not discussed in the 

literature much, we have labeled them numerically here. Furthermore, the structure of I, 

II, and III resemble many of the mesoporous block copolymer particles made using 

emulsion based confinement.26 We aim to gain more control and mechanistic 

understanding of such unique morphologies in future works.   

3.3 Conclusion  
 

In conclusion, we have used a classic block copolymer PS-b-PAA to demonstrate 

that PS200-b-PAA35 can assemble into “confined” morphologies just by using the 

traditional solvent switch process. These morphologies emerge due to the LLPS 

induced auto-confinement of block copolymers in systems that can form stable 

coacervate droplets. While not explored explicitly, such a mechanism has been 

speculated at different instances.15,21 Furthermore, we showed that the same block 

copolymer, PS200-b-PAA35, does not assemble into “confined” structures when the 

“good” solvent does not favor stable coacervates to form. We used optical microscopy 

and cryo-TEM to characterize coacervate intermediates and the self-assembled 

structures respectively. Multiple “confined” morphologies were observed in system B 

which matched the ones predicted by simulations in literature. More work will be 

required to understand the effect of different parameters on the LLPS induced auto-

confinement like, “selective” solvent addition rates, block copolymer molecular weight, 

and concentration. We predict the use of traditional solvent switch method to access 
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“confined” morphologies will be attractive for industrial uses as it does not require 

heating the system or additional surfactants.  

3.4 References  
(1) Mai, Y.; Eisenberg, A. Self-Assembly of Block Copolymers. Chem. Soc. Rev. 2012, 

41 (18), 5969–5985. https://doi.org/10.1039/C2CS35115C. 
(2) G. Denkova, A.; H. Bomans, P. H.; Coppens, M.-O.; M. Sommerdijk, N. a. J.; 

Mendes, E. Complex Morphologies of Self-Assembled Block Copolymer Micelles in 
Binary Solvent Mixtures: The Role of Solvent – Solvent Correlations. Soft Matter 
2011, 7 (14), 6622–6628. https://doi.org/10.1039/C1SM05461A. 

(3) Penfold, N. J. W.; Yeow, J.; Boyer, C.; Armes, S. P. Emerging Trends in 
Polymerization-Induced Self-Assembly. ACS Macro Lett. 2019, 8 (8), 1029–1054. 
https://doi.org/10.1021/acsmacrolett.9b00464. 

(4) Rösler, A.; Vandermeulen, G. W. M.; Klok, H.-A. Advanced Drug Delivery Devices 
via Self-Assembly of Amphiphilic Block Copolymers. Advanced Drug Delivery 
Reviews 2012, 64, 270–279. https://doi.org/10.1016/j.addr.2012.09.026. 

(5) Park, C.; La, Y.; An, T. H.; Jeong, H. Y.; Kang, S.; Joo, S. H.; Ahn, H.; Shin, T. J.; 
Kim, K. T. Mesoporous Monoliths of Inverse Bicontinuous Cubic Phases of Block 
Copolymer Bilayers. Nature Communications 2015, 6 (1), 6392. 
https://doi.org/10.1038/ncomms7392. 

(6) Kim, K. T.; Meeuwissen, S. A.; Nolte, R. J. M.; Hest, J. C. M. van. Smart 
Nanocontainers and Nanoreactors. Nanoscale 2010, 2 (6), 844–858. 
https://doi.org/10.1039/B9NR00409B. 

(7) Derry, M. J.; Smith, T.; O’Hora, P. S.; Armes, S. P. Block Copolymer Nanoparticles 
Prepared via Polymerization-Induced Self-Assembly Provide Excellent Boundary 
Lubrication Performance for Next-Generation Ultralow-Viscosity Automotive Engine 
Oils. ACS Appl. Mater. Interfaces 2019, 11 (36), 33364–33369. 
https://doi.org/10.1021/acsami.9b12472. 

(8) Shin, J. J.; Kim, E. J.; Ku, K. H.; Lee, Y. J.; Hawker, C. J.; Kim, B. J. 100th 
Anniversary of Macromolecular Science Viewpoint: Block Copolymer Particles: 
Tuning Shape, Interfaces, and Morphology. ACS Macro Lett. 2020, 9 (3), 306–317. 
https://doi.org/10.1021/acsmacrolett.0c00020. 

(9) Ku, K. H.; Lee, Y. J.; Kim, Y.; Kim, B. J. Shape-Anisotropic Diblock Copolymer 
Particles from Evaporative Emulsions: Experiment and Theory. Macromolecules 
2019, 52 (3), 1150–1157. https://doi.org/10.1021/acs.macromol.8b02465. 

(10) Zhao, F.; Xu, Z.; Li, W. Self-Assembly of Asymmetric Diblock Copolymers under 
the Spherical Confinement. Macromolecules 2021, 54 (24), 11351–11359. 
https://doi.org/10.1021/acs.macromol.1c02250. 

(11) Shin, J. M.; Kim, Y.; Ku, K. H.; Lee, Y. J.; Kim, E. J.; Yi, G.-R.; Kim, B. J. Aspect 
Ratio-Controlled Synthesis of Uniform Colloidal Block Copolymer Ellipsoids from 
Evaporative Emulsions. Chem. Mater. 2018, 30 (18), 6277–6288. 
https://doi.org/10.1021/acs.chemmater.8b01821. 

(12) Song, D.-P.; Zhao, T. H.; Guidetti, G.; Vignolini, S.; Parker, R. M. Hierarchical 
Photonic Pigments via the Confined Self-Assembly of Bottlebrush Block 



76 
 

Copolymers. ACS Nano 2019, 13 (2), 1764–1771. 
https://doi.org/10.1021/acsnano.8b07845. 

(13) Hwang, J.; Kim, S.; Wiesner, U.; Lee, J. Generalized Access to Mesoporous 
Inorganic Particles and Hollow Spheres from Multicomponent Polymer Blends. 
Advanced Materials 2018, 30 (27), 1801127. 
https://doi.org/10.1002/adma.201801127. 

(14) Staff, R. H.; Schaeffel, D.; Turshatov, A.; Donadio, D.; Butt, H.-J.; Landfester, K.; 
Koynov, K.; Crespy, D. Particle Formation in the Emulsion-Solvent Evaporation 
Process. Small 2013, 9 (20), 3514–3522. https://doi.org/10.1002/smll.201300372. 

(15) Parry, A. L.; Bomans, P. H. H.; Holder, S. J.; Sommerdijk, N. A. J. M.; Biagini, S. C. 
G. Cryo Electron Tomography Reveals Confined Complex Morphologies of 
Tripeptide-Containing Amphiphilic Double-Comb Diblock Copolymers. Angewandte 
Chemie International Edition 2008, 47 (46), 8859–8862. 
https://doi.org/10.1002/anie.200802834. 

(16) Yu, H.; Qiu, X.; Nunes, S. P.; Peinemann, K.-V. Biomimetic Block Copolymer 
Particles with Gated Nanopores and Ultrahigh Protein Sorption Capacity. Nat 
Commun 2014, 5 (1), 4110. https://doi.org/10.1038/ncomms5110. 

(17) Cameron, N. S.; Corbierre, M. K.; Eisenberg, A. 1998 E.W.R. Steacie Award 
Lecture Asymmetric Amphiphilic Block Copolymers in Solution: A Morphological 
Wonderland. 1999, 77, 16. 

(18) Ianiro, A.; Wu, H.; Rijt, M. M. J. van; Vena, M. P.; Keizer, A. D. A.; Esteves, A. C. 
C.; Tuinier, R.; Friedrich, H.; Sommerdijk, N. A. J. M.; Patterson, J. P. Liquid–Liquid 
Phase Separation during Amphiphilic Self-Assembly. Nat. Chem. 2019, 11 (4), 
320–328. https://doi.org/10.1038/s41557-019-0210-4. 

(19) Rizvi, A.; Patel, U.; Ianiro, A.; Hurst, P. J.; Merham, J. G.; Patterson, J. P. Nonionic 
Block Copolymer Coacervates. Macromolecules 2020, 53 (14), 6078–6086. 
https://doi.org/10.1021/acs.macromol.0c00979. 

(20) Rizvi, A.; Mulvey, J. T.; Patterson, J. P. Observation of Liquid–Liquid-Phase 
Separation and Vesicle Spreading during Supported Bilayer Formation via Liquid-
Phase Transmission Electron Microscopy. Nano Lett. 2021, 21 (24), 10325–10332. 
https://doi.org/10.1021/acs.nanolett.1c03556. 

(21) Wong, C. K.; Heidelmann, M.; Dulle, M.; Qiang, X.; Förster, S.; Stenzel, M. H.; 
Gröschel, A. H. Vesicular Polymer Hexosomes Exhibit Topological Defects. J. Am. 
Chem. Soc. 2020. https://doi.org/10.1021/jacs.0c02009. 

(22) Discher, D. E.; Eisenberg, A. Polymer Vesicles. Science 2002, 297 (5583), 967–
973. https://doi.org/10.1126/science.1074972. 

(23) Choucair, A.; Eisenberg, A. Control of Amphiphilic Block Copolymer Morphologies 
Using Solution Conditions. Eur Phys J E Soft Matter 2003, 10 (1), 37–44. 
https://doi.org/10.1140/epje/e2003-00002-5. 

(24) Chen, L.; Shen, H.; Eisenberg, A. Kinetics and Mechanism of the Rod-to-Vesicle 
Transition of Block Copolymer Aggregates in Dilute Solution. J. Phys. Chem. B 
1999, 103 (44), 9488–9497. https://doi.org/10.1021/jp9913665. 

(25) Chi, P.; Wang, Z.; Li, B.; Shi, A.-C. Soft Confinement-Induced Morphologies of 
Diblock Copolymers. Langmuir 2011, 27 (18), 11683–11689. 
https://doi.org/10.1021/la202448c. 



77 
 

(26) Xu, J.-P.; Zhu, J.-T. Block Copolymer Colloidal Particles with Unique Structures 
through Three-Dimensional Confined Assembly and Disassembly. Chin J Polym 
Sci 2019, 37 (8), 744–759. https://doi.org/10.1007/s10118-019-2294-0. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: 
Supplementary 

Information for Chapter 3 
  



78 
 

B.1 Materials and Instruments:  
 
All reagents were purchased from Acros Organics, Fisher Scientific, or Sigma-Aldrich, 

and used without further purification unless otherwise noted. 1H NMR spectra were 

collected on a 500 MHz Bruker Avance spectrometer. All samples were taken in CDCl3. 

Chemical shifts are provided in ppm, calibrated from the residual CDCl3 peak (7.26 

ppm).  All TEM experiments were performed on a JEOL 2100 equipped with a 200 keV 

field emission gun and a OneView camera, Irvine Materials Research Institute, 

University of California, Irvine. Optical imaging were performed using a Keyence Bz-

X810 all in one microscope. Size exclusion chromatography (SEC) was performed in 

DMF using an Agilent 1100 chromatograph equipped with RID detector and a PL gel 5 

μm 300x7.5 mm mixed column. All samples were calibrated against polystyrene 

standards (MW= 580, 1300, 5000, 10000, 30000, 70000, 130000 g/mol).  

C.2 Experimental Methods 
 
C.2.1 Synthesis of PtBuA30  

To a schlenck tube, [S-dodecyl-S’-(α’,α’-dimethyl-α’’-acetic  acid)] (DDMAT, 0.18 g, 0.5 

mmol), tert-butylacrylate (4.0 g, 31.2 mmol), AIBN (8.2 mg, 0.05) were added and 

dissolved in dioxane (5 mL). The solution was stirred and purged for 30 min with N2 to 

deoxygenate the solution. The solution was heated to 65 oC for 70 min to initiate the 

polymerization. The polymerization was stopped by cooling the solution down to 0 oC. 

The viscous solution was dissolved in minimum amount of THF and poured into a 

mixture (by volume of 7:1 cold MeOH:H2O. The MeOH:H2O solution was decanted, and 

the polymer was dissolved in THF and the solution was dried over MgSO4. The solution 

was filtered, and the solvent was removed in vacuo yielding a yellow foam, PtBuA. Mn 
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(1H NMR) = 4200 g mol-1, Mw/Mn (SEC) = 1.17. 1H NMR (CDCl3): δ (ppm) 3.33 (t, J = 

7.4 Hz, 2H, SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH 

and CH2 polymer backbone) 0.88 (t, J 6.8 Hz, 3H, (CH2)11CH3). 

Chain Extension of PtBuA with Styrene to give PtBuA30-b-PS200  

To a schlenck tube, PtBuA30 (2.7 g, 0.42 mmol), Styrene (18.3 g, 175.4 mmol) were 

added and the solution was purged with N2 while stirring to deoxygenate the solution. 

The solution was then heated to 110 oC overnight and cooled to 0 oC to stop the 

polymerization. The reaction mixture had “gelled” due to high styrene concentration, 

which restricted the conversion calculation. The gelled solution was dissolved in THF 

with sonication for several hours. The dissolved polymer solution was precipitated into 

cold MeOH three times. The Polymer was filtered and dried in vacuo (16 g). Mn (1H 

NMR)= 25,000 g mol-1. Mw/Mn (SEC) = 1.21. 1H NMR (CDCl3): δ (ppm) 6.25-7.25 (br, 

Ar-H polymer backbone), 3.33 (br, 2H, SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer 

backbone), 1.30-2.30 (br, CH and CH2 polymer backbone) 0.88 (br, 3H, (CH2)11CH3).  

Conversion of PtBuA30-b-PS200 to PAA30-b-PS200  

PtBuA30-b-PS200 (2.0 g, 0.09 mmol) was charged into a 250 mL round bottom flask with 

a stir bar. The polymer was dissolved in DCM (80 mL) and cooled to 0 oC in an ice bath. 

After the solution was cooled, TFA (40 mL) was slowly added to the reaction mixture, 

the reaction was stirred overnight. The cloudy solution was dried in air and the solids 

were dissolved in THF, the undissolved precipitate was filtered, and the polymer 

solution was precipitated twice into cold MeOH. The polymer was filtered and dried in 

vacuo (1.1 g). FT-IR was used to confirm the deprotection of the tertbutyl group (Figure 

S9). 
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Figure C1: Chromatogram of PolytertButyl acrylate and Poly(styrene)200-b-polyacrylic 

acid30. 
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Figure C2: FTIR spectra of PS200-PtBuA30 and PS200-PAA30 overlayed. The blue box 

highlights the conversion of the sharp ester carbonyl peak to the broader carboxylic acid 

carbonyl peak. 

B.2.3 Size exclusion chromatography 

A solution of 1 mg ml-1 is made in DMF and filtered using a 0.2 µm syringe filter. A GPC 

vial is charged with the filtered solution and sealed with slit containing cap. The vial is 

placed in the autosampler, and the standard GPC method is used to collect the 

chromatogram. The results are then evaluated using the most recent polystyrene 

standards. The SEC results are mainly used to measure the poly dispersity pf the block 

copolymers as the MW of block copolymers cannot be estimated with confidence using 

homopolymer standards.    

B.2.4 Solvent switch self-assembly 

1 mL solution of 10 mg mL-1 of PS200-b-PAA30 was added to a vial with a stir bar and 

sealed with a septum cap. A syringe was used to dispense water to reach the desired 

water concentration v/v. The syringe was loaded on to a syringe pump and the water 

was dispensed at a rate of 20 µL min-1. The solution was constantly stirred and 

monitored to note any turbidity changes as the water concentration was increased.  

B.2.5 Optical Microscopy  

Standard microscope slides along with 1.0 mm coverslips were used to prepare 

samples for bright-field imaging using the Keyence optical microscope. Coacervate 

samples were vortexed for 10 s and then 20 µL of coacervate solution was sealed 

between the glass slide and the coverslips for imaging each sample. Images were 
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collected with 10x and 20x objective lenses. The images were not further modified after 

collection.  

B.2.6 Cryo-electron microscopy of block copolymer assemblies 

CryoTEM Quantifoil Holey Carbon Films were purchased from Electron Microscopy 

Sciences, grids were glow discharged for 70 s to increase hydrophilicity prior to sample 

preparation. Vitrification was carried out by an Automatic Plunge Freezer ME GP2 

(Leica Microsystems) where sample preparation onto cryoTEM grids was carried out at 

95% humidity to prevent evaporation and blotted for (2, 3 or 4) s before autoplunging 

into liquid propane. Vitrified samples were studied on a JEOL-2100F TEM using a 

Schottky type field emission gun operating at 200 kV. Cryo-TEM images were analyzed 

using the ImageJ. 
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4.1 Introduction 
 

Liquid-liquid phase separation (LLPS) is a ubiquitous process observed in 

synthetic macromolecular and biological systems.1,2 In synthetic systems, LLPS is used 

to develop microporous membranes,3 protocells,4 adhesives,5 and gene delivery 

systems.6 In biological systems, LLPS of proteins and other biomolecules is responsible 

for various processes such as DNA repair,7 RNA synthesis,8 and chromatin 

organization.9 In some biological systems, the LLPS of macromolecules occurs by an 

active ongoing reaction, often a polymerization of a biomacromolecule like RNA.8 The 

influence of an ongoing polymerization on the phase separating system is not yet 

understood in biology and synthetic systems. Furthermore, not many synthetic model 

systems exist in which LLPS occurs due to ongoing polymerization. Recent advances 

have been made in the field of “active droplets,” in which phase separation occurs due 

to a chemical reaction, usually a small molecule dimerization or a functional group 

modification on an already existing polymer.10,11 Thus, it is of high interest to develop 

systems that undergo LLPS upon active polymerization as model systems. 

Polymerization-induced self-assembly (PISA) is a vast field in which block 

copolymers are synthesized and assembled into nano- or microscale structures.12 A 

series of polymerization methods have been used to prepare PISA systems. One 

common method used is referred to as photo-PISA, which allows for the polymerization 

to proceed when irradiated with light, often at room temperature. Commonly, a 

reversible addition-fragmentation transfer (RAFT) photoiniferter is used for photo-

initiated polymerizations,13 which are referred to as photo-RAFT polymerizations.  

Photo-RAFT PISA systems have been developed to prepare self-assemblies of 
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acrylamide, acrylates, and methacrylate-based block copolymers.14,15 Most RAFT-PISA 

systems yield a suspension of synthesized polymer particles, or a supramolecular gel 

due to the entanglement of anisotropic morphologies.16 Despite multiple reports noting 

LLPS as an intermediate during the PISA process,17,18 droplet morphologies have not 

been isolated and studied in any reported system. Here, we developed a photo-RAFT 

system using the chain extension of poly(phenyl acrylate) (PPA) onto a polyethylene 

oxide macro-CTA (PEO-CTA) in ethanol using blue light. As the polymer reaches a 

critical degree of polymerization (DP), stable coacervates form due to LLPS and further 

turn into gel-like particles at higher molecular weights. We also analyze the effects of 

phase transitions on polymerization kinetics and characterize the different phases using 

microscopy methods. This process is unique as it condenses the polymers into stable 

coacervate droplets as the polymerization is carried out, therefore we established this 

as the first polymerization-induced condensation (PICON) system.  

4.2 Results & Discussion  
 

To develop a PICON system we selected a photo-RAFT polymerization of phenyl 

acrylate with polyethylene oxide macro-CTA as shown in Figure 1a. RAFT 

polymerization is a versatile method to synthesize block copolymers with good 

molecular weight control and dispersity.19 Photo-RAFT uses the commonly used chain 

transfer agent, DDMAT, as a photoiniferter has been used to prepare a variety of self-

assembled materials.20  Armes and coworkers have developed phenyl acrylate-based 

block copolymers for PISA systems and map out their phase behaviors.21 These PPA-

based copolymers were synthesized with a thermal initiator such as AIBN. In our 

studies all PICON reactions were performed at room temperature, with the same 
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solvent (ethanol), the same solid weight percentage (30wt%), and the same irradiation 

intensity (64 Watts) (see Appenix X).  

Figure 4.1: Polymerization scheme and characterizations. a) Blue light-mediated RAFT 

polymerization of polyethylene glycol-block-poly(phenyl acrylate) (PEO45-b-PPAy) in 

ethanol. b) Photograph of the final products of the polymerization in ethanol with varying 

target degrees of polymerizations DP 50, 100, 150, and 300. c) Size exclusion 

chromatography of the respective polymers and the macro-CTA. d) Bright field optical 

microscopy image of PEO45-b-PPA20 condensates. e) Scanning electron micrograph of 

PEO45-b-PPA300 gel showcasing textured gel surface.   

In recent studies, we have established the criteria for block copolymers to form 

stable condensates,22,23 in which one of the main criteria is the weak amphiphilicity of 

block copolymers in a given solution. Previously we modulated the amphiphilicity by 

adjusting the solvent composition. This was done by adding a selective solvent (water) 
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into the dissolved polymer solution, at a critical water concentration the block copolymer 

enters weak amphiphilicity and undergoes LLPS to form stable condensates.23 With this 

in mind we imagined a system in which the amphiphilicity of the polymer slowly evolves 

as the polymerization proceeds. Polymerization of PEO-b-PPA shows exactly this 

behavior as highlighted in Figure 4.1. Each polymerization was set up in a separate vial 

with varying target DP (Figure 4.1b). The outcome of each reaction was evaluated first 

visually, to detect droplet or gel formation. The monomer conversion was determined 

using 1H NMR by comparing the vinylic protons of the monomer to the aromatic protons 

in the polymer for each reaction. We observed high monomer conversion >85% and low 

molecular weight dispersity (Đ <1.26, Figure 4.1c) for all target DPs and reached PPA 

chain lengths of up to 300 units.  

In our system, the onset of LLPS (Figure 4.1d) is observed as the degree of 

polymerization approaches as low as 10 units forming PEO45-PPA10. Furthermore, as 

the PPA block grows, the droplets turn into gel-like particles. The onset of gelation is 

observed as the PPA block approaches a chain length of roughly 25 units. At DP >50 

the gels become stiff and stick to the reaction vial. Scanning electron microscopy 

showed textured surfaces of the gel formed as seen in Figure1e.  

The gels being formed in this system are different compared to the gels reported 

in other PISA systems.21,24 Typically in PISA, as the block copolymers are polymerized 

they start to assemble into nanoscale structures, like spheres, vesicles, and worms.24 

Most PISA based gels appear when worm morphologies are formed during the PISA 

process. The long anisotropic worm structures are known to entangle and form 

supramolecular crosslinks creating gels.25 In our system, as the polymerization 
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proceeds the block copolymers first undergo condensation to form dense polymer rich 

droplets which further convert into gel-like solids as the polymerization continues. We 

suspect the gels here form due to entanglement and non-covalent crosslinks of block 

copolymers within the droplet phase, which increases as the polymers get longer. The 

nanoscale structure of the gel was characterized by TEM, and it revealed microphase 

separated domains as shown in Appendix C.  Due to this unique mechanism, and the 

nanoscale structure the gels formed during PICON can be compared to the bulk block 

copolymer solids that show similar nanoscale features.26,27   

Moving forward, we asked the question if the polymer droplets can encapsulate 

non-participating molecules in solution during the PICON process. To test this, we 

prepared samples by keeping the synthetic conditions the same and introducing a 

BODIPY based hydrophobic dye at 10 µM concentration into our system (Appendix C). 

The PICON synthesis was carried out with the PPA target DP of 100, and multiple 

reactions were set up for varying amounts of time (30, 60, and 90 minutes) to probe the 

evolution of partitioning. We tracked the partitioning of the fluorescent probe within the 

condensates using fluorescence microscopy as shown in Figure 2. The partition 

coefficients (Kp) which is the ratio of the dye concentration inside the condensate 

compared to the concentration in bulk solution was estimated by comparing the intensity 

of our fluorescent dye in the two phases following a previously reported protocol.28 We 

observed that the Kp increases from 2.5 at 30 minutes when droplets are present 

(Figure 2a) to 7.3 at 90 minutes when the polymerization is completed resulting in gel-

like solid particles (Figure 2c).  
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This observation can be explained by considering the hydrophobic interactions 

between the solvent, polymer, and the dye as the polymerization proceeds. At the 

beginning of the reaction, when no block copolymer is present, everything is dissolved. 

At this stage, the hydrophobic components in the system are dissolved monomer and 

the fluorophore. As the polymerization proceeds, the monomers react to produce the 

block copolymer, forming dense phase-separated droplets. At this stage, at least 75% of 

the initial monomer content remains unreacted. The droplets will be swollen by 

unreacted monomer, but we anticipate most of the monomer to be in the bulk solution at 

earlier stages, depleting more and more as the polymerization proceeds. As the 

monomer gets depleted in the bulk solution, most of the hydrophobic interactions will be 

present only within the condensates driving the uptake of the fluorophore within them. 

This is a proof of concept showcasing that simple hydrophobic interactions between the 

different components can be used to design PICON systems that can sequester small 

molecules. Further development of such systems will require detail on how the 

polymerization kinetics and the size of the molecules may affect encapsulation.  

Figure 4.2: Partitioning of BODIPY-based fluorescent imaging agent during the PICON 

process. False-colored fluorescence microscopy images of samples at varying 

polymerization times a) 30 minutes, b) 60 minutes, and c) 90 minutes. These images 
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were used to calculate Kp at each timepoint which were 2.5, 6.0, and 7.3 min 

respectively. The polymerizations were prepared for a target PPA DP of 100.  

Previous studies have shown that the onset of self-assembly usually results in a 

rate enhancement in PISA systems due to the increased local concentration of the 

growing polymer chains and the monomer. To explore our system further we first asked 

if the onset of condensate formation localizes the polymerization within them 

exclusively. As these droplets are in thermodynamic equilibrium with their surroundings 

it is possible that the reaction precursors, monomer, and macro-CTA are present in both 

phases at earlier stages of the polymerization, which can result in two distinct 

polymerization outcomes.29 To test this, we set up a polymerization with a target PPA 

DP of 100. The polymerization was stopped after about 30 minutes when the solution 

became turbid, indicating droplet formation. The sample was transferred to an 

Eppendorf tube and centrifugation was used to separate out the two phases as shown 

Figure 4.3: Polymerization kinetics of the PEO45-b-PPA100 at 30 wt%.  a) Kinetics of 

monomer consumption plotted as a pseudo-first-order reaction kinetics. Region “I” 

represents the time in which no self-assembly or phase separation is observed. In 

region “ii” the apparent rate constant increases immediately after the solution has 

become turbid indicating the formation of coacervates. In region “iii” the apparent rate 

constant increases again after the condensates become more gel-like. b) Time-

resolved SEC of the PEO45-b-PPA100. 

i 
ii 

iii 

a) b) 
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in Appendix C. The contents of the two phases were characterized using 1H NMR. The 

NMR spectra revealed that the CTA is only present in the dense condensate phase. 

These data provide evidence that polymerization only occurs within the condensates 

after their formation, as the RAFT macro-CTA is required for the polymerization to 

proceed. Having established this, we explored how the rate of polymerization was 

influenced by the phase behavior of our system. A polymerization with the target PPA 

DP of 100 was prepared and the monomer conversion was tracked in 10-minute 

intervals using 1H NMR. The resulting data were used to model the polymerization 

kinetics to a pseudo-first-order reaction, based on previous reports.30 We observed two 

increases in the apparent rate constant of propagation (kapp) as shown in Figure 3a. The 

kapp in region i was 7.5x10-5 s-1, in region ii was 1.5x10-4 s-1, and in region iii was 

6.9x10-4 s-1.  The first increase in kapp occurred around 30-40 minutes (region i -> ii) and 

the second kapp increase happened around 90-100 minutes (region ii -> iii), the two 

changes in kapp signify the condensate formation and gel formation respectively. Only 2x 

increase in kapp (7.5x10-5 s-1 to 1.5x10-4 s-1) is observed upon droplet formation, while 

the kapp increases almost 5 fold (1.5x10-4 s-1 to 6.9x10-4 s-1) upon gel formation. The 

increase in the polymerization kinetics as condensates is due to the increased local 

monomer concentration. However, at this stage the droplets are highly solvated so the 

change in kapp is minimal. As the droplets turn more gel-like we see a much more 

significant increase in kapp. This is likely because the gels start to behave like bulk 

polymer and the reaction kinetics rapidly increase due to the large jump in local 

monomer concentration. Furthermore, as the polymerization proceeds through the 
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multiple phase changes, we observe good molecular weight control indicated by Đ<1.2 

for all time points shown in Figure 3b.  

4.3 Conclusion  
 

In conclusion, we have developed a new way to access synthetic condensates in 

a way that mimics biological condensate formation. The inspiration and methodology 

were adapted from the decades of work in the field of polymerization-induced self-

assembly. Condensate formation is not only important for model biomimetic systems but 

also for the synthesis of ordered materials, as many recent reports have shown 

condensates to be precursors to hierarchical self-assembled materials.22,31 Our 

developed PICON system uses blue-light-initiated RAFT polymerization to prepare 

block copolymers that undergo LLPS to form condensates and subsequent gelation, 

which is fundamentally different from gelation of other PISA systems. Furthermore, we 

demonstrated that this process can also be used to sequester small molecules within 

the condensate based on intramolecular interactions. Lastly, we studied the reaction 

kinetics of polymerization noticing a slight increase in kapp upon condensation and a 

significant increase upon gelation. As PICON garners more interest, we anticipate these 

findings will help better understand polymerizing systems which undergo LLPS to form 

condensates.  
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C.1 Materials and instruments: 
 
All reagents were purchased from Acros Organics, Fisher Scientific, or Sigma-Aldrich, 

and used without further purification unless otherwise noted. 1H NMR spectra were 

collected on a 500 MHz Bruker Avance spectrometer. All samples were taken in CD2Cl2. 

All TEM experiments were performed on a JEOL 2100 equipped with a 200 keV field 

emission gun and a OneView camera, Irvine Materials Research Institute, University of 

California, Irvine.  CryoTEM Quantifoil Holey Carbon Films were purchased from 

Electron Microscopy Sciences, grids were glow discharged for 70 s to increase 

hydrophilicity prior to sample preparation. Fluorescence imaging was performed with a 

MicroTime 200 (PicoQuant, Germany), an IX83 inverted microscope (Olympus Corp.), 

and a 100×, 1.45 NA oil-immersion objective UPLSAPO Plan Apochromat (Olympus 

Corp.). Size exclusion chromatography (SEC) was performed in THF using an Agilent 

1100 chromatograph equipped with RID detector and a PL gel 5 μm 300x7.5 mm mixed 

column. All samples were calibrated against polystyrene standards (MW= 580, 1300, 

5000, 10000, 30000, 70000, 130000 g/mol). 

C.2 Experimental Methods  
 
Synthesis of polyethylene glycol-block-poly phenyl acrylate.  

In a vial with a septum cap, PEO-CTA was measured out along with the phenyl acrylate 

monomer. The ratios were determined based on the desired target degree of 

polymerization (Table D1). This was followed by the addition of EtOH which was 

determined by the desired wt% (Monomer+CTA/(Monomer+CTA+Solvent). For this 

study, each reaction was carried out at 30 wt% solids unless otherwise specified. Once 

the reaction mixture was completely dissolved, N2 was purged for 15 minutes to 
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eliminate any dissolved O2. The reaction was then initiated by placing it in our reaction 

set up as shown in figure D.1. The reactions were stopped by turning of the lamps after 

5h our irradiation unless otherwise specified. The monomer conversion was determined 

by comparing the vinyl peaks or doing end group analysis using the CTA end group 

(0.88 ppm) Figure D.2. Size exclusion chromatography was performed with THF as the 

eluent.  

Table D1. Quantities of reagents used for different PICON experiments.  

PPA target DP CTA (mg) PPA (mg) EtOH (mL) 

20 40 63 0.25 
50 40 125 0.5 

100 40 250 0.9 
300 40 750 2.6 

 

Reaction kinetics of the PICON process.  

The reaction was carried out as mentioned above. To monitor monomer conversion, the 

sample was irradiated at different time intervals, aliquotting samples in between for 1H 

NMR analysis. The consumption of monomer was estimated by following the chain 

extension via end group analysis. This was done instead of comparing monomer peaks 

to avoid any error due to the distinct ratios of monomer present in the dense phase 

compared to the dilute phase. Since polymerization only occurs in the dense phase, we 

can be confident of the conversion based on the chain-growth.  The resulting data was 

plotted as pseudo-first-order reaction kinetics.  

C.3 Supplementary Figures 
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Figure D.1: Photograph of a macrophase separated PICON reaction. The arrow points 
to the dense condensate phase in which the polymerization proceeds.  
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Figure D.2: TEM image of exfoliated PEO45-b-PPA300 gel. Close up of the image clearly 
shows a microphase separated morphology similar to the ones found in bulk block 
copolymer systems.  

 

Figure D.3: Cryo-TEM image of spherical particles formed of PEO45-b-PPA100.  
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Chapter 5: Observation of 
liquid-liquid phase 

separation and vesicle 
spreading during 
supported bilayer 

formation via liquid phase 
transmission electron 

microscopy. 
 

This Chapter was adapted from a published article (Aoon Rizvi, Justin Mulvey, 
Joseph P Patterson. “Observation of Liquid–Liquid-Phase Separation and Vesicle 
Spreading during Supported Bilayer Formation via Liquid-Phase Transmission 

Electron Microscopy.” Nano Lett. 2021, 21, 24, 10325–10332) 
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5.1 INTRODUCTION: 

Liquid phase transmission electron microscopy (LP-TEM) has transformed the 

analysis of nanomaterials by enabling the direct real-time visualization of material 

formation and transformation in solution with nanometer spatial resolution.1–9  Over the 

last decade, the use of LP-TEM has enabled the discovery of new formation 

mechanisms for inorganic nanomaterials,10 soft-matter,3 and biological assemblies4. For 

example, loop intermediates during DNA double helix formation,11 the interfacial driven 

coupling of nucleation and particle attachment,12 the fusion and fission of block 

copolymer micelles,13,14 and the phenomena of liquid-liquid phase separation during 

amphiphilic self-assembly.15 These breakthroughs highlight the power of LP-TEM to 

discover new phenomenon in material formation, even in systems that have been 

studied for decades.16 LP-TEM is most commonly performed in silicon nitride or 

graphene liquid cells,16 which provides an ideal opportunity to study the interactions 

between matter and solid substrates. 

Supported bilayers (SB) are materials made of amphiphilic molecules such as 

lipids and block copolymers, held together by non-covalent interactions with a 

substrate.17–22 SB display diverse physical and chemical properties and have been used 

to study membrane properties such as ligand-receptor interactions,23,24 viral attacks,25 

and cellular signaling.26 Furthermore, SB enable surface sensitive measurements, such 

as  acoustic,27 optical,28 plasmonic, and chemical sensing.29 Block copolymers have 

proven to be an interesting alternative to lipids as they are more mechanically robust, 

chemically diverse, stable to dehydration/rehydration,21 and show more flexible chain 

dynamics.30,31 Generally, SB are prepared by either vesicle spreading,32–37 or the more 
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recent solvent assisted bilayer formation method pioneered by Nam-Joon Cho and 

coworkers.38–41 Using this method they have shown that supported bilayers can be 

formed with surfaces and morphologies which are typically inaccessible using the 

vesicle spreading method.40,41 In the vesicle spreading method, a solution of preformed 

vesicles is exposed to a solid support. The vesicles adhere, rupture, and spread over 

the surface to form supported bilayers.42 In the solvent assisted method, the 

amphiphiles are initially dissolved in a good solvent and a selective solvent is introduced 

to initiate the self-assembly of the amphiphiles into supported bilayers.43 The 

mechanism of this process is unclear, however, it is thought that the amphiphiles first 

form micelles/vesicles which adhere to the surface and spread to form the bilayers. This 

formation method is unexplored regarding block copolymer SB fabrication.  

 The visualization of bilayer formation is challenging due to the difficulty of 

imaging nanoscale dynamics in a liquid environment. Previously, Richter et al. used a 

combination of quartz crystal microbalance and atomic force microscopy to study SB 

formation with charged lipids.44 They discovered that during bilayer formation the 

vesicles adhere onto the substrate and rupture in a wave fashion due to the “active 

edge” effect. They also determined that fusion between vesicle did not take place and 

bilayer formation was mainly due to the rupture of vesicles.44 In a later study, 

Israelachvili and co-workers also observed the “active edge” effect when studying SB 

formation using fluorescence microscopy.45 Furthermore, Andrecka et al. studied SB 

formation using interferometric scattering microscopy,46 where they introduced 100 nm 

vesicles on to a glass surface and the bilayer formation was imaged using 25 frames 

per second. The vesicles appeared as diffraction-limited spots which covered the 
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viewing area and slowly transformed into bright patches, indicating vesicle rupture and 

SB formation. However, the spatial resolution was insufficient to visualize the 

membrane structure while the vesicles transitioned to a supported bilayer. Here, we 

demonstrate LP-TEM as a high resolution, in-situ method for studying SB formation. 

The benefit of LP-TEM is that the high-resolution projection images enable membrane 

dynamics to be studied during SB formation. 

5.2 RESULTS AND DISCUSSION 
 

LP-TEM was performed with a liquid flow holder and silicon nitride chips with 50 

μm X 200 μm electron transparent windows (see SI for more details, Figure S1). 

Polystyrene-block-poly acrylic (PS-b-PAA) was chosen for this study because it has 

been studied intensively using multiple TEM methods,47–49 is a model system for 

amphiphilic block copolymers,50,51 and PAA can bind to the free amine groups on the 

silicon nitride through electrostatic interactions.52 Block copolymers are commonly self-

assembled using solvent exchange methods in which the polymer is first dissolved in a 

solvent where both blocks are soluble (good solvent), and then a second solvent is 

added where only one of the blocks is soluble (selective solvent).47 This is analogues to 

the solvent assisted method used to prepare supported bilayers.53  The drop cast 

method was used to pre-load the liquid cell with a dissolved solution of PS-b-PAA in a 

mixture of THF:Dioxane, the good solvent (Figure S2, S3).48 To initiate the bilayer 

formation a solvent exchange was performed during imaging by flowing in water, the 

selective solvent, into the silicon nitride cell using a syringe (See SI for more details). 

This method is beneficial as it enables slow exchange of the solvent, however it is 

limited in that the exact composition of the solvent in the imaging areas is unknown.15,54 
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One of the most important considerations for LP-TEM experiments is the influence of 

the electron beam during imaging.3,55 All LP-TEM experiments were performed at dose 

rates within 11-15 e-/nm2⋅s. Control experiments were performed where PS-b-PAA 

vesicles were prepared ex-situ, loaded into the liquid cell, and imaged for ≈700 seconds 

at a dose rate of 11 e- /nm2⋅s, without performing the solvent exchange (i.e. water was 

not flown into the cell with a syringe). The purpose of the control experiments is to 

determine the effect of the electron beam on the polymer assemblies. Electron beam 

effects have been well studied in LP-TEM experiments and the dominant mechanisms 

are thought to be solvent radiolysis and charging.16,56,57 It has been demonstrated the 

presence of organic solvents in water can reduce radiolysis.56,58 Therefore, we 

performed control experiments with vesicles in a 1:1 organic solvent: water mixture and 

in pure water. The control experiments show that the electron beam does not cause the 

rupture, spreading, or fusion of vesicles as observed in the SB formation experiments. 

Interestingly, samples imaged in organic-water mixtures produced images with better 

feature resolution (see Figures S4, S5, S6, and SI for further discussion).  

During the SB formation experiments we observed two formation pathways. In 

pathway 1 (Figure 5.1a) we observed SB formation via vesicle growth and spreading 

during the solvent exchange. No fusion events were observed indicating vesicle growth 

was due to unimer addition, which was followed by rupture and spreading to form 

bilayers. In pathway 2 (Figure 5.1b), we observed the solution undergo liquid-liquid 

phase separation to form liquid droplets. The droplets coalesce together and spread to 

form bilayers. As discussed later, we believe the two pathways occur as a result of 
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different solvent environments where the droplet spreading mechanism is favored at 

lower water content. 

 

Figure 5.1: Schematic of the two pathways observed during bilayer formation. a) 
Vesicle spreading, the block copolymers were observed to form vesicles which grew, 
ruptured, and spread to form supported bilayers. b) Droplet spreading, the block 
copolymers were observed to undergo liquid-liquid phase separation to form droplets 
that spread over the surface to form supported bilayers.  

Vesicle rupture and spreading 

Vesicle rupture is the most accepted mechanism for SB formation.32 The driving force 

for vesicle rupture is proposed to be the high curvature of the vesicles at the substrate-

vesicle interface.59 Additionally, it has been reported previously that rupture and 

spreading occurs through the widening of a pore and attachment of the outer membrane 

surface to the substrate.59 The exposed edge is known to catalyze other vesicles to 

rupture due to the high energy conformation of lipids at the edge of a bilayer. This 

thermodynamically favors larger supported bilayers and makes smaller bilayers 

(diameter ≈ 300 nm) unstable.59 Our LPTEM data (Figure 5.2 a, SI MOVIE 1), shows 

individual vesicles undergoing spreading and rupture. In this experiment we obtained a 

partially dry cell, which can be seen from the contrast gradient in the top left of the 
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image series (Figure 2a).60,61 The area and membrane contrast of 4 individual vesicles 

within the wet areas of the cell were quantified using image analysis (Figure 2 b, c, d).  

An in-house MATLAB script was developed to segment the vesicles across each frame 

in the dataset for quantitative analysis (See Figures S7, S8, S9 and SI for further 

discussion). The data shows that the larger vesicles (V1 and V2) grow much faster than 

the smaller vesicles (V3 and V4) (Figure 2 c). We have previously shown that for a 

vesicle growth mechanism, the ratio between the membrane contrast and the equivalent 

membrane diameter (C/D)  in the TEM images should increase as the membrane 

diameter increases.15 This is mainly due to the increase in polymer volume fraction 

within the membrane as the solvent exchange proceeds. However, despite the large 

area increase for V1 and V2, V1 shows a decrease in C/D, and V2 shows virtually no 

change in C/D. This indicates that the vesicles are undergoing spreading rather than 

growth. Consequently, we can quantify the vesicle spread rate as the change in area vs. 

time (Figure 5.2e). The data shows there is a decrease in the spread rate of V1 and V2 

over the course of the experiment indicating the polymers are becoming kinetically 

trapped. V3 and V4 are much smaller and show an increase in C/D with increasing 

diameters indicating they are likely undergoing growth and spreading during data 

collection. All block copolymer bilayers (Figure 5.2a) were < 500 nm in equivalent 

diameter which is interesting because it has previously been shown that lipid bilayers 

and not stable in this size range.62   
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Figure 5.2: Vesicle spreading during bilayer formation. a) Time series of SI MOVIE 1, 
the colored arrows indicate each vesicle that was analyzed further, the red dashed box 
highlight detector artefacts. b) Time series of individual vesicles in SI MOVIE 1 (15 e- 

/nm2⋅s ), colored outlines correspond to the arrows. c) The area evolution of each 
vesicle shown above. Dashed line indicates a linear fit. d) Ratio of average membrane 
contrast to membrane diameter (details in SI). e) The evolution of the spread rate for 
each vesicle shown above.  

To interpret the membrane dynamics during rupture and spreading, a MATLAB script 

was developed to produce a time-resolved angular intensity map of the segmented 

membrane for V1 (Figure 5.3, Figure S10). The data shows the vesicle spreading 

anisotropically, and that multiple localized regions in the membrane begin to thin before 

eventually rupturing between 400 and 500 seconds (Figure 5.3b, c).  Other regions 
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appear to be more fixed to the substrate, and do not significantly change over time 

(Figure 3c). It has previously been shown that the surface chemistry and binding affinity 

dictates whether vesicles undergo intact adsorption or SB formation.37,63 We believe our 

LP-TEM data is a direct visualization of why substrate attachment is required for vesicle 

spreading. When the solvent exchange process is performed in a vial (i.e. when the 

vesicles are not adhered to a surface), the size of the vesicles increases with increasing 

amount of water addition, as determined by dynamic light scattering (Figure S11).48 

However when the solvent exchange is performed and a vesicle is adhered to a surface 

at multiple locations, the size increase in these regions is hindered. This results in the 

formation of a supported bilayer through anisotropic swelling, rupture, and spreading. 

This mechanism has been previously discussed but not directly obsvered.46,64  

 

Figure 5.3: Membrane analysis of vesicle (V1). (a) Snapshots of the LP-TEM movie (SI 
MOVIE 1) during the solvent exchange process. The outline intensity shows the integrity 
of the membrane; high intensity of detected electron means the membrane has been 
ruptured in that area. b) Angular intensity map of the vesicle pictured above (more 
details in SI). The red arrows correspond to the individual areas in the vesicle 
membrane where the rupture was observed. c) Overlayed particle outlines for selected 
frame (top) and all frames (bottom).  
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Droplet formation and spreading  

In pathway 2 (Figure 4a, SI MOVIE 2) we observe the liquid-liquid phase 

separation (also known as coacervation) and the formation of droplets that diffuse 

across the surface, coalesce, and then spread to cover the surface. The resulting SB 

shows 99.8% surface coverage (Figure S13)  and shows minimal nanoscale defects. 

We interpret the early-stage structures as liquid droplets based upon their dynamic 

motion during fusion. Coacervate droplets are typically thought to be membraneless and 

their spreading and fusion dynamics have been less studied compared to vesicles.65 In 

this dataset, droplets fuse together within a few seconds, which is much quicker than 

what is expected for block copolymer nanoparticles.13,66 Based on control experiments 

we believe that liquid-liquid phase separation occurs at ~10% water content (Figure 

S12). Previously reported, we have shown nonionic BCP can form coacervates (stable 

droplets) in organic water mixtures, slight variations in the water composition may shift 

the favored phase into the self-assembled phase.54  The droplet formation in the LP-

TEM experiment suggests that the solvent exchange rate was slow enough that the 

polymers are not kinetically arrested in the early stages of SB formation. Due to the fact 

that the liquid-liquid phase separation does not favor stable nanodroplets we were 

unable to perform the same electron dose control experiment. However, as the organic 

solvent content is higher for droplets than for vesicles, we believe that the vesicle 

control is valid as a guide for the droplet experiments (see supporting for more info).  

The data shows that droplet fusion and spreading can either lead to homogenous 

bilayers (Figure 4 a, b, blue region) or regions with defects (Figure 4a, c, red region). To 

better visualize the droplet fusion dynamics and defect formation, cross-sectional time 
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series plots were created for both the red and blue regions (Figure 4b and c). The 

analysis of the blue region shows that fusion between the two droplets had already 

started before the droplets appeared in the viewing area of the cell (t < 1576 seconds). 

The higher contrast at the droplet interface indicates a higher polymer concentration 

and different polymer organization at the interface. In our previous studies we have 

performed SCF simulation studies on similar di-block copolymer systems which show a 

direct relationship between polymer concentration and contrast.15 Over time, the 

polymer density at the interface decreases, and the resulting supported bilayer region 

becomes homogeneous (t > 2000 seconds). The analysis of the red region shows 

droplet fusion occurs later in the dataset (t > 1800 seconds) and produces a dense 

region at the interface, which we interpret as a defect in the bilayer. This is likely due to 

the kinetically limited reorganization of polymers at droplet interface, which we have 

previously observed during the formation of block copolymer vesicles.15 However, the 

observations here indicate that premature organization at the droplet interface leads to 

defect formation in the final SB structure (Figure 4c).  

These observed differences are likely due to local differences in solution 

composition or polymer organization during the early stages of droplet formation. We 

have shown previously that slight variations in the selective solvent (water in this case) 

can alter the preferred phase of block copolymers, in our recent study we demonstrated 

that as low as 2 wt% water difference can shift the polymer solution from a coacervate 

phase (droplet phase) to a solid self-assembled phase.54 Once these boundaries are 

known for a given polymer it is possible to design the solvent exchange experiments to 

stabilize the droplets and use them to control both the size and morphology of the self-
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assembled polymers.54 In a previous study Tabaei et al. reported that during the solvent 

assisted method the identity of the organic solvent can have a large effect on the quality 

of supported bilayers formed.38 Although not mentioned in their studies we suspect a 

similar droplet mechanism at play in which one of the solvent compositions favors 

droplet formation resulting in pristine supported bilayers. Furthermore, an interesting 

feature of the droplet spreading mechanism is that the “active edge effect” is not 

required to from pristine bilayers and bilayer formation (micro phase separation between 

the blocks) can occur after the droplets have spread. Our observations make it clear 

that liquid-precursors are important to form defect free supported bilayers when using 

the solvent assisted method and more work is required to further understand and utilize 

liquid precursors during bilayer formation.  
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Figure 5.4: LP-TEM analysis of droplet spreading during bilayer formation. (a) 
Snapshots of the LP-TEM movie (SI MOVIE 2, 11 e- /nm2⋅s ) during the solvent 
exchange process. The blue and red boxes highlight examples of pristine bilayer 
formation and defect formation, respectively. b) Close view of two droplets completely 
fusing together to form homogenous bilayer along with cross-sectional time series of the 
highlighted green box to show a homogenous bilayer area. c) Close view of two droplet 
droplets merging to form a bilayer boundary along with cross-sectional time series of the 
highlighted green box to visualize boundary formation.  

5.3 CONCLUSION 
 

We have demonstrated that LP-TEM can be used to observe and quantify the 

formation of supported polymer bilayers with nanoscale resolution in real time. We 

observed two pathways of bilayer formation derived from vesicle spreading and droplet 

spreading. For the vesicle spreading mechanism we were able to quantify individual 

vesicle spread rates and track the formation of membrane rupture points. This method 

could be extended to image lipid bilayer spreading, although lipids can be much more 

difficult to image.67,68 We observed that bilayers formed via the droplet spreading 

mechanism result in less defects as compared to the vesicle spreading mechanism. 

Controlling these intermediate pathways could be the key to pristine SB’s via the solvent 

assisted method. The pathways can be controlled by the solvent composition and 

mixing procedure.54 Further investigation of supported bilayers using LP-TEM will help 

guide the design of functional materials.  Furthermore, we believe that LP-TEM studies 

of SBs could be used to image membrane interactions with nanoparticles and proteins. 

Polymer membranes with tunable lateral diffusion would allow slow enough dynamics to 

image these interactions using LP-TEM.69  
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D.1 Materials and Instruments:  

All reagents were purchased from Acros Organics, Fisher Scientific, or Sigma-Aldrich, 

and used without further purification unless otherwise noted. 1H NMR spectra were 

collected on a 500 MHz Bruker Avance spectrometer. All samples were taken in CDCl3. 

Chemical shifts are provided in ppm, calibrated from the residual CDCl3 peak (7.26 

ppm).  All TEM experiments were performed on a JEOL 2100 equipped with a 200 keV 

field emission gun and a OneView camera, Irvine Materials Research Institute, 

University of California, Irvine. Liquid Phase imaging was performed with a DENS 

solutions Ocean holder using 0 nm spacer chips. Optical imaging were performed using 

a Keyence Bz-X810 all in one microscope. Size exclusion chromatography (SEC) was 

performed in DMF using an Agilent 1100 chromatograph equipped with RID detector 
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and a PL gel 5 μm 300x7.5 mm mixed column. All samples were calibrated against 

polystyrene standards (MW= 580, 1300, 5000, 10000, 30000, 70000, 130000 g/mol).  

 

 

 

 

 

 

 

 

D.2 Experiential Methods 
D.2.1 LP-TEM Methods:  

 

Figure D1: Schematic of liquid cell setup for imaging.   

Silicon Nitride chips are washed with acetone, IPA, EtOH and cleaned using a Gatan 

plasma cleaner (Ar/O2). The bottom chip is then loaded in the holder, a small droplet (≈ 

0.5 uL) of the sample (PS200-b-PAA35, 10 mg mL-1 in THF:Dioxane)1  is drop casted in 

the middle of the chip right above the silicon nitride window. The top chip is then placed 
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above the droplet and the cell is sealed. The holder is then placed into a leak test 

station. Upon passing the leak test the holder is then inserted in the microscope, with 

pre-aligned electron beam and the apertures set to image. To initiate the self-assembly, 

water is flowed in using a 500 µL syringe.2 TEM imaging was performed on a JEOL-

2100F TEM using a Schottky type field emission gun operating at 200 kV with an 

electron dose rates ranging between 11 and 15 e-/nm2⋅s. Images were recorded with the 

following frametimes: 2 seconds for SI MOVIE 1, 5 seconds for Si MOVIE 2, and 2.6 

seconds for the control experiments.  TEM Recorder script for DigitalMicrograph was 

used and the images were collected using the Gatan Oneview Camera.3  

 

 

D.2.2 Synthesis of PtBuA30  

To a schlenck tube, [S-dodecyl-S’-(α’,α’-dimethyl-α’’-acetic  acid)] (DDMAT, 0.18 g, 0.5 

mmol), tert-butylacrylate ( 4.0 g, 31.2 mmol), AIBN (8.2 mg, 0.05) were added and 

dissolved in dioxane (5 mL). The solution was stirred and purged for 30 min with N2 to 

deoxygenate the solution. The solution was heated to 65 oC for 70 min to initiate the 

polymerization. The polymerization was stopped by cooling the solution down to 0 oC. 

The viscous solution was dissolved in minimum amount of THF and poured into a 

mixture (by volume of 7:1 cold MeOH:H2O. The MeOH:H2O solution was decanted, and 

the polymer was dissolved in THF and the solution was dried over MgSO4. The solution 

was filtered and the solvent was removed in vacuo yielding a yellow foam, PtBuA. Mn 

(1H NMR) = 4200 g mol-1, Mw/Mn (SEC) = 1.17. 1H NMR (CDCl3): δ (ppm) 3.33 (t, J = 
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7.4 Hz, 2H, SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH 

and CH2 polymer backbone) 0.88 (t, J 6.8 Hz, 3H, (CH2)11CH3). 

Chain Extension of PtBuA with Styrene to give PtBuA30-b-PS200  

To a schlenck tube, PtBuA30 (2.7 g, 0.42 mmol), Styrene (18.3 g, 175.4 mmol) were 

added and the solution was purged with N2 while stirring to deoxygenate the solution. 

The solution was then heated to 110 oC overnight and cooled to 0 oC to stop the 

polymerization. The reaction mixture had “gelled” due to high styrene concentration, 

which restricted the conversion calculation. The gelled solution was dissolved in THF 

with sonication for several hours. The dissolved polymer solution was precipitated into 

cold MeOH three times. The Polymer was filtered and dried in vacuo (16 g). Mn (1H 

NMR)= 25,000 g mol-1. Mw/Mn (SEC) = 1.21. 1H NMR (CDCl3): δ (ppm) 6.25-7.25 (br, 

Ar-H polymer backbone), 3.33 (br, 2H, SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer 

backbone), 1.30-2.30 (br, CH and CH2 polymer backbone) 0.88 (br, 3H, (CH2)11CH3).  

Conversion of PtBuA30-b-PS200 to PAA30-b-PS200  

PtBuA30-b-PS200 (2.0 g, 0.09 mmol) was charged into a 250 mL round bottom flask with 

a stir bar. The polymer was dissolved in DCM (80 mL) and cooled to 0 oC in an ice bath. 

After the solution was cooled, TFA (40 mL) was slowly added to the reaction mixture, 

the reaction was stirred overnight. The cloudy solution was dried in air and the solids 

were dissolved in THF, the undissolved precipitate was filtered, and the polymer 

solution was precipitated twice into cold MeOH. The polymer was filtered and dried in 

vacuo (1.1 g). FT-IR was used to confirm the deprotection of the tertbutyl group (Figure 

S9). 

D.2.3 Size exclusion chromatography 
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A solution of 1 mg ml-1 is made in DMF and filtered using a 0.2 um syringe filter. A GPC 

vial is charged with the filtered solution and sealed with slit containing cap. The vial is 

placed in the autosampler, and the standard GPC method is used to collect the 

chromatogram. The results are then evaluated using the most recent polystyrene 

standards. The SEC results are mainly used to measure the poly dispersity pf the block 

copolymers as the MW of block copolymers cannot be estimated with confidence using 

homopolymer standards.    
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Figure D2: Chromatogram of PolytertButyl acrylate and Poly(styrene)200-b-polyacrylic 

acid30. 

Figure D3: FTIR spectra of PS200-PtBuA30 and PS200-PAA30 overlayed. The blue box 
highlights the conversion of the sharp ester carbonyl peak to the broader carboxylic acid 
carbonyl peak.  
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D.2.4 Control LP-TEM experiments:  

Identical LP-TEM experiment control experiments of PS-b-PAA in a mixture of 

THF:Dioxane and water (1:1) and in pure water.  Controls were imaged at 13 e- /nm2⋅s  

under the same conditions as the experimental datasets. No morphological changes 

were observed in the vesicles. In all controls there was a background precipitation event 

which is discussed in more detail below. The droplet phase was not imaged as a control 

as it is impossible to prepare stable nano-droplets for the control. However, from our 

own experiments and known mechanisms of electron beam damage we suspect 

significantly less beam damage in the droplet phase as the organic content is greater for 

droplet formation (≈ 90%) as compared to vesicles (<70%).4   

 

Figure D4: Imaging preformed vesicles at 13 e-/nm2⋅s  in organic:water mixture to 

visualize any electron beam induced transformations. Arrow indicated particle used for 

quantitative analysis (Figure S7). 
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Figure D5: Imaging preformed vesicles at 13 e-/nm2⋅s in organic:water mixture to 

visualize any electron beam induced transformations. Arrow indicated particle used for 

quantitative analysis (Figure S9). 

 

Figure D6: Imaging preformed vesicles at 13 e-/nm2⋅s  in pure water.  Note the first and 

last frames are not shown due to camera movement.  

D.2.6 Estimation of the electron dosage 

The electron dose for each experiment was calculated by using the conversion factor of 

the detector provided by the manufacturer. Flat field images (where no sample was 

inserted) were collected prior to the experiment with the same microscope setting used 

for the experiment. The flat field images are used to obtain the average number of 

counts per unit area based on the pixel size of the image. The conversion factor 

conversion factor is given in counts per electron and can be used to determine the 

number of e-/nm2⋅s. 

D.2.6 Electron beam effects during LP-TEM imaging 

It has been well established that the electron beam will affect all LP-TEM 

experiments.5,6 The purpose of the control experiments is to determine which features 

of our SB formation experiments are related to changes in the solvent composition and 
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which are related to exposure by the electron beam. As SB formation occurs in an of 

organic solvent: water, the controls in Figure S2 and S3 are the most important. The 

vesicles did not undergo any changes in morphology indicating that our observations of 

rupture and spreading in the SB formation experiments are initiated by the solvent 

exchange and not the electron beam. This does not mean the electron beam is not 

having any effect, however further experiments which are outside the scope of this 

paper would need to be performed to elucidate that effect. The control sample showed 

some background precipitation which may occur due to the crosslinking of residual 

polymer chains in the solvent.7 This precipitation event was not observed in the 

experimental datasets. 

Although our experiment system is an organic : water mixture we performed a control in 

pure water to see if the organic solvent aids in our visualization. It is well known that 

there is a stark difference in the behavior of fast electrons in aqueous and organic 

media.8,9 Organic solvents are known to act as scavengers towards the reactive species 

minimizing/slowing down electron beam induced damage.4,10 Our control in pure water 

shows that the vesicles have much worse feature resolution and the beam induced 

precipitation occurs much earlier. This was observed over multiple experiments for both 

controls. Both these observations suggest that the presence of organic solvent (THF 

and Dioxane) in our experiments are improving resolution are protective against beam 

damage. 

D.2.7 Bilayer Coverage Calculation 

The percent coverage of the bilayer in the liquid cell viewing area was calculated based 

on the last frame of the SI MOVIE 2. The area of the cell covered by the bilayer was 
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traced by hand in ImageJ (Figure S13). The dark edges of the cell were omitted from 

the percent coverage calculation. The number of pixels representing the covered area 

(green tint) was divided by the number of pixels in the viewing area (the rest of the 

image, not including the edge of the cell).  The result was 99.8% coverage of the 

bilayer.     

 

Figure D7:  Percent coverage of the bilayer in the viewing area for the last frame of SI 

MOVIE 2. The covered area was segmented manually and given a green tint in the right 

image. 

D.2.8 Dynamic Light Scattering  
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Figure D8: Dynamic light scattering of ex-situ vesicle formation and evolution as the 
water content increases.  
 

D.2.9 Solvent Switch Ex-situ 

 

Figure D9: Solvent switch of PS200-b-PAA30 in (THF 44:DIOXANE 56) and water 

mixture. a) Solvent switch experiment showcasing stable coacervate formation at ≈ 10% 

H2O b) Bright field optical microscopy image of droplets (coacervates) formed at 10% 

H2O. c) Bright field optical microscopy image showing no droplets at 30% H2O. d) Bright 

field optical microscopy image showing no droplets at 50% H2O. 
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Chapter 6: Revealing 
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6.1 INTRODUCTION 
 

Liquid-liquid phase separation (LLPS) is a process through which a homogenous 

solution separates into two or more liquid phases. This phenomenon is observed in 

various systems including small molecules, polymers, peptides, and proteins. Protein 

phase separation is commonly observed in biological systems to carry out biochemical 

functions such as transcription, DNA repair, and chromatin organization.1,2 Additionally, 

LLPS of polymers has various applications in other fields as well, including in chemical 

synthesis, development of new materials, energy storage and the food industry.3 

Consistent across these different modes of LLPS is the generation of liquid-like droplets 

composed of dense material within a dilute solution. Droplets are highly dynamic and 

can undergo fusion and fission events, exchanging material with their surroundings. The 

material properties of condensates can be described through measures including 

viscosity, interfacial tension, elasticity, and macromolecular diffusion, among others.4 

The function of condensates depends in part on their material properties, because these 

influence their form, molecular dynamics, partitioning of non-phase separating 

macromolecules, and interactions with other intracellular assemblies. In the case of 

naturally occurring protein-based condensates, a close connection between the 

viscosity of a condensate and its function has been identified. 5,6  That is, condensates 

need to be highly dynamic to operate as a reaction center, while rigidity can be 

important for functions such as storage, protection, or organization of components.7 

This range of behaviors exists condensates such as liquid-like stress granules versus 

gel-like centrosomes. Dysregulation of a condensate has been associated with 

neurodegenerative diseases and certain types of cancer.6  
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Recent work has made progress towards quantitatively describing the material 

properties of condensates, including their viscous and elastic components.8 The liquid-

like nature of droplets arises from the transient nature of intermolecular interactions 

including hydrogen bonds, hydrophobic interactions, and electrostatic interactions.1 This 

implies that the material properties of condensates are governed by internal 

microstructures. However, we lack understanding of the internal structure of the 

condensates that result in these properties. Recently, Wu et al. have showed that 

proteins are distributed in-homogenously within condensates, creating hub-and-spoke-

like percolated networks of molecules.9 This observation was made by monitoring 

fluorescent probes that interact differently with hubs and voids. While useful, this study 

provides minimal information regarding the organization of proteins at these regions. 

Greater understanding of the internal structural features of these condensates is crucial 

for deciphering or designing their function and developing new strategies for controlling 

their behavior. 

Several techniques can be applied to elucidate the nanoscale structure of 

condensates, including super-resolution microscopy,10 small-angle X-ray scattering 

(SAXS),11 and cryo-electron microscopy (cryo-EM).12 Cryo-EM is emerging to be a 

powerful method for elucidating nanoscale condensate morphology because of its 

nanometer resolution and retention of native-like structure of the specimen. Recently, 

Zhang et. al studied teteranucleosome condensate forming mechanism using cryo-

electron tomography (Cryo-ET).13 They prepared specialized electron microscopy grids 

with a streptavidin layer for high specimen loading. Their data show a spinodal 

decomposition followed by a nucleation and growth mechanism of condensate 
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formation. Furthermore, Mahamid and co-workers recently developed a method for 

cryo-EM of reconstituted condensates.12 Their approach requires correlative light 

microscopy to explore preformed condensate specimens prior to electron microscopy. 

All these methods are impactful by enabling nanoscale elucidation of condensates. 

However, the requirement of special grids and additional steps like correlative light 

microscopy limits these approaches. 

As the field of phase separation continues to grow, methodology, that is easily 

adaptable by non-experts, is required to expand the exploration of nanoscale 

condensate morphologies. Here we present a workflow for preparing cryo-EM samples 

of protein and polymer condensates by modifying routine cryo-EM sample preparation. 

We envision an acceleration of nanoscale understating of condensates as conventional 

cryo-EM methods get adapted by the condensate field. Our approach presented here is 

suitable to gain 2D and 3D information for any biomolecular or polymeric condensate. 

6.2 RESULTS & DISCUSSION 
 

To support the range of samples that can be studied using cryo-EM, we applied 

our technique to protein-based condensates with single and multiple components as 

well as polymer-based condensates. We focused on the RGG domain from LAF-1, a 

prototypical arginine/glycine-rich intrinsically disordered protein (IDP) involved in P 

granule assembly in C. elegans. LAF-1 RGG contains a diverse set of amino acids that 

promote several modes of interactions including electrostatic, π–π, and cation-π 

interactions.14 The pattering of these amino acid sequences has shown a direct 

relationship to the material properties of their respective condensates.15 Here, we 

explore two charge variants, RGG WT and RGG ShD, to visualize how the sequence 
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patterning may affect the nanoscale organization of material within the condensates. 

Furthermore, we also use the combination of single stranded DNA and polyLysine to 

image multicomponent condensate, or complex coacervates. Complex coacervates of 

DNA and PLK have been used to prepare coacervates for nucleotide delivery and 

model systems to understand membranelles organelles.16,17 Lastly, we also imaged 

block copolymer coacervates to visualize how two distinct blocks arrange within 

condensates. Simulation studies have shown that di-block copolymers can form 

structured liquid due to microphase separation of the two blocks, yet no experimental 

reports exist as of now.18 In total we have imaged three different class of 

condensates/coacervates to show the generality of our developed approach.  

Figure 6.1: Overview of on-grid sample preparation for cryo-EM samples of RGG 

condensates (This may slightly vary each sample). In this procedure, phase separation 

was induced by reducing the salt concentration of the protein solution.  In Step 1, we 

add the known amount of diluent to the grid. In Step 2, the protein solution is added, 

and the droplet formation is initiated. In Step 3 the excess solvent is blotted away for a 

known amount of time resulting in a thin layer of the specimen. In Step 4, the grid is 

plunged in a cryogen bath to vitrify the thin layer.  
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Condensate specimens were prepared following the steps summarized in Figure 1 and 

imaged using cryo-EM to elucidate nanoscale morphologies within the condensates. All 

protein cryo-EM specimens were prepared on-grid by first adding the buffer followed by 

the protein solution. The addition of the protein resulted in a lower final salt 

concentration which initiates the condensate formation. This allows the formation of 

condensate on-grid and vitrification of condensates in the nanoscale. Using this 

approach, condensate growth can be managed at different time points for the desired 

sizes and stages in the phase separation process. As seen in Figure 6.1, by waiting 

either between step 2 and 3 or between step 3 and 4, condensates can be grown before 

or after the blotting process. Ideally, if the goal is just for the condensates to start 

appearing, it is best to let the condensate grow after step 2. This is because any 

evaporation effects will be minimal at this stage, and the formation of droplets can be 

observed as the liquid on the grid can be seen turning turbid. Furthermore, if the protein 

or polymer is susceptible to shear induced morphological transition it is best to let the 

condensates grow after the blotting step.    
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Figure 6.2: Cryo-TEM images of a variety of condensates/coacervates. i) Complex 

coacervates made of polyLysine (cationic) and single stranded DNA (anionic). ii) Protein 

condensate of RGG domain (polyelectrolyte). iii) Block copolymer coacervates of 

polyethylene glycol-block-polymethyl methacrylate polymer (non-ionic). iv) Legend for 

viewing cryo-EM micrographs and identify common features. Please refer to this for all 

micrographs presented in this publication.  

We explored a series of condensates and coacervates to demonstrate that our sample 

preperation methods are effective for the most common classes of condensates: 

complex coacervate, protein condensate, and block copolymer coacervates (Figure 

6.2). Here, the complex coacervates are made up of polyLysine and ssDNA. Protein 

condensates are of RGG and its charge variants, and the block copolymer coacervates 

are of polyethylene oxide-block-poly methyl methacrylate (PEO-b-PMMA).  As shown in 

Figure 2i, complex coacervate condensates form and grow rapidly across the TEM grid. 

Additionally, the thin films of the condensed material show liquid like structure and a 

clear interface at the two-phase boundary. In Figure 2ii, RGG WT condensate show 

similar behavior in which large films of the condensed material are seen with a distinct 

interface, we follow our discussion of the interface and internal morphologies using the 

RGG condensates and its variants. Block copolymer coacervates are shown in Figure  

2iii, in which the internal and interface of looks different from the others. This is due to 
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the microphase separation of the two incompatible blocks which gives it the porous 

structure.18 As seen in Figure 6.2 i&ii, complex coacervates and protein condensates 

show smooth, round edges of the thin film, showcasing liquid-like properties. On the 

other hand, block copolymer coacervates do not show a distinct edge of the condensed 

phase, which could be a result of a liquid to solid transition of the coacervate that we 

have observed before.19  

Figure 6.3: Interfaces of the condense phases. i) Image of RGG WT condensate, the 

higher magnification clearly shows the distinct interface (6.1nm) between the 

condensate and the dilute phase.  ii) Close up of RGG WT thin film of the condensed 

material, the distinct interface can be seen between the condensed and the dilute 

phase. iii) Cross section intensity of the highlighted area to estimate the interface 

thickness, 6.1nm. iv-vii) Images of RGG WT showcasing distinct interface structures.  
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Biomolecular condensates are found responsible for important biological 

processes and disease formation. A term commonly used to describe such condensates 

is membrane less organelles (MLOs), as these droplets are found in cells with no lipid 

membranes.20 While membrane bound organelles utilize the lipids at their interface to 

control partitioning of proteins and other biomolecules, MLOs achieve such control by 

non-specific interactions, and active reactions that can control size and chemical 

components of the condensates.20 Inspired from synthetic droplet work, Stroberg et al. 

have suggested that interfaces of biomolecular condensates could be the local hubs for 

enhanced reaction efficiencies.21 However, little is known about the interfaces of 

biomolecular condensate structure and morphologies. Recently, using Monte Carlo 

based simulations Farag et al. proposed the varying states of macromolecules within 

the condensates and at the interface.22 Their simulations predict that proteins at the 

interface organize perpendicular to the center of mass of the droplet, resulting in a 

highly stretched confirmation which is very distinct from the conformation away from the 

interface. However, no experimental evidence of this prediction has been reported. Our 

experimental observations support these simulation claims as discussed below.  

In our data, we find multiple examples of a distinct interface between the two 

phases which can resemble a membrane or a bilayer visually. As seen in (Figure 3) the 

interface boundary wraps the spherical droplet (Figure 3i) and is also present in the thin 

film of the condensed material (Figure 3ii). Measuring the interface of the condensates 

revealed the thickness to be close to that of a stretched out RGG protein(Figure 3iii), 

supporting recently published simulations.22 Furthermore, we also observe 

inhomogeneity at the condensate interfaces as shown in Figure 3iv- vi. As seen in  
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Figure 6.4: Comparison of dry-state TEM and Cryo-EM of protein condensates. i & ii) 

Comparison of dry state and Cryo-EM images of amphiphilic block copolymer 

coacervates. iii & iv) Comparison of dry state and cryo-EM images of RGG ShD variant 

condensates. In both examples, the morphologies of the condensates are conserved in 

the cryo-EM samples, while the dry state samples show no internal morphologies.  

Figure 6.3iv, the interface is disconnected at the highlighted location, in Figure 3v the 

spherical condensate displays a patchy interface, and Figure 3vi shows an example of 

no distinct interface. We don’t have a clear understanding of these observations, but we 

hypothesize that multiple mechanisms could be at play during interface formation which 

can lead to the differences we can observe at the nanoscale. The distinct interface 

raises many questions about its function in relation to the cellular environment. Recent 

studies have shown enhanced activities and partitioning of biomolecules at the interface 

of condensates,23 so moving forward, it will be crucial to relate these functional 
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observations to the nanoscale structure at the two-phase interphase. To do this, cryo-

EM approaches like the one presented here will be crucial.  

Figure 6.5: Cryo-electron tomography of ShD and WT RGG ShD. a) Image of a ShD 

RGG condensate with Au nanoparticles for tomographic analysis. b) Tomogram of 

central z-slices collected of the ShD RGG condensate from -65° to + 65°. c) Image of a 

WT RGG condensate with Au nanoparticles for tomographic analysis. d) Tomogram of 

central z-slices collected of the WT RGG condensate from -65° to + 65°. 

While cryo-EM is the state of art electron microscopy methodology, often 

conventional TEM is still used in which the sample is dried out. It is well known that the 

drying of many macromolecular assemblies damages the native organization of them as 
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they are held together by weak noncovalent interactions. Here, we examined the 

difference in the condensate structures after drying them. In Figure 3, we present the 

dried samples of protein and block copolymer condensates compared to their respective 

cryo-EM Image. In Figure 6.3i, the dried coacervates resemble solid particles with no 

preservation of the porous condensate structure as seen in Figure 3ii. Similarly, in 

Figure 3iii dried condensate of RGG ShD can be seen with no structure or shape as 

compared to the spherical droplet with internal structure seen in Figure 3iv. While dry-

state TEM is often the easiest method, such studies stress the importance of not using 

dry-state TEM to infer condensate structure or sizes as the drying process destroys the 

native state of condensates.  

Condensates have been shown to spatially organize cellular components, and 

within them structural heterogeneity has also been observed. However, the nanoscale 

structure of these organizations is yet to be explored. Being able to capture 3-D 

structure of condensates will further help us understand how condensates may organize 

its components, and what function this organization may play in cellular processes. To 

gain 3D structural information, we collected tilt-series for RGG condensates as shown in 

Figure 6.4. The series of images are then aligned to create tomograms which show 

features of the condensates in all planes. Figure 6.4a presents the 2D projection of a 

ShD condensate, the spherical condensate can be seen with a distinct interface. The 

dark spots on the condensate are gold nanoparticles which are used as fiducial markers 

that help align all frames during tomographic reconstructions. In Figure 6.4b the 

tomogram reconstruction of the central slices can be seen of the condensate. The 

distinct interface, and porous nature of the condensate can be visualized here as well. 
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Furthermore, we see similar behavior in the WT RGG condensate in Figure 6.4c, 

however, the droplet is of higher contrast signifying higher in protein concentration 

compared to its variant ShD RGG. The tomogram of it shown in Figure 6.4d clearly 

shows a network formation within the condensate without any order. The presence of 

such networks with voids has been predicted recently using Monte Carlo simulations of 

IDPs.22 It was suggested that these voids immerge due to the regions of high versus low 

crosslinking densities for a given protein. We suspect that our data here is direct visual 

evidence of such predictions; however, more work will be needed to confirm this. 

Moving on, we will use the tilt-series collected above to create 3-D reconstruction 

models of the condensates for better visualization in 3D space.  

6.3 CONCLUSION 
 

Condensates and coacervates made from LLPS are droplets containing proteins 

or polymers within them. We have demonstrated here a simple workflow to prepare 

condensate specimen for cryo-EM imaging that can be used to gain 2D and 3D 

information. The wealth of information from these experiments is exactly what is needed 

to further our understanding of coacervates and biomolecular condensates on the 

nanoscale. We imaged 3 classes of phase separated droplets to show that this 

approach is adaptable for most materials. We discovered the presence of distinct 

interface which had only been predicted before computationally. Furthermore, we 

compared the outcomes of dry-state TEM and cryo-TEM in imaging condensates which 

showed that condensates lose structural integrity once dried out. Lastly, we used our 

specimens prepared to collect a tilt series which allowed for 3D analysis of the protein 

condensates. This revealed unique nanoscale network structure within the condensates 
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which has not been experimentally reported before. With a wealth of knowledge already 

present about imaging biological samples and soft material using cryo-EM, we imagine 

this approach to be easily adapted. Future work will require nanoscale analysis like 

SAXS, cryo-EM imaging, and correlating material property characterizations to complete 

the structure-property-function relationship of biomolecular condensates.  
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E.1 Cryo-EM Imaging 
 
CryoTEM Quantifoil Holey Carbon Films were purchased from Electron Microscopy 

Sciences, grids were glow discharged for 70 s to increase hydrophilicity prior to sample 

preparation. Vitrification was carried out by an Automatic Plunge Freezer ME GP2 

(Leica Microsystems) where sample preparation onto cryoTEM grids was carried out at 

95% humidity to prevent evaporation and blotted for (2, 3 or 4) s before autoplunging 

into liquid propane. Vitrified samples were studied on a JEOL-2100F TEM using a 

Schottky type field emission gun operating at 200 kV. Size measurements for cryoTEM 

images were performed using the measurement tool in ImageJ.   

Block copolymer samples 

Block copolymer solution (PEO45-b-PMMA300 in Dioxane 10 mg mL-1) was applied to a 

glow discharge cryotome grid inside the humidity chamber at 95% relative humidity 

(RH). The samples were blotted (3s) and frozen without further changes to the system. 

The high humidity and hygroscopic nature of dioxane drives water absorption within the 

polymer solution which induces LLPS. 

Complex Coacervates  

Complex coacervate cryo-EM samples were prepared by mixing the individual solution 

of each polyelectrolyte on the grid and rapidly blotting and freezing the samples. In this 

case 2uL of ss DNA was first deposited onto the grid within the chamber. 2uL of PLK 

was then added and the droplet on the grid turned turbid immediately, indicating 

coacervate formation. The excess solution was blotted away (3s) and the sample was 

vitrified rapidly after that.  
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E.2 Protein Synthesis   
RGG-RGG 

 

MESNQSNNGGSGNAALNRGGRYVPPHLRGGDGGAAAAASAGGDDRRGGAGGGGY

RRGGGNSGGGGGGGYDRGYNDNRDDRDNRGGSGGYGRDRNYEDRGYNGGGGG

GGNRGYNNNRGGGGGGYNRQDRGDGGSSNFSRGGYNNRDEGSDNRGSGRSYNN

DRRDNGGDGEFGKLMESNQSNNGGSGNAALNRGGRYVPPHLRGGDGGAAAAASA

GGDDRRGGAGGGGYRRGGGNSGGGGGGGYDRGYNDNRDDRDNRGGSGGYGRD

RNYEDRGYNGGGGGGGNRGYNNNRGGGGGGYNRQDRGDGGSSNFSRGGYNNRD

EGSDNRGSGRSYNNDRRDNGGDGLEHHHHHH 

Cloning 

All genes of interest were cloned into pET vectors in frame with C-terminal 6x-His 

tags. RGG-RGG was cloned as previously described 24. Other constructs were cloned 

by PCR and DNA assembly (NEBuilder HiFi DNA Assembly Master Mix; New England 

Biolabs). The RGG domain used here is the N-terminal IDR (residues 1-168) of C. 

elegans P granule protein LAF-1 25. Gene sequences were verified by Sanger 

sequencing (Genewiz). 

Protein expression and purification 

For bacterial expression, plasmids were transformed into BL21(DE3) competent 

E. coli (New England BioLabs). Colonies picked from fresh plates were grown for 8h at 

37 °C in 1 mL LB + 1% glucose while shaking at 250 rpm. This starter culture (0.5 mL) 

was then used to inoculate 0.5 L cultures. For RGG and Shuffle proteins, cultures were 

grown in 2 L baffled flasks in Autoinduction medium (Formedium) supplemented with 4 

g/L glycerol at 37 °C overnight while shaking at 250 rpm. The pET vectors used 

contained a kanamycin resistance gene; kanamycin was used at concentrations of 50 

μg/mL in cultures 26. After overnight expression at 18 ˚C or 37 °C, bacterial cells were 
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pelleted by centrifugation at 4100 x g at 4 ˚C. Pellets were resuspended in lysis buffer (1 

M NaCl, 20 mM Tris, 20 mM imidazole, Roche EDTA-free protease inhibitor, pH 7.5) 

and lysed by sonication. Lysate was clarified by centrifugation at 25000 x g for 30 

minutes at 25 ˚C. The clarified lysate was then filtered with a 0.22 µm filter. Lysis was 

conducted on ice, but other steps were conducted at room temperature to prevent 

phase separation. 

Proteins were purified using an AKTA Pure FPLC with 1 mL nickel-charged 

HisTrap columns (Cytiva) for affinity chromatography of the His-tagged proteins. After 

injecting proteins onto the column, the column was washed with 500 mM NaCl, 20 mM 

Tris, 20 mM imidazole, pH 7.5. Proteins were eluted with a linear gradient up to 500 mM 

NaCl, 20 mM Tris, 500 mM imidazole, pH 7.5. Proteins were dialyzed overnight at 45°C 

using 7 kDa MWCO membranes (Slide-A-Lyzer G2, Thermo Fisher) into physiological 

buffer (150 mM NaCl, 20 mM Tris, pH 7.5).  

Proteins were snap frozen in liquid N2 in single-use aliquots and stored at -80 °C. 

For microscopy experiments, protein samples were prepared as follows: RGG 

protein aliquots were thawed above the phase transition temperature and diluted into 

the desired concentration with 20 mM Tris, 150 mM NaCl, pH 7.5 buffer. Protein 

concentrations were measured based on their absorbance at 280 nm using a Nanodrop 

spectrophotometer (ThermoFisher); RGG and shuffle proteins were mixed in a 1:1 ratio 

with 8 M urea to prevent phase separation during concentration measurements. 

SDS-PAGE 
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For chromatographically purified proteins, SDS-PAGE was run using NuPAGE 4-12% 

Bis-Tris gels (Invitrogen) and stained using a Coomassie stain (SimplyBlue SafeStain; 

Invitrogen). 

Image Processing  

Image J was used to manipulate all cryo-EM images.  
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Chapter 7: Conclusion 
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This thesis has explored how liquid-liquid phase separation of block copolymers 

can influence self-assembly. In Chapter 2 the first system of stable block copolymer 

coacervate was presented and it was discovered that the coacervate phase encodes 

information of the final self-assembled structures as the block copolymers change 

phases. The caocervates was also shown to be a modular liquid-precursor that can be 

used to access self-assembled structures on varying length scales from nanoscale to 

macroscopic scale. In Chapter 3, it is shown that LLPS during the self-assembly of 

block copolymers can induce confinement effects producing unique structures. This 

mechanism has not previously been reported, but it could enable the development of 

new ways to access confined block copolymer morphologies that are typically made 

with energy intensive procedures. In Chapter 4, a system was developed that 

undergoes LLPS as the block copolymer is synthesized inspired by biological phase 

separation and known PISA processes. This process was titled polymerization induced 

condensation (PICON). The encapsulation of small molecules and gelation was further 

explored during the PICON process. Systems based on this process may be created 

that behave like active biological systems that also phase separate. In Chapter 5, LP-

TEM was used to observe a new mechanism for supported bilayer formation. It was 

shown that, upon LLPS, block copolymer coacervates spread onto a surface more 

easily compared to when vesicles first form and spread. The knowledge of this 

mechanism will allow the development of new synthesis of supported bilayers with 

minimal defects. In Chapter 6, a workflow was developed to image the macromolecular 

organization within phase separated droplets of proteins and polymers using cryo-TEM. 

Unique network morphologies were observed inside the phase separated droplets and 
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distinct interfaces at the two-phase boundaries which have only been predicted by 

simulations before. Use of this approach will accelerate further research in 

understanding condensate structures on the nanoscale, a front of research that is under 

explored.  

Future work on understanding phase separating systems should focus on the 

nanoscale structures within the droplets. Many properties of such droplets, like 

adhesion, surface tension, encapsulation, are all related to the structure present at the 

nanoscale. Electron microscopy methods like cryo-TEM and LP-TEM will be crucial in 

understanding nanoscale structure and dynamics. However, in addition to these 

microscopy methods, bulk measurement, like X-ray scattering, viscos-elastic behavior, 

and permeability of these materials should be measured to develop structure-property 

relationships. The development of this research will directly aid in better understanding 

biological processes that also undergo LLPS and form similar materials.   

 




